
 

 

 

次世代医療を指向するゲノム医学総合研究拠点の創生と展開 

 

 

 

 

 

 

 

 

 

平成２５年度～平成２９年度 私立大学戦略的研究基盤形成支援事業 

研 究 成 果 報 告 書 

 

 

 

 

 

平成 30 年 3 月 

学校法人名  埼玉医科大学 

大学名  埼玉医科大学 

研究組織名 ゲノム医学研究センター 

研究代表者 奥田 晶彦 

（埼玉医科大学ゲノム医学研究センター 所長） 

 



1 
 

はしがき 
 

平成 25 年度～平成 29 年度 文部科学省 私立大学戦略的研究基盤形成支援事業 

 

研究課題名： 

次世代医療を指向するゲノム医学総合研究拠点の創生と展開 

 

研究代表者：  

埼玉医科大学ゲノム医学研究センター 所長 奥田 晶彦 

 

ゲノム医学研究センターは、ヒトゲノムのドラフト配列が報告された翌年の 2001 年 9 月に、その

ゲノム情報を医学の発展の為にフル活用することを目的に設立されました。本研究所は、発足時か

ら現在に至るまで途切れることなく文部科学省私学助成課からの大型研究費の支援を受けて活動し

てきました。本報告書は、平成 25 年度からの文部科学省 私立大学戦略的研究基盤形成支援事業の

中の一つの研究プロジェクトとして提案し、採択されたプロジェクト「次世代医療を指向するゲノ

ム医学総合研究拠点の創生と展開」が平成 29 年度をもって無事 5 年間の研究期間を終えたことに伴

い、その研究プロジェクトの研究成果を 1 冊の本としてまとめたものであります。 

本研究プロジェクトでは、次世代シーケンサーを駆使して、未だ原因不明の遺伝病の原因を明らかに

することを大きな目標の一つとして掲げましたが、それを実現する為に、本研究センターは、平成 26 年

において、大、中、小といったように、あらゆる規模のゲノムシーケンス解析に対応できる体制を整え

ました。そして、本研究プロジェクトの研究成果として真っ先に報告したい成果は、その次世代シーケ

ンサーの設備をフル稼働させることで、ミトコンドリア呼吸鎖異常症の原因となる遺伝子変異について

数多く同定したことであります。さらには、その新規遺伝子変異の中には、その変異の同定をきっかけ

に、治療法の開発が考案され、現在、医師主導治験へと発展しているものがあり、そのことも特筆すべ

き成果と考えております。その他、がん研究からの成果はもちろんのこと、本研究プロジェクトでは、

運動持続能であるとか、生殖細胞の減数分裂に関係している遺伝子の同定など、数多くの特筆すべき成

果を生み出すことができました。 
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 ゲノム医学研究センターとしては、今後、この戦略基盤研究支援事業研究プロジェクトを遂行す

る過程で生み出すことができた研究成果を土台として、今まで以上に医学の発展に寄与できる研究

成果を発信していきたいと考えています。 

上記のごとく、個人的には本研究プロジェクトにおいて、大変満足できる成果を残すことができた

と考えていますが、それは本プロジェクトに参画頂いた 100 名近くに及ぶ先生方の並々ならぬ頑張

りの結果であると同時に、文部科学省、 日本私立学校振興・共済事業団をはじめとする多くの支援

機関からのサポートの御蔭であることは言うまでもありません。茲に深く感謝の意を表すと共に、

今後のご支援・ご鞭撻を重ねてお願い申し上げます。 
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平成 25 年度～平成 29 年度「私立大学戦略的研究基盤形成支援事業」 

研究成果報告書概要 
 

１ 学校法人名       埼玉医科大学      ２ 大学名    埼玉医科大学                  

 

３ 研究組織名       ゲノム医学研究センター                 

 

４ プロジェクト所在地  埼玉県日高市山根 1397-1               

 

５ 研究プロジェクト名  次世代医療を指向するゲノム医学総合研究拠点の創生と展開 

 

６ 研究観点        研究拠点を形成する研究                        

 

７ 研究代表者 

研究代表者名 所属部局名 職名 

奥田 晶彦 ゲノム医学研究センター 所長・教授 

 

８ プロジェクト参加研究者数 96 名 

 

９ 該当審査区分    理工・情報     生物・医歯     人文・社会  

 

１０ 研究プロジェクトに参加する主な研究者 

研究者名 所属・職名 プロジェクトでの研究課題 プロジェクトでの役割 

1 岡崎 康司 
ゲノム医学研究センター  

客員教授 
疾患感受性遺伝子の探索 

ﾌﾟﾛｼﾞｪｸﾄ研究 1(疾患遺伝子

探索）における研究統括 

1 大竹 明 
埼玉医科大学病院  

教授 

ミトコンドリア病患者の病因

診断 

ミトコンドリア病患者由来の細

胞における遺伝子変異とミト

コンドリア機能の関連性に関

する研究 

1 佐伯 俊昭 
国際医療センター 

教授 

乳がん、前立腺がんの治療

標的の探索 

ｱﾝﾄﾞﾛｹﾞﾝおよびｴｽﾄﾛｹﾞﾝ受

容体標的遺伝子と乳がん、

前立腺がんの病態との関連

の解明 

１ 堀江 公仁子 
ゲノム医学研究センター 

教授 

遺伝性黄斑変性疾患と網膜

血管拡張症の疾患原因遺伝

子と発症機序の解明 

各種遺伝性黄斑変性疾患お

よび網膜血管拡張症の疾患

原因遺伝子の同定と、疾病

発症機序の解明 

１ 井上 聡 
ゲノム医学研究センター 

客員教授 

次世代シーケンサーとエピ

ゲノム解析によるがんと神経

感覚器疾患遺伝子の探索 

次世代シーケンサーを活用し

た、がんと神経感覚器疾患遺

伝子の同定と、疾患治療戦

略に応用可能な新しい分子

標的の確立 
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2 片桐 岳信 
ゲノム医学研究センター  

教授 

筋骨格系組織疾患およびが

んに重要な遺伝子の機能解

析 

研究テーマ 3(疾患遺伝子機

能解析）における研究統括 

2 黒川 理樹 
ゲノム医学研究センター  

教授 

ゲノム非コード領域から転写

される長鎖非コード RNAによ

る核酸医薬研究の新展開 

ヒトゲノム非コード領域産物

長鎖非コード RNA の生理機

能解明と核酸医薬への応用 

2 岡崎 康司 
ゲノム医学研究センター  

客員教授 

ミトコンドリア病、骨・脂質代

謝、糖尿病関連遺伝子の機

能解析による病態の統合的

理解と治療標的の探索 

新規病因候補遺伝子の機能

解析と新規診断・創薬標的の

探索 

2 水野 洋介 
ゲノム医学研究センター 

講師 

マイクロ RNA による間葉系

幹細胞系幹細胞分化の制御

機構と、ミトコンドリア呼吸鎖

に及ぼす影響の解明 

マイクロ RNA の各種幹細胞

分化、およびミトコンドリア機

能との関連解析 

2 米田 竜馬 
ゲノム医学研究センター  

助教 

長鎖非コード RNA によるエピ

ゲノム制御におけるタンパク

質メチル化の役割 

長鎖非コード RNA によるエピ

ゲノム制御機構とその生理機

能の解明 

2 塚本 翔 
ゲノム医学研究センター  

助教 

筋骨格系組織の制御機構の

解明と進行性骨化性線維異

形成症の治療法確立への応

用 

筋骨格系組織の新しい制御

機構の解明、および新規阻

害因子による進行性骨化性

線維異形成症の治療法の確

立 

3 奥田 晶彦 
ゲノム医学研究センター  

所長・教授 

ES 細胞・iPS 細胞を中心とし

たリソース・技術開発 

研究テーマ 3(ゲノム基盤・イ

メージング・リソース開発）に

おける研究統括 

3 三谷 幸之介 
ゲノム医学研究センター  

教授 

ヒト iPS 細胞における染色体

操作技術の開発と遺伝子変

異幹細胞リソースの構築 

ヒト iPS 細胞及びがん幹細胞

における染色体操作技術の

洗練化と、その実践 

3 千本松 孝明 
国際医療センター 

教授 

ヒト iPS 細胞の臨床応用：高

効率な心筋細胞への誘導と

臓器形成 

高効率に分化誘導できるヒト

iPS 細胞の開発及びそれらを

用いた心臓形成に最適な培

養法の開発 

3 松本 征仁 
ゲノム医学研究センター  

客員講師 

変性疾患・糖尿病の創薬標

的の細胞機能解析システム

の基盤開発 

ストレス応答制御とエピゲノ

ム制御による疾患の創薬標

的の細胞機能のハイスルー

プット１細胞解析システムの

構築とリソース開発 

3 新田 洋久 
ゲノム医学研究センター  

助教 

ヒト iPS 細胞における遺伝子

改変技術の効率化 

ウイルスベクターを用いたヒト

iPS 細胞の遺伝子改変の効

率化と実践 

4 井上 聡 
ゲノム医学研究センター  

客員教授 
がん治療核酸薬の開発 

研究テーマ４（トランスレーシ

ョナルリサーチ展開研究）に

おける研究総括ならびにがん

核酸創薬開発 
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4 藤原 恵一 
国際医療センター 

教授 

網羅的マイクロ RNA 及び遺

伝子発現解析による卵巣が

んに対する新規治療標的及

びバイオマーカーの探索 

マイクロ RNA の卵巣がんの

病態における役割の解明と

バイオマーカーの開発 

4 石田 秀行 
総合医療センター 

教授 

がんの薬剤治療効果予測バ

イオマーカーと治療標的の

探索 

大腸がん、卵巣がん、下咽頭

がんの病態における遺伝子

多型、遺伝子発現、変異なら

びにエピジェネティック変化の

解明とバイオマーカーへの応

用 

4 江口 英孝 
ゲノム医学研究センター  

非常勤講師 

抗がん薬の薬効と毒性に関

連するバイオマーカーの探

索研究 

抗がん薬の薬効と毒性に関

連するゲノム遺伝子多型、変

異、遺伝子、蛋白質発現およ

び翻訳後修飾の解明 

4 池田 和博 
ゲノム医学研究センター  

講師 

がんの新規バイオマーカー

の探索と診断、治療法選択

への応用 

ゲノム医学手法による乳が

ん、前立腺がんの新規バイ

オマーカーの探索と臨床応

用 

4 豊島 秀男 
ゲノム医学研究センター  

客員准教授 

糖尿病治療に向けた新規消

化管ホルモン IBCAP の役割

の解明 

IBCAP の膵β細胞における機

能の解明と IBCAP を標的とし

たトランスレーショナル研究 

4 萩原 弘一 
ゲノム医学研究センター  

客員教授 

日本人の致死性びまん性肺

胞障害における日本人特異

的 MUC4 遺伝子変異の関与 

日 本 人 特 異 的 common 

disease としての致死性びま

ん性肺胞障害の病因の解明

と治療法の開発 

4 池園 哲郎 
埼玉医科大学病院  

教授 

内耳性難聴・めまいの原因

遺伝子 COCH アイソフォーム

の機能解明と臨床へのトラ

ンスレーション 

難聴・めまいの疾患の新規診

断法の確立と医師主導治験

の実施、COCH アイソフォー

ム機能と変異症例での発症

メカニズムの解明 

共同研究機関等 

1 田中 雅嗣 
東京都健康長寿医療セン

ター研究所 
健康長寿を可能にする遺伝

的素因の解明 

生活習慣病に関連するミトコ

ンドリア及び核ゲノム多型の

解明 

2 若菜 茂晴 
(独）理化学研究所  

ﾁｰﾑﾘｰﾀﾞｰ 
マウス遺伝子変異と表現系

の関連に関する研究 
変異マウスと行動、臓器、血

液異常との関連性の解析 

3 高橋  智 
筑波大学  

教授 
マウスを用いた疾患遺伝子

の機能解析 
ノックアウトマウスを用いた疾

患モデルマウスの作製 

3 林崎 良英 
(独）理化学研究所  

領域長 

高速シーケンス及びバイオ

インフォーマティックス解析を

駆使した疾患遺伝子の同定 

高速シーケンス技術及びデ

ータ解析技術の提供 
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＜研究者の変更状況（研究代表者を含む）＞ 

旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

次世代シーケンサーを用

いたエクソーム解析によ

る日本人１型糖尿病感

受性遺伝子の網羅的探

索 

埼玉医科大学病院 教授 1 粟田 卓也 

新規な１型糖尿病感受性

遺伝子の同定による日本

人１型糖尿病の発症メカニ

ズム解明と個別化医療へ

の基盤形成 

（変更の時期：平成 27 年 4 月 1 日） 

 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

    

 

旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

遺伝性黄斑変性疾患と

網膜血管拡張症の疾患

原因遺伝子と発症機序

の解明 

埼玉医科大学病院 准教授 １ 森 圭介 

各種遺伝性黄斑変性疾患

および網膜血管拡張症の

疾 患原 因 遺伝 子 の 同 定

と、疾病発症機序の解明 

（変更の時期：平成 27 年 4 月 1 日） 

 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

ゲノム医学研究センター  

准教授 
同左 1 堀江 公仁子 同上 

 

旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

長鎖非コード RNA によるエ

ピゲノム制御におけるタンパ

ク質メチル化の役割 

ゲノム医学研究セン

ター  

助教 

2 藤本 健太  

H.27.3.31 転出 

長鎖非コード RNA によるエピ

ゲノム制御機構とその生理機

能の解明 

（変更の時期：平成 27 年 4 月 1 日） 

 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

ゲノム医学研究センター  

ポストドクター 

ゲノム医学研究センター  

助教 
2 米田 竜馬 同上 
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 旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

筋骨格系組織の制御機

構の解明と進行性骨化

性線維異形成症の治療

法確立への応用 

ゲノム医学研究センター  

助教 

2 大澤 賢次 

H.27.3.31 転出 

筋骨格系組織の新しい制御

機構の解明、および新規阻

害因子による進行性骨化性

線維異形成症の治療法の確

立 

（変更の時期：平成 27 年 4 月 1 日） 

 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

米国ハーバード大学 

ポストドクター 

ゲノム医学研究センター  

助教 
2 大手 聡 同上 

 

旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

ヒト iPS 細胞における遺

伝子改変技術の効率

化 

ゲノム医学研究センター  

助教 

3 吉田 哲 

H.27.3.31 転出 

ウイルスベクターを用いたヒト

iPS 細胞の遺伝子改変の効

率化と実践 

（変更の時期：平成 27 年 4 月 1 日） 

 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

ゲノム医学研究センタ

ー  

ポストドクター 

ゲノム医学研究センター  

助教 
3 太田 尚志 同上 

 

旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

抗がん薬の薬効と毒性

に関連するバイオマー

カーの探索研究 

国際医療センター 

講師 

4 藤田 健一 

H.25.4.30 転出 

抗がん薬の薬効と毒性に関

連するゲノム遺伝子多型、変

異、遺伝子、蛋白質発現およ

び翻訳後修飾の解明 

（変更の時期：平成 27 年 4 月 1 日） 

 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

ゲノム医学研究センタ

ー  

准教授 

同左 4 江口 英孝 同上 
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旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

日本人の致死性びまん

性肺胞障害における日

本人特異的 MUC4 遺伝

子変異の関与 

埼玉医科大学病院 教授 4 萩原 弘一 

日本人特異的 common disease

としての致死性びまん性肺胞障

害の病因の解明と治療法の開

発 

（変更の時期：平成 27 年 4 月 1 日） 
 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

埼玉医科大学病院 教

授 

埼玉医科大学病院 客員教

授 
同上 同上 

 
旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

遺伝性黄斑変性疾患と

網膜血管拡張症の疾患

原因遺伝子と発症機序

の解明 

ゲノム医学研究センター  

准教授 
１ 堀江 公仁子 

各種遺伝性黄斑変性疾患およ

び網膜血管拡張症の疾患原因

遺伝子の同定と、疾病発症機序

の解明 

（変更の時期：平成 28 年 4 月 1 日） 

 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

ゲノム医学研究センター  

准教授 

ゲノム医学研究センター  

教授 
同上 同上 

 

旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

ヒト iPS 細胞の質の向上

と遺伝型から表現型へ

の情報変換基盤研究 

ゲノム医学研究センター  

准教授 

3 加藤 英政 

H.28..3.31 転出 

ヒト iPS 細胞の質の向上と、疾

患ヒト iPS 細胞の細胞分化系を

用いた疾患特異的な細胞表現

型のモデル化 

（変更の時期：平成 28 年 4 月 1 日） 
 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

    

 

旧 

ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 
筋骨格系組織の制御機

構の解明と進行性骨化

性線維異形成症の治療

法確立への応用 

ゲノム医学研究センター  

助教 

2 大手 聡 

H.29..3.31 転出 

筋骨格系組織の新しい制御機

構の解明、および新規阻害因子

による進行性骨化性線維異形

成症の治療法の確立 

（変更の時期：平成 29 年 4 月 1 日） 
 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

ゲノム医学研究センター  

助手 

ゲノム医学研究センター  

助教 
塚本 翔 同上 
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旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

ヒト iPS 細胞における遺

伝子改変技術の効率化 

ゲノム医学研究センター  

助教 

3 太田 尚志 

H.29..3.31 転出 

ウイルスベクターを用いたヒト

iPS 細胞の遺伝子改変の効率

化と実践 

（変更の時期：平成 29 年 4 月 1 日） 

 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

大阪大学医学部大学院 
ゲノム医学研究センター  

助教 
3. 新田洋久 同上 

 

旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

疾患感受性遺伝子の探

索及びミトコンドリア病、

骨・脂質代謝、糖尿病関

連遺伝子の機能解析に

よる病態の統合的理解と

治療標的の探索 

ゲノム医学研究センター  

所長・教授 
1.2. 岡崎 康司 

ﾌﾟﾛｼﾞｪｸﾄ研究 1 (疾患遺伝子探

索）における研究統括及びプロ

ジェクト研究 2 (疾患遺伝子機能

解析）における一部の研究(ミト

コンドリア病、骨・脂質代謝、糖

尿病関連遺伝子の機能解析に

よる病態の統合的理解と治療

標的の探索) 

（変更の時期：平成 29 年 5 月 1 日） 

 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

ゲノム医学研究センター  

所長・教授 

ゲノム医学研究センター  

客員教授 
同上 同上 

 

旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

ES 細胞・iPS 細胞を中心

としたリソース・技術開発 

ゲノム医学研究センター  

副所長・教授 
3 奥田 晶彦 

研究テーマ 3 (ゲノム基盤・イメー

ジング・リソース開発）における研

究統括 

（変更の時期：平成 29 年 5 月 1 日） 

 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

ゲノム医学研究センター  

副所長・教授 

ゲノム医学研究センター  

所長・教授 
同上 

研究代表者としての本事業の統

括と研究テーマ 3 (ゲノム基盤・イ

メージング・リソース開発）におけ

る研究統括 

 

 

 

 

 



（様式 2） 
 

法人番号 111003 
プロジェクト番号 S1311002 

 

10 
 

旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

抗がん薬の薬効と毒性

に関連するバイオマーカ

ーの探索研究 

ゲノム医学研究センター  

准教授 
4 江口 英孝 

抗がん薬の薬効と毒性に関連す

るゲノム遺伝子多型、変異、遺伝

子、蛋白質発現および翻訳後修

飾の解明 

（変更の時期：平成 29 年 5 月 1 日） 

 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

ゲノム医学研究センター  

准教授 

ゲノム医学研究センター  

非常勤講師 
同上 同上 

 

旧 
ﾌﾟﾛｼﾞｪｸﾄでの研究課題 所属・職名 研究者氏名 プロジェクトでの役割 

遺伝性黄斑変性疾患と

網膜血管拡張症の疾患

原因遺伝子と発症機序

の解明 

ゲノム医学研究センター  

教授 
１ 堀江 公仁子 

各種遺伝性黄斑変性疾患および

網膜血管拡張症の疾患原因遺伝

子の同定と、疾病発症機序の解

明 

（変更の時期：平成 29 年 7 月 1 日） 

 

新 
変更前の所属・職名 変更（就任）後の所属・職名 研究者氏名 プロジェクトでの役割 

ゲノム医学研究センター  

教授 

ゲノム医学研究センター  

副所長・教授 
同上 同上 

 
※ 研究者名に研究テーマ（構想調書の「研究プロジェクト名」）の番号を付した。 

１ 疾患遺伝子探索 

2 疾患遺伝子機能解析 

3 ゲノム基盤・イメージング・リソース開発 

4 トランスレーショナルリサーチ展開研究 
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１１ 研究の概要（※ 項目全体を１０枚以内で作成） 

（１）研究プロジェクトの目的・意義及び計画の概要 

本研究事業では、それぞれ、ゲノム医学研究センターコア部門と埼玉医科大学学内の臨床部門に

よって構成される４つのプロジェクト指向型の研究グループを設定し（別紙1参照）、グループ内の密な

連携及びグループ間の共同を基盤に研究を推進する。そのプロジェクト指向型の研究グループの一

つは、疾患遺伝子探索研究グループであり、次世代シーケンサーをフル活用することで、これまで本

学で症例が集積してきた稀少難病（ミトコンドリア病）を始め、がん、骨代謝内分泌疾患の原因となる

遺伝子の新規変異を同定することを目的として研究を行う。研究グループ2の疾患遺伝子機能解析研

究グループは、グループ1の研究で同定された遺伝子変異の生化学的・生物学的な意味を明らかに

することを主な目的として結成された研究グループであり、加えて、本研究グループでは、骨・軟骨・

筋・脂肪組織に異常を呈する疾患とがんを対象とした研究も行う。なかでも、筋肉が骨・軟骨に変換す

る進行性骨化性線維異形成症（FOP）については長年の研究の実績があり、本研究事業の中でも、

重要な研究項目の1つとして位置づけ、本症の病態モデルの樹立、及び、治療法の開発を目指す。研

究グループ3のゲノム基盤・イメージング・リソース開発研究グループは、i) iPS細胞誘導技術の洗練

化、ii) iPS細胞、もしくは体細胞を出発材料として用いた、臨床に応用できる膵β細胞を得るための誘

導技術の確立、iii) ES・iPS細胞の安全性の向上を目指した研究を行う。4)のトランスレーショナルリサ

ーチ展開研究グループは、その名の通り、基礎研究からの研究成果をトランスレーショナルにより臨

床の現場に応用することを目的として研究を展開する。実際、本研究グループから、計20遺伝子の独

自パネルによる遺伝性消化管腫瘍症候群(HGICS)の遺伝子診断システムの開発など、現時点におい

て既に医師主導型臨床治験、企業臨床治験あるいは先端医療、次世代医療へとつながる研究成果

がいくつも生み出されている。 

なお、上記にも記載したように、本研究事業が全体として大きな成果を生み出す為に、本研究事業

が有する 4 つの研究グループは、相互に協力しつつ研究を展開する。特に、研究グループ３では、独

自の研究を展開するのみならず、ヘルパー依存的アデノウイルスを用いたゲノム遺伝子編集や疾患

特異的 iPS 細胞の樹立など、他の研究グループの研究を技術的な側面から支援するという役割も担

っている。このように、本事業では、４つの研究グループが、それぞれのグループの特徴を生かしつ

つ、有機的な連携をもって研究を遂行する。 

 

（２）研究組織 

本研究事業は、上記にあるように埼玉医科大学ゲノム医学研究センターの６つのコア部門と本学

の臨床研究グループ、及びこれら２つの組織のシームレスな連携をサポートするトランスレーショナル

リサーチ部門により構成されている。研究代表者であるゲノム医学研究センター所長は、センター全

体の管理・運営と、センター内の研究部門、及び、本研究事業に参加している臨床部門の研究の進

捗状況を常に把握し、必要に応じて研究の方向性について軌道修正する。トランスレーショナルリサ

ーチ部門を含めて計 7 つあるゲノム医学研究センターコア研究部門は、それぞれが世界に誇れる第

一線級の研究を遂行しており、その過程において、各部門は、卓越した研究技術もマスターしている。

そして、本事業は、そういった卓越した研究推進能力・技術を持ったゲノム医学研究センターの各部

門と臨床研究の専門家である臨床部門との協働を軸に組織されている。 

（３）研究施設・設備等 

ゲノム医学研究センターは６階建てで、総延床面積は約 7,500m2 である。その中に、トランスレーシ

ョナル部門を含めた 7 つの部門の他、ゲノム医学研究センターが誇る共同実験室には、DNA マイクロ
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アレイ解析装置、共焦点レーザー走査顕微鏡、FACS アナライザーなどいわゆる大型機器を一式取り

揃えており、遂行できない実験はほとんどないといっても過言ではない。特に、ゲノム解析用の機器は

充実しており、大、中、小規模のシーケンス解析にスムーズに対応できるように、データの処理能力が

異なる計 3 台の次世代シーケンサーが装備されている。また、本研究所は、RI 実験施設、及び 5,000

匹収容可能な動物実験室（SPF）も完備されている。また、本研究所は、本学の知財部門にもオフィス

を提供しており、そのことが、本センターから生み出される研究成果の知財化の促進につながってい

る。 

（４）研究成果の概要 ※下記、１３及び１４に対応する成果には下線及び＊を付すこと。 

＜現在までの進捗状況及び達成度＞ 

本事業では、４つのプロジェクト指向型の研究グループを設定し、それぞれが相互に連携しつつ、研

究を発展させるという仕組みでもって遂行している。各グループの研究進捗状況の詳細は以下の通り

である。 

 

研究グループ 1 (疾患遺伝子探索) 

ミトコンドリア呼吸鎖異常症 (MRCD) の原因はミトコンドリアゲノムにコードされた遺伝子異常、ま

たはヒトゲノムにコードされた遺伝子の異常により発症する疾患であるが、MRCD 患者の約 60%のケ

ースでは原因遺伝子の特定はできていない。埼玉医科大学小児科では、全国の患者由来線維芽細

胞からミトコンドリアを単離し、酵素活性を測定するとともに Blue-Native PAGE 法を用いて、MRCD の

スクリーニングを継続して行ってきた(*1a-c)。本研究グループは、このリソースにゲノム医学研究セン

ターの持つ研究リソースを融合することで、新規原因遺伝子の発見からスタートし、ゲノム解析の観点

から表現型の理解へと繋げ、最終的に有効な治療法を生み出していくための基盤研究として推進さ

せてきた。これまでの 5 年間で MRCD 検体を用いたエクソームシーケンスを約 400 例行い 10 個の新

規原因遺伝子(SLC25A26, ECHS1, GTPBP3, COQ4, MRPS23, QRSL1, PNPLA4, IARS, C1QBP, 

ATAD3)を同定することができた(*2a-g)。また、臨床診断に帰するミトコンドリア DNA と既知の核遺伝

子を同時に検出できるパネル診断システムを構築し、新規変異も同定してきた(3a-f)。 2014 年度から

は難治性疾患克服研究事業「ミトコンドリア病診療の質を高める、レジストリシステムの構築、診断基

準・診療ガイドラインの策定および診断システムの整備を行う臨床研究(村山班)」、2016 年からはさら

に、臨床ゲノム情報統合データベース整備事業の中で「バイオインフォマティクス、ミトコンドリア病の

原因解明、患者レジストリ・システムの構築」に参画して疾患遺伝子診断に帰する体制の構築を行っ

た。海外との連携も積極的に行い、疾患のレジストリや診断を共同で行う体制を構築した（*4）。 

埼玉医科大学眼科とゲノム医学研究センターの共同研究として遺伝性黄斑変性疾患の疾患遺伝

子の解析を進め、本研究グループが日本人加齢黄斑変性（AMD）の疾患感受性遺伝子としての重要

性を明らかにしてきた HTRA1 プロモーター領域の遺伝子多型は、難治性脈絡膜血管新生を伴う滲出

型 AMD に対する光線力学的療法の予後とも強く相関することを本事業により明らかにした(*27a)。抗

VEGF 抗体製剤ラニビズマブ治療効果と AMD 感受性遺伝子の関連性についての全国規模の前向き

研究において本研究グループは中心的な役割を果たし、ARMS2/HTRA1 領域の遺伝子多型が治療

回数を予測する最も有効なマーカーであることを明らかにした（*27b）。 

本研究グループでは、ホルモン依存性のがんに関しても、それらがんの原因、及び悪性化に関わ

る要因を探っている。具体的には、乳がん、前立腺がん、子宮がん、卵巣がんの細胞株ならびに臨床

検体について、次世代シーケンス解析を行った(*5a,b)。疾患遺伝子に関しては、前立腺がんの増殖、

悪性化に関わるアンドロゲン応答性長鎖非コード RNA を次世代シーケンサーCAGE 法により同定し、
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その RNA 結合タンパク質を介するエピゲノム作用メカニズムを解明した(*6)。乳がん細胞においてエ

ストロゲンにより発現誘導される長鎖非コード RNA を探索し、BClnc-X および BClnc-Y を同定した。

BClnc-X はエストロゲン受容体に結合して転写活性能を促進し、また、BClnc-Y はエストロゲン受容

体を含むmRNAの安定性に関与することにより、乳がん細胞の増殖、移動能の制御に関与することを

明らかにした。RNA プルダウンアッセイにより BClnc-Y の結合タンパク質を複数同定した。また、乳が

んと前立腺がんの治療抵抗性に関わる遺伝子 RPL31 やマイクロ RNA として miR-574-3p などを、次

世代シーケンサー、マイクロアレイ、及び機能スクリーニングの組み合わせにより明らかにした

(*7a-d)。また、乳がん、前立腺がん、子宮がん、卵巣がんの細胞株ならびに臨床検体の RNA シーケ

ンス結果からは、複数の融合遺伝子の同定に成功し、細胞増殖や化学療法剤に対する抵抗性を亢

進させることを明らかにし、ドライバー遺伝子となりうる可能性を示した。 

 

研究グループ 2 (疾患遺伝子機能解析) 

研究グループ 2 では、疾患関連遺伝子の機能解析に基づき、新しい診断法・治療法の解明を目指し

た。特に１）骨・軟骨・筋・脂肪組織、２）ミトコンドリア病、３）がん関連疾患の３領域を中心に研究を進

めた。 

1) 筋組織で異所性の骨軟骨組織が形成される進行性骨化性線維異形成症（FOP）の発症機序の解

明、病態モデルの樹立、治療法の開発に取り組んだ。我々は、本事業が開始される以前の段階にお

いて、FOP が異所性骨化を誘導する Bone morphogenetic protein (BMP)の受容体である ALK2 の遺

伝的機能獲得型変異で発症することを明らかにしているが、本事業では、その結果を踏まえ、ALK2

のキナーゼ阻害剤、変異アリル特異的 RNA、細胞分化阻害剤（*8a,b）を開発した。なお、我々は FOP

の変異 ALK2 がもう 1 種の II 型受容体に対する感受性が高まることで、シグナルが活性化されること

を見出した（*9）。この発見により、リガンド作用を細胞外で阻害することで FOP の発症を抑制できると

考え、ALK2 の細胞外領域を認識する新たな抗体の開発に取り組んだ。その結果、FOP 変異の ALK2

を阻害するモノクローナル抗体の開発に成功した。本抗体は、ALK2 飲みを特異的に阻害する。現

在、本抗体を FOP 治療薬として開発するために、第一三共株式会社と共同研究に取り組んでいる。

本研究は、2017 年 8 月に発表された AMED の CiCLE 事業において「進行性骨化性線維異形成症

（FOP）に対する革新的治療薬の開発」として採択された。さらに、BMP 受容体である ALK2 に関する

一連の研究から、BMP シグナルに関する重要な知見が得られた（*10a-d）。項目 1)におけるその他の

進展としてはビタミン K が核内受容体 SXR を介して働くシグナル経路の新しい作用を示した(*11)。ま

た、ビタミン K 依存性γカルボキシラーゼ GGCX が、血液凝血に加え、骨と糖代謝においても重要な役

割を担っていることを明らかにした(*12a-c)。 

２）ミトコンドリア病に関しては、乳がんのエストロゲン受容体標的遺伝子で、核にコードされたミトコン

ドリア遺伝子 COX7RP について解析した。COX7RP は、ミトコンドリア呼吸鎖スーパー複合体の形成を

促進し、呼吸活性とエネルギーの効率的な産生に関与する新しい分子メカニズムを解明した(*13)。

COX7RP を過剰発現したマウスは運動持続能が向上し、逆に、COX7RP をノックアウトしたマウスは運

動持続能が低下し、低温負荷に対しても耐性が減弱していた。さらに、COX7RP ノックアウトマウスに

おいては、経口糖負荷試験において血糖値の低下が認められたが、その原因として糖新生の障害に

よるものであることをピルビン酸負荷試験によって示した。そのメカニズムとして、糖新生に重要な肝

臓においてミトコンドリア呼吸鎖スーパー複合体の低形成による ATP 産生量の低下が示された

(*14)。また、骨格筋の熱傷からの回復にミトコンドリア呼吸鎖スーパー複合体が関与していることを解

明した(*15)。 
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３）がん関連疾患に関しては、我々は、以前、RNA 結合タンパク質 TLS/FUS が、cyclin D1 遺伝子プロ

モーターから転写される ncRNA(pncRNA-D)と結合することで、同遺伝子からの転写を抑制することを

明らかにしていたが、本研究事業の中で、pncRNA-D と TLS との相互作用の様式を明らかにし(*16)、

その結果、pncRNA の TLS と相互作用される部分が、腫瘍増殖を抑制する核酸医薬としての機能を

有することを明らかにした。また、TLS の RNA 結合を制御するアルギニン残基のメチル化を特異的に

認識するモノクローナル抗体の作成した(*17)。 

 

研究グループ 3 (ゲノム基盤・イメージング・リソース開発) 

研究グループ 3 では、i) iPS 細胞誘導技術の洗練化、ii) iPS 細胞、もしくは体細胞を出発材料として用

いた、膵β細胞誘導技術の洗練化、3) ES・iPS 細胞の安全性の向上といったように、3 つの大きな目標

を立てて研究を推進している。なお、研究項目 i)に関する研究では、ゲノム編集（遺伝子修復）技術の

治療応用に向けた改良と、アデノウイルスベクターの新規応用法と開発に特に注力してついて取り組

んだ。具体的には、センダイウイルスベクターを用いた高効率 iPS 細胞誘導法と我々が開発したヘル

パー依存型アデノウイルスベクター（HDAdV）による高効率ゲノム編集法を組み合わせて、重症免疫

不全症のモデルであるIL2RG遺伝子欠損線維芽細胞から、従来の半分以下の30～40日で遺伝子修

復 iPS 細胞を作製した。また、人工制限酵素 CRISPR による標的染色体 DNA の切断と HDAdV によ

る修復 DNA の導入とを組み合わせて、遺伝子修復の頻度を倍化した。一方、ヒト K562 白血病細胞株

で、CRISPR によるゲノム編集とアデノ随伴ウイルスによる修復DNAの導入を至適化し、80%の高頻度

で IL2RG 遺伝子座での遺伝子修復に成功した。膵β細胞への分化誘導を主題とした研究項目(ii)で

は、糖尿病治療の再生医療を目指しインスリン産生細胞膵β細胞の作製を目的に、ゲノム編集によっ

て膵内分泌前駆細胞から膵β細胞への分化を追跡できる 2 色蛍光標識ヒト iPS 細胞（hIveNry）を開発

した。本細胞を用いてβ細胞の分化誘導促進因子を探索するため薬剤スクリーニングを行った結果、

繊維芽細胞増殖因子受容体(FGFR)１の阻害剤がβ細胞分化に効果があることが明らかとなった。

FGFR1 シグナルは膵臓発生初期段階においては必須であることは知られていたが、本研究によりβ

細胞の分化過程の後半においては FGFR1 を阻害することで、効率良く分化誘導を進めることが判明

した。この成果は、β細胞の分化には FGFR1 のシグナルが必須であるというこれまでの認識を覆すも

のであり、FGFR1 シグナルを介する分化誘導は分化の段階に応じて適切にスイッチングの On と Off 

の使い分けが重要であるということを初めて示した（*18）。なお、本研究と並行して皮膚細胞などの分

化細胞を出発材料とした膵β細胞への誘導（ダイレクトリプログラミング）も試みた。その結果、特定の

遺伝子のセット（3 因子ないしは 4 因子）を導入することにより、従来の報告より遥かに高い効率（約

80%）で、線維芽細胞から膵β細胞へと変換させる系を確立することができた(特許：特願 2016-531476, 

15815940.0, 15/323,576, PCT/JP2016/082095)。この系のもう一つの特筆すべき点は、極めて短期間

で誘導が完了するという点である。実際、遺伝子導入後、僅か 2 日目で、インスリンを産生する細胞を

得ることができる。また、得られた膵β様細胞は、培地のグルコースの濃度依存的にその分泌量を調

節するという能力を有していることを確認できた。このダイレクトリプログラミングの系は、糖尿病の再

生医療の実現を加速させ、安全性の高い治療法の開発に貢献することが大いに期待される。研究(iii)

の ES・iPS 細胞の安全性の向上の為の研究に関しては、一つには、分化誘導刺激に応答することが

できず、未分化状態を保ったまま、残存する ES・iPS 細胞の問題を克服することを目標に研究を行な

った。その結果、c-Myc 転写因子及びその c-MYC が転写因子として機能するために必須なパートナ

ー因子である MAX、及び核小体タンパク質である Nucleostemin の機能解析の過程で一定の成果を

得ることができた (*19a-c)。 
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研究グループ 4 (トランスレーショナルリサーチ展開) 

研究グループ4では、本事業の4本の柱の一つとして、次世代医療を指向する臨床応用へのゲノム

医学総合研究拠点形成としての出口を明確に設定した研究プロジェクトを遂行している。特にがん、

糖尿病、ミトコンドリア病、めまい等の疾患に対して、研究者の自由な発想に基づく基礎研究の成果を

トランスレーショナルリサーチにより実用化につなげるために、医薬品・診断薬をはじめとする医療技

術開発研究を展開することを目指して研究活動を行っている。知財部門のサポート体制を整え、産学

官連携体制を積極的に導入し、新規未承認医療技術を特定して知財戦略、開発戦略を講じている。

プロジェクト発足から現在に至るまでに以下の8つ(i-Viii)の研究項目において明確な進展が見られ

た。 

 

一つ目の研究項目 i:(核酸創薬に関する研究)では子宮がん、乳がん、前立腺がん、膀胱がんを対象

とした国内特許が 1 件 (特許第 5335673 号（JP)、米国特許が 1 件 (US8809289（US)成立した。さらに、

前立腺がんの新しい 2 つの標的遺伝子に対する核酸創薬、また乳がんの新しいクラスの標的分子で

ある長鎖非コード RNA について 2 分子種への治療介入で合計 2 件の PCT 国際出願

(PCT/JP2014/057471, PCT/JP2015/067054) を完了し、治療標的を 4 つ拡大している。核酸薬の導入に

関して、ナノテクノロジーを活用した新しい DDS 法との組み合わせによる治療法の開発を行い、その

前臨床試験として動物での急性毒性がないことを確認した。エストロゲン応答性長鎖非コード RNA と

して同定した BClnc-Y について、乳がんの転移 xenograft モデルにおいて新規 DDS 法と組み合わせ

た核酸創薬によるがん治療効果を確認し、治療標的として応用できる可能性が示された。研究項目 ii 

(卵巣がんの化学療法に対する耐性に関わるマイクロ RNA に関する研究)としては、卵巣がん手術検

体のマイクロ RNA 解析で化学療法耐性に関与すると考えられる候補マイクロ RNA とその標的遺伝子

を見出し、バイオマーカー、治療法選択法の開発を進めた。研究項目 iii (遺伝性消化管腫瘍症候群

の遺伝子診断システムの開発に関する研究)では遺伝性消化管腫瘍症候群(HGICS)の遺伝子診断の

ため、次世代シークエンス技術を活用して、原因遺伝子ならびに原因候補遺伝子、計 20 遺伝子の独

自パネルによる診断システムの開発に成功した(*20)。その後、新規遺伝子の同定に伴い、現在は 55

遺伝子を搭載したパネル診断システムを構築した。このシステムにより、EPCAM 遺伝子の欠失を伴う

リンチ症候群患者の新規変異を同定し報告した（*21）。研究項目 iv (性ホルモン応答遺伝子 EBAG9

の乳がん患者の予後不良因子としての同定に関する研究)では EBAG9 に対する特異的モノクローナ

ル抗体(PCT/JP2013/074452)を作製し、術後タモキシフェン治療を施した乳がん組織を用いて免疫組

織化学的解析を行ったところ、EBAG9 の免疫反応性は術後タモキシフェン治療を受けた乳がん患者

の予後不良因子として機能すること、動物モデルでこの抗体が治療薬として使用できることを示した

(*22)。診断と治療法選択への応用に加え、新しい治療法の開発が期待された。EBAG9 の機能として

がんと微小環境との相互作用に関わるメカニズムを明らかにした(*23)。EBAG9 は細胞外小胞（エクソ

ソーム）とともにがん細胞から分泌され、近傍のがん細胞ならびに免疫細胞に移行することを明らか

にした。EBAG9 の新しい結合因子を同定し、がん細胞では細胞移動能を促進することを解明した。ま

た、細胞外小胞に含まれる EBAG9 は免疫細胞に移行して細胞傷害性を抑制することが判明し、上記

EBAG9 抗体はこの作用を中和することが確認され、抗体医薬への応用の可能性を示した(*24)。研究

項目 v (抗がん剤の副作用の個人差に関する研究)では肺がん治療による薬剤性肺障害 36 症例で次

世代シーケンサーによる全エクソーム解析を進め、日本人に多くみられるイレッサによる肺障害と特

発性肺線維症急性増悪の原因として、MUC4 の日本人特異的変異を見出し、副作用診断マーカーと
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しての意義を明らかにした(*25)。研究項目 vi( 新規消化管ホルモン IBCAP の糖尿病治療標的として

の研究)では独自に発見した糖尿病治療標的となり得る新規消化管ホルモン Betagenin を同定した。

Betagenin 遺伝子のノックアウトマウス、トランスジェニックマウスではそれぞれ膵臓のラ氏島でのβ細

胞の減少、増加を認めた。また合成 Betagenin ペプチドを投与したマウスにおいて耐糖能の改善が認

められた。これらの成果については、知財（PCT/JP2014/063674）を確保した。研究項目 vii (小児ミト

コンドリア病に対する 5ALA の医師主導型治験)では、研究グループ 1、研究グループ 2 と連携するこ

とにより、患者線維芽細胞を用いて得られた研究成果から、5ALA が、呼吸鎖酵素活性の構造維持、

ATP 合成能上昇に効果があることを見出し、それらの知見をもとに難病指定である小児ミトコンドリア

病に対して医師主導型治験を始めたといったように確実に研究を発展させることができた。研究項目

viii (難聴・めまいのバイオマーカーの開発に関する研究)では「未変性 Cochlin-tomoprotein（CTP）に

反応する抗体及びそれを用いた CTP の測定方法」：国際出願番号：PCT/JP2012/058988）に基づき、

難聴・めまいの世界初のバイオマーカーCTP の医師主導治験を行い、体外医薬品としての臨床導入

を進めた。これは、内耳疾患の原因診断と根治的治療を可能にする画期的な取り組みである。受託

検査会社 SRL(株)の協力を得て全国 150 病院で検査を実施し、全国的に普及したことで、診断基準や

原因・誘因カテゴリー分類の普及に寄与した。これらを学会承認するための作業を進め、診療ガイドラ

インの作成を行っている。実用化について、モノクローナル抗体 ELISA キットがライセンス先企業との

共同開発で完成し、医薬品認定申請の準備を進めている。 

 以上、本テーマにおける研究は、ほぼ予定通りに遂行できており、残りの期間内に実用化の目処を

つけ、医師主導型臨床治験、企業臨床治験あるいは先端医療、次世代医療へとつなげることができ

ると考えている。 

 

＜優れた成果が上がった点＞ 

本事業の構成ユニットである 4 つの研究グループは、進捗状況にあるように、いずれもが着実に成果

を挙げており、それ故、本事業は、大変成功裡に完了することができたと考えている。なかでも、ゲノ

ム医学研究センターが有する処理能力の異なる 3 種類の次世代シーケンサーをフル稼働させること

で全国のミトコンドリア病(MRCD)の患者の多くの原因を特定した研究(*2e)に関しては、事業発足時に

最も達成したい研究として考えていたものであるので、本事業からの特筆すべき研究として真っ先に

挙げたい研究である。なお、その研究成果は、研究グループ 1 からの研究成果であるが、本研究の一

部は、研究グループ 4 での医師主導型治験へと発展していることも本研究プロジェクトの最も特筆す

べき成果の一つである。成果として特記できる。研究グループ 2 からもいくつか特筆すべき成果が挙

がった。その一つは、ミトコンドリア呼吸鎖複合体の一つの構成サブユニットである COX7RP タンパク

質がスーパー複合体の形成を促進することで、運動持続能を高めることを示したものであり、運動持

続能を分子レベルで描出できた数少ない研究の一つであると言える（別紙 2）。その他、BMP の受容

体の一つである ALK2 タンパク質に対するモノクローナル抗体が、埼玉医科大学初の医薬品に向けて

大規模な研究へと移行したことも特記すべきことであると考えている。また、研究グループ 4 では、

Ebag9 遺伝子の発現レベルが、タモキシフェン治療を施した乳がん患者の予後不良因子としての用い

ることができる可能性を見出し、分子作用機序としては、EBAG9 タンパク質がエクソソームに含まれ、

免疫細胞に移行して細胞傷害性を抑制することが判明し、EBAG9 抗体はこの作用を中和することが確認

され、抗体医薬への応用の可能性を示された。その他、Muc4 遺伝子の多型に関する研究では、Muc4

遺伝子における日本人特異的多型とイレッサによる肺障害との因果関係を明らかにしている研究も

特筆すべき研究の一つとして挙げられる。また、iPS 細胞の安全性の向上を目指した研究の過程で、
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MAX タンパク質が減数分裂の開始を制御する因子の一つであることを見出した。なお、この研究は、

計画していたものではなく、ある意味、偶然、発見された知見ではあるが、不妊症などに関係がある

可能性があるなど、極めてインパクトのある成果であるので、本研究事業を遂行する過程で生み出さ

れた成果の中で今後も、研究を継続・発展させたいと考えている研究テーマの一つである。 

 

＜課題となった点＞ 

本研究事業は、他の外部資金の獲得が比較的うまくいっていることもあって、特に大きな問題点を抱

えることなく研究を遂行できていると考えている。平成29年5 月に研究代表者の本学退職に伴い研究

代表者が交代となり、研究プロジェクトの遂行自体が一時期心配されたが、新しく研究代表者を務め

たのが、前所長のもとで、長年に渡り副所長を務めたものであったことと、退職した前所長も、本研究

事業が終了するまで、客員教授として埼玉医科大学に籍をおき、本学に頻回に訪問することにより、

目立った問題も生じることなく、本事業を完了できたと考えている。 

 

＜自己評価の実施結果と対応状況＞ 

ゲノム医学研究センターでは毎年秋から初冬にかけて、RCGM(Research Center for Genomic 

Medicine) シンポジウムと銘打ったシンポジウムを開催しており、そこには、顕著な業績を挙げられて

いる研究者を招待講演演者として数名招いている。そのシンポジウムでは、研究センターの 6 人の部

門長・教授も、その年に生み出された研究成果を中心に発表しており、招待演者を含むシンポジウム

参加者に各部門長の発表内容について忌憚のない意見を伺うようにしている。今年度に関しても、12

月 1 日（金）・2 日（土）の 2 日間にかけてシンポジウムを開催した。特に今年度は、本事業の最終年度

に当たることから、各部門長には、今年度の成果というよりも、本事業で生み出された 5 年間の研究

成果について報告し、シンポジウム参加者から様々な意見を頂いた。また、このシンポジウムの他、

毎月、各部門の交代性で、部門間交流会を開催しおり、各部門から若手を中心に、研究の進捗状況

を報告することにしている。ゲノム医学研究センターの運営については、正式には、隔月に開かれる

運営委員会で議論・決定されるが、その委員会での審議・決定を円滑に行うべく、毎月、６つのコア部

門の部門長が連絡協議会と称する非公式な会を開いており、部門長は、その会を、お互い自由に意

見交換が行える場として活用している。 

 

＜外部（第三者）評価の実施結果と対応状況＞ 

ゲノム医学研究センターは、本研究プロジェクトが発足時に、中間報告及び最終報告に先立って、計

2 回の外部委員による評価会を開催した。第 1 回目の評価会は平成 27 年 7 月 30 日にゲノム及び医

学や生物学の全ての分野に造詣が深い、榊 佳之先生、梅澤明弘先生、浅原弘嗣先生を外部審査

委員としてお招きして開催した。そして、2 回目の評価会は、平成 29 年 12 月 19 日に、梅澤明弘先生、

浅原弘嗣先生及び田中知明先生をお招きして開催した。１回目の評価会において、評価委員の先生

方から、研究進捗状況としては大変素晴らしいとの評価を頂いた。但し、いずれの先生からも、ある程

度、研究成果を世間一般への広報を目的として新聞等のメディアに発信することは行ってはいるがと

ても十分ではないと思われるので、その点についてもっと努力すべきであるというコメントをいただい

た。それ故、2016 年 1 月及び 3 月にそれぞれ PLoS Genetics(*2e)と Nature Communications(*26)に

論文を発表した際には、共同通信を介してプレスリリースした。そして、そのことが、新聞への掲載に

繋がった（別紙 6, 7）。それらの努力もあって、2 回目の評価会では、評価委員の先生方から、「苦言を

呈するべき部分が見当たらない」という身にあまるほどの高い評価をいただくことができた。 
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＜研究期間終了後の展望＞ 

本研究事業から予想を上回る数の論文・知見が得られたと考えているが、その中には、もちろん、そ

の中には、COX7RP と運動機能との関係、MAX と減数分裂との関係、Betagenin による糖尿病治療で

あれとか、本事業の遂行過程で生み出された研究成果の中で、継続的に研究を行えば、社会に対し

て計り知れないほど大きなインパクト・利益還元をもたらす可能性のある研究があるので、そういった

研究を取捨選択し、ゲノム医学研究センターと学内外の臨床部門との共同研究として新たな研究事

業のサポートを受け、研究を行っていきたいと考えている。 

 

＜研究成果の副次的効果＞ 

埼玉医科大学の知財戦略研究推進部門は、ゲノム医学研究センター内にあるという理由から、ゲノム

医学研究センターに勤務する研究者の特許取得に対する意識は極めて高い、項目 14 にあるように、

本事業からも、5 年間において計 22 件の特許出願があり、計 17 件の特許が登録されている。それら

の中には、FOP の治療薬として期待されてる「抗 ALK2 抗体」や「膵臓ホルモン産生細胞の生産方

法」など、特許収入として大変大きな利益をもたらす可能性のあるものも含まれており、その

点に関しても大いに期待しているところである。 
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１２ キーワード（当該研究内容をよく表していると思われるものを８項目以内で記載してくださ

い。） 

（１）ゲノム医学             （２）病態ネットワーク         （３）ミトコンドリア異常症    

（４）がん                 （５）生活習慣病            （６）バイオインフォマティクス    

（７）遺伝子治療             （８）トランスレーショナルリサーチ 

 

１３ 研究発表の状況（研究論文等公表状況。印刷中も含む。） 

上記、１１(４)に記載した研究成果に対応するものには＊を付すこと。 
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Suda, N., Katagiri, T. A role of FKBP12 in signal transduction of mutant ALK2 responsible for 
fibrodysplasia ossificans progressiva and diffuse intrinsic pontine glioma. BMP Signaling in 
Cancer. ケンブリッジ イギリス （2016 年 3 月） 

23. Katagiri, T. 【招待講演】 Roles of FKBP12 and type Ⅱ receptors in activation of mutant ALK2. 
10th International Meeting on FOP. イタリア、リボルノ (2016 年 4 月)  

24. Katagiri, T., Kuratani, M., Ohte, S., Tsukamoto, S., Machiya, A., Kumagai, K. Establishment of 
Tet-On C2C12 cells that express ALK2(R206H), a BMP receptor responsible for FOP and DIPG. 
FASEB Research Conference on Skeletal Muscle Satellite Cells and Regeneration. アメリカ キー

ストン (2016 年 7 月) 
25. Katagiri, T., Ohte, S., Tsukamoto, S., Kuratani, M., Machiya, A., Kumagai, K. Establishment of 

Tet-On C2C12 cells express ALK2 responsible for fibrodysplasia ossificans progressiva and 
diffuse intrinsic pontine glioma. 2016 ASBMR Annual Meeting. アメリカ アトランタ (2016 年 9 月) 

26. Katagiri, T. 【招待講演】 A tool desired for FOP. 2nd FOP Drug Development Forum ボストン アメ

リカ (2016 年 10 月) 
27. Katagiri, T. 【 招 待 講 演 】  A tool desired for fibrodysplasia ossificans progressiva. 11th 

International Conference on BMPs. アメリカ、ボストン (2016 年 10 月)  
28. Horie-Inoue, K., Ueyama, K., Mori, K., Inoue, S. Potential androgen receptor-mediated gene 

regulatory pathways in a mouse model of laser-induced choroidal neovascularization. the XXII 
Biennial Meeting of the International Society for Eye Research. 東京 （2016 年 9 月） 

29. Katagiri, T., Tsuji, S., Tsukamoto, S., Ohte, S., Kumagai, K., Osawa, K., Takaishi, K., 
Nakamura, K., Kawaguchi, Y., Hasegawa, J. Development of blocking monoclonal antibodies 
against ALK2, which is a type I receptor for BMPs. FASEB Research Conference on TGF-  
Superfamily. ポルトガル リスボン (2017 年 7 月) 

30. Tsukamoto, S., Sekine, N., Kuratani, M., Kumagai, K., Tanaka, S., Jimi, E., Oda, H., Katagiri, 
T. Analysis of skeletal growth in Smad4 knockout mice. FASEB Research Conference on TGF-  
Superfamily. ポルトガル リスボン (2017 年 7 月) 

31. Katagiri, T., Tsuji, S., Tsukamoto, S., Ohte, S., Kumagai, K., Osawa, K., Takaishi, K., 
Nakamura, K., Kawaguchi Y, Hasegawa J. Development of blocking monoclonal antibodies 
against ALK2, which is a type I receptor for BMPs. 2017 ASBMR Annual Meeting. アメリカ デン

バー (2017 年 9 月) 
32. Tsukamoto S, Sekine N, Kuratani M, Kumagai K, Tanaka S, Jimi E, Oda H, Katagiri T. 

Postnatal ablation of Smad4 enhances endochondral ossification in epiphyseal growth plate. 
ASBMR 2017. アメリカ デンバー (2017 年 9 月) 

33. Katagiri T. 【招待講演】 Development of blocking monoclonal antibodies against ALK2, which is 
a type I receptor for BMPs. 2017 FOP Drug Development Forum. イタリア サルディーニャ (2017
年 10 月） 

34. Takayama, K., Inoue, S. Novel therapeutic strategy for castration-resistant prostate cancer by 
PI polyamide targeting Oct1. International symposium for the drug-discovery of the 
pyrrole-imidazole polyamides as novel biomedicines. 東京(2017 年 2 月) 

35. Ikeda, K., Mitobe, Y., Horie-Inoue, K., Inoue, S. Identification of hormone-dependent lncRNAs 
that mediate estrogen signaling pathway in breast cancer. The 43rd Naito Conference: 
Noncoding RNA, Biology, Chemistry, & Diseases. 札幌 （2017 年 7 月） 

36. Inoue, S. 【招待講演】 Targeting genomic bindings of androgen-receptor collaborating factors for 
prostate cancer therapy. 3nd International Conference on Translational Research: Applications 
in Human Health and Agriculture. Amity University, Kolkata, India （2017 年 9 月） 
 

研究グループ 3 (ゲノム基盤・イメージング・リソース開発) 
37. Kato, H. Past problems and future challenges of human pluripotencies. Thermo Scientific 

Industry Wednesday Symposium.  ISSCR 12th Annual Meeting 米国、ボストン （2013 年 6 月） 
38. Sato, T., Enoki, Y., Matsumoto, M., Okubo, M., Kokabu, S., Suda, T., Yoda, T. Involvement of 

acetylcholinesterase in osteoclast differentiation. International Bone & Mineral Society 
Meeting 兵庫県神戸市（20１3 年 5 月） 

39. Enoki, Y., Sato, T., Kokabu, S., Okubo, M., Iwata, T., Usui, M., Fukuda, T., Takeda, S, 
Matsumoto, M., Yoda, T. Vascular endothelial cells inhibit osteoclastogenesis by netrin 4 
through DSCAM receptor ASBMR 米国、メリーランド州ボルチモア（20１3 年 10 月） 
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40. Kogawa, M., Hisatake, K., Atkins, G.J., Findlay, D.M., Enoki, Y., Sato, Tsuyoshi, Gray, P, 
Wada, S., Kato, N., Fukuda, A., Katayama, S., Tsujimoto, M., Yoda, T., Suda, T., Okazaki, Y., 
Matsumoto, M. The Paired-box Domain Transcription Factor Pax6 Binds to the Upstream 
Region of the TRAP Gene Promoter and Suppresses RANKL-induced Osteoclast 
Differentiation. ASBMR 米国、メリーランド州ボルチモア（20１3 年 10 月） 

41. Okuda, A. “Underlying the molecular bases of cell death phenotype of Max-null embryonic stem 
cells”Small RNAs to Stem Cells & Epigenetic Reprogramming Asia-2013 Meeting 東京 （20１3
年 11 月） 

42. Kato, H. Exploring standards for industrializing pluripotent stem cells. Thermo Scientific 
Industry Wednesday Symposium. ISSCR 13th Annual Meeting カナダ バンクーバー（2014 年 6
月） 

43. Matsumoto, M., Sugahara-Yamashita, Y., Suzuki, S., Kanesaki-Yatsuka, Y., Yasunami, Y., 
Vale, W., Okazaki, Y. Useful models of pancreatic endocine progenitor cell line Tec-3p and 
dual-labeled Ngn3-eGFP/Ins-DsRed2 mice for the identification of the key driving regulators 
during pancreatic endocien differentiation. 9th MSDA2014. 京都（20１4 年 9 月） 

44. Mitani, K., Ohta, N., Nihashi, N., Iwanaga, Y., Ohtaka, M., Nishimura, K., Nakanishi, M. Rapid 
and nuclease-free generation of gene-repaired human iPS cells from IL2RG-defective 
Fibroblasts. American Society of Gene & Cell Therapy, 18th Annual Meeting 米国 ルイジアナ

州 ニューオリンズ (2015) 
45. Mitani K. clinical gene editing: How close are we? The 6th International Collaboration 

Forum of Human Gene Therapy for Genetic Disease (ICFHGTGD)-The Jikei University 
School of Medicine 東京 (2016 年 1 月) 
 

研究グループ 4 (トランスレーショナルリサーチ展開) 
46. Ikezono, T. Perilymphatic fistula with high diagnosis accuracy: A novel perilymph specific 

protein “cochlin tomo-protein”. 2nd Meeting of European Academy of ORL-HNS and CE 
ORL-HNS (Instruction course). フランス、ニース (2013 年 4 月)  

47. Ikezono, T. Inner ear proteomics identifies unique structures of cochlin isoforms –insights to 
cochlin function and pathophysiology of dfna9-：20th World Congress of the International 
Federation of Oto-Rhino- Laryngological Societies iFOS (Symposium) 韓国、ソウル（2013 年 6 月） 

48. Ikezono, T. Inner ear trauma with perilymphleakage Clinical characteristics revealed by novel 
biochemical diagnostic marker. 20th World Congress of the International Federation of 
Oto-Rhino- Laryngological Societies iFOS (Symposium) 韓国、ソウル（2013 年 6 月） 

49. Ikezono, T, Usami, S. Could post-CI perilymph leakage affect the hearing preservation? Clinical 
characteristics of perilymph leakage revealed by novel biochemikac diagnostic marker Cochlin 
– tomoprotein(CTP)：New Trends in Hearing Implant Science2013 長野県北安曇郡 （20１3 年 10
月） 

50. Ikezono, T, Usami, S., Suzuki, M., Ogawa, K. What is special with perilymph? Clinical 
characteristics revealed by novel biochemical diagnostic marker Cochlin-tomoprotein(CTP)：
29th POLITZER SOCIETY MEETING the most prestigious meeting on Otology (Panel 
discussion) トルコ、アンタルヤ （20１3 年 11 月） 

51. Fujimura T, Takahashi S, Urano T, Kume H, Takayama K, Murata T, Yamada Y, Obinata D, 
Inoue S, Homma Y. Expression of androgen and estrogen signaling components and stem cell 
markers is highly predictive of cancer progression of metastatic prostate cancer. 29th Annual 
Congress of the European Association of Urology. スエーデン、ストックホルム (2014 年 4 月) 

52. Obinata, D., Takayama, K., Fujiwara, K., Fukuda, N., Urano, T., Ito, A., Ashikari, D., Murata, 
T., Fujimura, T., Ikeda, K., Horie-Inoue, K., Inoue, S., Takahashi, S. Polyamide targeting 
transcription of long chain acyl-CoA synthetase 3: A novel therapeutic approach for prostate 
cancer. 29th Annual Congress of the European Association of Urology スエーデン、ストックホル

ム (2014 年 4 月) 
53. Ikezono, T., Matsumura, T., Matsuda, H., Saito, S., Usami, S., Suzuki, M., Ogawa, K. 

Perilymphatic Fistula Diagnostic Criteria of Japan. 15th KOREA JAPAN joint meeting of 
Otorhinolaryngology-Head and Neck Surgery. 韓国、ソウル(2014 年 4 月) 

54. Inoue, S. Genome-wide analysis of androgen signaling in prostate cancer Oslo Prostate Cancer 
Symposium, Prostate Cancer – From Bench to the Clinic (Symposium). ノルエー、オスロ(2014
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年 5 月) 
55. Watanabe, Y., Baba, H.,Hatano, S., Matsuzawa, T., Fukuchi, M., Kumagai, Y.,Ishibashi, K., 

Mochiki, E., Iwama, T., Ishida, H. Pancreas preserving total duodenectomy for spigelman Stage 
Ⅳ duodenal polyposis associated with familial adenomatous polyposis. The 14th 
Japan-China-Korea Colorectal Cancer Symposium. 大阪（20１4 年 9 月） 

56. Ikezono, T, Matsumura, T., Matsuda, H., Saitoh, S., Usami, S., Suzuki, M., Ogawa, K. 
Perilymphatic fistula, clinical characteristics revealed by novel biochemical diagnostic marker：
7th Instructional workshop of European Academy of Otology and Neuro-Otology (Instruction 
Course) イタリア、シエナ（20１4 年 9 月） 

57. Ikezono, T., Matsuda, H., Shindo, S., Matsumura, T., Sekine, K., Saitoh, S., Usami, S. 
Proteomics and the inner ear. –Insights to cochlin function and identification of a novel 
biomarker for deafness and dizziness-：7th Instructional workshop of European Academy of 
Otology and Neuro-Otology  (Instruction Course) イタリア、シエナ（20１4 年 9 月） 

58. Matsuda, H., Shindo, S., Sugizaki, K., Itoh, A., Shibasaki, O., Mizuno, M., Inoue, T., Kase, Y., 
Ikezono, T. Comparative study of monothermal cool caloric test and video head impulse test：7th 
Instructional workshop of European Academy of Otology and Neuro-Otology イタリア、シエナ（20
１4 年 9 月）  

59. Hagiwara, K. Genetic heterogeneity in Lung Cancer: Diversity in Asia Pacific Region. 19th 
Congress of the Asian-Pacific Society of Respirology. インドネシア、バリ（2014 年 11 月） 

60. Hagiwara, K. Lung cancer: the future ahead. 19th Congress of the Asian-Pacific Society of 
Respirology. Bali, インドネシア（2014 年 11 月） 

61. Hagiwara, K. Current Molecular Targets in NSCLC. 19th Congress of the Asian-Pacific Society 
of Respirology. インドネシア、バリ（2014 年 11 月） 

62. Hagiwara, K. Genetic Heterogeneity in Lung Cancer and the Construction of the Multiple-gene 
mutation test. 19th Congress of the Asian-Pacific Society of Respirology. インドネシア、バリ（2014
年 11 月） 

63. Ikezono, T., Shindo, S., Sugizaki, K., Matsuda, H., Shibasaki, O., Inoue, T., Ushio, M., Mizuno, 
M., Itoh, A. HIT and vHIT in Japan. Joint Meeting of Japan Society for Equilibrium Research 
and The Korean Balance Society, (in The 73rd Annual Meeting of the Japan society for 
Equilibrium Research) 神奈川県横浜市（2014 年 11 月） 

64. Ikezono, T. vHIT and Caloric Test. Annual meeting of the Korean Balance Society 2014 
(Satellite Mini-symposium). 韓国ソウル(2014 年 12 月)  

65. Ikezono, T. Dose PROTEOMICS contribute to the understanding of DEAFNESS AND 
DIZZINESS ? Annual meeting of the Korean Balance Society 2014. (Satellite Mini-symposium). 
韓国ソウル(2014 年 12 月)  

66. Ikezono, T. Biomarker For Dizziness and Hearingloss. - CTP will help us better understand 
inner ear diseases -Annual meeting of the Korean Balance Society 2014 (Special Lecture). 韓国

ソウル(2014 年 12 月)  
67. Inoue, S. Non-coding RNA regulation of prostate cancer growth. ENDO 2015 米国カリフォルニア

州サンディエゴ(2015 年 3 月) 
68. Inoue, S. Roles of a mitochondrial respiratory supercomplex assembly factor in muscle, bone 

and cancer metabolism. Asian Aging Core for Longevity, 2006-2015 10 years and beyond: 
Japan-Korea Joint Conference on Genes, Metabolism, and Neurodegeneration 大阪 (2015 年 3
月) 

69. Inoue, S. Regulation of bone and glucose metabolism by vitamin K-dependent gamma-glutamil 
carboxylase, GGCX. FASEB, Molecular, structural & clinical aspects of vitamin K & vitamin 
K-dependent proteins, 米国シカゴ (2015 年 7 月) 

70. Watanabe Y, Baba H, ,Hatano S, ,Matsuzawa T, ,Fukuchi M, ,Kumagai Y,, Ishibashi K, ,Mochiki 
E, ,Iwama T,, Ishida H. Pancreas preserving total duodenectomy for spigelman Stage Ⅳ 
duodenal polyposis associated with familial adenomatous polyposis. The 14th 
Japan-China-Korea Colorectal Cancer Symposium 大阪 (2014 年 9 月) 

71. Han, B., Tjulandin, S., Hagiwara, K., Normanno, N., Wulandari, L., Laktionov, K., Hudoyo,  A., 
Ratcliffe, M., McCormack, R., Reck, M. Determining the prevalence of EGFR mutations in 
Asian and Russian patients with advanced NSCLC of adenocarcinoma (ADC) and non-ADC 
histology: IGNITE study. European Lung Cancer Conference.スイス、ジュネーブ（2015 年 4 月） 
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72. Reck,M., Hagiwara, K., Han, B., Tjulandin, S., Grohé, C., Yokoi, T., Morabito, A., McCormack, 
R., Ratcliffe, M., Normanno, N. Investigating the utility of ctDNA in plasma for the detection of 
EGFR mutation status in European and Japanese patients with advanced NSCLC: ASSESS 
study. European Lung Cancer Conference. スイス、ジュネーブ（2015 年 4 月） 

73. Tjulandin, S., Han, B., Hagiwara, K., Normanno, N., Wulandari, L., Laktionov, K., Hudoyo, A., 
He, Y., Zhang, Y., Wang, M., Liu, C.Y., Ratcliffe, M., McCormack, R., Reck, M. Local diagnostic 
practices for advanced non-small-cell lung cancer in Asia-Pacific and Russia: IGNITE study. 
16th World Conference on Lung Cancer.米国コロラド州デンバー（2015 年 9 月） 

74. Normanno, N, Hagiwara, K., Han, B., Tjulandin, S., Grohé, C., Yokoi, T., Morabito, A., Novello, 
S., Arriola, E., Molinier, O., McCormack, R., Ratcliffe, M., Reck, M. Local diagnostic practices 
for advanced non-small-cell lung cancer in Europe and Japan: ASSESS study. 16th World 
Conference on Lung Cancer. Denver. 米国コロラド州デンバー（2015 年 9 月） 

75. Hasegawa, K., Shimada, M., Takeuchi, S., Fujiwara, H., Imai, I., Iwasa, N., Wada, S., Eguchi, 
H., Oishi, T., Sugiyama, T., Suzuki, M., Nishiyama, M., Fujiwara, K. Multicenter phase II study 
of intraperitoneal carboplatin plus intravenous dose-dense paclitaxel in patients with 
suboptimally debulked epithelial ovarian or primary peritoneal carcinoma. 2016 ASCO Annual 
Meeting. McCormic Place 米国イリノア州 (2016 年 6 月) 

 

 

＜研究成果の公開状況＞（上記以外） 

シンポジウム・学会等の実施状況、インターネットでの公開状況等 

＜既に実施しているもの＞ 
○ シンポジウム 
・第 11 回 RCGM ﾌﾛﾝﾃｨｱ国際ｼﾝﾎﾟｼﾞｳﾑ「次世代医療に向けたゲノム医学の展開」 (別紙 8) 

日時：平成 25 年 11 月 22 日(金)23 日(土) 場所：埼玉医科大学日高ｷｬﾝﾊﾟｽ 創立 30 周年記念講堂 
 

 【11 月 22 日(金)】  
ゲノム医学研究センター 若手研究者 16 名によるフラッシュトーク 
 

 【11 月 23 日(土)午前の部：ゲノム医学研究センター部門長による口頭発表】 
 ＜演 者＞       ＜部 門＞              ＜ﾀｲﾄﾙ＞ 

三谷幸之介 遺伝子治療部門 ﾋﾄ幹細胞の染色体操作技術と更なる改良に向けて 

奥田 晶彦 発生・分化・再生部門 c-Myc パートナー因子である Max ホモ欠失 ES 細胞が呈する 
  代謝異常 
黒川 理樹 遺伝子構造機能部門 非コード RNA によるエピゲノム制御-RNA 結合タンパク質 TLS の 
  メチル化制御 
片桐 岳信 病態生理部門  進行性骨化性線維異形成症 (FOP) 研究の取り組み 
井上  聡 遺伝子情報制御部門 性ホルモン応答経路の探索と乳がん・前立腺がんの新規治療 
  標的の発見 
岡崎 康司 ｹﾞﾉﾑ科学部門・TR 部門 次世代医療を指向するゲノム医学研究 (ミトコンドリア呼吸鎖 
     異常症を中心として)  

 
【11 月 23 日(土)午後の部：招待講演】 
＜演 者＞      ＜部 門＞                      ＜ﾀｲﾄﾙ＞ 
白髪 克彦 東京大学 分子細胞生物研究所 転写の基本装置と疾患 
古関 明彦 理化学研究所 免疫アレルギー 幹細胞の維持と分化におけるポリコム群の役割 
  科学総合研究センター 
岡野 栄之 慶應大学 医学部  iPS細胞を用いた神経系の再生・疾患・創薬研究 
小澤 敬也 自治医科大学 医学部  遺伝子治療/細胞治療の臨床開発 

 
 
・第12回RCGMﾌﾛﾝﾃｨｱｼﾝﾎﾟｼﾞｳﾑ「Advances in Genomic Medicine and Next Generation Technology」 
(別紙9) 
日時：平成26年10月31日（金）11月1日（土） 場所：埼玉医科大学創立30周記念講堂 
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【10 月 31 日(金) 第一部】  
ゲノム医学研究センター 若手研究者 13 名による口頭発表 
 
【10 月 31 日(金) 第二部：招待講演】 
＜演 者＞    ＜所属機関＞                     ＜ﾀｲﾄﾙ＞ 
Hiroshi Asahara   Tokyo Medical and Dental Univ Genome editing technology for cartilage 
                                                      development and arthritis research 
Tomoaki Tanala   Graduate School of Medicine, Forefront of tumor suppressor p53 captured 

Chiba Univ                    by metabolome and transcriptome analysis 
Masao Kaneki     Dept of Anesthesiology,  Post-translational cysteine modifications as a 
                  Harvard Medical School        nodal point of inflammatory spiral 
Heonjoong Kang   Center for Marine Natural  Metabolic reprogramming of mice through 

Products and Drug Discovery,   chemistry 
Soul Natioanl Univ 

 
【11月1日（土） 午前の部：ゲノム医学研究センター部門長によるによる口頭発表】 
＜演 者＞       ＜部 門＞               ＜ﾀｲﾄﾙ＞ 
 Akihiko Okuda 発生・分化・再生部門 Role of Max in meiosis 
 Kohnosuke Mitani 遺伝子治療部門 Strategies to enhance genome editing in human stem 

 cells 
 Riki Kurokawa 遺伝子構造機能部門 Emerging study on long noncoding RNA epigenetics 
 Satoshi Inoue 遺伝子情報制御部門 Cancer therapeutic strategies targeting 
                                           hormone-responsive 
 Takenobu Katagiri 病態生理部門 Coding genes and non-coding RNAs Musculoskeletal 
                                           system and TGF-E family  
 Yasushi Okazaki ゲノム科学部門・TR部門 Translational research in genomic medicine aimed at 
   next-generation therapeutics  
   -Clinomics focusing on mitochondrial disease- 
 
 【11月1日（金）午後の部：招待講演】 

＜演 者＞      ＜所属機関＞              ＜ﾀｲﾄﾙ＞ 
 Akiyoshi Fukamizu  Tsukuba Advanced Regulation of methylation and gene  

Alliance, Univ of Tsukuba    expression 
 Edwin Chen Faculty of Health Science Global view of steroid hormone signaling in  

Univ of Macau               cancer cells 
 Masatoshi Hagiwara Kyoto Univ, Graduate  Challenges to congenital genetic disorders 

        with “RNA-targeting” chemical compounds 
 Laszlo Nagy Sanford-Burnham Medical Genomic control of nuclear receptor mediated  

Research Institute           signaling in cell types associated with 
Orland                     metabolic diseases and chronic inflammation 

 
 
・第13回RCGMﾌﾛﾝﾃｨｱ国際ｼﾝﾎﾟｼﾞｳﾑ「ｹﾞﾉﾑ情報と細胞の働き」 (別紙10) 

日時：平成27年10月30日(金) 31日（土） 場所：埼玉医科大学創立30周記念講堂 
  

 【発表者：10 月 30 日(金)】  
ゲノム医学研究センター 若手研究者 35 名によるフラッシュトーク 

 
【10月31日（土）午前の部：ゲノム医学研究センター部門長による口頭発表】 

＜演 者＞       ＜部 門＞               ＜ﾀｲﾄﾙ＞      
奥田 晶彦 発生・分化・再生部門 多能性幹細胞からの減数分裂過程への突入を阻止する因 

子としてのMaxの役割 
井上 聡 遺伝子情報制御部門 ﾋﾞﾀﾐﾝKの新しい作用メカニズム 
黒川 理樹 遺伝子構造機能部門 長鎖非ｺｰﾄﾞRNAの転写機構の解析 
片桐 岳信 病態生理部門  難病・進行性骨化性線維異形成症 (FOP)の克服に向けて 
三谷 幸之介 遺伝子治療部門 ﾋﾄ幹細胞におけるゲノム編集技術の改良 
岡﨑 康司 ｹﾞﾉﾑ科学部門・TR部門 次世代医療を志向するゲノム医学研究 
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【10月31日（土）午後の部：招待講演】 
＜演 者＞       ＜部 門＞               ＜ﾀｲﾄﾙ＞     
妻木 範行 京都大学iPS研究所 細胞変換技術と軟骨疾患研究 
小林 泰浩 松本歯科大学 Wntシグナルによる骨吸収制御機構 
福本 誠二 徳島大学 藤井節朗 リン代謝調節系とその異常 
 記念医科学センター 
松尾 雅文 神戸学院大学 ジストロフィン遺伝子変異に対する変異特異的治療法 

 
 
・第14回RCGMﾌﾛﾝﾃｨｱｼﾝﾎﾟｼﾞｳﾑ「Exploring commonalities between stem and cancer cells for future 
medicine」 (別紙11) 
日時：平成28年11月11日(金) 12日（土） 場所：埼玉医科大学創立30周記念講堂 
 

【11 月 11 日(金) 第一部】  
ゲノム医学研究センター 若手研究者 22 名の英語によるフラッシュトーク  
 
 【11 月 11 日(金) 第二部：招待講演】 
 
＜演 者＞    ＜所属機関＞                     ＜ﾀｲﾄﾙ＞ 

Yukiko Gotoh 
(後藤由季子) 

Grad. Sch. of Pharma- 
ceutical Sciences, Univ. of 
Tokyo 

Regulation of neural stem cell fate 

 
【11月12日（土）午前の部：ゲノム医学研究センター部門長による口頭発表】 

 
＜演 者＞               ＜所属機関＞               ＜ﾀｲﾄﾙ＞  

Kohnosuke Mitani Div. of Gene Therapy and 
Genome Editing 

Genome editing for gene repair therapy 

Riki Kurokawa Div. of Gene Structure        
and Function 

Function of non-genetic ribonucleic acid in 
human genome 

Takenobu Katagiri Div. of Pathophysiology Fibrodysplasia ossificans progressiva: a 
super-rare disorder 

Akihiko Okuda Div. of Developmental      
Biology 

MAX as a molecular blockade of 
physiological and ectopic meiosis 

Satoshi Inoue Div. of Gene Regulation 
and Signal Transduction 

Exploration of new therapeutic strategies 
for sex hormone dependent cancers 

Yasushi Okazaki Div. of Functional 
Genomics and Systems 
Medicine & Div. of 
Translational Research 
Translational Medicine 

Focusing on Mitochondrial Disorders and 
Diabetes Mellitus 

 
【11月12日（土）午後の部：招待講演】 

Silvia K. Nicolis Dept. of Biotechnology and 
Biosciences, Univ. of 
Milano- Bicocca (Milano, 
Italy) 

Diverse functions of the Sox2 
transcription factor in the developing brain 
and neural stem cells 

Thosten Boroviak WT-MRC Cambridge Stem 
Cell Institute, Univ. of 
Cambridge (Cambridge, 
UK) 

Emergence and dissociation of embryonic 
potential in rodents and primates 

Hideyuki Saya 
(佐谷秀行) 

Div. of Gene Regulation 
for Advanced Medical 
Res., Sch. Of Med., Keio 

Regulation of cell differentiation by actin 
cytoskeleton dynamics 
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Univ. 
Robert N. Eisenman Div. of Basic Sciences 

Fred Hutchinson Cancer 
Research Center (Seattle, 
USA) 

Transcriptional control of metabolic 
reprogramming by the Max-Mlx Network 

 
 

・第 15 回 RCGM ﾌﾛﾝﾃｨｱ国際ｼﾝﾎﾟｼﾞｳﾑ「次世代医療に向けたゲノム医学の展開」 (別紙 12) 
日時：平成 29 年 12 月 1 日(金)2 日(土) 場所：埼玉医科大学日高ｷｬﾝﾊﾟｽ 創立 30 周年記念講堂 
 

 【12 月 1 日(金)】  
ゲノム医学研究センター 若手研究者 39 名によるポスター発表 
 

 【12 月 2 日(土)午前の部：ゲノム医学研究センター現及び前部門長による口頭発表】 
 ＜演 者＞             ＜部 門＞                   ＜ﾀｲﾄﾙ＞ 

三谷 幸之介 遺伝子治療部門 ゲノム編集を用いた血液疾患の治療に向けて 
黒川 理樹 遺伝子構造機能部門 メチル化シグナルによる非コードRNA機能のグロ

ーバルな制御機構の解明 
奥田 晶彦 発生・分化・再生部門 体細胞分裂からの減数分裂への切り替え因子と

してのMAXタンパク質の役割 
井上  聡 遺伝子情報制御部門 ホルモン依存性がんの治療抵抗性メカニズム 
片桐 岳信 病態生理部門 進行性骨化性線維異形成症 (FOP)の克服に向

けて 
岡﨑 康司 ｹﾞﾉﾑ科学部門・TR部門 次世代を指向するゲノム医学研究 – ミトコンドリ

ア病へのアプローチを中心としてー 
 

【12 月 2 日(土)午後の部：招待講演】 
＜演 者＞      ＜部 門＞                      ＜ﾀｲﾄﾙ＞ 
石井 優 大阪大学医学系研究科 感

染免疫講座 
生体イメージングで解く細胞動態ネットワークの

世界 
瀬藤 光利 浜松医科大学医学部細胞分

子解剖学講座 
量子生体技術が拓く未来の医療 

津本 浩平 東京大学工学系研究科バイ

オエンジニアリング専攻 
蛋白質相互作用解析が拓く革新的次世代創薬 

菅 裕明 東京大学理学系研究科化学

専攻 
特殊創薬イノベーション 

辻 省次 東京大学医学系研究科・国

際医療福祉大学大学院 
ゲノム医科学の展望 －疾患克服への挑戦ー 

 

 

１４ その他の研究成果等 

１４ 特許取得状況 
 
【2013 年】 
1. 特願 2013-099962 名称：「抗ＴＬＳモノクローナル抗体及びその製造方法、ハイブリドーマ及びそ

の製造方法、並びに抗ＴＬＳモノクローナル抗体含有組成物」出願人：埼玉医科大学 発明者：黒
川理樹、藤本健太 

2. 特願 2013-100311 名称：「人工多能性幹細胞製造用組成物、及び人工多能性幹細胞の製造方法」出
願人：埼玉医科大学  発明者：岡崎康司、伊関大敬、奥田晶彦 

3. 特願 2013-100312 名称：「人工多能性幹細胞製造用組成物、及び人工多能性幹細胞の製造方法」出
願人：埼玉医科大学  発明者：岡崎康司、伊関大敬、奥田晶彦 

4. PCT/JP2013/064469 名称：「膵臓ホルモン産生細胞の生産方法及び膵臓ホルモン産生細胞、並びに
分化誘導促進剤」出願人：埼玉医科大学 発明者：豊島秀男、岡崎康司、横尾友隆、菅原泉 

5. PCT/JP2013/074452 名称：「ＥＢＡＧ９に対するモノクローナル抗体、及びハイブリドーマ、並び
にＥＢＡＧ９に対するモノクローナル抗体の利用」 出願人：埼玉医科大学 発明者：井上聡、池
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田和博、伊地知暢宏、重川崇、宮崎利明 
6. PCT/JP2013/79311 名称：「分化多能性幹細胞の製造方法」 出願人：埼玉医科大学、 発明者：加

藤英政、森山陽介、平木啓子、奥田晶彦 
7. 特願 2014-013666 名称：「核酸抽出装置および核酸抽出方法」 出願人：埼玉医科大学、 発明者：

萩原弘一、平間崇 
8. PCT/JP2014/054796 名称：「MUC4 遺伝子多型を検出することを含む、抗癌剤療法の副作用の発症リ

スクを判定する方法」 出願人：埼玉医科大学 発明者：萩原弘一、宮澤仁志、椎原淳、田中知明、
井上慶明 

9. PCT/JP2014/057471 名称：「二本鎖核酸分子、ＤＮＡ、ベクター、癌細胞増殖抑制剤、及び医薬」 
出願人：埼玉医科大学 発明者：井上聡、池田和博 

 
【2014 年】 
1. PCT/JP2014/061378 名称：「人工多能性幹細胞製造用組成物、及び人工多能性幹細胞の製造方法」 

出願人：埼玉医科大学 発明者：岡崎康司、伊関大敬、奥田晶彦 
2. PCT/JP2014/063674 名称：「新規ペプチド及びその用途」 出願人：埼玉医科大学 発明者：豊島

秀男、岡崎康司、横尾友隆、菅原泉 
3. TW103118204 名称：「新規ペプチド及びその用途」 出願人：埼玉医科大学 発明者：豊島秀男、

岡崎康司、横尾友隆、菅原泉 
4. 特願 2014-122067 名称：「二本鎖核酸分子、ＤＮＡ，ベクター、癌細胞増殖抑制剤、及び医薬」 出

願人：埼玉医科大学 発明者：井上聡、池田和博、堀江公仁子 
5. 特願 2014-137719 名称「膵内分泌細胞及びその製造方法、並びに分化転換剤」 出願人：埼玉医

科大学  発明者：岡崎康司、松本征仁、菅原泉 
6. 特願 2014-162011 名称：「男性不妊症の予防乃至治療薬、及び食品乃至飼料」 出願人：埼玉医科

大学  発明者：水野由美、岡崎康司 
  
【2015 年】 
1. PCT/JP2015/067054 名称：「二本鎖核酸分子、ＤＮＡ，ベクター、癌細胞増殖抑制剤、及び医薬」 

出願人：埼玉医科大学  発明者：井上聡、池田和博、堀江公仁子 
2. PCT/JP2015/069296 名称：「膵内分泌細胞及びその製造方法、並びに分化転換剤」 出願人：埼玉

医科大学  発明者：岡崎康司、松本征仁、菅原泉 
3. 特願 2015-212563 名称：「膵内分泌細胞の製造方法、及び分化転換剤」 出願人：埼玉医科大学  

発明者：岡崎康司、松本征仁、菅原泉 
4. 特願 2015-251349 名称：「骨代謝阻害活性を有する新規化合物及びその製造方法」 出願人：埼玉

医科大学、北里研究所 発明者：片桐岳信 
5. PCT/JP2015/052602 名称：「抗 ALK2 抗体」 出願人：埼玉医科大学、第一三共株式会社 発明者：

片桐岳信、大澤 賢次、塚本翔 
 

【2016年】  
1. PCT/JP2016/082095 名称：「膵内分泌細胞の製造方法、及び分化転換剤」 出願人：埼玉医科大学  

発明者：松本征仁、、菅原 泉 
2. 特願 2016-250667 名称：「骨代謝阻害活性を有する新規化合物及びその製造方法」 出願人：埼玉

医科大学、北里研究所 発明者：片桐岳信 
 

【特許登録】 
1. 特許第 5335673 号（JP） 名称：「子宮癌及び乳癌の予防乃至治療に好適な二本鎖核酸分子，癌細胞

増殖抑制剤，並びに医薬」 出願人：埼玉医科大学、株式会社 RNAi 発明者：井上聡、池田和博 
2. ZL200980107903.7（CN）名称：「急性呼吸器感染症起炎病原体の鑑別方法」 出願人：埼玉医科大学 

発明者：萩原弘一、平間崇 
3. 2253712（EP）名称：「急性呼吸器感染症起炎病原体の鑑別方法」 出願人：埼玉医科大学 発明者：

萩原弘一、平間崇 
4. US8809289（US）名称：「癌の予防乃至治療に好適な二本鎖核酸分子、癌細胞増殖抑制剤、並びに医

薬」 出願人：埼玉医科大学、（株）RNAi 発明者：井上聡、池田和博 
5. 特許第 5706612 号（JP）名称：「加齢黄斑変性症易罹患性の判定マーカー並びに判定方法及び判定キ

ット」 出願人：埼玉医科大学 発明者：井上聡、堀江公仁子、森圭介、米谷新 
6. 特許第 5725469 号（JP）名称：「骨分化阻害剤およびその製造方法」出願人：埼玉医科大学、北里研

究所 発明者：片桐岳信 
7. 2184352（EP ）名称：「子宮癌、乳癌、及び膀胱癌の予防乃至治療に好適な二本鎖核酸分子、癌細胞
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増殖抑制剤、並びに医薬」 出願人：埼玉医科大学（株）RNAi 発明者：井上聡、池田和博 
8. 特許第 5823299 号（JP） 名称：「糖代謝、脂質代謝、肥満、及び寿命の少なくともいずれかを制御

する作用を有する物質のインビトロでのスクリーニング方法」 出願人：埼玉医科大学 発明者：
井上聡、池田和博 

9. 特許第 5843111 号（JP） 名称：「人工多能性幹細胞の製造方法」 出願人：埼玉医科大学 発明者：
菱田友昭、奥田晶彦、加藤英政 

10. US 9284557（US） 名称：「癌の予防乃至治療に好適な二本鎖核酸分子、癌細胞増殖抑制剤、並びに
医薬」 出願人：埼玉医科大学 （株）RNAi 発明者：井上聡、池田和博 

11. 特許第 5976922 号（JP)  名称：「二本鎖核酸分子、ＤＮＡ、ベクター、癌細胞増殖抑制剤、及び医
薬」 出願人：埼玉医科大学 発明者：井上聡、池田和博 

12. 特許第 5987063 号（JP)  名称：「分化多能性幹細胞の製造方法」 出願人：埼玉医科大学 発明者：
加藤英政、森山 陽介、平木 啓子、奥田 晶彦 

13. 特許第 6000239 号（JP)  名称：「未変性 Cochlin-tomoprotein(CTP)に反応する抗体及びそれを用
いた CTP の測定方法」 出願人：埼玉医科大学 発明者：池園哲郎  

14. US9458210（US) 名称：「未変性 Cochlin-tomoprotein(CTP)に反応する抗体及びそれを用いた CTP
の測定方法」 出願人：埼玉医科大学 発明者：池園哲郎  

15. CNZL201380027230.0 名称：「膵臓ホルモン産生細胞の生産方法及び膵臓ホルモン産生細胞、並びに
分化誘導促進剤」 出願人：埼玉医科大学 発明者：豊島秀男、岡崎康司、横尾友隆、菅原 泉 

16. 2692735（EP)  名称：「未変性 Cochlin-tomoprotein(CTP)に反応する抗体及びそれを用いた CTP の
測定方法」 出願人：埼玉医科大学 発明者：池園哲郎 

17. 特許第 6161603 号（JP)  名称：「膵臓ホルモン産生細胞の生産方法及び膵臓ホルモン産生細胞、並
びに分化誘導促進剤」 出願人：埼玉医科大学 発明者：豊島秀男、岡崎康司、横尾友隆、菅原 泉 
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１５ 「選定時」及び「中間評価時」に付された留意事項及び対応 

＜「選定時」に付された留意事項＞ 

 

最終的な成果の集約が課題である。 

 

＜「選定時」に付された留意事項への対応＞ 

 
本研究プロジェクトには13の研究室からの総勢100人を超えるメンバーにより構成されているように、大変

大きな研究組織である。本研究プロジェクトが選定時に付された上記の留意事項は、私たち自身の懸念

材料でもあった。但し、別紙 1 に示したように、それぞれ特徴を持った 4 つの研究グループを設定し、そし

て、それぞれの研究グループが独自の研究を展開して行くのみならず、グループ間での連携を密に持って

研究を展開するというスキームが期待以上に機能したと考えおり、それ結果、本プロジェクトに参加してい

る 13 の研究室の中の 2 つ以上の研究室が共同で発表した論文を数多く排出することができた。また、本

研究プロジェクトを推進していく上での中心となるゲノム医学研究センターでは、2014 年の始めに大、中、

小規模のシーケンスに対応すべく処理能力の異なる 3 種類の次世代シーケンサーを装備したが、2015 年

末頃からそれらの機器を用いて得られた研究成果を原著論文として発表できていることからも明白なよう

に、本設備を有効に活用出来る体制を築くことができている。それ故、今後は、この技術を中心に本研究

プロジェクトに参加している研究室間の連携が今まで以上に盛んになり、そのことが、本研究プロジェクト

の選定時に付されていた「最終的な成果の集約」という懸念を払拭することにつながると考えている。 

 

＜「中間評価時」に付された留意事項＞ 

 

留意事項なし 

 

＜「中間評価時」に付された留意事項への対応＞ 

 

該当なし 
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次世代医療を指向するゲノム医学総合研究拠点の創生と展開次世代医療を指向するゲノム医学総合研究拠点の創生と展開

基礎と臨床のシームレスな相互連携研究から次世代医療の実現へ

埼玉医科大学ゲノム医学研究センター

Research Center for Genomic Medicine

別紙１

片桐, 黒川





井上聡井上聡井上聡井上聡 部門長部門長部門長部門長ののののNature Communicationsへへへへのののの
論文発表に伴った新聞への掲載論文発表に伴った新聞への掲載論文発表に伴った新聞への掲載論文発表に伴った新聞への掲載 （（（（2013年年年年7月月月月17日）日）日）日）

（朝日新聞）

別紙3

ゲノム事務室室長
テキストボックス
朝日新聞社掲載承諾(無断転載及び複写禁止)承諾書番号Ａ16-1343
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Abstract

Objective: Mitochondrial respiratory chain disorder (MRCD) is an intractable
disease of infants with variable clinical symptoms. Our goal was to identify the
causative mutations in MRCD patients. Methods: The subjects were 90 children
diagnosed with MRCD by enzyme assay. We analyzed whole mitochondrial
DNA (mtDNA) sequences. A cybrid study was performed in two patients.
Whole exome sequencing was performed for one of these two patients whose
mtDNA variant was confirmed as non-pathogenic. Results: Whole mtDNA
sequences identified 29 mtDNA variants in 29 patients (13 were previously
reported, the other 13 variants and three deletions were novel). The remaining
61 patients had no pathogenic mutations in their mtDNA. Of the 13 patients
harboring unreported mtDNA variants, we excluded seven variants by manual
curation. Of the remaining six variants, we selected two Leigh syndrome
patients whose mitochondrial enzyme activity was decreased in their fibroblasts
and performed a cybrid study. We confirmed that m.14439G>A (MT-ND6) was
pathogenic, while m.1356A>G (mitochondrial 12S rRNA) was shown to be a
non-pathogenic polymorphism. Exome sequencing and a complementation
study of the latter patient identified a novel c.55C>T hemizygous missense
mutation in the nuclear-encoded gene NDUFA1. Interpretation: Our results
demonstrate that it is important to perform whole mtDNA sequencing rather
than only typing reported mutations. Cybrid assays are also useful to diagnose
the pathogenicity of mtDNA variants, and whole exome sequencing is a power-
ful tool to diagnose nuclear gene mutations as molecular diagnosis can provide
a lead to appropriate genetic counseling.
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Introduction

The mitochondrial respiratory chain (RC) is a pathway
for vital energy generation in which ATP is generated as
a form of energy by the substrates generated from gly-
colysis and b-oxidation. The pathway is composed of
five multi-enzyme complexes (complexes I–V), two elec-
tron carriers, a quinone (coenzyme Q), and a small
hem-containing protein (cytochrome c) that are located
in the inner mitochondrial membrane. These RC com-
plexes are formed from subunits encoded by both mito-
chondrial DNA (mtDNA) and nuclear DNA (nDNA),
with the exception of complex II, which is entirely
encoded by nDNA.

mtDNA is a circular double-stranded DNA molecule
~16 kb in length that encodes 37 genes comprising 13
proteins, 22 mitochondrial tRNAs, and 2 rRNAs.1,2

Defects in mitochondrial function are associated with
numerous neurodegenerative diseases, such as Parkinson’s
disease, Alzheimer’s disease, and Huntington’s disease,
and, in particular with mitochondrial respiratory chain
disorder (MRCD). MRCD is genetically, clinically, and
biochemically heterogeneous, and it can give rise to any
symptoms, in any organs or tissues, at any age and with
any mode of inheritance.3 One in 5000 births is a conser-
vative realistic estimate for the minimum birth prevalence
of MRCD.4 Especially in children, MRCD is an intractable
disease and can be regarded as the most common group
of inborn errors of metabolism.5,6

Some MRCD patients have typical clinical findings that
are caused by specific point mutations or large deletions
of mtDNA. Typical clinical features include mitochondrial
myopathy, encephalopathy, lactic acidosis, and stroke-like
episodes (MELAS), myoclonus epilepsy associated with

ragged-red fibers (MERRF), Leber’s hereditary optic neu-
ropathy (LHON), and chronic progressive external oph-
thalmoplegia (CPEO).2 Although mtDNA mutations or
deletions are usually found in adults showing typical clin-
ical findings, they account for only a minority of children
with MRCD. Therefore, the diagnosis of MRCD in chil-
dren by screening known mtDNA mutations is rather
difficult.7 Hence, a combination of general biochemical
study, histological study, and genetic analysis is essential
for the diagnosis of MRCD, especially in children.6

In this study, we performed whole mtDNA sequencing
for 90 children diagnosed with MRCD by RC enzyme assay
with the aim of identifying causative mtDNA mutations.

Subjects, Materials, and Methods

Patients

Ninety Japanese pediatric patients diagnosed with MRCD
and without characteristic clinical syndromes were studied.
The primary diagnosis for these patients was definite or
probable MRCD based on the criteria of Bernier et al.,8

and a mitochondrial RC residual enzyme activity of <20%
in a tissue, <30% in a fibroblast cell line, or <30% in two
or more tissues (Data S1). Informed consent was obtained
from the patients and their families before participation in
the study.
Patient summaries are shown in Tables 1, 2. The details

of the two patients studied in the cybrid assay are as fol-
lows: Patient (Pt) 377 is a 1-year-old girl born after a
normal pregnancy to non-consanguineous parents. She
has a normal brother and sister. She was hospitalized with
gait difficulties at the age of 1 year. Blood lactate levels
were high. Brain magnetic resonance imaging (MRI)

Table 1. Distribution of mtDNA variants and clinical features.

Characteristics Non-pathogenic mutations Low probability variants New pathogenic deletions Known variants Total

Number of subjects 61 (100%) 13 (100%) 3 (100%) 13 (100%) 90 (100%)

No consanguinity 57 (93%) 12 (92%) 3 (100%) 11 (85%) 84 (93%)

Age at onset ≤1 y.o. 54 (89%) 10 (77%) 3 (100%) 9 (69%) 76 (84%)

Status Alive 33 (54%) 7 (54%) 1 (33%) 11 (85%) 53 (59%)

Dead 28 (46%) 6 (46%) 2 (67%) 2 (15%) 37 (41%)

Sex Female 30 (49%) 3 (23%) 2 (67%) 6 (46%) 41 (46%)

Male 31 (51%) 10 (77%) 1 (33%) 7 (54%) 49 (54%)

y.o., years old.
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showed bilateral and symmetrical hyperintensity foci in
the basal ganglia. She developed progressive motor regres-
sion and became bedridden. Pt312 is a 5-year-old boy
born after 36 weeks’ gestation following a normal
pregnancy to non-consanguineous parents. His birth
weight was 2154 g. He has a sister who is his fraternal
twin. At 5 months of age, his parents noticed hypotonia
and nystagmus. At 10 months of age, he had generalized
epilepsy and blood lactate and his pyruvate levels were
high. A brain MRI revealed symmetrical high T2 signals
in the midbrain.

Whole mtDNA sequencing and detection of
variants

Genomic DNA (gDNA) was extracted from skin fibroblasts
(Data S1), blood, liver, and cardiac muscle using either
phenol/chloroform- or column-based extraction. Whole
mtDNA was first polymerase chain reaction (PCR)-ampli-
fied as two separate large amplicons (LA1 and LA2)
avoiding the nonspecific amplifications from nDNA.9

Second-round PCR was performed using 46 primer pairs
(mitoSEQrTM; Applied Biosystems, Carlsbad, CA) and the
LA1 and LA2 amplicon mixture from first-round PCR as a
template. PCR conditions were as follows: first-round PCR
was performed in a reaction mixture containing 0.2 mmol/
L of each dNTP, 0.25 U of Takara Ex Taq (Takara Bio, Shi-
ga, Japan), 19 Ex Taq Buffer, 0.3 lmol/L of each primer,
and extracted gDNA in a total volume of 50 lL. Initial
denaturation was performed at 94°C for 2 min, followed
by 30 cycles of 94°C for 20 sec, 60°C for 20 sec, and 72°C
for 5 min, with a final extension at 72°C for 11 min. Sec-
ond-round PCR was performed in a reaction mixture as

above except with a 10,000-fold dilution of LA1 amplicon
and a 100-fold dilution of LA2 amplicon (total volume of
the PCR reaction, 10 lL). Initial denaturation was per-
formed at 96°C for 5 min, followed by 30 cycles of 94°C
for 30 sec, 60°C for 45 sec, and 72°C for 45 sec, with a
final extension at 72°C for 10 min.
First- and second-round PCR products were separated

by 1% and 2% agarose gels, respectively, then 10 lL of
second-round PCR products were incubated with 1 lL of
ExoSAP-IT reagent (GE Healthcare UK Ltd., Bucks, U.K.)
at 37°C for 30 min to degrade remaining primers and
nucleotides. The ExoSAP-IT reagent was then inactivated
by incubating at 75°C for 15 min. PCR products were
sequenced using a BigDye Terminator v3.1 cycle sequenc-
ing kit (Applied Biosystems) and an ABI3130xl Genetic
Analyzer (Applied Biosystems). Sequence data were
compared with the revised Cambridge sequence (GenBank
Accession No. NC_012920.1) and sequences present in
MITOMAP (http://mitomap.org/MITOMAP) and mtSNP
(http://mtsnp.tmig.or.jp/mtsnp/index_e.shtml) using Seq-
Scape software (Applied Biosystems). Whole mtDNA
sequencing of seven samples was obtained using an Ion
PGMTM sequencer (Life Technologies Corporation, Carls-
bad, CA).

Characterization of mtDNA deletions

We searched for mtDNA deletions by focusing on the size
of first-round PCR products in agarose electrophoresis. If
PCR products were smaller than controls, we suspected
mtDNA deletion and performed further analysis. The
smaller PCR products were recovered from the gel and
amplified by second-round PCR, as described above, and

Table 2. Summary of unreported mutations and deletions.

Patient ID Age at onset Clinical diagnosis Enzyme assay (organ) mtDNA variation Locus Heteroplasmy

377 1 year LD 1 (Fb) m.14439G>A ND6 Homo (Fb)

190 1 year 6 months LD 1,4 (M) m.11246G>A ND4 73% (fb)

508 0 days SIDS 1 (Hep,Car) m.4638A>G ND2 86% (Fb),

0% (Hep, Car)

004 0 months MC 1 (Fb) m.5537A>G1 tRNATrp 27.4% (Fb)

271 0 months ELBW 1 (Hep) m.10045T>C tRNAGly Homo (hep)

3122 5 years LD 1 (Fb) probably m.1356A>G 12S rRNA 66% (Fb)

372 2 days LIMD 1 (Hep) Deletion (3424 bp)

nt12493-15916

65.7% (Fb),

89.9% (Hep)

336 11 months HD 1 (Hep) Deletion (6639 bp)

nt7734-14372

9.2% (Fb),

92.6% (Hep)

390 0 days MC 1,4 (M,Hep) Deletion (5424 bp)

nt8574-13997

44.9% (Fb),

86.4% (Hep)

LIMD, lethal infantile mitochondrial disorder; HD, hepatic disease; LD, Leigh’s disease; MC, mitochondrial cytopathy; SIDS, sudden infant death

syndrome; ELBW, extremely low birth weight infant; Fb, fibroblast; Hep, liver; Car, heart; M, muscle.
1Expected to be causative because of the other reported mutation on the same position.
2m.1356A>G was confirmed as non-pathogenic and nDNA mutation was identified in Pt312.
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analyzed for an mtDNA deletion. Second-round PCR was
performed using fewer (25–26) PCR cycles to avoid un-
targeted DNA amplification. To identify the location of
the deletion, we first compared the density of bands and
screened the faint bands with agarose electrophoresis. The
precise deletion boundaries were confirmed by sequencing
analysis with primers used for second-round PCR that
were close to the probable deletion region.

Results

Patient characteristics and their mtDNA
mutations

A total of 90 patients (49 were men and 41 were women)
with MRCD were subjected to whole mtDNA sequencing

analysis (Table 1). Eighty-four subjects (93%) were non-
consanguineous. Seventy-six subjects (84%) were aged
1 year or younger. We identified 13 previously reported
mtDNA mutations, 13 unreported variants, and three
novel deletions (Fig. 1). The remaining 61 subjects had
normal polymorphisms in their mtDNA (Fig. 1).

Large mtDNA deletions were identified in
three patients

Agarose gel electrophoresis of first-round PCR from
fibroblast and liver mtDNA clearly showed the presence
of mtDNA deletions in Pt336, 390, and 372 (Fig. 2A).
The precise deletion sites were confirmed by sequencing
analysis. The expected size of the first-round PCR LA2
product in wild-type mtDNA from an MRCD patient was
11.2 kb, which enabled us to estimate the deletion sizes

Figure 1. Flow diagram of study analysis. Ninety MRCD patients

were analyzed in this study. Sixty-one patients had normal

polymorphisms and 29 had mtDNA variants. Of these variants, 13

patients had MRCD causative mutations that had been previously

described. We identified three novel large deletions and 13

unreported variants. Of the unreported variants, one patient with

complex II deficiency was excluded because complex II is not encoded

by mtDNA. Six patients were excluded because their enzyme

deficiency pattern did not coincide with the variants found in mtDNA.

Four patients were excluded because of the lack of fibroblast enzyme

deficiency or low heteroplasmy. The remaining two cases were

analyzed by cybrid study.

Figure 2. Identification of three large deletions. (A) Characterization

of the three novel mtDNA deletions using agarose electrophoresis.

First-round PCR products amplified from patient fibroblast and liver

DNA clearly showed the presence of mtDNA deletions in Pt336, 390,

and 372. Normal mtDNA from an MRCD patient was used as a

positive control. (B) Positions of the novel mtDNA deletions are shown

in blue. LA1 and LA2 amplification is shown in green. Two red

squares represent real-time PCR amplicons MT-ND5 and MT-TL1.
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of Pt336, 390, and 372 as 6639, 5424, and 3424 bp,
respectively (Fig. 2A and B). In Pt336, the 6639-bp dele-
tion was located between nucleotides 7734 and 14,372
and was flanked by 5-bp perfect direct repeats. This dele-
tion results in the loss of 15 genes (CO2, ATP8, ATP6,
CO3, ND3, ND4L, ND4, ND5, ND6, and six tRNA genes).
The heteroplasmy ratio of this deletion was 9.2% in the
fibroblasts (Fb) and 92.6% in the liver (Hep) (Table 2
and Data S1). In Pt390, the 5424-bp deletion was located
between nucleotide positions 8574 and 13,997 and was
flanked by 11-bp imperfect direct repeats. This deletion
results in the loss of 11 genes (ATP6, CO3, ND3, ND4L,
ND4, ND5, and five tRNA genes). The heteroplasmy ratio
of this deletion was 44.9% (Fb) and 86.4% (Hep)
(Table 2). In Pt372, the 3424-bp deletion was located
between nucleotides 12,493 and 15,916 and was flanked
by 6-bp imperfect direct repeats. This deletion results in
the loss of five genes (ND5, ND6, CYB, and two tRNA
genes). The heteroplasmy ratio of this deletion was 65.7%
(Fb), and 89.9% (Hep) (Table 2).

Unreported variants of mtDNA detected in
13 patients

We identified 13 unreported mtDNA variants. Of these,
seven were excluded by manual curation (Fig. 1). One of
these was excluded because the enzyme deficiency was
specific to complex II, which is not encoded by mtDNA.
The other six were excluded because their enzyme defi-
ciency pattern did not coincide with the variants found in
mtDNA. From the remaining six plausible mtDNA vari-
ants, we determined whether they were causative using
the following inclusion criteria for further analysis: (1)
cells were viable for further assay, (2) mtDNA variants
corresponded to the enzyme assay data in the RC subunit,
(3) enzyme deficiency was observed in the fibroblasts, and
(4) variants had high heteroplasmy ratios (Fig. 1 and
Table 2). On the basis of these criteria, we selected two
patients whose mtDNA variants (m.14439G>A in MT-
ND6 and m.1356A>G in 12S rRNA) were suitable for fur-
ther analysis as shown in Figure 1. The other four
patients were excluded because they did not show enzyme
deficiency in their fibroblasts or because of low hetero-
plasmy ratios (Table 2).

m.14439G>A (MT-ND6), but not m.1356A>G
(12S rRNA), is a causative mutation

The m.14439G>A (MT-ND6) variant was observed in fi-
broblasts from Pt377 (Fig. 3A). PCR- restriction fragment
length polymorphism (RFLP) analysis with the Hpy188I
restriction enzyme found Pt377 fibroblasts to be homo-
plasmic, and the m.14439G>A variant was not detected in

the blood of the patient’s parents (Fig. 3A and B). This
mutation changes the proline to a serine at amino acid
position 79, which is highly conserved among vertebrates
(Fig. 3C). ND6 is one of the mtDNA-encoded complex I
subunits and alignment of the ND6 protein in different
species revealed conservation of amino acids. The activity
level of the RC complex I was coincidentally reduced in
the patient’s fibroblasts (Fig. 4A). To further confirm
whether this mutation was causative of mitochondrial
dysfunction, we performed cybrid analysis (Data S1). The
cybrids showed a reduction in the complex I activity level
consistent with the respiratory enzyme assay in the
patient’s fibroblasts (Fig. 4B). These data strongly support
the idea that the m.14439G>A (ND6) mutation detected
in Pt377 is responsible for the complex I deficiency.
The m.1356A>G (12S rRNA) variant was observed in

fibroblasts from Pt312, which showed reduced activity lev-
els of RC complex I (Fig. 4A). By mismatch PCR-RFLP-
analysis using the StyI restriction enzyme, this variant was
determined at a heteroplasmy ratio of 66% in the patient’s
fibroblasts (Table 2). The cybrids harboring this variant
showed a recovery of complex I enzyme activity compared
with the original patient’s fibroblasts (Fig. 4B). These data
suggest that reduced complex I enzyme activity was res-
cued by nuclear DNA and that this mtDNA variation is
not causative. This further indicates that the nuclear gene
mutation is the cause of MRCD in this patient.

Identification of the c.55C>T (NDUFA1)
mutation in Pt312 by whole exome
sequencing

To search for the causative nuclear gene mutation in
Pt312, we performed whole exome sequencing (Data S1).
This identified a single hemizygous mutation (c.55C>T)
in exon 1 of the NDUFA1 gene, which altered the amino
acid residue at position 19 from proline to serine (p.
P19S). The mutation was confirmed by Sanger sequencing
(Fig. 5A). This conserved proline residue lies within the
hydrophobic N-terminal side constituting a functional
domain that is involved in mitochondrial targeting,
import, and orientation of NDUFA1.10,11 SIFT and Poly-
Phen, which predict the function of non-synonymous
variants (http://genetics.bwh.harvard.edu/pph/), also
revealed that the p.P19S mutation “probably” damages
the function of the NDUFA1 protein (damaging score,
0.956). Alignment of the NDUFA1 protein between differ-
ent species revealed the conservation of three amino
acids, including the proline at position 19, which is highly
conserved among vertebrates (Fig. 5B). To further con-
firm if the complex I deficiency in Pt312 occurred
because of the mutation in NDUFA1, we overexpressed
NDUFA1 cDNA to determine if the enzyme deficiency
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could be recovered (Data S1). Lentiviral transfection of
NDUFA1 resulted in a significant increase in complex I
assembly level as determined by blue native polyacryla-
mide gel electrophoresis. By contrast, lentiviral
transfection of control mtTurboRFP did not rescue the
phenotype (Fig. 5C). These data indicate that the
c.55C>T mutation in NDUFA1 is responsible for the
complex I deficiency in Pt312.

Discussion

MRCD is particularly difficult to diagnose in pediatric
cases as the clinical features are highly variable. We,
therefore, propose a systematic approach for diagnosing
MRCD that starts with a biochemical enzyme assay and is
followed by whole mtDNA sequencing. In this study, we
performed whole mtDNA sequencing for 90 children with

Figure 3. Novel mutation m.14439G>A in Pt377 mtDNA. (A) Trio-sequencing analysis of m.14439G>A (MT-ND6 p.P79S) change in Pt377 family.

Sequence chromatograms show that the m.14439G>A is detectable only in Pt377. (B) PCR-RFLPanalysis using fibroblast mtDNA from Pt377 and

blood from both parents. A 619-bp PCR fragment was digested with Hpy188I. Wild-type mtDNA was cleaved into two fragments of 333 and

286 bp as shown in “Mother” and “Father”, whereas the PCR product containing the m.14439G>A mutation was cleaved into three fragments:

286, 227, and 106 bp (“Pt377”). Undigested = undigested PCR product. (C) Alignment of MT-ND6 protein between different species shows the

conservation of amino acid Proline 79. Amino acid sequences of MT-ND6 gene products were aligned by ClustalW program (http://www.ebi.ac.

uk/Tools/msa/clustalw2/) and NCBI/homologene (http://www.ncbi.nlm.nih.gov/homologene).
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MRCD, and identified 29 mtDNA variants. Of these, we
identified 13 known causative mutations, three large
deletions, and further confirmed that m.14439G>A
(MT-ND6) and c.55C>T (NDUFA1) are new causative
mutations for MRCD from the results of a cybrid assay,
whole exome sequencing, and a complementation study.
The diagnosis of MRCD was then confirmed as definite
by molecular analysis in these 18 cases.

Whole mitochondrial DNA sequencing identified 13
cases (14%) harboring known causative mtDNA mutations.
mt. 10191T>C (ND3) and mt. 8993T>C or G (ATP6)
mutations were detected in three and two patients, respec-
tively (data not shown). Both are common causative muta-

tions of infantile Leigh syndrome. Previous reports found
that most common MRCD causative mutations are pri-
marily responsible for adult-onset disease, whereas few are
responsible for childhood-onset MRCD;12,13 only 14% of
our cases were attributed to known mtDNA mutations.
Most patients in this study were 1-year old or younger

at the onset of disease, with no family history. We used
the RC complex enzyme assay to diagnose pediatric
patients who had not been diagnosed with MRCD in a
clinical setting. Several MRCD cases in children were pre-
viously reported to be difficult to diagnose with nonspe-
cific clinical presentations in contrast to the characteristic
clinical syndromes such as MELAS and MERRF caused by
common mtDNA mutations.6,12

We identified three novel deletions that we concluded
were causative because they include several genes that
could explain the deficiency of the RC enzymes. Generally,
most mtDNA deletions share similar structural character-
istics, are located in the major arc between two proposed
origins of replication (OH and OL; Mitomap), and are
predominantly (~85%) flanked by short direct repeats.14,15

Single mtDNA deletions are reported to be the common
causes of sporadic MRCD such as Kearns-Sayre syndrome
(KSS), CPEO, and Pearson’s syndrome. In this study, all
three deletions were located in the major arc and were
flanked by repeat sequences, similar to previous studies.
Although Pt390 was diagnosed with Pearson’s syndrome,
the other two patients (Pt336 and Pt372) did not show a
common phenotype caused by a single deletion such as
KSS, CPEO, or Pearson’s syndrome. Therefore, screening
by mtDNA size differences is important even in those
patients not clinically suspected to have mtDNA deletions.
Manual curation identified six plausible mtDNA vari-

ants that had not previously been reported (Fig. 1). We
attempted to carry out a functional assay of the two
patients whose fibroblasts are enzyme deficient, although
it was difficult to apply this strategy to those fibroblasts
with normal enzyme activity. In this sense, it is important
to collect patients with similar phenotypes and carrying
the same mtDNA variants to accurately diagnose the cau-
sal mutation. Thus, this study of patients harboring unre-
ported mtDNA variants will be useful in a clinical
situation. Of these, the m.14439G>A (MT-ND6) variant
was experimentally confirmed to be a novel causative
mtDNA mutation, while 1356A>G (12S rRNA) was con-
firmed to be non-pathogenic by a cybrid assay. The
remaining four novel variants have yet to be experimen-
tally elucidated, but m.5537A>G (mt-tRNA trp) in Pt004
is likely to be causative because m.5537AinsT was
reported to be disease causing.16

ND6 is an mtDNA-encoded complex I subunit that is
essential for the assembly of complex I and the mainte-
nance of its structure.17–19 ND6 mutations were previ-

Figure 4. Biochemical assay for respiratory chain enzyme activity in

fibroblasts and cybrid cells from Pt377 and Pt312. (A) Respiratory

chain complex enzyme activity for CI, CII, CII + III, and CIV in skin

fibroblast mitochondria from Pt312 and Pt377 compared with normal

controls. The activity of each complex was calculated as a ratio

relative to citrate synthase (CS). CI showed a reduction in enzyme

activity in Pt312 and 377 fibroblasts. (B) Respiratory chain complex

enzyme activity of cybrids established from Pt312 and Pt377

fibroblasts. Cybrids were established from rho0-HeLa cell and Pt312

or Pt377 fibroblasts. The activity of each complex in these cybrids was

calculated as a ratio relative to that of citrate synthase (CS).
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ously found to be associated with Leigh syndrome20 and
MELAS,21 and this gene region is also reported to be a
hot spot for LHON mutations.22 Mitochondrial 12S rRNA
is a hot spot for mutations associated with aminoglyco-
side ototoxicity and non syndromic hearing loss, although
mutations in this gene have not been reported to cause
syndromic mitochondrial disorders.23 We found that the
m.14439G>A mutation altered an evolutionarily con-
served proline to a serine in the hydrophilic inner mem-
brane space of the ND6 protein22 (Fig. 3C). As this
mutation was homoplasmic in the patient’s fibroblasts
and absent from the blood of unaffected parents (Fig. 3A
and B), this suggests that it developed de novo.

Exome sequencing in this study identified a single
hemizygous change (c.55C>T, p.P19S) in exon 1 of the
X-linked NDUFA1 gene. To date, three missense muta-
tions (G8R,10 G32R,24 and R37S10) have been reported
in NDUFA1 that are associated with neurological symp-
toms. NDUFA1 was shown to interact with the subunits
encoded by mtDNA during the complex I assembly pro-
cess.11

Cybrid study is a powerful tool for detecting pathoge-
nicity of either mtDNA or nDNA origin, although
patients’ cells showing RC enzyme deficiency are inevita-
ble. Nevertheless, a major limitation of this technique is
the length of time to establish transmitochondrial cybrids.
We would, therefore, propose a systematic approach for
diagnosing MRCD that starts with a biochemical enzyme
assay and is followed by whole mtDNA sequencing. For
patients with no apparent putative mtDNA mutations,
whole exome sequencing is a powerful tool to diagnose
nuclear gene mutations especially in cases when molecular
diagnosis leads to appropriate genetic counseling.
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Respiratory chain deficiencies exhibit a wide variety of clinical phenotypes resulting from defective mitochondrial energy production

through oxidative phosphorylation. These defects can be caused by either mutations in the mtDNA or mutations in nuclear genes cod-

ing for mitochondrial proteins. The underlying pathomechanisms can affect numerous pathways involved in mitochondrial physi-

ology. By whole-exome and candidate gene sequencing, we identified 11 individuals from 9 families carrying compound heterozygous

or homozygous mutations in GTPBP3, encoding the mitochondrial GTP-binding protein 3. Affected individuals from eight out of nine

families presented with combined respiratory chain complex deficiencies in skeletal muscle. Mutations in GTPBP3 are associated with a

severe mitochondrial translation defect, consistent with the predicted function of the protein in catalyzing the formation of 5-taurino-

methyluridine (tm5U) in the anticodonwobble position of fivemitochondrial tRNAs. All case subjects presented with lactic acidosis and

nine developed hypertrophic cardiomyopathy. In contrast to individuals with mutations in MTO1, the protein product of which is pre-

dicted to participate in the generation of the samemodification,most individuals withGTPBP3mutations developed neurological symp-

toms andMRI involvement of thalamus, putamen, and brainstem resembling Leigh syndrome. Our study of amitochondrial translation

disorder points toward the importance of posttranscriptional modification of mitochondrial tRNAs for proper mitochondrial function.

Defects of the mitochondrial respiratory chain underlie
a diverse group of human disorders characterized
by impaired oxidative phosphorylation (OXPHOS). The
generation of a functional respiratory chain requires the
coordinated expression of both the nuclear genome and

mitochondrial DNA (mtDNA). Defective translation of
mtDNA-encoded proteins, caused by mutations in either
themitochondrial or nuclear genomes, represents a rapidly
expanding group of human disorders, which often mani-
fest as severe infantile combined OXPHOS deficiencies.1
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The mitochondrial genome contains a total of 37 genes,
13 of which encode protein subunits of the respiratory
chain complexes and the ATP synthase. Translation of
these genes is achieved by the organelle’s own protein syn-
thesis machinery, of which only the RNA components
(rRNAs and tRNAs) are encoded bymtDNA. All protein fac-
tors required for mitochondrial translation are encoded in
the nucleus and must be imported after their synthesis in
the cytoplasm. Mitochondrial (mt-) tRNAs require exten-
sive posttranscriptional modifications before achieving
translation competency. Modifications to tRNAs might
contribute to their proper folding, stability, or decoding
capacity. In mitochondria a minimal set of 22 different
tRNAs is used to translate all codons.2 Modifications to
the wobble position of the anticodon loop of mt-tRNAs
play an important role in ensuring correct mRNA-tRNA in-
teractions. In tenmt-tRNA species, all of which correspond
to two codon sets, four different types of modified nucleo-
tides have been identified at the wobble position.3,4 One of
these modifications is 5-taurinomethyluridine (tm5U),
found at position 34 (U34) of mt-tRNAsLeuUUR, Trp, Gln,
Lys, and Glu, which has been suggested to be synthesized
cooperatively by GTPBP3 and MTO1.5 In addition to tm5

U,mt-tRNAs Gln, Lys, and Glu also contain a 2-thiouridine
modification at U34 (s2U), introduced by TRMU (also
known as MTU1). This results in a 5-taurinomethyl-2-
thiouridine (tm5s2U) modification in these mt-tRNA
molecules. Modifications of U34 have been proposed
to modulate either the accuracy or the efficiency of
translation.6,7 Three types of mutations affecting U34
have been associated with human mitochondrial disease:
(1) mutations in the mt-tRNAs;8 (2) mutations in TRMU
(MIM 610230) affecting U34 2-thiouridylation and leading
to acute infantile liver failure resulting from combined
OXPHOS deficiency;9 and (3) more recently, mutations
in MTO1 (MIM 614667) found to underlie cases of hyper-
trophic cardiomyopathy and lactic acidosis, associated
with impaired mitochondrial translation rate and reduced
respiratory chain activities.10,11

Whole-exome sequencing (WES) of 790 individuals with
suspected mitochondriopathy in five centers identified
eight index case subjects (plus two affected siblings) with
homozygous or two heterozygous rare variants (minor
allele frequency < 0.1%) in GTPBP3 (MIM 608536), with
no such case being found in 11,295 control subjects. This
presents a genome-wide significant enrichment in GTPBP3
(RefSeq accession number NM_032620.3) mutation load in
samples from individuals with the clinical diagnosis
‘‘mitochondrial disease’’ (p < 3.2 3 10!10, Fisher exact
test) in comparison to nonmitochondrial disorder samples.
In addition, when filtering for genes coding for mitochon-
drial proteins,12 in several individualsGTPBP3was the only
gene with two mutations. Further evidence for the patho-
genic role of GTPBP3 mutations was derived from follow-
up candidate gene sequencing of 18 individuals with
similar phenotypes, which identified twomore index cases.
Collectively, mutations in GTPBP3 were detected in 12

individuals from 10 families. However, segregation analysis
of a single affected individual (#66654) revealed that the
two identified heterozygous mutations in GTPBP3 affected
the same allele, leaving genetic evidence about 11 individ-
uals from 9 families (Figure 1).
Written informed consent was obtained from all individ-

uals investigated or their guardians, and the ethics com-
mittee of the Technische Universität München approved
the study.
Individual #49665 (family F1, Figure 1A) is a boy born to

consanguineous parents from the UAE. He presented at the
age of 10 years withmild intellectual disability, fatigability,
mild hypertrophic cardiomyopathy, and visual impair-
ment. At presentation he measured 134 cm with a body
weight of 25 kg. Clinical examination revealed slight
dyspnea when climbing stairs and mild intellectual
disability. Plasma lactate was consistently elevated (3.0 to
7.2 mmol/l, reference < 2.1 mmol/l). Electroencephalo-
gram, hearing test, and visual-evoked potentials showed
no abnormalities. Electrocardiography (ECG) revealed
signs of left ventricular hypertrophy confirmed by echo-
cardiography. There was no obstruction of the left ventric-
ular outflow tract. He had a pale optic disc on both sides
but visual acuity and visual field could not be examined.
Brain MRI was normal, but MR spectroscopy revealed
lactate peaks in the parietal and precentral cortex. Respira-
tory chain (RC) measurement in muscle revealed a sig-
nificant reduction of complex I and IV activities. He
was substituted with CoQ10 (200 mg/day), riboflavin
(400 mg/day), carnitine (1 g/day), and a fat-rich diet
(60% of daily caloric intake). A follow-up examination 1
year after the initial presentation showed no significant
changes of his clinical signs/symptoms.
His 17-year-old elder brother, individual #36349 (family

F1, Figure 1A), had a very similar clinical picture.
Individual #66143 (family F2, Figure 1A), a boy, is the

second child of healthy unrelated parents of Arab-Moslem
origin from Israel. He presented at the age of 2 years with
sudden respiratory failure. Heart ultrasonography indi-
cated a hypertrophic cardiomyopathy and congestive
heart failure. His cardiac symptoms improved on treat-
ment with furosemide, spironolactone, carvedilole, and
digoxin. In addition, a high-dose vitamin treatment
(100 mg/day riboflavin, 100 mg/day vitamin B1, and
60 mg/day CoQ10) was initiated. RC enzyme measurement
inmuscle revealed a significant reduction of complex I and
IV activities. On follow-up examinations (over 3 years), the
child’s psychomotor development is normal and his par-
ents reported that he is active like his peers. Digoxin and
spironolacton treatment was stopped and his recent echo-
cardiography revealed a stable condition of the heart
including normal global function of left ventricle with
no further hypertrophy of interventricular septum and
no pulmonary hypertension.
Individual #72425 (family F3, Figure 1A) was a girl born

to unrelated parents. At 3 months of age, she had feeding
difficulties and failure to thrive. At the age of 7 months,
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she developed recurrent cough and fever and was admitted
to the emergency roomwith severe fatigue, pallor, and pro-
gressive malaise. Blood exams showed leukocytosis, and
2 days later her general condition worsened, showing
cyanosis and hyporeactivity. Echocardiography showed
severe dilated cardiomyopathy with an ejection fraction

of 20% that was unresponsive to therapy. She had severe
refractory hyperlactatemia (23.3 mmol/l, reference range
0.5–2.3 mmol/l). Histochemical and spectrophotometric
analysis of the muscle biopsy showed a severe complex
IV deficiency. She died 10 days after admission from
cardiac failure.

F5

II-1

?

I-1
c.[665-2delA];[=]

p.[Ala222Gly;
Asp223-Ser270del];[=]

I-2
c.[665-2delA];[=]

p.[Ala222Gly;
Asp223-Ser270del];[=]

II-2
#76671

c.[665-2delA];[665-2delA]
p.[Ala222Gly;Asp223-Ser270del];

[Ala222Gly;Asp223-Ser270del]

F2

I-1
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c.[476A>T];[=]
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I-2
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II-1 II-2
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p.[Gln11Argfs*98];[=]

II-1 II-2 II-3
#83904

c.[32_33delinsGTG];
[32_33delinsGTG]
p.[Gln11Argfs*98];

[Gln11Argfs*98]

II-4
#83905

c.[32_33delinsGTG];
[32_33delinsGTG]
p.[Gln11Argfs*98];

[Gln11Argfs*98]

splice variant 5 (1479 nt)
(NM_032620.3)

amino acid 81-90 4921

exon

c.476A>T, p.Glu159Val

c.964G>C, p.Ala322Pro

c.1291dupC, p.Arg430Profs*86

c.1375G>A, p.Glu459Lys

1 2 3 4 5 7 8

c.673G>A, p.Glu225Lys

1 2 3 4 5 6 7 8

amino acid 1 492

9

96

c.484G>C, p.Ala162Pro

c.1009G>C, p.Asp337His
c.665-2delA,

p.Ala222Gly; Asp223-Ser270 del

mitochondrial targeting sequence

catalytic cysteine containing C-terminus

GTP-binding domain/motifs

G1 G4G3G2

H.sapiens

T.rubripes

S.cerevisiae

C.elegans

E.coli

D.melanogaster

D.rerio
X.tropicalis

P.troglodytes
B.taurus

2 5 1 - H V V V T G P P N A G K S S L V N L L S R K P V S I V S P E P G T T R D V L E T P V D L A G F P V L L S D T A G L R - E G V G P V E Q E G V R R A R E R L E Q A D L I L A M L D A S - 3 3 9

2 3 0 - Q V V I A G A T N A G K S S L L N T L C Q R P A A I V S P I A G T T R D V V E T A L D I G G F P V L L S D T A G L R - D S P D L V E R E G V R R A R E R L E Q A D L T L V V V D C A - 3 1 8

2 7 6 - K L V L L G A P N V G K S S L V N S L T N D D I S I V S D I P G T T R D S I D A M I N V N G Y K V I I C D T A G I R E K S S D K I E M L G I D R A K K K S V Q S D L C L F I V D P T - 3 6 5

2 1 2 - D I V L Y G R P N S G K S S I L N Q L A H D D V A I V S S I P G T T R D S L E T I I Q I N G V R C R L T D T A G V R Q K T N D V I E A E G I R R A Q K R I Q S A D I I C V V V D P Q - 3 0 1

2 1 8 - K V V I A G R P N A G K S S L L N A L A G R E A A I V T D I A G T T R D V L R E H I H I D G M P L H I I D T A G L R - E A S D E V E R I G I E R A W Q E I E Q A D R V L F M V D G T - 3 0 6

2 4 1 - R T V I I G A P N V G K S S L L N L L C Q R S V S I V T D Q A G T T R D I I E T M H N F G G Y P V V F S D T A G L R R Y T T D S I E Q E G M Q R A K N C L V Q S D L I L L L A E A K - 3 3 0

2 5 0 - H V V I A G S T N A G K S S L L N L L T Q R P A A I V S P T A G T T R D V L E V P L D I G G Y P V L L S D T A G L R - D T S D S V E Q E G V R R A R Q R V E Q A D L S L V V V D L T - 3 3 8
2 4 2 - H L V L A G A T N A G K S S L L N L T S Q K P A A I V S P I P G T T R D V V E T V L N I G G Y P V I M S D T A G L R - D S E D P V E K E G V R R A K E R L D N A D I L I A V V D A S - 3 3 0

2 5 1 - H V V V T G P P N A G K S S L V N L L S R K P V S I V S P E P G T T R D V L E T P V D L A G F P V L L S D T A G L R - E G V G P V E Q E G V R R A R E R L E Q A D L I L A M L D A S - 3 3 9
2 5 1 - H V V V A G P P N A G K S S L V N L L S R K P V S I V S P E P G T T R D V L E T P V D L A G F P A L L S D T A G L R - E G V G P V E Q E G V R R A Q K R L E Q A D L I L A V L D A S - 3 1 8

G2 box
T

G3 box
DxxG

G1 box
GxxxxGK[T/S]

H.sapiens

T.rubripes

S.cerevisiae

C.elegans

E.coli

D.melanogaster

D.rerio
X.tropicalis

P.troglodytes
B.taurus

p.Ala322Pro p.Asp337His

c.424G>A, p.Glu142Lys

1 3 5 - L R P A E A G E F T R R A F A N G K L N L T E V E G L A D L I H A E T E A Q R R Q A L - 1 7 7

1 1 4 - M R P A E A G E F T R R A F Q A G K M G L T E V E G L G D L I H A E T E A Q R R Q A L - 1 5 6

1 5 6 - I R F A L P G D F S R R A F Q N G K F D L T Q L E G I K D L I D S E T E S Q R R S A L - 1 9 8

1 0 1 - V R E A K R G E F T R R A F H N G K L S I S E V R G I D R L I K S R T E K E R N A A F - 1 4 3

1 0 3 - L R I A R P G E F S E R A F L N D K L D L A Q A E A I A D L I D A S S E Q A A R S A L - 1 4 5

1 2 5 - L R P A E P G E F T K R A F F G G K L D L T E V E G L A D L I H A E T E A Q R K Q A L - 1 6 7

1 3 4 - L R P A E A G E F T R R A F Y A G K L D L T E V E G L S D L I H A E T E A Q R R Q A L - 1 7 6
1 2 7 - L R P A E P G E F T K R A F Q N G K L D L T E A E G L G D L I H A E T E I Q R R Q A L - 1 6 9

1 3 5 - L R P A E A G E F T R R A F A N G K L N L T E V E G L A D L I H A E T E A Q R R Q A L - 1 7 7
1 3 5 - L R P A E A G E F T R R A F A H G K L S L T E V E G L A D L I H A E T E A Q R R Q A L - 1 7 7

p.Glu159Val p.Ala162Prop.Glu142Lys p.Pro257His

p.Asp223-Ser270del

c.770C>A, p.Pro257Hisc.8G>T, p.Arg3Leu

c.934-957del, p.Glu312-Gln319del

p.Glu312-Gln319del

4 2 5 - D P P L L T R A R H Q H H L Q G C L D - - - - A L G H Y K Q S K - - D L A L A A E A L R V A R G H L T R L T - G G G G T E E I L D I I F R D F C V G K - 4 9 2
4 0 4 - G - P L L T R S R H Q H H L R G C L D - - - - A L G Q Y K Q A K - - D L A L A A E A L R V A R G H L S H L T - G G G G T E E I L D I I F R D F C V G K - 5 2 1

4 2 5 - D P P L L T R A R H Q H H L Q G C L D - - - - A L G H Y K Q S K - - D L A L A A E A L R V A R G H L T R L T - G G G G T E E I L D I I F Q D F C V G K - 4 9 2

4 2 2 - G A P S L T Q T R H R L H L N K C L E - - - - A L E Q Y T I Y R E Q D L V L A A E E L R I S Y R E L G A I T - G R V G V E G I L D I I F R D F C I G K - 4 9 1
4 3 1 - G S P T L T Q T R H R T H L Q K S I E - - - - A L Q Q Y H E Y R D V D L A L A A E G L R L G L L S L G R I T - G R V S P E E I L D V I F R D F C I G K - 5 0 0

3 7 5 - - - - - - - - - E A S Y L L D A D L L R R - C S F E L E S A V T C N D A A I M C S H L E V A L E Q I G E L T - E G I V T E S V L D G I F S K F C I G K - 4 3 9
4 2 0 - E N P R I T N T R Y R Q Q L E R C I E N I D I F L R D Y R P D V Y P D M A I A A S K L R N S V R C I E R I T - G H I S C E D I L D V V F K D F C I G K - 4 9 3
4 5 3 - A S P V I V S K R V S E I L K N D V L Y G - L E E F F K S K D F H N D I V L A T E N L R Y A S D G I A K I T G Q A I G I E E I L D S V F S K F C I G K - 5 2 6
3 8 3 - E G G F L A R R R H L Q A L E Q A A E H - - L Q Q G K A Q L L G A W A G E L L A E E L R L A Q Q N L S E I T - G E F T S D D L L G R I F S S F C I G K - 4 5 4

4 1 7 - G A P S L T Q A R H R A H L Q Q C C A - - - - A L A Q Y Q R Y R D V D L A L A A E G V R L A L T S L G R I T - G R V G A E E I L D I I F K D F C I G K - 4 8 6

3 6 7 - Q R L L L V L N K S D L L S P E G - 3 8 3

3 5 2 - D R V L L V L N K T D L L P Q V Q - 3 6 8

3 8 9 - - - I I I V V N K S D L V S D D E - 4 0 3

3 2 5 - - V I I A K N K S D L S - - - - - - 3 3 5

3 3 0 - - - I T V V R N K A D I T G E T L - 3 4 4

3 6 5 - K R L Q L V A N K T D T L T D E E - 3 7 8

3 6 6 - Q Q H I L I L N E S D L V S A E Q - 3 8 2
3 5 8 - R E V L L V L N K S D L L D P P G - 3 7 4

3 6 7 - Q R L L L V L N K S D L L S P E G - 3 8 3
3 4 6 - Q R L L L V L N K S D L L P A G R - 3 6 2

G4 box
[N/T]KxD

catalytic
cysteine

p.Glu459Lysp.Arg430Profs*86

1 - - - M W R G L W T L A A Q - 1 1
1 - - - M W R G L W T L A A Q - 1 1
1 - - - M W R G L W T L V S R - 1 1
1 - M V F A R T C L T S V S L - 1 3
1 - M H F I S C C L R R S T V - 1 3
1 - - - M K A S E L G L A D A - 1 1
1 - - - - M S T I F A L S S G - 1 0
1 - - - - - M A L L R N A S Q - 0 9
1 - - M N S A S F L Q S R L I - 1 2
1 - - - M S D N D T I V A Q A - 1 1

B

p.Glu312-Gln319del

p.Gln11Argfs*98

c.32_33delinsGTG,

p.Gln11Argfs*98

p.Arg3Leu

1st cousins

F1

I-2I-1

II-1
#36349

II-2
#49665

c.[1291dupC];[1375G>A]
p.[Arg430Profs*86];[Glu459Lys]

II-3 II-4

1st cousins 1st cousins

Figure 1. GTPBP3 Mutation Status and Gene Structure
(A) Pedigrees of nine families with mutations in GTPBP3.
(B) Gene structure ofGTPBP3with known protein domains of the gene product and localization and conservation of amino acid residues
affected by mutations. Black and orange text indicate exonic and intronic variants. Intronic regions are not drawn to scale. Coloring in
the sequence alignment represents the identity of amino acid residues.
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Individual #75191 (family F4, Figure 1A), a girl, was born
to nonconsanguineous parents after an uneventful preg-
nancy of 40 weeks. The mother had had two miscarriages
at 6 and 8 weeks and had a healthy son aged 16 months.
In the first hours after birth, individual #75191 developed
mild stridor and dyspnea which rapidly worsened. She fed
poorly and became less responsive, and a Kussmaul breath-
ing pattern was seen. She was transferred to a specialist
center and was found to be severely hypotonic, moving
very little, either spontaneously or after stimulation.
She had hyperlactatemia (23 mmol/l), hypoglycemia
(18 mg/dl), hyperammonemia (135 mmol/l, control value
11–48 mmol/l), and hyperlactaturia. She progressively
developed respiratory insufficiency and bradycardia.
Cardiac ultrasound showed apical right ventricular hyper-
trophy and an open duct of Botalli with minor shunting.
Fractional shortening was 28% (mildly decreased). Cere-
bral ultrasound showed a minimal grade I bleeding, and
the cerebral matter appeared mildly hyperechogenic. She
died of asystolia at day 1. A muscle biopsy performed
immediately after death showed decreased activities of
RC complexes I and IV.
Individual #76671 (family F5, Figure 1A) was the second

boy of nonconsanguineous parents. The infant was born at
41 weeks of gestation from a twin pregnancy. Generalized
hypotonia and difficulty in suction was noted since birth
and he rapidly developed failure to thrive. He acquired
head control at the age of 7 months but parents reported
normal cognitive skills. At the age of 9 months he
was admitted to the intensive care unit for acute aspira-
tion pneumonia that required intubation. Laboratory test
revealed a metabolic acidosis with hyperlactatemia
(5.2 mmol/l) and brain MRI showed bilateral thalamic
T2-weighted hyperintense abnormalities with low diffu-
sion. Analysis of a muscle biopsy revaled a clear reduction
in histochemical cytochrome c oxidase activity and
decreased complex I and IV enzyme activities. The car-
diological examination disclosed hypertrophic cardio-
myopathy and a Wolff-Parkinson-White pre-excitation
syndrome (MIM 194200). The baby died after 15 days of
hospitalization with clinical signs of heart failure.
Individual #81471 (family F6, Figure 1A) was a boy born

to nonconsanguineous Romanian parents at 34 weeks
gestation (birth weight 2.18 kg). Hismother had premature
and prolonged (85 hr) rupture of membranes before deliv-
ery, and the baby was treated with i.v. antibiotics before
being discharged home on day 7. He was readmitted to
hospital on day 25with weight loss (2.23 kg). He was hypo-
thermic and jaundiced and initial blood analysis showed
profound metabolic acidosis. He was treated with i.v. anti-
biotics for presumed sepsis. The acidosis did not resolve,
and serum lactate was elevated (11.0 mmol/l). ECG was
abnormal and echocardiography showed concentric left
ventricular hypertrophy. CSF lactate was 12.4 mmol/l
(normal range 0.9–2.4 mmol/l) prompting bicarbonate
treatment. Brain MRI showed abnormal diffusion of the
subthalamic nuclei extending down to the brain stem.

There was abnormal T2 signal in the midbrain and basal
ganglia bilaterally. On examination he was thin but not
dysmorphic. He was mildly jaundiced and had puffy feet.
There was little spontaneous movement but normal mus-
cle bulk and he was distinctly hypotonic. Feeding through
a nasogastric tube was established but he did not become
responsive despite high caloric intake. He developed recur-
rent apnea and died aged 5 weeks. Biochemical analysis
performed in muscle revealed a significant decrease of RC
complexes I and IV.
Individual #75168 (family F7, Figure 1A) is the second

girl of first-cousin parents from India. She was first seen
at the age of 2 years with development delay. She was
able to walk but she couldn’t speak. She received occupa-
tional and speech therapy. During a febrile illness when
she was 3 years old, she had an acute metabolic failure
with hyperlactatemia and hyperlactatorachia. She recov-
ered but had epileptic seizures and more severe intellectual
disability. Brain MRI showed pronounced bilateral hyper-
intensities affecting the whole thalamus and extending
to the mesencephalon. Hyperlactatemia (>10 mmol/l)
and hyperlactatorachia (6 mmol/l) were noticed. RC
activity in muscle was normal as well as PDH complex
tested by immunoblot. The girl was treated with qa carni-
tine 3 3 350 mg/day, CoQ10 3 3 50 mg/day, vitamins
B1 3 3 50 mg/day and B6 3 3 50 mg/day, and bicarbonate
4 3 1 g. Epilepsy was in good control with levetiracetame
40 mg/kg/day and a high-fat diet. The girl is in a special
school for children with developmental delay. Her general
condition is good. She is always in a good temper. Develop-
ment is delayed about 1.5 years. She has continual hyper-
lactatemia (8–10 mmol/l).
Individual #82790 (family F8, Figure 1A) is a girl born at

40 weeks of gestation with normal birth weight to noncon-
sanguineous Japanese parents. At the age of 1 year, she
developed frequent epileptic seizures, and she was medi-
cated with phenobarbital. Severe developmental delay
was noted and at the age of 15 months she was admitted
to children’s hospital. Her weight gain (9.25 kg, !0.06
SD) is within the normal range, but she developed severe
muscle hypotonia. There is no cardiac involvement by
ECG and echocardiogram. Hyperlactatemia was noted
(5.72–6.49 mmol/l) whereas metabolic profiling of amino
acids, urinary organic acids, and acylcarnitine was normal.
RC analysis in muscle showed a significant decrease in
complexes I and IV activities. Brain MRI showed bilateral
hyperintensities in the putamen and weakly also in
the anterior thalamus. A lactate peak was detected on
[Hþ]-MR spectroscopy. She is now 2 years of age and still
presents with a severe global developmental delay.
Individual #83904 (family F9, Figure 1A) was the second

child of consanguineous, healthy parents of Turkish
origin. She was born at 39 weeks of gestational age (birth
weight 2,740 g, length 49 cm, head circumference
32 cm). Shortly after birth, she presented with Wolff-
Parkinson-White syndrome. Cardiac ultrasound was
normal. Treatment was started with amiodarone and she
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Table 1. Genetic and Clinical Findings in Individuals with GTPBP3 Mutations

ID Sex

GTPBP3 Mutations OXPHOS Activities in Skeletal Muscle Clinical Features

cDNA (NM_032620.3) and
Protein (NP_116009.2) RCC

% of Lower
Control
Range

Absolute
Values

Reference
Range AO Course HCM

Histochemical
COX Defect Other Features

#49665a,b male c.[1291dupC; 1375G>A],
p.[Pro430Argfs*86; Glu459Lys]

I 15% 0.025 0.17–0.56 10 years alive 14 years yes ND consanguineous parents
(1st cousins), mild
intellectual disability,
fatigability, limited
vision, lactic acidosis

II ND ND ND

IIþIII normal 0.201 0.08–0.48

IV 24% 0.267 1.1–5.0

#36349b male c.[1291dupC; 1375G>A],
p.[Pro430Argfs*86; Glu459Lys]

I no data no data no data no data alive 17 years no data no data sibling of #49665 with
similar clinical symptoms

II

IIþIII

IV

#66143a male c.[476A>T; 964G>C],
p.[Glu159Val; Ala322Pro]

I 7% 0.01 0.19–0.48 2 years alive 5 y ears yes ND unrelated parents, sudden
respiratory failure, lactic
acidosisII normal 0.10 0.07–0.12

IIþIII normal 0.12 0.09–0.22

IV 28% 0.12 0.44–0.92

#72425a female c.[484G>C; 673G>A; 964G>C],
p.[Ala162Pro; Glu225Lys;
Ala322Pro]

I 14% 0.015 0.11–0.30 3.5 months died 8 months DCM yes unrelated parents,
cyanosis, hyporeactivity,
DCM with residual
ejection fraction of 20%,
lactic acidosis

II normal 0.21 0.12–0.25

IIþIII normal 0.06 0.006–0.14

IV 45% 0.76 1.7–4.0

#75191a female c.[1009G>C; 1009G>C],
p.[Asp337His; Asp337His]

I 31% 0.03 0.10–0.25 birth died 1 day yes yes unrelated parents,
Kussmaul breathing,
stridor, hypotonic,
hyporeactivity, RVH,
lactid acidosis

II normal 0.16 0.14–0.25

IIþIII normal 0.12 0.13–0.25

IV 15% 0.09 0.60–1.48

#76671 male c.[665!2delA; 665!2delA],
p.[Ala222Gly; Asp223_Ser270del;
Ala222Gly; Asp223_Ser270del]

I 45% 0.05 0.11–0.30 birth died 10 months yes yes unrelated parents,
hypotonia from birth,
RVH, WPW, lactic
acidosis

II normal 0.16 0.12–0.25

IIþIII ND ND 0.06–0.14

IV 17% 0.29 1.7–4.0

#81471a male c.[424G>A; 424G>A],
p.[Glu142Lys; Glu142Lys]

I 12% 0.012 0.104 5 0.036 4 weeks died 5 weeks yes yes consanguineous parents,
two healthy siblings, one
miscarriage, FTT, poor
weight gain and feeding,
concentric LVH, lactic
acidosis

II normal 0.098 0.145 5 0.047

IIþIII normal 0.850 0.544 5 0.345

IV 17% 0.127 1.124 5 0.511

(Continued on next page)
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Table 1. Continued

ID Sex

GTPBP3 Mutations OXPHOS Activities in Skeletal Muscle Clinical Features

cDNA (NM_032620.3) and
Protein (NP_116009.2) RCC

% of Lower
Control
Range

Absolute
Values

Reference
Range AO Course HCM

Histochemical
COX Defect Other Features

#75168a female c.[770C>A; 770C>A],
p.[Pro257His; Pro257His]

I normal no data no data 2 years alive 5 years no ND consanguineous parents
(1st cousins),
developmental delay,
epileptic seizures,
intellectual disability,
MRI hyperintense lesions
of basal ganglia typical to
Leigh syndrome, lactic
acidosis

II normal

IIþIII normal

IV normal

#82790a female c.[8G>T; 934_957del],
p.[Arg3Leu; Gly312_Val319del]

I 36% 0.107 0.301 5 0.05 1 year alive 2 years no ND unrelated parents,
seizures, severe
hypotonia,
developmental delay,
lactic acidosis

II normal 0.424 0.272 5 0.05

IIþIII normal 0.21 0.25 5 0.093

IV 21% 0.008 0.035 5 0.011

#83904a,c female c.[32_33delinsGTG;
32_33delinsGTG], p.[Gln11Argfs*
98; Gln11Argfs*98]

I 64% 4.2 6.5–17 1 week died 9 months yes ND consanguineous parents
(1st cousins), lactic
acidosis, WPWII normal 16.1 13.6–45.7

IIþIII normal 5.8 4.3–13.2

IV 25% 9.9 74–294

#83905a,c female c.[32_33delinsGTG;
32_33delinsGTG], p.[Gln11Argfs*
98; Gln11Argfs*98]

I no data no data no data birth died 10 days yes ND consanguineous parents
(1st cousins), lactic
acidosis, WPWII

IIþIII

IV

#66654a female c.[673G>A; 964G>A]; [¼]
p.[Glu255Lys; Ala322Pro]; [¼]

I 64% 0.09 0.14–0.35 1.5 months alive no ND intrauterine growth
retardation, lactic
acidosis, leukodystrophy,
generalized hypotonia

II normal 0.19 0.18–0.41

IIþIII 90% 0.27 0.30–0.67

IV normal 1.42 0.42–1.26

Abbreviations are as follows: AO, age of onset; HCM, hypertrophic cardiomyopathy; DCM, dilated cardiomyopathy; FTT, failure to thrive; LVH/RVH, left/right ventricular hypertrophy; ND, not determined; WPW, Wolff-Par-
kinson-White syndrome.
Mitochondrial respiratory chain complexes (RCC) in muscle: I, NADH:CoQ-oxidoreductase; II, succinate:CoQ-oxidoreductase; IIþIII, succinate:cytochrome c reductase; IV, cytochrome c oxidase (COX).
Enzyme activities were determined in muscle biopsies and normalized to citrate synthase (CS). Absolute values and reference ranges are given in [mU / mU CS].
aInvestigated by exome sequencing.
b,cThese individuals are siblings.
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remained stable, without cardiac symptoms or arrhythmia.
At 7 months of age, she had cardiogenic shock and meta-
bolic acidosis. Heart ultrasound detected dilated cardiomy-
opathy and decreased contractility (ejection fraction 35%).
She presented hyperlactatemia (20 mmol/l), hyperala-
ninemia (1,175 mmol/l; normal range, 190–450 mmol/l),
and an increased lactate-to-pyruvate ratio (47; normal
range, 10–20). Her disorder progressed despite intensive
medication for heart failure. She died at the age of
9 months of cardiac insufficiency with arrhythmia.
Her younger sister, individual #83905 (family F9,

Figure 1A), had a very similar clinical picture. She died at
6 months of age of cardiac insufficiency unresponsive to
resuscitation procedures.
Genetic, biochemical, and clinical findings are summa-

rized in Table 1. Pedigrees of the families we studied are
shown in Figure 1A. The location of the identified muta-
tions within the gene and the conservation of the affected
amino acid (aa) residues are shown in Figure 1B. Indi-
vidual #49665 (F1: II-2) was found to carry a frame
shift and one missense variant. The next generation
sequencing (NGS) data demonstrated a compound hetero-

zygous status of the two variants (Figure S1 available on-
line). Individual #76671 (F5: II-2) was homozygous for
an intronic single base pair deletion, c.665!2delA, which
is predicted to cause the loss of a splice acceptor site. Anal-
ysis of cDNA from fibroblasts revealed a shorter transcript,
and sequencing found that in more than 95% of tran-
scripts, the downstream acceptor of exon 7 was used for
splicing, resulting in the skipping of exon 6 including
the conserved G1-box guanine nucleotide-binding signa-
ture motif (Figure S2). Individual #82790 (F8: II-2) was
found to be compound heterozygous for a missense
mutation c.8G>T (p.Arg3Leu) and a 24 bp deletion
c.934_957del (p.Gly312_Val319del). The 24 bp deletion
is predicted to cause the deletion of 8 amino acids con-
taining conserved residues. The p.Arg3Leu substitution
at the very N terminus of the protein is scored as a pre-
dicted polymorphism but causes a loss of a positively
charged residue, which is predicted to interfere with mito-
chondrial targeting (Predotar, PsortII). The two missense
variants found in individual #66654, c.[673G>A;
964G>C], p.[Glu225Lys; Ala322Pro], were identical to
the variants found on the paternal allele of individual
#72425 (F3: II-1). Analysis of parental DNA revealed that
both variants were also located on the same allele in indi-
vidual #66654, meaning that only one allele is affected.
Because of this observation, combined with the absence
of a heart phenotype and because this individual is
the only one exhibiting an isolated complex I defect, we
consider the mutations found in GTPBP3 not to be causa-
tive in subject #66654.
In summary, the identification of 13 different alleles in

11 individuals with suspected mitochondrial disease
from 9 families provides strong evidence for the patholog-
ical role of mutant GTPBP3 in the investigated families. It
links GTPBP3 mutations to combined respiratory chain
complex deficiency (9/11), cardiomyopathy (9/11), lactic
acidosis (11/11), and encephalopathy (4/11).
Brain MRI was performed in three individuals (Figure 2).

It showed bilateral T2 hyperintensities in the thalamus,
ranging from weak (#82790) or small (#72425) changes
in the anterior thalamus to very pronounced hyperinten-
sities affecting the whole thalamus in individual #75168.
In addition, T2 hyperintensities affected the putamen
bilaterally in individual #82790 and extended markedly
to the mesencephalon in individual #75168. Taken
together, the MRI involvement of basal ganglia and brain-
stem resembles the (MRI) findings in Leigh syndrome
(which is, however, an ill-defined entity).
Skin fibroblast cell lines were available from seven indi-

viduals for functional studies. We first analyzed the cellular
oxygen consumption rate (OCR13) bymicroscale respirom-
etry with the XF96 extracellular flux analyzer (Seahorse
Bioscience). When cells of individuals from families F1 to
F5 were cultured in glucose-containing medium, only cell
lines from individuals #75191 (F4: II-4) and #76671 (F5:
II-2) showed a decreased OCR (of 59% and 58%, respec-
tively) indicating defective oxidative phosphorylation

# 72425

A

# 82790

B

# 75168

C

Figure 2. BrainMRI of Affected Individuals #72425, #82790, and
#75168
(A) MRI of individual #72425 shows small T2 hyperintensities in
the anterior thalamus bilaterally (arrow).
(B) In individual #82790, T2-weighted MRI shows bilateral hyper-
intensities in the putamen (arrowhead) and weakly also in the
anterior thalamus (arrow).
(C) T2-weighted MRI of individual #75168 shows pronounced
bilateral hyperintensities affecting the whole thalamus (arrow,
axial view at the left) and extending to the mesencephalon
(arrowhead, sagittal view at the right).
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Figure 3. Analysis of Respiration Defects and GTPBP3 Protein Levels in Fibroblast Cell Lines
(A) Oxygen consumption rate (OCR) of fibroblast cell lines from five affected individuals and five control subjects cultured in high-
glucose (Glc) medium. Each analysis was performed in more than 15 replicates. Control one (C1) was measured five time at different
passage numbers (C1.1–1.5, NHDFneo, Lonza). OCR was expressed as percentage relative to the average of all controls. Cells from

(legend continued on next page)
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(Figure 3A). When cells were cultured with galactose as the
primary carbon source, rather than glucose, cells are forced
to rely on oxidative phosphorylation rather than glycolysis
in order to meet the energy demand.14,15 Accordingly, in
control cells an increase in OCR of approximately 2-fold
was observed when galactose was substituted as the pri-
mary carbon source. This increase in OCR was impaired
in fibroblasts from affected individuals #49665 (F1: II-2),
#66143 (F2: II-2), and #72425 (F3: II-1), which showed
OCR increases of only 11%, 35%, and 22%, respectively
(Figure 3B). In order to confirm that defects in GTPBP3
are the cause of this defect, we transduced three cell
lines with a wild-type copy of GTPBP3 cDNA (RefSeq
NM_32620.3) by using a lentiviral vector (pLenti 6.3/V5
TOPO, Life Technologies) as previously described.16,17

Fibroblasts from individuals #49665 and #66143 were
used for the rescue experiment, with fibroblasts from
#66654 (subject with only one affected allele) being
included as a control (C6). Unfortunately, we were unable
to recover any viable cells from subject #49665 after
the transduction procedure. Although the transduction
had no noticeable effect on the control cell line (C6-T),
transduced fibroblasts from #66143 (#66143-T) displayed
a significant improvement of OCR in galactose-containing
medium (Figure 3B). Furthermore, we detected an
isolated respiratory chain complex (RCC) I deficiency in
a fibroblast cell line from family 9. Cotransfection of indi-
vidual #83904 fibroblasts with two putative GTPBP3 iso-
forms amplified by RT-PCR, RefSeq NM_32620.3 and
NM_0128855.2 (missing 63 base pairs of exon 8), signifi-
cantly improved enzyme activities of RCC I (pIRES2-
EGFP, Clontech) (Figure 3C). Analysis of the protein levels
of GTPBP3 in five fibroblast cell lines demonstrated
reduced or undetectable amounts in individuals #49665,
#75191, #66143, #83904, and #83905, although they
showed a clear increase after transduction or transfection
(Figures S4 and 3D). In conclusion, our data demonstrate
a causal role for GTPBP3 mutations in the oxidative meta-
bolism deficiency in these individuals.
Given that homologs of GTPBP3 in other systems have

been implicated in protein synthesis, we next concen-
trated on the analysis of GTPBP3 in mitochondrial transla-
tion. The synthesis of mtDNA-encoded polypeptides,
investigated by pulse-labeling ofmitochondrial translation
products via [35S]methionine in fibroblasts of affected

individuals (for methods see Haack et al.18) was severely
and uniformly decreased to 20%–30% of control levels in
individuals #49665, #66143, and #75191 (Figures 4A and
4B). There was no detectable defect in fibroblasts from
individual #72425, which might be explained by the rela-
tively low conservation of the mutated residue in this indi-
vidual (Figure 1B). In order to exclude possible defects of
mitochondrial transcription or precursor RNA processing,
we analyzed all mitochondrially encoded rRNAs and
mRNAs in fibroblasts of individuals #49665, #66143,
#72425, and #75191 by RNA blotting and by RNA-seq in
fibroblasts of individual #49665. We found no differences
in the expression levels of the mt-RNAs between case and
control subjects. On average, the mt-RNA expression levels
were only 6% lower in individual #49665 as compared to
control individuals (data not shown). We did not observe
any appreciable reduction in steady-state levels of mature
RNAs, nor was there any accumulation of precursor RNAs
(Figure S3A). Next, we analyzed the steady-state levels of
mt-tRNAs, including those five species for which the tm5

U modification has been reported in mammals (Gln, Glu,
Lys, LeuUUR, and Trp).4 We again observed no appreciable
changes in their steady-state levels (Figure S3B). In order
to further corroborate a direct role of GTPBP3 inmitochon-
drial translation, we downregulated its expression via
RNA interference in HeLa cells (Figure 4C). Reduction of
GTPBP3 protein levels upon RNAi treatment of HeLa cells
was comparable to the reduction of its level in GTPBP3
mutant fibroblasts (Figure 4D). Downregulation ofGTPBP3
expression resulted in a general mitochondrial translation
defect, similarly to the reduction observed in subject fibro-
blasts (Figure 4D). In conclusion, the reduced translation
efficiency observed in three out of four GTPBP3 mutant
cell lines, as well as in human cells treated with GTPBP3
RNAi, confirmed an important function for GTPBP3 in effi-
cient mitochondrial protein synthesis.
In order to test the consequences of this reduced transla-

tion rate upon the protein levels of OXPHOS complexes in
mutant fibroblast cell lines, we analyzed the steady-state
levels of several nuclear-encoded subunits of the OXPHOS
system by immunoblotting. In fibroblasts from individuals
#72425, #75191, and #76671 (F3: II-1, F4: II-4, and F5:
II-2), we observed strongly reduced amounts of RCC IV.
Fibroblasts from subjects #72425, #75191, and #49665
also showed reduced levels of RCC I, whereas the levels

individuals #75191 and #76671 showed a significant reduction of oxygen consumption whereas cells from individuals #49665, #72425,
and #66143 presented no defective respiration. Error bar indicates 1 SD; ***p < 0.001.
(B) Oxygen consumption rate of fibroblast cells cultured in galactose (Gal) growth medium. The average increase of OCR from five con-
trol cells cultured in galactose-containing medium compared to glucose-containing medium was 107%. Cell lines from individuals
#49665, #72425, and #66143 show significant lower increase in OCR. Lentiviral expression of wtGTPBP3 in cells from individual
#66143 significantly increases the change in OCR although it has only little effect in control cells (C6-T). Error bar indicates 1 SD;
***p < 0.001.
(C) Activities of respiratory chain complexes I and IV (expressed as ratio to CII activity) are decreased in individual #83904 cells trans-
fected by electroporation with empty vector (pIRES2-EGFP) according to the manufacturer’s protocol (LONZA) but are improved upon
expression of GTPBP3 cDNAs from the same plasmid. Measurements were performed as previously described.29,30 Error bar indicates 1
SD. Activity in controls was set as 100%. **p < 0.01, **p < 0.001.
(D) Levels of GTPBP3 were reduced in cells from individuals #49665, #75191, and #66143 and elevated after transduction with
wtGTPBP3 cDNA. MRPS18B and MRPL3 served as mitochondrial loading controls.
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of RCC II and V remained normal in all cell lines (Figure 5).
The diminished steady-state levels of respiratory chain
complexes I and IV in fibroblast cell lines are in agreement
with the impaired mitochondrial de novo translation rates
in these cells andmatch the enzymatic defects identified in
muscle biopsies of the same individuals.
Within an international cooperation between European

(Germany, UK, Italy, France, and Belgium), Israeli, and
Japanese Centers for mitochondrial disorders, we provide
statistically convincing evidence for GTPBP3 mutations

leading to mitochondrial disease. To further support
collaborative studies, the global mitochondrial disease
community has established a Mitochondrial Disease
Sequence Data Resource (MSeqDR) for common genomic
data deposition and mining.
The genotype-driven analysis performed here was inde-

pendent from the clinical presentation. Nevertheless, we
identified common clinical features of the affected individ-
uals that include lactic acidosis (11/11), cardiomyopathy
(9/11), and neurological symptoms (6/11). The latter

A B

C D

Figure 4. Analysis of Mitochondrial Protein Synthesis in Primary Fibroblasts and in HeLa Cells Treated with RNAi against GTPBP3
(A) [35S]methioninemetabolic labeling of mitochondrial proteins in fibroblasts. Products of mitochondrial translation were labeled with
[35S]methionine for 30 min, separated by a 4%–12% gradient SDS-PAGE, and visualized by autoradiography. To validate equal protein
loading, a small section of the gel was stained with Coomassie (CGS). Fibroblasts from individuals #49665, #66143, and #75191 demon-
strate significant inhibition of mitochondrial protein synthesis although translation in cells from individual #72425 is not affected.
(B) Quantification of radiolabelled products of mitochondrial translation. Incorporation of [35S] as in (A) was quantified by ImageQuant
software after exposure to a PhosphorImager screen from three independent experiments. Error bar indicates 1 SD.
(C) Downregulation of GTPBP3 in HeLa cells via RNA interference. Immunoblot analysis of total HeLa cell lysate transfected with two
different siRNA to GTPBP3 show decreased level of GTPBP3 upon RNAi treatment for 6 days. siRNA to GFP was used as transfection con-
trol. Asterisk indicates nonspecific band recognized by anti-GTPBP3 antibody in HeLa cells. b-actin serves as a loading control. Two
different siRNA duplexes targeting GTPBP3 were used, 1 and 2.
(D) Mitochondrial translation in HeLa cells upon GTPBP3 downregulation. HeLa cells were transfected for 6 days with siRNA against
GTPBP3 and subjected to [35S]methionine metabolic labeling. Inactivation of GTPBP3 leads to the reduced efficiency of mitochondrial
translation. Two different siRNA duplexes targeting GTPBP3 were used, 1 and 2.
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comprised symptoms such as development delay, intellec-
tual disability, feeding difficulties, muscle hypotonia,
fatigue, visual impairment, and epileptic seizures. Severity
of the disease ranged from neonatal onset and death to
late-infantile onset and survival into the second decade of
life.Most affected individuals, however,manifested clinical
symptoms before their first birthday. This is consistentwith
the normal cellular respiration, in organello translation,
and normal levels of respiratory chain complexes reported
in individuals less severely affected and the significantly
reduced mitochondrial translation, respiration, and low
levels of complex I and IV in those severely affected.
Modifications of the tRNA ‘‘wobble-base’’ in the anti-

codon loop are required for accurate and efficient codon
recognition. The modification of position 5 (xm5) of the
U34 wobble-base of certain tRNAs is evolutionarily well
conserved, although different modified side chains have
been identified in different species. In mammals, mito-
chondria 5-taurinomethyluridine (tm5U34) is found at
the wobble-base position.19 Based upon studies in bacteria
and yeast mitochondria, GTPBP3 and MTO1 have been
proposed to generate this modification in mammalian
mitochondria. Although this prediction awaits direct
biochemical validation, the proposed functional conserva-
tion of GTPBP3 and MTO1 has been supported by the
mitochondrial localization of these proteins in human
cells and by complementation of the respiratory-deficient
phenotype in yeast by their mammalian homolog
cDNAs.20,21 Functional deficiency of homologs of GTPBP3
and MTO1 in bacteria and yeast mitochondria has been
associated with abnormal U34 modification and conse-
quently a reduced efficiency of translation.21–23 Our data
support an analogous activity of GTPBP3 in human mito-

chondria since we identified a reduced efficiency of trans-
lation in three cell lines with GTPBP3 mutations and in
cells with RNAi-mediated downregulation of GTPBP3
expression. Other groups have also reported impaired
protein synthesis and reduced mitochondrial function in
GTPBP3-depleted cells.24 The defect in mitochondrial
translation was a likely cause of the combined respiratory
chain complex deficiency detected in muscle tissues of all
but one affected individual.
Like GTPBP3 mutations, MTO1 mutations are also asso-

ciated with hypertrophic cardiomyopathy (HCM), lactic
acidosis, and combined respiratory chain deficiency.
An association of MTO1 mutations with impaired mito-
chondrial translation has yet to be shown for humanmito-
chondria, but the common clinical presentation provides
support for a commonpathomechanism in theU34modifi-
cation for both diseases. So far, all individuals with MTO1
mutations presented a HCM. However, nearly all of them
have been specifically screened for MTO1 mutations based
on the clinical presentation of a HCM. Clinical and MRI
signs of brain involvement are found for both GTPBP3 and
MTO1 cases. The genotype-driven investigation presented
here identified individuals with lactic acidosis, develop-
mental delay, andMRI involvement of thalamus, putamen,
andbrainstembutwithoutHCM. It canbe expected that the
clinical spectrum associated withMTO1 deficiencywill also
broaden, with more subjects being genome-wide investi-
gated. In a very recent study, Taylor et al. indeed reported a
case subject withMTO1mutations and central neurological
features who did not have a cardiomyopathy.25

Our study highlights that defects in mitochondrial
translation, probably owing to incorrect posttranscrip-
tional modification of mt-tRNAs, are an important contrib-
utory factor to the spectrum of human mitochondrial
disease. Recent data have suggested that more than 7%
of all mt-tRNA residues undergo posttranscriptional modi-
fication, with close to 30 different modifications so far
described.4 Therefore, it is expected that future WES ana-
lyses of individuals clinically diagnosed with mitochondri-
opathy will reveal further mutations within genes coding
for mt-tRNA modifiers. Indeed, in addition to the afore-
mentioned mutations in MTO1 and TRMU, mutations in
PUS1 (MIM 608109) (which introduces pseudouridine
[J] at base positions 27, 28, and 29 in several mt-tRNAs)
have been reported in subjects affected withmitochondrial
myopathy and sideroblastic anemia (MLASA)26 (MIM
600462) and very recent studies have identified mutations
in TRIT1 (which is responsible for i6A37 modification of a
subset of mt-tRNAs) in individuals with severe combined
mitochondrial respiratory chain defects.27 Furthermore,
mtDNA mutations in mt-tRNA genes, which are a very
frequent cause of human respiratory chain deficiencies
(MITOMAP), might also affect mt-tRNA modification.
Related to the present study, it has been reported that
tm5U34 is not present in mt-tRNALeuUUR harboring the
m.3243A>G mutation (or other pathological mutations)
responsible for mitochondrial encephalopathy, lactic
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Figure 5. Immunoblot Analysis of OXPHOS Proteins in
Fibroblasts
10 mg of detergent-solubilized total cell extract was subjected
to immunoblot analysis of OXPHOS components. Amounts of
SDHA (complex II) and ATP5A (ATPase) were unchanged in all
individuals. In cells from individuals #72425, #75191, and
#76671, a reduction of COXIV (complex IV) was observed. Cells
from individuals #49665, #72425, and #75191 showed decreased
levels of NDUFB8 (complex I). Antibodies used: mouse antibodies
against SDHA (ab14715), NDUFB8 (ab110242), ATP5A (ab14748),
and rabbit antibodies against COXIV (ab16056) from Abcam and
rabbit anti GTPBP3 (HPA042158) from SIGMA Aldrich.
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acidosis, and stroke-like episodes (MELAS) (MIM 540000).
The absence of tm5U34 has been suggested to be respon-
sible for the mitochondrial translation defect in these sub-
jects.28 These results imply that deficiency of mt-tRNA
modification plays a critical role in the molecular patho-
genesis of human respiratory chain disease. Further studies
of these pathways, such as analysis of tissue-specific
regulation of mt-tRNA-modifying enzymes, might help
to explain the clinical heterogeneity observed for mito-
chondrial diseases caused by mutations in mt-tRNA genes.
In conclusion, this study shows a mitochondrial

translation disorder with a broad spectrum of clinical
presentations, which emphasizes the importance of post-
transcriptional modification of mitochondrial tRNAs for
proper mitochondrial function.
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Near-infrared diffuse optical spectroscopy (DOS) imaging can non-invasively mea-
sure tumor hemoglobin concentration using high contrast to normal tissue, thus
providing vascularity and oxygenation status. We assessed the clinical usefulness
of DOS imaging in primary breast cancer. In all, 118 women with a histologically
confirmed diagnosis of primary malignant tumor were enrolled. All participants
underwent testing using time-resolved DOS before treatment initiation. Visual
assessment of DOS imaging for detecting tumors was carried out by two readers
blinded to the clinical data. Relative total hemoglobin (rtHb) and oxygen satura-
tion (stO2) of the tumors was compared with clinicopathological variables and
10-year prognosis was calculated. Sensitivity for detecting a tumor based on the
rtHb breast map was 62.7% (74 ⁄ 118). The sensitivity depended on T stage: 100%
(7 ⁄ 7) for T3, 78.9% (45 ⁄ 57) for T2, 44.7% (17 ⁄ 38) for T1, and 31.3% (5 ⁄ 16) for Tis.
Tumors showed unique features of higher rtHb with a wider range of stO2 than
normal breast tissue, depending on histological type. There was a significant cor-
relation of rtHb with tumor size, lymphatic vascular invasion, and histological
grade, and of stO2 with age and tumor size. Neither rtHb nor stO2 correlated
with intrinsic biomarkers such as estrogen receptor, progesterone receptor, or
human epidermal growth factor receptor 2; rtHb inversely correlated with 10-year
relapse-free survival and overall survival, with statistical significance. Diffuse
optical spectroscopy imaging has limited utility for the early detection of breast
cancer; nonetheless, the findings suggest that the degree of tumor angiogenesis
and hypoxia may be associated with tumor aggressiveness and poor prognosis.

D iffuse optical spectroscopy (DOS) imaging with red and
near-infrared light is expected to be a next-generation

modality aimed at detecting primary breast cancer. Because
DOS does not use ionizing radiation or contrast agents, its
clinical applications have the advantage of being safe even if
the procedure is repeated in the same patient.(1) The technique
can also provide biological information on tumor vascularity
and oxygenation in terms of the optical properties of the tissue.
The basic method involves sending a laser pulse at wave-
lengths of 600–1100 nm, obtaining optical signals after pho-
tons have traveled through the tissue, and finally separating
absorption coefficients (la) from reduced scattering coeffi-
cients (ls’), which are calculated from optical signals. Oxyhe-
moglobin (O2Hb) and deoxyhemoglobin (HHb) are analyzed
using la, the main intrinsic absorber of breast tissue.(2) Based
on the fact that the hemoglobin (Hb) concentration of breast
cancer is higher than that of normal tissue, numerous studies
showed that the contrast imaging could identify a tumor
lesion.(3) Total Hb (tHb = O2Hb + HHb) can visualize a local
elevation of blood volume in a tumor, suggestive of angiogen-
esis; oxygen saturation (stO2 = O2Hb ⁄ tHb) reflects the
degree of tumor hypoxia.(4) Pogue et al. reported that when

comparing the features of breast tumors among patients, mea-
suring the tHb contrast value relative to the background of
normal breast tissue is more accurate than measuring the abso-
lute value of tHb.(5)

In order to analyze the clinical utility of measuring tHb and
stO2 of a tumor lesion, we evaluated the detection rate of pri-
mary breast cancer using DOS imaging and assessed the clini-
copathological and prognostic relevance of tumor tHb and
stO2.

Materials and Methods

Patient enrolment. We enrolled consecutive patients from July
2012 to April 2013 at the International Medical Center, Saitama
Medical University (Saitama, Japan). After obtaining a radiolog-
ical diagnosis of malignant cancer using mammography, ultraso-
nography (US), and ⁄or MRI, the diagnosis was histologically
confirmed in all patients using core biopsy. All patients under-
went time-resolved diffuse optical spectroscopy (TRS) scans of
both breasts before treatment initiation. The TRS measurements
were made at least 2 weeks after the core biopsy. Clinical and
histopathological information was obtained from medical
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reports. The study protocol was approved by the Institutional
Review Board of the International Medical Center (11-065). All
patients agreed to participate in this study and signed a written
informed consent form.

Data acquisition procedures. The optical properties of breast
tissue were acquired using the TRS system (TRS20; Hamama-
tsu K.K., Hamamatsu, Japan). The functioning of the system
and the procedure of data acquisition have been described else-
where.(6) In this system, a laser source emits a laser pulse with
a wavelength of 760, 800, and 834 nm, and detects temporal
response profiles through tissue using the time correlate single-
photon counting method.(7) On encountering the vascular
regions of a tumor, the laser pulse is absorbed and scattered;
this scattering is different compared with that of surrounding
normal breast tissue. We obtained the tissue absorption (la)
and reduced scattering coefficients (ls’) at the aforementioned
wavelengths. The O2Hb and HHb concentrations were calcu-
lated using the spectroscopic data of O2Hb and HHb based on
the photon diffusion theory.(8) A patient was tested in a supine
position using a US-guided handheld probe containing a source
and a detector, placed on the breast skin 3 cm apart. Measure-
ments were taken as square or rectangular grid maps with each
point separated by 10 mm in the breast. In a tumor-bearing

breast, at least 49 points, which consisted of a 6 9 6 cm
square grid map, were analyzed; in the contralateral normal
breast, at least 25 points, which consisted of a 4 9 4 cm
square grid map in a corresponding mirror image location,
were analyzed. A tumor lesion as determined by US and pal-
pation was always arrayed in the center of the map. To trans-
late discrete data to a continuous image, we used spline
interpolation, 2D image processing, and analysis. The images
were 200 9 200 pixels. Visual image reconstruction was car-
ried out using custom software (DataGridViewer, version 12;
SincereTechnology Corp., Kanagawa, Japan).
A region of interest (ROI)—a circle measuring 2 cm in

radius—was assigned to the skin including the area of the
lesion. The number of points included in an ROI was 10–14.
We set the ROI showing the highest concentration of Hb.
When we could not detect a hotspot, we set the ROI just
above the lesion that was identified by US. We used the mean
volume calculated from ROI analysis, automatically. The eval-
uation of Hb parameters was carried out as follows: tHb
(lM) = O2Hb + HHb, stO2 (%) = O2Hb ⁄ tHb 9 100, and
rtHb = a ratio of tumor mean tHb to contralateral normal
mean tHb. Figure 1 shows representative images of tHb and
stO2 of both tumor-bearing and contralateral normal breast.

(a)

(b) (c)

(d)

(e)

(f)

Fig. 1. Hemoglobin map construction using the optical breast imaging system. Representative images include a palpable 38-mm mucinous
carcinoma on the left breast in a 56-year-old woman. (a) Optical measurements comprising a grid map over tumor (7 9 7 points, 1-cm pitch) and
normal breast tissue (5 9 5 points, 1-cm pitch) are taken using a handheld probe. (b) Ultrasound (US)-guided breast imaging system with time-
resolved diffuse optical spectroscopy (DOS). (c) The images present distribution of total hemoglobin (tHb) and tissue oxygen saturation (stO2)
concentrations on both breasts. (d) A mediolateral oblique mammogram shows a round circumscribed mass (arrowhead) in the subareolar area.
(e) A sagittal US image obtained at the 4 o’clock position in the left breast shows a lobulated hypoechoic shadowing mass (arrowhead).
(f) Dynamic contrast-enhanced (DCE) MRI shows a solitary intensely enhancing mass (arrowhead) in the lower outer quadrant of the left breast.
L, left; R, right.
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Interpretation of optical breast images. Two readers (N.N.
and S.U.) independently evaluated the optical images of tHb in
both breasts; the readers were blinded to the patients’ past his-
tory and clinical and histopathological findings. When there
was a discrepancy between the two readers, we discussed the
case and determined the finding together. The images of tHb
visualized by TRS are likely to be caused by angiogenesis in a
tumor, relative to surrounding normal tissue. The most com-
mon appearance indicating tumor angiogenesis included the
elevation of tumor tHb compared with normal tHb distribution
or the appearance of a hotspot. Other images, which showed
equivocal results, were interpreted as a uniform appearance.
The definition of details has been previously described.(6) Each
reader interpreted the patterns of tumor tHb distribution as
either a hotspot or uniform. The hotspot tumors were consid-
ered a positive result.

Staging of primary tumors. The clinical T stage describes the
tumor size and spread to the skin or to the chest wall inside
the breast using MRI. In the present study, the T stage was
defined as follows: Tis, carcinoma in situ; T1, tumor size
≤2 cm; T2, tumor 2–5 cm; T3, tumor size > 5 cm.

Immunohistochemistry. The expressions of estrogen receptor
(ER), progesterone receptor (PgR), and human epidermal
growth factor receptor 2 (HER2) were examined immunohisto-
chemically for all specimens. A monoclonal anti-ER antibody
(clone ID5; 1:100), a monoclonal anti-PgR antibody (clone
PgR636; 1:100), and the Herceptest kit for HER2 were pur-
chased from Dako (Glostrup, Denmark) and used for immuno-
histochemical analysis. In brief, 4-lm-thick sections were
deparaffinized in xylene, and dehydrated in a graded ethanol
series. Antigen retrieval was carried out by the incubation of
the tissue sections in a microwave oven in 10 mM sodium cit-
rate (pH 6.0) with 0.1% Tween 40 at 120°C for 45 min. Sub-
sequently, the tissue sections were incubated in 0.3% hydrogen
peroxide in methanol for 30 min, reacted with the primary
antibody for 1–3 h, incubated with a dextran polymer reagent
conjugated with peroxidase and a secondary antibody (EnVi-
sion; Dako) for 1 h, and finally reacted with 3,3-diaminobenzi-
dine tetrahydrochloride hydrogen peroxide as a chromogen. In
the present study, a hormone receptor status score of 3+ ⁄2+
(≥10% nuclear staining) was regarded as positive, whereas any
lower score (1+ ⁄0; < 10%) was regarded as negative. Cases
with a score of 3+ were considered to overexpress HER2. If a
score was 2+ , FISH was carried out. When the amplification
of the HER2 gene using FISH was detected, it was considered
a positive result. Other situations were considered a negative
result.(9)

Scoring of the Ki67 labeling index. Immunohistochemically,
the Ki67 (MIB1; Dako) labeling index was measured to evalu-
ate the proliferative activity of cancer cells. The Ki67 labeling
index was counted for a minimum of 500 cancer cells from
three randomly selected high-power fields containing the repre-
sentative sections of the tumors. The value was calculated as a

percentage of cells showing moderate to high staining intensity
relative to the total number of cells. The score of ≥20% was
regarded as positive, and lower scores were regarded as nega-
tive.(10)

Scoring system for histological grade. A histological grade
was given by two pathologists according to General Rules for
Clinical and Pathological Recording of Breast Cancer, 15th
edition.(11) The grade was the sum (3–9) of the nuclear pleo-
morphism, tubule formation, and mitotic counts scores.
Nuclear pleomorphism was scored as follows: 1, small regular
uniform cells; 2, moderate nuclear size and variation; and 3,
marked nuclear variation. Tubular formation was scored as fol-
lows: 1, majority; 2, moderate; and 3, little or none. The mito-
tic count score was scored as follows: 1, 0–4 mitoses; 2, 5–10
mitoses; and 3, > 10 mitoses per 10 high power fields using
eyepieces of 20-mm field of view (409 objective). As shown
in Table 2, a score of 3–5 was considered low grade, a score
of 6–9 was considered high grade.

Measurement of glycolytic activity. In this assay of tumors, a
maximum standardized uptake value (SUVmax) of a tumor was
obtained for patients who underwent 18F-fluorodeoxyglucose
(FDG) PET ⁄ computed tomography (CT). Biograph 6 Hi-Rez
(Siemens Medical Systems, Washington, DC, USA) was used
to carry out the assay. The measurement procedure of tumor
SUVmax was described previously in detail.(6,12) Patients fasted
for at least 6 h before the 18F-FDG PET ⁄CT analysis. One
hour after the i.v. administration of 3.7 Mbq ⁄kg 18F-FDG, a
transmission scan using CT for attenuation correction and ana-
tomical imaging was acquired for 90 s. The PET data were
reconstructed using a combination of Fourier rebinning and the
ordered-subset expectation maximization at iteration number 3
and subset 8 with attenuation correction based on CT data. An
ROI was assigned to the primary lesion, including the highest
uptake area (a circle of ROI, diameter 1 cm), and the SUVmax

in ROI was calculated. The SUV was calculated according to
the following formula: SUV = ROI activity (MBq
⁄mL) ⁄ injected dose (MBq ⁄ kg of body weight).

Estimation of long-term survival. The computer program
Adjuvant! Online is a tool for making decisions on adjuvant
therapies for patients with breast cancer (http://www.

Table 1. Sensitivity of total hemoglobin imaging for detecting

primary breast tumor

T stage No. of cases No. of positive cases Sensitivity, %

Tis 16 5 31.3

T1 38 17 44.7

T2 57 45 78.9

T3 7 7 100.0

Total 118 74 62.7

Tis, carcinoma in situ.

Fig. 2. Distribution of total hemoglobin (tHb) and tissue oxygen sat-
uration (stO2) in tumors and normal breasts. The scattergram shows
distribution of absolute values of stO2 (%) versus tHb (lM) and in
tumors (blank circle) and contralateral normal breast (cross). For the
contralateral normal breast, we selected a grid map in a correspond-
ing mirror image location.
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adjuvantonline.com).(13) We used this software to simulate the
prognostic significance of the concentration of rtHb and stO2

in a tumor. For the entries of information including age, meno-
pausal status, tumor size, histological grade, degree of nodal
involvement, and ER status, baseline prognostic estimates were
given by each patient. The physical condition of all patients
was set to average for the corresponding age. An estimated
incidence of 10-year relapse-free survival and overall survival
after surgical therapy was calculated by this program.(12)

Statistical analyses. All statistical analyses were carried out
using MedCal software (Mariakerke, Belgium). Unpaired
Student’s t-test was used to compare variables between the
two groups. Pearson’s correlation analysis was used to deter-
mine a significant relationship between continuous variables
and Hb parameters. Differences with a P-value of < 5% were
considered statistically significant. Values are expressed as
mean ! SD unless otherwise specified.

Results

A total of 123 women participated in this study and 118 patients
received a histological diagnosis of a breast malignant tumor: 15
(12.7%) had foci with associated ductal carcinoma in situ
(DCIS), 93 (78.8%) had invasive ductal carcinoma (IDC), two
(1.7%) had invasive lobular carcinomas, one (0.8%) had lobular
carcinoma in situ, six (5.1%) had mucinous carcinomas, and one
(0.8%) had angiosarcoma. The mean age of the patients was
59.3 years (!15.7 SD). The mean tumor size was 25.7 mm
(!13.1 SD). The five patients who did not have fibroadenoma or
any other benign tumors were assigned to the group of normal
breasts. They all were diagnosed with fibrocystic disease. We
set a grid map comprising 5 9 5 points with a total of 25 points
in the x–y dimension in the upper outside quadrant region.

The overall detection rate of breast tumors using DOS imag-
ing was not impressive: 62.7% (74 of 118). Sensitivity for
detecting primary tumors stratified by T stage was higher with

(a) (b)

Fig. 3. (a) Relation of histological findings and degree of relative hemoglobin (rtHb). A significantly higher mean rtHb value is observed in
mucinous carcinoma (Muc; 2.8 ! 0.8 SD) than in normal breast rtHb (N; 1.1 ! 0.1 SD, P = 0.001). Mean rtHb was not significantly different
between normal breasts and other histological types, ductal carcinoma in situ (DCIS; 1.4 ! 0.6 SD, P = 0.3) and invasive ductal carcinoma (IDC;
1.7 ! 1.1 SD, P = 0.2). Invasive lobular carcinoma (ILC) had relatively higher rtHb (2.1) whereas lobular carcinoma in situ (LCIS) had low rtHb (1.1)
compared to a normal breast. Angiosarcoma (Angio) showed remarkably high rtHb (19.1). (b) Relationship of histological findings and degree of
tumor tissue oxygen saturation (stO2). There were no significant differences in mean stO2 values between normal breast (N; 70.8 ! 1.7% SD) and
other histological types, DCIS (66.2 ! 6.6% SD, P = 0.1), IDC (69.5 ! 4.5% SD, P = 0.5), and mucinous carcinoma (Muc; 61.8 ! 8.8% SD, P = 0.06).

Table 2. Correlation of binary clinicopathological variables with

hemoglobin parameters

Variables No.

rtHb Tumor stO2

Mean SD P-value Mean SD P-value

Histological grade

High 23 1.9 1.0 0.005 69.8 4.6 n.s.

Low 58 1.4 0.5 68.4 5.4

Lymphatic vascular invasion

Positive 22 1.9 1.1 0.020 70.8 4.7 n.s.

Negative 68 1.5 0.6 68.4 5.2

Nodal involvement

Positive 30 1.8 0.9 n.s. 68.8 5.2 n.s.

Negative 88 1.6 1.1 68.9 5.4

ER status

Positive 90 1.6 1.1 n.s 69.3 4.6 n.s.

Negative 20 1.9 1.0 68.4 6.9

PgR status

Positive 67 1.7 1.2 n.s. 69.4 5.0 n.s.

Negative 43 1.7 0.8 69.5 3.9

HER2 status

Positive 10 1.5 0.5 n.s. 69.4 5.6 n.s.

Negative 94 1.7 1.1 69.5 4.6

Ki67 index

High 65 1.7 1.3 n.s. 69.8 4.8 n.s.

Low 44 1.6 0.7 69.3 4.3

ER, estrogen receptor; HER2, human epidermal growth factor receptor
2; n.s., not significant; PgR, progesterone receptor; rtHb, relative total
hemoglobin; stO2, tissue oxygen saturation.
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a more advanced T-stage as follows: Tis, 31.3% (5 of 16); T1,
44.7% (17 of 38); T2, 78.9% (45 of 57); and T3, 100% (7 of
7; Table 1).
Figure 2 shows a scattergraph of stO2 versus tHb. Malignant

tumors showed significantly higher tHb and higher stO2 than
did a contralateral normal breast.
Figure 3(a) shows rtHb levels. In normal breast tissue,

mean rtHb was 1.09 ! 0.1 SD. Compared with normal
breast tissue, only mucinous carcinoma showed a signifi-
cantly higher rtHb level, but there were no significant differ-
ences between normal breasts and other histological types.
Figure 3(b) shows the mean stO2 of a normal breast
(70.8% ! 1.7% SD) and a wide range of stO2 of malignant
tumors (69% ! 5.3% SD).
As shown in Table 2, which compares the values of Hb

parameters with the binary classification of clinicopathological
variables, tumors with a higher grade and positive for lympha-
tic vascular invasion (LVI) had significantly higher rtHb level
than those of lower grade and negative for LVI. There was no
significant association between tumor stO2 and clinicopatho-
logical variables.
Table 3 shows correlation coefficients and P-values when

clinical continuous variables and Hb parameters were com-
pared. Relative total hemoglobin positively correlated with
tumor size and grade, whereas tumor stO2 inversely correlated
with age and positively correlated with tumor size, with statis-
tical significance. Higher rtHb of a tumor indicated a signifi-
cantly higher glycolytic activity (measured as FDG"SUVmax)

and possibly poorer 10-year relapse-free survival and overall
survival.

Discussion

In the light of the visual assessment of the tHb breast map, 74
(62.7%) tumors were detected in 118 patients with primary
malignant tumors. Sensitivity for detecting early breast tumors
was low (Tis, 31.3%; T1, 44.7%) in our approach. Some stud-
ies using US-guided DOS imaging similar to ours revealed a
sensitivity of 75–92% and specificity of 67–93% in distin-
guishing breast cancer from benign tumors.(14,15) However,
these studies consisted only of tumors that were already identi-
fied using US. This approach does not appear to be helpful in
cancer screening.
Figure 2 shows that a malignant tumor shows an increased

absolute value of tHb and is shifted to the right compared to
normal breasts, while maintaining high stO2. It is reasonable to
interpret this result as follows: malignant tumors induce angio-
genesis due to sustained tissue oxygenation.(16) Therefore, we
can hypothesize that rtHb, or tumor ⁄background ratio of tHb,
might be an indicator of the degree of tumor angiogenesis.
The finding of a positive correlation of rtHb and histopatholog-
ical characteristics, such as histological grade and LVI status
(Tables 2 and 3), supports the notion that rtHb is a biomarker
of aggressiveness.
Therewas a significant correlation of rtHbwith tumor glycolytic

activity measured using FDG-PET ⁄CT (r = 0.45, P < 0.0001),

Table 3. Correlation of continuous variables with hemoglobin parameters

Values

rtHb stO2

Correlation coefficient r P-value Correlation coefficient r P-value

A. Clinicopathology

Age

No. 118 0.17 n.s. "0.25 0.005

Mean, years 59.3

SD 13.1

Tumor size

No. 118 0.28 0.0020 0.20 0.040

Mean, mm 25.7

SD 15.7

Histological grade

No. 81 0.30 0.0080 0.15 n.s.

Mean 5.9

SD 1.4

B. Metabolism

Glycolytic activity (FDG"SUVmax)

No. 70 0.48 < 0.0001 0.02 n.s.

Mean 4.9

SD 3.7

C. Prognosis

10-year relapse-free survival

No. 98 "0.22 0.0300 0.14 n.s.

Mean, % 50.5

SD 19.5

10-year overall survival

No. 98 "0.22 0.0300 0.17 n.s.

Mean, % 65.8

SD 20.7

FDG, 18F-fluoro-deoxy-glucose; n.s., not significant; rtHb, relative total hemoglobin; SD, standard deviation; stO2, tissue oxygen saturation; SUV,
standardized uptake value.

Cancer Sci | July 2014 | vol. 105 | no. 7 | 837 © 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Nakamiya et al.



without anyassociationwith themolecular biomarkersER,PgR,or
HER2.Thisfindingsuggests that rtHbdependsmoreonphysiologi-
cal status rather than an intrinsic subtype based on molecular bio-
logicalfindings.(17)

Different Hb characteristics of different histological types
gave us some idea about angiogenesis and hypoxia in these
tumors (Fig. 3). Ductal carcinoma in situ refers to a heteroge-
neous group of tumors with a variety of vascular patterns.(18)

In this study, the rtHb level did not significantly differ between
DCIS tumors and normal breast tissue. Lower rtHb level in
DCIS tumors was probably because of the smaller density of
angiogenesis in DCIS than in invasive cancer.(19,20) Our find-
ings revealed a high rtHb level along with a wide range of
stO2 for IDC, which was probably related to the higher degree
of angiogenesis and hypoxia found in the tumor. We previ-
ously reported that tumors with a pathologic complete response
to neoadjuvant chemotherapy have significantly higher tumor
stO2 than those without pathologic complete response.(21)

Thus, the degree of tumor hypoxia could be a significant bio-
marker to predict chemosensitivity. In our present results,
mucinous carcinoma shows unique characteristics of a remark-
ably higher rtHb level along with stO2 lower than in the other
histological types. Mucinous carcinoma is characterized by rim
enhancement with a persistent enhanced pattern with a rich
mucin pool at the center of a tumor on dynamic MRI imag-
ing(22) and a poor response to chemotherapy.(23) These patho-
logical characteristics could be in agreement with the Hb
features of mucinous carcinoma.
Angiosarcoma is a rare and highly malignant soft-tissue sar-

coma of endovascular origin with a poor overall prognosis.(24)

Dynamic MRI revealed heterogeneous appearance with mark-
edly rich vascularity and hemorrhage.(25) Imaging revealed an
angiosarcoma harboring > 10-fold higher mean rtHb (mean,
19.1) than that of IDC (mean, 1.5).
Considering the positive correlation of rtHb and prognostic

variables such as tumor size, grade, and LVI, we can hypothe-
size that a patient group with a higher rtHb level might have

poorer prognosis (Table 3). The degree of angiogenesis report-
edly has prognostic utility in primary breast cancer.(26,27) A
follow-up study on these patients is needed to confirm this
result.
There are several possible limitations to our study with

respect to the optical assessment of breast cancer. Low spatial
resolution of DOS with intrinsic natural contrast results in dif-
ficulty in interpreting high-contrast tumor images in compari-
son with surrounding normal tissue.(28) The underlying
thoracic muscle of the breast might cause substantial image
artifacts because the Hb- and myoglobin-rich muscles are
intense absorbers.(29) A peak tHb value was not always identi-
cal to the center of a tumor lesion identified by US. The peak
appeared to shift slightly to areola, sternum, or axilla region of
the breast, depending on individual tumor locations. This inac-
curacy might result in an erroneous interpretation of imaging
data.
In conclusion, vascular and hypoxia imaging obtained

with DOS are a new intriguing topic with demonstrated impli-
cations for the functional diagnosis of breast cancer. Although
DOS imaging is not suitable for early diagnosis of breast
cancer, Hb parameters could stratify the unique features of
tumor angiogenesis in relation to hypoxia, which may affect
tumor aggressiveness and patients’ prognosis.
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Background: This study aimed to demonstrate the phenotypic and genotypic factors associated 
with photodynamic therapy (PDT) for age-related macular degeneration (AMD).
Methods: The study included 149 patients with exudative AMD treated by PDT. Eight phenotypic 
factors and ten genotypic factors for three single nucleotide polymorphisms (SNPs; rs800292, 
rs1061170, rs1410996) in the complement factor H (CFH) gene, rs 11200638-SNP in the high 
temperature requirement A-1 (HTRA1) gene, two SNPs (rs699947, rs2010963) in the vascular 
endothelial growth factor (VEGF) gene, and four SNPs (rs12948385, rs12150053, rs9913583, 
rs1136287) in the pigment epithelium-derived factor (PEDF) gene were evaluated. 
Results: A significant association with best-corrected visual acuity change was demonstrated 
in the greatest linear dimension, presence or absence of pigment epithelial detachment, and 
HTRA1-rs11200638 genotype statistically (P�3.67r104, 1.95r102, 1.24r103, respectively). 
Best-corrected visual acuity  in patients with AA genotype of HTRA1-rs11200638 significantly 
decreased compared with that in patients with GG genotype (P�1.33r103). Logistic regres-
sion analyses demonstrated HTRA1-rs11200638 genotype was most strongly associated with 
best-corrected visual acuity outcome from baseline at 12 months after photodynamic therapy 
(P�4.60r103; odds ratio 2.363; 95% confidence interval 1.303–4.285).
Conclusion: The HTRA1-rs11200638 variant showed the most significant association. 
Therefore, this variant may be used as a prognostic factor to estimate the PDT response with 
significant predictive power.
Keywords: age-related macular degeneration, photodynamic therapy, phenotypic and genotypic 
factors, high temperature requirement A-1, greatest linear dimension, pigment epithelial 
detachment

Introduction
Age-related macular degeneration (AMD; [ARMD1 MIM603075]) is the leading 
cause of central vision loss in the elderly and is estimated to affect over 50 million 
people worldwide.1 It is a multifactorial disease with several identified genetic and 
environmental risk factors, including age, smoking, body mass index, hypertension, 
and others.2–5 Family-based genome-wide and candidate region linkage studies have 
successfully identified several major chromosomal regions, including 1q31 and 
10q26.6–11

Photodynamic therapy (PDT) with verteporfin has been previously shown to 
be beneficial and safe as one of the standard therapies for subfoveal choroidal 
neovascularization (CNV).12–17 It has been reported that the effectiveness of PDT 
is influenced by various baseline composition factors,18,19 such as subtypes (typical 
AMD/polypoidal choroidal vasculopathy [PCV]),12–14,20–22 CNV type classified using 
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fluorescein angiography,17–19,23,24 the greatest linear dimension 
(GLD),17–19,25 the presence or absence of pigment epithelial 
detachment (PED),26,27 and best-corrected visual acuity 
(BCVA).17,18,24,28 Previous reports revealed that patients 
with PCV lesions, predominantly classic CNV, lesions 
with smaller GLD, lesions without PED, and patients with 
better BCVA showed better outcomes with PDT. Patients 
with AMD in Northeast Asia have been reported to have 
PCV lesions more frequently than Caucasian patients;29–32 
PDT provides favorable outcomes in treating patients with 
PCV.20–22,33,34 Although anti-vascular endothelial growth 
factor therapies are currently the first-choice therapies for 
AMD patients, PDT is still one of the important therapies, 
especially for PCV patients.

 AMD is a complex disease with multiple genetic and 
environmental factors.6–11 The complement factor H (CFH) 
gene on chromosome 1q31 has been demonstrated to be the 
major AMD susceptibility gene.35–41 Furthermore, genetic 
variants at another chromosomal locus, 10q26, confer a 
strong disease risk; these variants include age-related macu-
lopathy susceptibility 2 (ARMS2)42–46 and high-temperature 
requirement factor A1 (HTRA1)47–49 genes. Several reports 
have been published about the association between genotype 
and PDT response in CFH variants and HTRA1 variants in 
various countries.50–54 However, the results of these reports 
differed ethnically, and the scientific significance of the 
association between the genetic variant and PDT outcomes 
remains controversial. In Japanese patients, we have reported 
the potential association between PDT response and HTRA1, 
CFH, vascular endothelial growth factor (VEGF), and pig-
ment epithelium-derived factor (PEDF) variants of AMD 
patients, as indicated by visual outcome, incidence of CNV 
recurrence, and postoperative adverse events.55 Moreover, 
we have described a significant association between HTRA1-
rs11200638 and CFH-rs1410996 genotype variants and PDT 
response in AMD patients.

To the best of our knowledge, few reports were available 
on comparison of both phenotype and genotype with PDT 
response.56 Therefore, this raised an extremely important 
question regarding the significant factors, such as pheno-
types, genotypes, and environmental factors influencing the 
response to PDT. Identifying the strongest influencing factor 
on PDT response and adequately estimating the prognosis of 
PDT before therapy may be helpful in determining precise 
personalized therapy for AMD patients. In this study, we 
compared the effect of each factor side-by-side with BCVA 
outcomes at 12 months after PDT.

Materials and methods
Study subjects
The present study was designed as a prospective case-control 
study and included 149 patients with newly-diagnosed exuda-
tive AMD who had received unilateral PDT. The participants 
comprised 112 males and 37 females of mean age 71.1o8.3 
(range 50–91) years. Baseline demographics are presented 
in Table 1. All patients were recruited from outpatients vis-
iting the Department of Ophthalmology, Saitama Medical 
University Hospital, Saitama Prefecture, Japan. The study 
was approved by the ethics committee of Saitama Medical 
University (approved on December 9, 2003; approval number 
03–262), and the procedures were conducted in accordance 
with the principles of the Declaration of Helsinki. A thorough 
explanation was given to each participant regarding the pur-
pose and procedures involved in the study. Informed written 
consent was obtained from each patient before treatment. 

Ophthalmic examination, definition, 

and classification of AMD

All patients were examined using BCVA, fundus photography, 
fluorescein and indocyanine green angiography, and optical 

Table 1 Baseline characteristics of patients with AMD

Charactaristics Value

Patients (n) 149*
Age, years (mean o SD) 71.8o8.3
Age distribution, years 

50–59 17 (11.4)*
60–69 43 (28.9)*
70–79 65 (43.6)*
80–89 21 (14.1)*
�90 3 (2.0)

Sex (male/female) 112/37*
Subtypes

Typical AMD 85 (57.0)*
PCV 64 (43.0)*

Fluorescein angiographic classification

Predominantly classic CNV 38 (25.5)*
Minimally classic CNV 46 (30.9)*
Occult with no classic CNV 65 (43.6)*
Greatest linear dimension of lesion, Mm (mean o SD) 2,966o1,305
Central retinal thickness, Mm (mean o SD) 495o167 
Pigment epithelium detachment (presence/absence) 36/113*
LogMAR vision (mean o SD) 0.578o0.413
Mean BCVA (approximate Snellen equivalent) 20/80 

Notes: *Value represents the number of patients (% of the entire group), except 
for age, greatest linear dimension of lesion, central retinal thickness, logMAR vision, 
and mean BCVA.
Abbreviations: AMD, age-related macular degeneration; CNV, choroidal neo-
vascularization; BCVA, best-corrected visual acuity; logMAR, logarithm of minimum 
angular resolution; PCV, polypoidal choroidal vasculopathy; SD, standard deviation.
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coherence tomography (Stratus OCT; Carl Zeiss Meditec 
AG, Jena, Germany). The inclusion criteria were as follows:  
age �50 years, diagnosis of exudative AMD in one or both 
eyes, and no association with other retinochoroidal diseases 
such as angioid streaks, high myopia (greater than six diopters 
of myopic refractive error), central serous chorioretinopathy, 
and presumed ocular histoplasmosis. BCVA was measured 
at initial presentation and 12 months after PDT. For the 
calculations and comparisons, BCVA measurements were 
converted to logarithm of minimum angular resolution 
(logMAR) values. 

We selected the eight phenotypes (clinical findings and 
environmental factors): age, sex, subtypes (typical AMD 
versus PCV), CNV types (classic CNV versus occult CNV), 
GLD, pre-PDT BCVA, pre-PDT central retinal thickness 
measured using spectral OCT Stratus 4 software (Carl Zeiss 
Meditec AG), and the presence or absence of PED. All cases 
were divided into two subtypes, ie, typical AMD (85 eyes, 
57%) and PCV (64 eyes, 43%). The differential diagnosis of 
typical AMD or PCV depended on the presence or absence of 
the polypoidal structure of choroidal vessels and any abnormal 
vascular networks using indocyanine green angiography. CNV 
types were subcategorized on the basis of the classification 
described in the Treatment of Age-Related Macular Degenera-
tion with Photodynamic Therapy (TAP) study.15 Lesions were 
classified into classic CNV (84 eyes, 56%; predominantly and 
minimally classic CNV) and occult CNV (65 eyes, 44%; occult 
with no classic CNV). Central retinal thickness was measured 
at the foveola (between the retinal inner surface and retinal 
pigment epithelium) by OCT at baseline. The presence of PED 
was determined by the existence of PED larger than two disc 
areas including the foveal region.

All funduscopic, angiographic, and OCT data were evalu-
ated by three retina specialists (TT, KM, and SY). These 
examiners did not agree on the status of five patients, so a 
reviewer (KM) determined the diagnosis, recurrence, and 
complications. All examiners were masked for the genotyp-
ing results when examining the clinical data.

Therapeutic procedures
The therapy protocol followed that used in the Japanese 
Age-Related Macular Degeneration Trial (JAT) study,17 ie, a 
10-minute intravenous infusion of verteporfin (6 mg/m2 body 
surface area) followed by a 15-minute light exposure after 
introduction of the infusion. Light exposure was provided 
with a diode laser beam (639o3 nm) at 600 mW/cm2 for 
83 seconds to produce 50 J/cm2.

Genotyping and statistical analyses
Genomic DNA was extracted from the peripheral blood of 
each individual using a DNA extraction and purification kit 
(Wizard Genomic DNA Purification Kit; Promega, Madison, 
WI, USA) according to the manufacturer’s instructions. The 
samples were genotyped (TaqMan genotyping assay with 
the ABI Prism 7000 sequence detection system; Applied 
Biosystems Inc, Foster City, CA, USA), and the data were 
analyzed (Allelic Discrimination Program). Two single 
nucleotide polymorphisms (SNPs, rs 2010963 and rs699947) 
in the VEGF gene, four SNPs (rs12948385, rs12150053, 
rs9913583, rs1136287) in the PEDF gene, three SNPs 
(rs1061170, rs800292, rs1410996) in the CFH gene, and one 
SNP (rs11200638) in the HTRA1 gene were assessed.

We analyzed whether the BCVA changes from baseline 
were associated with phenotypes and genotypes using the 
unpaired t-test (for sex, subtypes, CNV type, and PED) 
between two groups, one-way analysis of variance, and 
Bonferroni multiple comparison correction among three 
groups for all genotypes, and single regression analysis 
(for age, GLD, pre-PDT BCVA, and pre-PDT central reti-
nal thickness) for quantitative variables. Two methods of 
analysis were performed to examine the factors influencing 
change in BCVA. Stepwise multiple regression analysis 
was performed to evaluate the various factors that might 
be useful for predicting BCVA change. To identify factors 
independently associated with BCVA change, five potential 
risk factors that were significant at P�0.2 were included in a 
forward logistic regression model. The associations between 
the  phenotypes/genotypes and outcomes of BCVA were 
evaluated by logistic regression analysis for estimation of 
the odds ratio and corresponding 95% confidence interval 
(0, worsened [�0.3 logMAR BCVA] and 1, maintained 
[o0.3 logMAR BCVA] or improved [�0.3 logMAR BCVA] 
change from baseline). P�0.05 was prospectively considered 
to be statistically significant. All analyses except those that 
calculated joint effects were performed using commercially 
available software (SNPAlyze version 6.0.1; Dynacom, 
Chiba, Japan: SSRI version 1.20; SSRI, Tokyo, Japan).

Results
Of 149 patients with AMD, 85 (57%) were diagnosed with 
typical AMD and 64 (43%) were diagnosed with PCV. Eighty-
four patients (56%) had classic CNV and 65 (44%) had occult 
lesions without classic CNV (Table 1). The number of PDT 
treatments ranged from one to four (mean 2.1o0.69) during the 
12-month period. Baseline and  post-treatment BCVA for all 
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eyes were assessed in this study for an association with VEGF-
rs2010963 and -rs699947, PEDF-12948385, -12150053, 
-9913583, and -1136287, CFH-rs1061170, -rs1410996, and 
-rs800292, and HTRA1-rs11200638 genotypes. Table 2 reveals 
the change in BCVA from baseline based on the phenotypes and 
genotypes tested at 12 months after PDT. BCVA changes with 
GLD, the presence or absence of PED, and HTRA1-rs11200638 
showed significant association with BCVA outcome and dif-
ferences (P�3.67r104, 1.95r102, 1.24r103, respectively). 
Moreover, the change in BCVA between patients with the risk 
allele homozygous genotype (AA) and wild-type homozygous 
genotype (GG) of HTRA1-rs11200638 showed significant dif-
ferences (P�1.33r103; Bonferroni correction). 

Stepwise regression analysis revealed that GLD (beta 
0.221, P�0.012), PED (beta 0.183, P�0.039), and HTRA1-
rs11200638 (beta 0.253, P�5.29r103) were independently 
associated with BCVA change at 12 months after PDT, which 
was better in patients with smaller GLD, without PED, or 
GG type (Table 3). HTRA1 showed the strongest association 
with BCVA change. The correlation coefficient (R2) was 
calculated as 0.235. 

Table 4 shows the P-values and odds ratios that were 
analyzed by logistic regression for the outcomes of PDT  
(0, worsened BCVA and 1, maintained or improved BCVA) 
in five prognostic factors (GLD, PED, PEDF-rs12948385, 
-rs12150053, and HTRA1). Among the two tested pheno-
types and three tested genotypes, significant associations 
with BCVA outcomes were demonstrated with GLD and 
HTRA1-rs11200638 genotype (P�0.0197, odds ratio 1.004, 
95% confidence interval 1.001–1.007; P�4.60r103, odds 
ratio 2.363, 95% confidence interval 1.303–4.285, respec-
tively). HTRA1 showed the greatest association among the 
five prognostic factors. 

Discussion
In the present study, we identified significant differences 
according to the presence or absence of PED and HTRA1-
rs11200638 genotype as well as a significant association 
between GLD and BCVA change at 12 months (therapeutic 
response to PDT) in AMD patients. Our data demonstrate 
that the patients with smaller GLD, without PED, and with 
GG genotype HTRA1-rs11200638 had significantly better 

Table 2 Best-corrected visual acuity changes from baseline at 12 months after photodynamic therapy

Factors BCVA change R P-value

Phenotypes
Age NA 0.051 0.530
Sex (male/female) 0.046o0.385/0.047o0.403 – 0.983
Subtypes (typical AMD/PCV) 0.047o0.315/0.045o0.472 – 0.980
CNV type (classic/occult) 0.069o0.354/0.037o0.402 – 0.649
GLD NA 0.297 3.67r104†

Pre-PDT BCVA NA 0.071 0.384
Pre-PDT CRT NA 0.046 0.596
PED (presence/absence) 0.183o0.501/0.008o0.337 – 1.95r102†

Genotypes
VEGF

rs2010963 0.014 (35)/0.036 (80)/0.128 (34) – 0.308
rs699947 0.071 (82)/0.018 (60)/0.007 (7) – 0.696

PEDF
rs12948385 0.339 (3)/0.050 (43)/0.037 (103) – 0.419
rs12150053 0.329 (4)/0.065 (40)/0.034 (105) – 0.320
rs9913583 0.407 (3)/0.025 (37)/0.044 (109) – 0.261
rs1136287 0.017 (43)/0.038 (67)/0.080 (39) – 0.783

CFH
rs1061170 0.046 (128)/0.036 (21)/NA (0) – 0.911
rs800292 0.222 (13)/0.015 (61)/0.066 (75) – 0.131
rs1410996 0.122 (13)/0.023 (78)/0.058 (58) – 0.678

HTRA1
rs11200638 0.150 (24)/0.014 (79)/0.201 (46) – 1.24r103†

Notes: Data in phenotype columns are expressed as the mean BCVA change from baseline (n) for each phenotype and genotype (non-risk allele homozygous/heterozygous/
risk allele homozygous, respectively), correlation coefficient (r) and P-values; †statistically significant.

Abbreviations: CFH, complement factor H; HTRA1, high temperature requirement A-1; NA, not available; PEDF, pigment epithelium-derived factor; VEGF, vascular endothelial 
growth factor; PED, pigment epithelium detachment; GLD, greatest linear dimension; PDT, photodynamic therapy; CRT, central retinal thickness; AMD, age-related macular 
degeneration; PCV, polypoidal choroidal vasculopathy; CNV, choroidal neovascularization; BCVA, best-corrected visual acuity.
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outcomes after receiving PDT. Using stepwise regression 
and logistic regression analysis, the HTRA1-rs11200638 
gene was found to have the strongest significant association 
with the outcomes of PDT among all tested phenotypic and 
genotypic factors. However, the subtypes were not associated 
with the outcomes of PDT for all analyses.

Previous studies (TAP and Visudyne in Photodynamic 
Therapy [VIP]) in larger populations have reported that the 
effects of PDT with verteporfin for AMD varied according 
to the baseline lesion composition.18,19 TAP and the first 
VIP report showed that lesion size was an important pre-
dictor of the magnitude on verteporfin therapeutic benefit 
in both occult with no classic and minimally classic lesion  
composition.19 Furthermore, Arias et al25 similarly concluded 
that lesion size at baseline may be a prognostic factor for 
PDT in patients with subfoveal predominantly classic CNV 
secondary to AMD. Many patients with larger GLD showed a 
poor response to PDT irrespective of the classification of CNV 
type in the aforementioned reports. This poorer response may 
be due to the occurrence of smaller GLDs at the early stages 
of disease, and patients who had larger GLDs may have had 
greater disease activity and progression of CNV. Similarly, 
our data showed that GLD had a significant association with 
the outcomes of PDT. Like previous reports, these results 
suggest that GLD is one of the important factors in predicting 
the prognosis of PDT in the Japanese population.

In addition, PED demonstrated a significant difference 
and an association with phenotypes in the present study. 
AMD patients with PED had significantly worse results than 
those without PED. The outcomes for patients with PED 
lesions have been extremely poor, either through their natural 
history or after receiving laser therapy.57–59 The appearance 
of PED as a complication of AMD is an adverse prognostic 
factor commonly associated with severe visual dysfunc-
tion. However, previous important pilot and randomized 
studies (TAP and VIP studies) have not adequately focused 
on PED.16 Several studies have reported that the effects of 
PDT depend on the presence of PED.26,27 Axer-Siegel et al26 
reported poor results after PDT for CNV with PED and that 
eyes with PED occupying more than 50% of the lesion were 
ineligible for this therapy because of an increased rate of 
visual and anatomic complications after PDT. Pece et al27 

found that PDT can improve or stabilize visual function in 
60% of eyes with vascularized PED and that a CNV at the 
edge of PED appears to respond more favorably to PDT. 

However, we cannot completely evaluate whether our data 
presented an accurate comparison with these previous reports 
because the definition of PED such as size, height, PED 
composition, and location (we defined the presence of PED 
as a lesion with 2 disc area more over in size including fovea) 
differed among the various studies. However, considering 
the results of previous reports and those of our study, we 
estimate that the results of PDT in patients with PED were 
worse when compared with results in patients without PED, 

Table 3 Prognostic factors for change in BCVA including 
phenotypes and genotypes

 CR Beta P-value

Phenotypes
Age 0.002 0.065 0.442
Sex (male/female) 0.014 0.015 0.847
Subtypes (typical AMD/PCV) 0.011 0.015 0.875
CNV type (classic/occult) 0.037 0.043 0.631
GLD 6.62r105 0.221 0.012†

Pre-PDT BCVA 0.001 0.029 0.730
Pre-PDT CRT 9.37r106 0.004 0.959
PED (presence/absence) 0.167 0.183 0.039†

Genotypes
VEGF

rs2010963 0.041 0.073 0.393
rs699947 0.018 0.027 0.753

PEDF
rs12948385 0.334 0.441 0.140
rs12150053 0.380 0.112 0.091
rs9913583 0.048 0.062 0.519
rs1136287 0.003 0.007 0.941

CFH
rs1061170 0.011 0.010 0.907
rs800292 0.054 0.087 0.457
rs1410996 0.020 0.034 0.762

HTRA1
rs11200638 0.146 0.253 5.29r103†

Notes: Correlation coefficient squared (R2) �0.235; †significant by stepwise multiple 

regression analyses.
Abbreviations: AMD, age-related macular degeneration; CR, coefficient of 

regression; Beta, standardized partial regression coefficient; PED, pigment epithelium 

detachment; GLD, greatest linear dimension; PDT, photodynamic therapy; CRT, 
central retinal thickness; BCVA, best-corrected visual acuity; CNV, choroidal 
neovascularization; PCV, polypoidal choroidal vasculopathy; CFH, complement 
factor H; HTRA1, high temperature requirement A-1; PEDF, pigment epithelium-
derived factor; VEGF, vascular endothelial growth factor.

Table 4 P-values and odds ratios for BCVA outcomes after PDT 

Factors P-value OR (95% CI)

GLD 0.0197† 1.004 (1.001–1.007)
PED 0.8654 0.925 (0.377–2.267)
PEDF

rs12948385 0.5573 0.450 (0.031–6.479)
rs12150053 0.4105 2.974 (0.221–39.91)

HTRA1
rs11200638 4.60r103† 2.363 (1.303–4.285)

Notes: †Statistically significant. Data in probabilities and odds ratios are calculated 

by logistic regression analysis.
Abbreviations: PED, pigment epithelium detachment; GLD, greatest linear 
dimension; PDT, photodynamic therapy; BCVA, best-corrected visual acuity; CI, 
confidence interval; OR, odds ratio; HTRA1, high temperature requirement A-1; 
PEDF, pigment epithelium-derived factor.
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because the laser light could be absorbed by subretinal fluid 
under the PED and might not penetrate CNV. The findings of 
the present study indicate that PDT has questionable benefit 
in AMD eyes with PED. 

In contrast, PDT has been reported to be a good therapeu-
tic modality in patients with PCV.12–14 However, PDT for PCV 
often has to be repeated, either because of persistent disease 
or recurrence. The phenotypic and genotypic characteristics 
of AMD in the Asian and Japanese populations are different 
from those of AMD in the Caucasian population.32

Regarding phenotype, the incidence of PCV in the Asian 
population with neovascular AMD has been reported to 
be higher than that in the Caucasian population.29,31,32,60–65 
Moreover, PDT has been reported to be a good therapeutic 
modality for PCV, so is important in treating Asian and 
Caucasian patients with AMD.12–14 The different response 
to PDT is more evident when the TAP15 and VIP16 reports 
are compared with the better PDT response reported in the 
JAT study population.17 However, a significant association 
between disease subtype and PDT response was not observed 
in our study. We assume that other phenotypic factors, such 
as PED and GLD, might be more statistically influential on 
PDT outcomes rather than disease subtype. Further studies 
with increased case numbers will be required to assess this 
issue by considering the treatment frequency of PDT.

Regarding genotype, various genes have been identified as 
the major AMD susceptibility gene, and research in the area of 
genetic associations in AMD has expanded exponentially.35–49 
Therefore, progress in this emerging field has been now 
acknowledged and significantly increased our understanding 
of the susceptibility to and pathogenesis of AMD disease.

Other efforts are in progress to identify genetic and/
or pharmacological biomarkers that may predict response 
to therapy, thereby contributing important information to 
clinical decision-making and in providing appropriate care. 
Recently, a genetic variant of CFH Y402H was reported to 
be associated with the response to PDT and to anti-VEGF 
therapy in a Caucasian population that included residents of 
the UK and USA.50–52 However, Seitsonen et al53 reported that 
CFH Y402H polymorphism did not show a significant asso-
ciation with PDT response in Caucasian residents in Finland. 
Chowers et al54 found no significant association between PDT 
response and ARMS2/HTRA1 polymorphisms in the Arab, 
Sephardic Jewish, and Ashkenazi Jewish populations of 
Israel. Moreover, we have reported a significant relationship 
between HTRA1 and CFH genes and the PDT response in the 
Japanese population.55 We have included more patients in 
the present study than in our previous study, and a stronger 

association was similarly observed with the HTRA1 gene. 
These results support the hypothesis that known genetic 
polymorphisms (particularly HTRA1-rs11200638) may be 
utilized as genetic biomarkers to predict PDT responses in 
Japanese AMD patients. Furthermore, HTRA1-rs11200638 
was the major influence on outcomes of PDT in the tested 
genotypes and the clinical phenotypes in current study. 

Further steps in this emerging area are to explore addi-
tional novel genetic biomarkers that predict the efficacy and 
safety of PDT and more investigation of the association with 
anti-VEGF therapy66–68 in the Asian population afflicted with 
AMD. If genetic differences between PDT and anti-VEGF 
therapy are found, we might be able to determine the most 
appropriate therapy (as personalized medicine) by analyzing 
the genotypes of such new biomarkers. Further, it remains to 
be more characterized the functions of known genes associ-
ated with AMD to predict precisely the efficacy of PDT and 
anti-VEGF therapy.66–68 So far we conclude that HTRA1 is 
a more important factor than other phenotypic factors in 
predicting the response to PDT.
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Abstract

Androgen receptor is a primary transcription factor involved in the proliferation of prostate cancer cells. Thus, hormone
therapy using antiandrogens, such as bicalutamide, is a first-line treatment for the disease. Although hormone therapy
initially reduces the tumor burden, many patients eventually relapse, developing tumors with acquired endocrine
resistance. Elucidation of the molecular mechanisms underlying endocrine resistance is therefore a fundamental issue for
the understanding and development of alternative therapeutics for advanced prostate cancer. In the present study, we
performed short hairpin RNA (shRNA)-mediated functional screening to identify genes involved in bicalutamide-mediated
effects on LNCaP prostate cancer cells. Among such candidate genes selected by screening using volcano plot analysis,
ribosomal protein L31 (RPL31) was found to be essential for cell proliferation and cell-cycle progression in bicalutamide-
resistant LNCaP (BicR) cells, based on small interfering RNA (siRNA)-mediated knockdown experiments. Of note, RPL31
mRNA is more abundantly expressed in BicR cells than in parental LNCaP cells, and clinical data from ONCOMINE and The
Cancer Genome Altas showed that RPL31 is overexpressed in prostate carcinomas compared with benign prostate tissues.
Intriguingly, protein levels of the tumor suppressor p53 and its targets, p21 and MDM2, were increased in LNCaP and BicR
cells treated with RPL31 siRNA. We observed decreased degradation of p53 protein after RPL31 knockdown. Moreover, the
suppression of growth and cell cycle upon RPL31 knockdown was partially recovered with p53 siRNA treatment. These
results suggest that RPL31 is involved in bicalutamide-resistant growth of prostate cancer cells. The shRNA-mediated
functional screen in this study provides new insight into the molecular mechanisms and therapeutic targets of advanced
prostate cancer.
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Introduction

Prostate cancer is the fourth most common cause of cancer-
related deaths, and the incidence of prostate cancer in Japan is
increasing, with .11,000 deaths per year from the disease. While
most early-stage, localized disease can be successfully treated by
radiation therapy and/or surgery, as many as 50% of patients
treated for localized disease will have local recurrence or distant
metastases [1,2]. The current first-line treatments for recurrent or
metastatic prostate cancer are hormone therapies, including those
that target androgen receptor (AR) signaling such as bicalutamide,
and drugs such as gonadotropin-releasing hormone agonists that
prevent androgen production in the testicles and adrenal glands.
Although hormone therapies initially reduce the tumor burden,
many patients become resistant to these therapies and develop a

terminal form of the disease, termed castration-resistant prostate
cancer (CRPC) [3]. Patients with CPRC have a poor prognosis
and account for the majority of deaths due to the disease.

In CRPC, reactivation of AR signaling is recognized as a
fundamental event that results in renewed tumor growth under
conditions of androgen deprivation. Recent studies have revealed
that CRPC is commonly associated with increased AR signaling
due to AR amplification, AR mutation, transcription cofactor
activation, ligand-independent phosphorylation of AR, and other
processes [4–7].

Indeed, immunohistochemical studies show that overexpression
of AR protein is found in most cases of CRPC [6–8]. These
findings suggest that AR plays a central role in the development/
growth of both androgen-dependent prostate cancer and CRPC
[9–12]. AR reactivation is clinically important because AR itself
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and its downstream signaling pathway could be therapeutic targets
in CRPC. The precise molecular mechanisms underlying AR
reactivation in CRPC, however, are unclear, due to the interaction
of the AR signal transduction pathway with other signaling
pathways.

In the present study, we performed short hairpin RNA (shRNA)
screening to identify novel genes modulating the response to the
antiandrogen bicalutamide in prostate cancer cells. In a compar-
ative study of bicalutamide-treated and vehicle-treated prostate
cancer cells, volcano plot analysis [13,14] was used to screen genes
that are involved in the bicalutamide response. A cell viability
assay using small interfering RNAs (siRNAs) specific for the
shRNA-targeting candidate genes revealed that ribosomal protein
L31 (RPL31), histone cluster 1 H2bd (HIST1H2BD), and ADAM
metallopeptidase with thrombospondin type 1 motif 1
(ADAMTS1) were involved in the proliferation of bicalutamide-
resistant prostate cancer cells. In particular, RPL31, a protein that
is part of the 60S large ribosomal subunit [15–18], was shown to
modulate the expression of the tumor suppressor p53 [19–21] and
cell cycle regulator p21 [20]. This study reveals novel pathways
modulating the bicalutamide response and therapeutic targets in
prostate cancer.

Materials and Methods

Cell culture and antiandrogens
LNCaP, VCaP, and 22Rv-1 prostate cancer cells were

purchased from the American Type Culture Collection (Manassas,
VA, USA). LNCaP cells were cultured in RPMI supplemented
with 10% fetal bovine serum, penicillin (100 U/mL), and
streptomycin (100 mg/mL) at 37uC in a humidified atmosphere
containing 5% CO2. VCaP and 22Rv-1 cells were cultured in
DMEM with 10% fetal bovine serum, penicillin (100 U/mL), and
streptomycin (100 mg/mL) at 37uC in a humidified atmosphere
containing 5% CO2. Bicalutamide-resistant prostate cancer cells
(BicR) have been described previously [22–24], and these cells
were cultured in RPMI supplemented with 1 mM bicalutamide,
10% fetal bovine serum, penicillin (100 U/mL), and streptomycin
(100 mg/mL) at 37uC in a humidified atmosphere containing 5%
CO2. For stable transfection, LNCaP cells were transfected with
C-terminally Flag-tagged RPL31 plasmid or empty vector
(pcDNA3; Invitrogen) and selected in culture medium containing
0.1 mg/mL G418 (NACALAI TESQUE, Kyoto, Japan). The
stable transformants of LNCaP cells expressing RPL31-Flag
(LNCaP-RPL31 #39 and #63) and empty vector (LNCaP-vec
#19 and #22) were cloned. Bicalutamide and docetaxel were
purchased from Sigma-Aldrich Japan (Tokyo, Japan).

Screening of bicalutamide-response-related genes using
a lentiviral shRNA library

Thermo Scientific Open Biosystems Decode RNAi Viral
Screening library (RHS5339) was purchased from Thermo
Scientific (Huntsville, AL, USA). The shRNA screen was
performed as described elsewhere [1,13,14,25]. Briefly, transduc-
tions were performed in 100-mm plates such that each shRNA was
represented with an average of 100 copies so that the multiplicity
of infection (M.O.I.) was equal to 0.3 for median single copy
integration of each shRNA. Infection of target cells at M.O.I. #
0.3 was confirmed by fluorescence microscopy and fluorescence
activated cell sorting (FACS) 48 h after infection. LNCaP cells
were cultured in growth media containing 1 mM bicalutamide or
vehicle (0.1% ethanol) for 1 month.

Microarrays
Genomic DNA was isolated from transduced cells using the

DNeasy Purification Kit (QIAGEN; Tokyo, Japan) according to
the manufacturer’s protocol. The integrated shRNAs prepared
from LNCaP genomic DNAs were amplified using primers
(Decode RNAi-GIPZ, annotated genes screening library-negative
selection kit from Thermo Scientific) specific for the barcodes for
the library plasmid DNA [13,14,25]. The PCR products were gel-
purified using the QIAquick PCR purification Kit (QIAGEN).
Purified DNA fragments (1.5 mg) from LNCaP cells treated with
vehicle or bicalutamide were labeled with cyanine-3 (Cy3) or
cyanine-5 (Cy5) dye, respectively, using the Genome DNA
Enzymatic Labeling Kit (Agilent; Santa Clara, CA, USA) and
purified by the removal of unbound cyanine dyes with an Ultracell
YM-30 Microcon centrifugal filter device (Millipore Japan; Tokyo,
Japan). Microarray hybridization was performed using the Oligo
cDGH/ChIP-on-ChIP Hybridization Kit (Agilent). Agilent Fea-
ture Extractor software was used to scan microarray images. The
GEO accession number for the microarray data is GSE60382. A
volcano plot was generated by clustering based on probes.
Depleted (fold change ,0.5; P,0.01) signals in the bicaluta-
mide-treated LNCaP cells compared with the vehicle-treated cells
were selected as bicalutamide response-related genes [23,25,26].

siRNA transfection and western blot analysis
Silencer select pre-designed siRNAs targeting the candidate

genes were obtained from Applied Biosystems (Foster City, CA,
USA) (Table 1). siRNA targeting p53 (sip53: sc-29435) was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). A control siRNA targeting the luciferase gene (siLuc) and a
non-targeting control siRNA (siControl) with no homology to the
known gene targets in mammalian cells were obtained from RNAi
(Tokyo, Japan). LNCaP and BicR cells were plated in 6-well plates
at a density of 100,000 cells per well and cultured overnight. Cells
were transfected with siRNA at a final concentration of 10 nM
using Lipofectamine RNAiMAX (Invitrogen; Carlsbad, CA,
USA). Knockdown efficiency of siRNA was determined by qRT-
PCR using RNA prepared from the cells 48 h after transfection
and normalized with that of siControl. For western blot analysis,
bicalutamide (1 mM) or vehicle was added to the medium 12 h
after transfection. After 48 h, cells were harvested and lysed in a
sample buffer at 100uC for 15 min for sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). Cell lysates were
resolved on a 10% or 15% SDS-PAGE gel and then transferred to
polyvinylidene difluoride membranes (Millipore Japan). Mem-
branes were probed with one of the following primary antibodies:
anti-RPL31 (Abcam; Tokyo, Japan), anti-p53 (DO-7; LeicaBio-
systems; Newcastle, UK), anti-MDM2 (SMP14; Santa Cruz
Biotechnology), anti-p21 (C-19; Santa Cruz Biotechnology), and
anti-Flag (M2; Sigma-Aldrich). Membranes were then incubated
with horseradish peroxidase-conjugated anti-rabbit IgG (GE
Healthcare; Buckinghamshire, UK) or anti-mouse IgG, and
visualized using enhanced chemiluminescence (GE Healthcare).
Membranes were stripped and reprobed with a mouse anti-b-actin
antibody (AC-74; Sigma-Aldrich) as a loading control [27].

Quantitative PCR analysis
LNCaP and BicR cells were transfected with siRNA (10 nM) for

48 h. Total RNA was extracted from the cells using Isogen reagent
(Nippon Gene; Tokyo, Japan). First-strand cDNA was synthesized
from 2 mg of total RNA using SuperScript III reverse transcriptase
(Invitrogen) with oligo(dT)20 primer. qRT-PCR was performed
on a StepOnePlus instrument (Life Technologies) using the FAST
SYBR Green Master Mix (Life Technologies) and 150 nM of each
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gene-specific forward and reverse primer (Table S1). The cycling
conditions were 95uC for 2 min, followed by 40 cycles at 95uC for
2 s and at 60uC for 30 s. The relative differences in PCR product
amounts were determined by the comparative cycle threshold
method, using glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as an internal control [27,28]. The experiments were
performed in triplicate. The Student’s t-test was used for statistical
analysis, and a probability value of P,0.05 was regarded as
statistically significant.

Cell proliferation assay
Cell proliferation was assessed using a kit containing WST-8 ((2-

(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H tetrazolium, monosodium salt; Nacalai Tesque; Kyoto, Japan).
BicR, LNCaP, VCaP, and 22Rv-1 cells were seeded in 96-well
plates at densities of 2000, 4000, 16,000, and 4000 cells per well,
respectively, in culture medium, and transfected with siRNA
targeting either a candidate gene or luciferase (siLuc) (10 nM each)
using Lipofectamine RNAiMAX on day 0. At 12 h post-
transfection, cells were transferred into culture medium containing
1 mM bicalutamide or vehicle. At the indicated time points after
transfection, 10 mL of a reagent solution containing WST-8 was
added to each well, and the cells were incubated for 2 h at 37uC.

The absorbance values for each well were measured at 450 nm on
a MULTISKAN FC ELISA reader (Thermo Scientific; Ulm,
Germany) [23,28]. Representative results from .3 independent
experiments are shown as mean 6 s.d. of triplicated wells.
Student’s t-tests were used for statistical analysis, and P,0.05 was
regarded as statistically significant.

Cell-cycle analysis
LNCaP and BicR cells were transfected with siRNA (10 nM) for

12 h. The cells’ media were changed into media containing
bicalutamide (1 mM) or vehicle, and cells were cultured for an
additional 36 h. Cells were washed once with PBS and fixed in
70% ethanol. They were then washed twice with PBS and treated
with 0.2 mg/mL RNase A for 30 min. Finally, they were stained
with 5 mg/mL propidium iodide (Sigma-Aldrich). Samples were
quantified using a FACScalibur (Becton Dickinson; Cockeysville,
MD, USA) based on DNA content, and results were analyzed with
CellQuest software (Becton Dickinson) to determine the percent-
ages of cells in the G0/G1, S, and G2/M phases [28,29].

Bioinformatics
The ONCOMINE database is a cancer microarray database

and online data-mining platform aimed at facilitating discovery

Table 1. The list of genes targeted by shRNAs exhibiting bicalutamide-mediated downregulation in lentiviral library-transduced
LNCaP cells and the knockdown efficiency of each siRNA chosen for validation.

Targeting gene
Fold change (bicalutamide-treated vs
vehicle-treated cells) P value siRNAa) Knockdown efficiency of siRNAb)

RPL31 0.13 6.60E-03 s12218 0.06

SFI1 0.17 2.71E-04 s18973 0.63

WWC3 0.18 6.05E-03 s31636 0.25

HIST1H2BD 0.18 7.07E-03 s6417 0.54

TMEM158 0.18 4.27E-03 s24725 0.28

SIX3 0.19 8.81E-03 not available

PBOV1 0.20 1.56E-03 s34028 6.38

MTMR3 0.20 2.11E-03 s17013 0.34

FAHD2A 0.21 8.91E-03 s229763 0.40

ADAMTS1 0.21 6.84E-03 s18236 0.33

CRHR1 0.21 9.20E-03 not available

ST8SIA5 0.22 5.21E-03 s26680 0.58

MAFB 0.23 7.25E-03 s19279 0.06

TCP11L2 0.23 8.70E-03 s48661 1.56

TFDP1 0.23 6.40E-03 s269604 0.11

RFC3 0.24 1.40E-03 s11949 0.60

STAT4 0.25 4.21E-03 not available

CDC14B 0.28 4.24E-03 s16288 0.45

ANGPT2 0.28 8.48E-03 s1359 1.73

FBXO15 0.29 3.65E-04 s47366 4.17

LCT 0.30 6.91E-03 not available

GPX7 0.31 4.12E-03 s6116 1.45

LEF1 0.32 7.24E-03 s27617 0.29

FCGR3A 0.34 1.35E-03 not available

APOH 0.48 4.31E-03 not available

a)Silencer select pre-designed siRNAs targeting the candidate genes were obtained from Ambion.
b)Knockdown efficiency of siRNA was determined by qRT-PCR and normalized to that of siControl.
doi:10.1371/journal.pone.0108743.t001
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from genome-wide expression analyses [30]. The ONCOMINE
database (https://www.oncomine.org/resource/login.html) was
searched for candidate genes that are upregulated in prostate
cancer versus normal prostate tissue by at least 2-fold (P,0.01).
RNA sequencing data from The Cancer Genome Altas (TCGA)
program [31,32] were retrieved, and transcript per million (TPM)
values for RPL31 were used as expression levels of the gene.

Assessments for stabilization of protein
BicR cells were transfected with siRPL31 or siLuc (5 nM each)

for 12 h, cultured for an additional 36 h in siRNA-free medium,
and then treated with 50 mg/mL cycloheximide. Cells treated with
cycloheximide for the indicated time points were subjected to
western blot analysis using a p53 antibody [33,34]. Membranes
were stripped and reprobed with an anti-b-actin antibody as a
loading control. p53 protein levels were quantified by densitom-
etry and normalized to the levels of the corresponding b-actin.

Results

shRNA screen to identify modulators of the bicalutamide
response

To identify candidate genes involved in the bicalutamide
response in prostate cancer, we performed a functional screen
by infecting LNCaP cells with a lentiviral shRNA library that
comprised ,10,000 shRNAs with unique barcodes, followed by 1
month of cell culture in the presence of 1 mM bicalutamide or
vehicle (Figure 1A). In the pooled proliferation screens of cells
under bicalutamide treatment, cells infected with shRNAs against
genes involved in bicalutamide resistance would be removed from
the cell population over time. Chromosomally integrated shRNAs
were amplified by polymerase chain reaction (PCR) using genomic
DNAs prepared from bicalutamide- and vehicle-treated cells, and
quantified using a custom-made microarray [25,26]. Considering
shRNAs that were present multiple times or targeted to the
hypothetical genes, bicalutamide treatment reduced the expression
of 25 shRNAs that can target conventional genes (,0.5-fold at a
threshold of P,0.01) compared with vehicle treatment, as shown
in volcano plot analysis (Figure 1B and Table 1). This shRNA

screening analysis was useful to extract genes that were putatively
involved in bicalutamide resistance.

Validation of candidate genes
To evaluate the effects of the individual genes selected by

shRNA screening on prostate cancer cell biology, the knockdown
efficacy of available siRNAs targeted to 19 of the 25 candidate
genes was evaluated by quantitative reverse transcription (qRT)-
PCR. Thirteen of the 19 siRNAs reduced the expression of their
corresponding target genes by 37–94% (Table 1). Next, the effect
of these siRNAs on cell proliferation in bicalutamide-resistant
LNCaP (BicR) cells was assessed using the WST-8 cell prolifer-
ation assay (Figure 2). The results indicated that silencing of
RPL31, HIST1H2BD, and ADAMTS1significantly repressed cell
proliferation in BicR cells by .50% compared to control siRNA.

Upregulated expression of RPL31, HIST1H2BD, and
ADAMTS1 in BicR cells

Next, we evaluated the expression levels of RPL31,
HIST1H2BD, and ADAMTS1 mRNA in LNCaP and BicR cells
by qRT-PCR. These three genes were substantially overexpressed
in BicR cells compared to parental LNCaP cells (Figure 3A). To
explore whether RPL31, HIST1H2BD, and ADAMTS1 expres-
sion levels were altered in clinical prostate cancer samples, we
assessed the expression status of these genes based on the
ONCOMINE microarray dataset [30]. In a comparison of
prostate carcinoma specimens and normal prostate samples at a
threshold of at least a 2-fold change (P,0.01) (Figure 3B), RPL31
upregulation was observed in the study conducted by Tomlins and
colleagues [35]. In an RNA-sequencing study integrated in The
Cancer Genome Atlas [31,32], RPL31 expression was also
elevated in prostate cancers compared with normal prostate
tissues (Figure 3C). For HIST1H2BD, upregulation was shown in
one dataset, whereas downregulation was shown in another (data
not shown). In addition, ADAMTS1 expression was reduced in
prostate cancer in some datasets (data not shown). These results
suggest that RPL31 plays a role in prostate cancer progression,
including bicalutamide resistance. To study the cell growth
inhibitory effects of siRPL31 in various prostate cancer cells,

Figure 1. Screening for bicalutamide response-related genes in prostate cancer cells. (A) Schematic representation of shRNA screening.
LNCaP cells were infected with a lentiviral shRNA library and further cultured with or without bicalutamide for 1 month. Individual integrated shRNA
amounts were quantified by microarray. (B) Volcano plot of microarray data, as generated by clustering based on probes that were enriched or
depleted (fold change ,0.5; P,0.01) in bicalutamide-treated cells compared to vehicle-treated cells.
doi:10.1371/journal.pone.0108743.g001
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VCaP, 22Rv-1, and LNCaP cells were analyzed by using a WST-8
assay. siRPL31 repressed proliferation of these cells (Figure S1).

RPL31 regulates cell-cycle progression
Of the siRNAs examined, siRPL31 was the most effective at

repressing BicR cell proliferation. Therefore, we further investi-
gated the pathophysiological role of RPL31 in prostate cancer
cells. Cell cycle analysis of BicR cells revealed that RPL31
knockdown significantly increased the proportion of cells in G0/
G1 phase, while decreasing the proportion in S phase, compared
with control siLuc treatment (Figure 4A and 4B). RPL31
knockdown also induced similar cell cycle profile alterations in
LNCaP cells (Figure 4C and 4D). These results indicate that
RPL31 knockdown substantially suppressed cell cycle progression
of BicR cells as well as LNCaP cells.

RPL31 modulates expression of p53 and MDM2 as well as
p53 protein degradation

To elucidate the mechanisms underlying the role of RPL31 in
cell-cycle progression of prostate cancer cells, we examined the
effect of RPL31 knockdown on the expression of cell-cycle
regulators, including p53, MDM2, and p21. Intriguingly, protein
levels of the tumor suppressor p53 [19,29,36–40] and its
downstream cell-cycle negative regulator p21 [20] were enhanced
by RPL31 knockdown in BicR cells and LNCaP cells (Figure 5A).
The expression of MDM2 protein, a known E3 ubiquitin ligase
targeting p53 [21,36,37], was also enhanced upon RPL31
knockdown.

We then assessed whether RPL31 silencing influenced the
degradation of p53 in prostate cancer cells. Protein levels of p53
were quantified by western blot analysis in BicR cells treated with
RPL31 siRNA and cycloheximide, an inhibitor of protein
synthesis (Figure 5B). p53 protein levels were normalized to the
levels of the corresponding b-actin, using densitometry (Fig-
ure 5C). p53 was stabilized more in RPL31-silenced BicR cells
than in siLuc-treated cells.

p53 partially mediates the cellular effects of RPL31
We next examined the effects of RPL31 knockdown on the p53

and MDM2 mRNA expression levels in BicR and parental
LNCaP cells. p53 mRNA levels were not increased in BicR and

Figure 2. Effects on bicalutamide-resistant BicR cell growth by treatment with selected siRNAs that target genes determined by
shRNA screening. Growth inhibition of BicR cells by siRNA targeting RPL31 (siRPL31), HIST1H2BD (siHIST1H2BD), and ADAMTS1 (siADAMTS1) was
shown. Cells were transfected with 10 nM siRNA in culture medium. Twelve hours after transfection, cells were then further cultured in medium
containing 1 mM bicalutamide. WST-8 cell proliferation assays were performed at the indicated time points after transfection. The absorbance of the
wells in the plates was measured using a microplate reader at 450 nm. Data are presented as mean 6 s.d. (n = 3; *, P,0.05; **, P,0.01).
doi:10.1371/journal.pone.0108743.g002

Figure 3. RPL31 is overexpressed in BicR cells and clinical
prostate cancer tissues. (A) Expression levels of RPL31, HIST1H2BD,
and ADAMTS1 mRNA evaluated by quantitative reverse-transcription
PCR analysis (qRT-PCR) with gene-specific primers. Data are normalized
to GAPDH and shown as mean 6 s.d. (n = 3; **, P,0.01). (B) RPL31 mRNA
is abundantly expressed in clinical prostate carcinoma tissues compared
with normal prostate tissues (by . 2-fold), as retrieved from datasets by
Tomlins et al. in the ONCOMINE database [30]. Normal: normal prostate
tissue, PCa: prostate cancer, PIN: prostatic intraepithelial neoplasia. (C)
RPL31 mRNA expression is elevated in clinical prostate cancer samples
versus normal samples in a study of RNA-sequencing in The Cancer
Genome Analysis [31,32].
doi:10.1371/journal.pone.0108743.g003
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LNCaP cells after RPL31 knockdown (Figure 6A, Figure S2). This
finding suggests that RPL31 silencing upregulated p53 expression
at the protein level. In contrast, MDM2 and p21 mRNA levels
were increased upon RPL31 knockdown in BicR and LNCaP cells
(Figure 6A, Figure S2), consistent with the upregulation of these
proteins in both cell lines (Figure 5A).

We further verified if p53 substantially contributed to the
growth inhibition mediated by RPL31 silencing. It is notable that
RPL31 knockdown-mediated upregulation of MDM2and p21
mRNA in BicR cells was significantly reduced by p53 knockdown
in combination with RPL31 knockdown (Figure 6A). The effects
of these siRNAs on BicR cell proliferation were assessed using the
WST-8 assay (Figure 6B). The results indicated that p53 and
RPL31 knockdown partially increased cell proliferation compared
with RPL31 knockdown alone in the presence of bicalutamide. In
LNCaP cells, combination of sip53 and siRPL31 also partially
reversed the effects of siRPL31 on MDM2 and p21 mRNA
expression levels as well as cell growth (Figure S2). We then
examined the effect of combinatorial use of siRPL31 and sip53 on
the cell cycle profile of BicR cells (Figure S3). Double knockdown
of RPL31 and p53 increased the proportion of cells in S phase
compared with RPL31 knockdown alone.

We generated LNCaP cells expressing exogenous RPL31 by
stable transfection to examine the effect of RPL31 overexpression

on p53 protein (Figure S4A). It is reported that p53 protein is
stabilized by a chemotherapy drug docetaxel in LNCaP cells [41].
We examined the p53 protein levels in this situation and found
that the p53 protein levels were decreased in RPL31-overexpress-
ing LNCaP cells compared with that of vector-expressing cells
(Figure S4B). These gain-of-function experiments also indicated
that RPL31 could negatively regulate the protein expression levels
of p53. In addition, we examined whether the RPL31 expression is
regulated by bicalutamide (Figure S5). Notably, it was shown that
bicalutamide more strongly induced RPL31 mRNA expression in
BicR cells than in LNCaP cells since, at 24 and 48 h after
bicalutamide treatment, the RPL31 mRNA levels were signifi-
cantly higher in BicR cells than LNCaP cells (P,0.01).

Discussion

In the present study, we identified genes modulating the
bicalutamide response in prostate cancer cells via functional
screening using a lentiviral shRNA library combined with siRNA
experiments. Out of ,10,000 shRNAs that were transduced into
LNCaP cells, we selected a small subgroup of shRNAs with
substantially reduced expression in cells after 1-month bicaluta-
mide treatment. From the 13 genes targeted by the selected
shRNAs, we found that knockdown of RPL31, ADAMTS1, and
HIST1H2BD significantly inhibited proliferation of BicR prostate

Figure 4. Knockdown of RPL31 inhibits cell-cycle progression. (A) Knockdown of RPL31 in BicR cells increased the proportion of cells in G0/G1
and decreased the proportion of those in S phase. Cells were transfected with siRPL31 or siLuc in culture medium for 48 h. Cells were then washed
with PBS, stained with propidium iodide, and subjected to FACS analysis. (B) The percentages of BicR cells in S, G0/G1, and G2/M phase were
determined using CellQuest software and are shown as mean 6 s.d. (n = 3; *, P,0.05; **, P,0.01). (c) Knockdown of RPL31 decreased the proliferation
of LNCaP cells. Cells were treated the same as described in (A). (D) The percentages of LNCaP cells in S, G0/G1, and G2/M phases were determined
using CellQuest software and are shown as mean 6 s.d. (n = 3; **, P,0.01).
doi:10.1371/journal.pone.0108743.g004
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cancer cells. We focused on the characterization of ribosomal
protein RPL31 in prostate cancer biology, as silencing of RPL31
substantially reduced cell cycle progression of BicR cells. We found
that the expression level of RPL31 mRNA was significantly
elevated in BicR cells compared with LNCaP cells, and clinical

studies show that RPL31 expression in prostate carcinoma is
higher than that in benign prostate tissues. Taken together, these
results suggest that RPL31 positively contributes to the develop-
ment and phenotype of prostate cancer.

We sought to determine the mechanism by which RPL31
knockdown severely growth arrested BicR prostate cancer cells.
RPL31 is a component of the large subunit of the ribosome in

Figure 5. RPL31 regulates levels of p53 protein expression. (A)
Knockdown of RPL31 increases p53, MDM2, and p21 protein expression.
LNCaP and BicR cells were transfected with siRPL31 or siLuc for 48 h.
Cell extracts were subjected to SDS-PAGE and western blot analysis
using the indicated antibodies. (B) RPL31 regulated the degradation of
p53 protein. BicR cells were transfected with siRPL31 or siLuc for 60 h
and treated with 50 mg/mL cycloheximide (CHX) for the indicated time.
Cell extracts were analyzed by western blotting. (C) p53 protein levels
were quantified by densitometry and normalized to the levels of the
corresponding b-actin protein and shown as mean 6 s.d. (n = 3; *, P,
0.05).
doi:10.1371/journal.pone.0108743.g005

Figure 6. p53 partially mediates the function of RPL31 in BicR
cells. (A) Knockdown effects of RPL31 and p53 on MDM2 and p21
mRNA. BicR cells were transfected with siRPL31, sip53, siRPL31 plus
sip53, or siLuc. qRT-PCR for RPL31, p53, MDM2, and p21 mRNAwas
performed. Experiments were performed in triplicate; mRNA expression
is normalized to GAPDH and shown as mean 6 s.d. (n = 3; **, P,0.01).
(B) sip53 partially cancelled the repression of cell growth induced by
siRPL31. BicR cells were transfected with 10 nM each siRPL31, sip53,
siRPL31 plus sip53 or siLuc, and cultured with the medium containing
1 mM bicalutamide. WST-8 cell proliferation assay was performed at the
indicated time points. The absorbances of the wells in the plates were
measured using a microplate reader at a 450 nm. Data are presented as
mean 6 s.d. (n = 4; **, P,0.01).
doi:10.1371/journal.pone.0108743.g006
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eukaryotes [15,17,18,42]. Because bicalutamide treatment in
prostate cancer cells impairs ribosomal RNA synthesis [43],
RPL31 knockdown could further aggravate the dysregulation of
ribosomal function in the presence of bicalutamide. In addition,
RPL31 knockdown could mediate extraribosomal functions and
modulate the pathway of the tumor suppressor p53. Extrariboso-
mal functions are cellular actions other than protein synthesis,
including DNA replication, transcription, repair, RNA splicing,
cell growth, apoptosis, differentiation, and cellular transformation
[33,34,42,44–49]. In particular, the relevance of extraribosomal
functions to cell growth and cell division was confirmed by the
observation that impairment of these processes upregulates p53
and causes cell-cycle arrest [36,37]. In the present study, RPL31
knockdown substantially increased protein levels of p53, p21, and
MDM2. It is also notable that RPL31 knockdown dampened the
degradation of p53 protein by cycloheximide treatment. RPL31
knockdown-mediated upregulation of MDM2 and p21 mRNA
will be predominantly regulated by p53, as it was significantly
reduced by p53 siRNA. Accordingly, RPL31 knockdown-mediat-
ed suppression of cell cycle progression and cell growth was
partially rescued by p53 silencing. As speculated from the data on
an rpl31-lacking yeast strain [17], RPL31 knockdown would
impair the assembly of ribosomal large subunits, and free
ribosomal proteins will inhibit the MDM2-mediated feedback
inhibition of p53 in response to the same type of stresses caused by
actinomycin D [45,46]. For example, RPS7 [44,47], RPL5 [45],
RPL11 [46,48], and RPL23 [45,46] upregulate p53 protein
expression by binding to and inhibiting MDM2 [36,37]. RPL5,
RPL11, and RPL23 have been shown to bind to the middle region
of MDM2. This region contains the acidic domain, which is
critical for the MDM2-mediated p53 degradation [45,48]. RPL11
also regulates the MDM2-p53 pathway through a post-ubiquitina-
tion mechanism [46]. Thus, it is possible that RPL31 knockdown
will lead to ribosomal protein-mediated MDM2 inhibition, p53
stabilization and activation, and MDM2 accumulation that is
functionally inactive for p53 degradation. In a similar context,
RPS26 knockdown induces p53 stabilization and activation via an
RPL11-dependent mechanism, resulting in p53-dependent cell
growth inhibition [29]. In addition to MDM2-dependent p53
regulation, the p53-mediated upregulation of p21 also induces
dephosphorylation and activation of the tumor suppressor
retinoblastoma protein [50], which is a potent inhibitor of
ribosomal RNA transcription and further inhibits cell cycle
progression [51,52]. We speculate that RPL31 may play an
important role in the MDM2-p53 pathway cooperatively with
other ribosomal subunits and ribosomal proteins. Interestingly, it
was shown in the present study that bicalutamide substantially
induced the expression of RPL31 in BicR cells compared with
parental LNCaP cells. Taken together, these results suggest that, in
response to bicalutamide, RPL31 may more strongly suppress the
p53-mediateed signaling in BicR cells than in LNCaP cells. As
described above, RPL31 is a ribosomal protein of the large subunit
and considered to play an important role in various cellular
processes. RPL31 may also basically contribute to cell viability as a
ribosomal protein. Future studies are required to clarify the precise
role of RPL31 in p53–MDM2 signaling.

Regarding the pathological role of RPL31 in human tumors, it
has been reported that RPL31 mRNA is upregulated in colorectal
tumors [53]. In a screening of tumor antigen genes from a cDNA
library, RPL31 was identified as one of 6 genes in nasopharyngeal
carcinoma [54]. Although a gain-of-function study of RPL31
isolated from the giant panda showed its anticancer function in
human cancer cells [42], clinical studies reveal a tumor-promoting
role for RPL31 in human malignant tissues. Of note, RPL31 was

also upregulated in clinical studies examining prostate cancer by
microarray or RNA sequencing, indicating its tumor-promoting
contribution in this disease as well. Interestingly, a genome-wide
association study by the NCI cancer genetic markers of
susceptibility (CGEMS) project and a variation of that study by
a Chinese group showed that single nucleotide polymorphisms
involved in the locus of circadian clock-related NPAS2 are
significantly associate with prostate cancer risk [55,56]. RPL31 is
located adjacent to NPAS2 in chromosome 2q11 in the same
direction, and the distance between the end of NPAS2 and the
start of RPL31 is only ,5 kb. Thus, polymorphisms of NPAS2-
RPL31 regions are involved in a linkage disequilibrium block
based on the HapMap Project data and could also affect prostate
cancer risk by putatively modulating RPL31 expression.

With regard to two other genes that were identified from
shRNA screening, ADAMTS1 is a member of the ADAMTS (a
disintegrin and metalloprotease with thrombospondin motifs)
metalloprotease family, which is associated with many physiolog-
ical and pathological conditions. Of the 19 proteases belonging to
this family, considerable attention has been paid to the role of
ADAMTS1 in cancer pathophysiology [57]. It has been shown
that the upregulation of ADAMTS1 promotes pro-tumorigenic
changes such as an increase in tumor cell proliferation, inhibition
of apoptosis, and alteration of vascularization status [58,59]. Our
results together with these previous findings suggest that
ADAMTS1 may play a role in bicalutamide resistance and other
tumorigenic changes in prostate cancer cells.

HIST1H2BD encodes a member of the histone H2B family.
Histone proteins are essential for modulating gene transcription by
chromosomal modification, and the dysregulation of chromatin-
associated events due to the alteration of histone modifications is
thought to be responsible for cell transformation and tumorigen-
esis. As the dysregulation of histone H2B mono-ubiquitination has
been reported to contribute to cancer development [60],
HIST1H2BD may also be involved in bicalutamide resistance in
prostate cancer.

In summary, we showed that functional screening of a lentiviral
shRNA library and subsequent knockdown screening using siRNA
was useful for identifying genes involved in the growth of
bicalutamide-resistant prostate cancer cells. This approach would
will provide new targets for the diagnosis and treatment of
advanced prostate cancer.

Supporting Information

Figure S1 Silencing of RPL31 represses the proliferation
of various prostate cancer cells. Cells were transfected with
10 nM siRPL31 and cultured. WST-8 cell proliferation assays
were performed at the indicated time points. (A) siRPL31 inhibits
the growth of LNCaP cells. Data are presented as mean 6 s.d.
(n = 4, P,0.01). (B) siRPL31 inhibits the growth of VCaP cells
(n = 4). (C) siRPL31 inhibits the growth of 22Rv-1 cells (n = 4).
(PDF)

Figure S2 Knockdown of p53 partially recovers the
RPL31 silencing-mediated repression of cell growth
and MDM2 mRNA expression in LNCaP cells. (A) Effects
of RPL31 and p53 knockdown on the expression levels of RPL31,
p53, MDM2, and p21 mRNAs. Cells were transfected with
siRPL31, sip53, siRPL31 plus sip53, or siLuc. RPL31, p53,
MDM2, and p21 mRNA levels were analyzed by qRT-PCR,
performed in triplicate. mRNA expression was normalized to
GAPDH and shown as mean 6 s.d. (n = 3, P,0.01). (B) sip53
partially reversed the repression of cell growth induced by
siRPL31. LNCaP cells were transfected with 10 nM each
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siRPL31, sip53, siRPL31 plus sip53, or siLuc. WST-8 cell
proliferation assays were performed at the indicated time points.
The absorbance values were measured using a microplate reader
at 450 nm. Data are presented as mean 6 s.d. (n = 4, P,0.01).
(PDF)

Figure S3 Knockdown of p53 partially impairs the
inhibitory effect of siRPL31 on the cell cycle in BicR
cells. (A, B) Cells were transfected with siRPL31, sip53, siRPL31
plus sip53, or siLuc and cultured for 48 h. Cells were then washed
with PBS, stained with propidium iodide, and analyzed by FACS.
The percentages of BicR cells in S, G0/G1, and G2/M phases
were determined using CellQuest software (panel A), and the
results are shown as mean 6 s.d. (panel B) (n = 3, P,0.05).
(PDF)

Figure S4 RPL31 regulates p53 protein expression. (A)
Generation of LNCaP cells stably expressing RPL31.
LNCaP cells were transfected with RPL31-Flag or empty vector,
and stable transformants were selected with G-418. 293T cells
were transiently transected with the RPL31-Flag or empty vector.
Cell extracts were subjected to SDS-PAGE and western blot
analysis using the Flag antibody. The stable transformants of
LNCaP cells expressing RPL31-Flag (LNCaP-RPL31 #39 and
#63) and empty vector (LNCaP-vec #19 and #22) were
established. (B) RPL31 downregulates docetaxel induced p53
protein expression. The stable cell clones were treated with 10 nM

docetaxel (Doce) or vehicle (Veh) for 48 h. Cell extracts were
analyzed by western blotting using the p53 and b–actin antibodies.
(PDF)

Figure S5 Bicalutamide upregulates the RPL31 mRNA
expression. BicR and LNCaP cells were treated with 10–6 M
bicalutamide (Bic) for the indicated times. RPL31 mRNA levels
were analyzed by qRTPCR, performed in triplicate. mRNA
expression was normalized to GAPDH and shown as mean 6 s.d.
(n = 3, P,0.01).
(PDF)

Table S1 The list of primers for qRT-PCR.
(DOC)
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Intra-mitochondrial Methylation Deficiency
Due to Mutations in SLC25A26
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S-adenosylmethionine (SAM) is the predominantmethyl group donor and has a large spectrumof target substrates. As such, it is essential

for nearly all biological methylation reactions. SAM is synthesized by methionine adenosyltransferase frommethionine and ATP in the

cytoplasm and subsequently distributed throughout the different cellular compartments, includingmitochondria, wheremethylation is

mostly required for nucleic-acid modifications and respiratory-chain function. We report a syndrome in three families affected by

reduced intra-mitochondrial methylation caused by recessive mutations in the gene encoding the only known mitochondrial SAM

transporter, SLC25A26. Clinical findings ranged from neonatal mortality resulting from respiratory insufficiency and hydrops to child-

hood acute episodes of cardiopulmonary failure and slowly progressive muscle weakness. We show that SLC25A26 mutations cause

various mitochondrial defects, including those affecting RNA stability, protein modification, mitochondrial translation, and the biosyn-

thesis of CoQ10 and lipoic acid.

Altered S-adenosylmethionine (SAM) concentrations in
the cytoplasm have been suggested to be involved in the
pathophysiology of disease and in the natural aging pro-
cess.1,2 Highly specialized methyltransferases, encoding
approximately 1%–2% of eukaryotic genomes,3 use SAM
as a methyl group donor to methylate their targets. The
human mitochondrial SAM carrier (SAMC), encoded by
SLC25A26 (MIM: 611037), is expressed in all human
tissues examined and is believed to be the only route of
SAM entry intomitochondria.4 However, regulatorymech-
anisms of intra-mitochondrial SAM (mtSAM) concentra-
tions or other pathways modulating mtSAM levels are
unknown, and so far the pathophysiological consequences
of reduced mitochondrial SAM import are unclear.
We identified three families with different ethnic origins

and a complex biochemical phenotype caused by muta-
tions in SLC25A26. Individual 1 (P1, individual II:2 from
family 1 in Figure 1A) was born to consanguineous par-
ents from Iraq and presented at 4 weeks with acute circu-
latory collapse and pulmonary hypertension, requiring

extra-corporeal membrane oxygenation for 5 days. He
had severe lactic acidosis around 20 mmol/l (reference:
0.5–2.3). Sodium dichloroacetic acid had good effect, and
the boy slowly normalized. At 3.5 years, he had a second
episode of pulmonary hypertension, which also normal-
ized. At 6 years 3 months, the boy had increasing muscle
weakness, fatigue, recurrent abdominal pain, lack of appe-
tite, and slightly delayed development. Investigation of
mitochondrial function from a muscle biopsy revealed
reduced activities of complexes I and IV and a reduced
ATP production rate, in particular when pyruvate was
used as a substrate (Figures S1A and S1B). Histology
showed the presence of COX-negative muscle fibers
(Figure S1C). Additionally, Blue-native PAGE (BN-PAGE)
revealed reduced levels of assembled complexes I and IV
(Figure S1D). Individual 2 (P2, II:1 from family 2 in
Figure 1A), born to Japanese parents, developed severe lac-
tic acidosis up to 42 mmol/l (reference: <1.8), an elevated
pyruvate level (0.65 mmol/l; reference: <0.1), and respi-
ratory failure 11 hr after birth, prompting mechanical
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Figure 1. Identification of Mutations in SLC25A26
(A) Pedigrees of individuals P1–P3 indicate the inheritance patterns in the individuals’ families. P1 was born to consanguineous parents
from Iraq after a normal pregnancy and neonatal period. P2 was born full term to unrelated parents from Japan with an Apgar score of
9-10. P3 was born to consanguineous parents of Moroccan descent. Symbols and colors are defined as follows: square, male; circle,
female; triangle, miscarriage with unknown gender; white, unaffected; dot, unaffected carrier; black, affected. WT indicates wild-type.
(B) Diagram representing the relative positions of SLC25A26 mutations (NM_173471.3) and SLC25A26 alterations (GenBank:
NP_775742.4). Amino acid alignments of eight species show the regions of each mutation.
(C) SLC25A26mutation c.33þ1G>A causes an RNA-splicing defect: the top band in lanes 2–5 indicates the amplification of the principal
isoform (PI; Ensembl: ENST00000354883), and the lower band in lanes 2–5 indicates the amplification of the shorter isoform (SI; En-
sembl: ENST00000336733). As a result of the mutation, PCR products from the individual, treated both with and without puromycin,
were observed to be shorter in length (top band: PI around 572 bp; lower band: SI around 415 bp) than those of the control fibroblasts
and lymphocytes (top band: PI 617 bp; lower band: SI 450 bp). No difference was observed between the puromycin-treated and non-
puromycin-treated P3 samples. Lane contents are as follows: lanes 1 and 7, 100 bp DNA ladder (Fermentas); lane 2, PCR products ampli-
fied from cDNA extracted from P3 fibroblasts treated with puromycin; lane 3, PCR products amplified from cDNA extracted from P3
fibroblasts cultured without puromycin; lane 4, PCR products amplified from cDNA extracted from control fibroblasts; lane 5, PCR prod-
ucts amplified from cDNA extracted from control lymphocytes; and lane 6, PCR reaction blank.
(D) Subcellular localization of C-terminal V5-tagged SAMC (p2-SAMC-V5) and the shortened SAMCD1–88 (p2-SAMCD-V5) in P2 fibro-
blasts stained with MitoTrackerOrange.
(E) Amounts of wild-type (WT) SAMC, p.Ala102Val SAMC, p.Val148Gly SAMC, p.Pro199Leu SAMC, SAMCD1–88, and endogenous
porin in mitochondria from SAM5D yeast transformed with WT SAMC-pYES2 (SAMC), p.Ala102Val SAMC-pYES2 (p.Ala102Val),
p.Val148Gly SAMC-pYES2 (p.Val148Gly), p.Pro199Leu SAMC-pYES2 (p.Pro199Leu), and short SAMC-pYES2 (SAMCD1–88). Equal
amounts of mitochondrial lysates (30 mg protein) were separated by SDS-PAGE, transferred to nitrocellulose, and immunodecorated
with the anti-hemagglutinin or the anti-porin antibody.
(F) Relative SLC25A26mRNA steady-state levels in fibroblasts as determined by qRT-PCR. Values are normalized to 18S rRNA levels. Error
bars show the SEM.
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ventilation and dichloroacetic acid treatment. The child
improved, and gross development was normal until 2 years
of age,when she experienced anadditional episode of severe
lactic acidosis (36 mmol/l) followed by cardiopulmonary
arrest and hypoxic brain damage. After this episode, the in-
dividual has remained severely handicapped. Activities of
respiratory-chain enzymes were normal in fibroblasts but
showeddecreasedactivities of complexes I, III, and IVinskel-
etalmuscle (Figure S1E).Muscle histologywas normal at day
6 but revealed both ragged red fibers and COX-negative
fiberswhen individual 2was 3 years of age (Figure S1F). Indi-
vidual 3 (P3, individual II:4 from family 3 in Figure 1A), born
to consanguineous parents of Moroccan decent, was deliv-
ered by caesarean section at 30 weeks 5 days after reduced
fetal movements, polyhydramnios, fetal hydrops, and poor
cardiotocography (CTG) readingswere noted from27weeks
of gestational age. She had normal antropometric parame-
ters (birthweight 1,300 g, length38 cm, andhead circumfer-
ence 27.5 cm) but presented with a poor Apgar score (3-5-6)
due tobradycardia,hypotonia, and respiratory insufficiency,
necessitating assisted ventilationwith high-frequency oscil-
lation. Urine lactate and pyruvate levels were 18 mmol/
mmol creatinine (reference: 1–285 mmol/mmol creatinine)
and 1.2 mmol/mmol creatinine (reference: 1–130 mmol/
mmol creatinine), respectively. Brain ultrasound demon-
strated cystic necrosis of the germinal matrix (extensive
symmetrical caudothalamic germinolysis) and mild striatal
arteriopathy. The child died of respiratory and multiple
organ failure at 5 days of age. Measurement of respiratory-
chain activity in fibroblasts demonstrated decreased com-
plex IV activity. Additional clinical descriptions and experi-
mental details are provided in the Supplemental Note.
Written informed consent was obtained from the par-

ents, and investigations were performed according to the
regional ethics committees at the Karolinska Institutet
(Sweden), the Saitama Medical University (Japan), and
Antwerp University Hospital (Belgium).

Homozygosity mapping, exome sequencing,5–11 and
Sanger confirmation (Figures 1A and 1B and Figure S2A)
revealed SLC25A26 mutations (GenBank: NM_173471.3)
in all affected individuals and their parents. We identi-
fied conserved missense mutations in P1, homozygous
for a c.443T>C (p.Val148Gly) substitution, and P2,
compound heterozygous for c.305C>T (p.Ala102Val) and
c.596C>T (p.Pro199Leu). P3 was homozygous for a splice
mutation (c.33þ1G>A) (Figure 1C), which results in
either a frameshift mutation in SLC25A26, when an alter-
native splice site in exon 2 is used, or a shorter polypeptide
lacking the first 88 amino acids (SAMCD1–88), as a result
of an alternative translation initiation site in exon 4
(Figure S2B). Cloning and sequencing of cDNA from P3
fibroblasts of this region confirmed the presence of
exclusively alternative splice variants (Figure S2C). The
shortened transcript lacks the first two transmembrane
helices (Figure S3) and failed to co-localize (Figure 1D) or
be detected in mitochondria by western blot analysis
(Figure 1E), indicating that it does not encode a functional
mitochondrial carrier protein. Additionally, the splice mu-
tation resulted in reduced SLC25A26 mRNA transcript
levels in fibroblasts from P3, whereas P1 and P2 samples
were unaffected (Figure 1F).
The conservation of all three missense mutations among

87 species (Ala102 [84%], Val148 [100%, including Leu
and Ile], and Pro199 [100%]) suggests that their replace-
ment might disrupt protein function. We also considered
the transversal scores of the altered SAMC residues (these
scores are a measure of the strength of the evolutionary
selection acting on the residues) from a study of the rate
of single-nucleotide evolution.12 These values (4.52 for
Ala102, 3.68 for Val148, and 5.15 for Pro199) are all
close to or greater than 3.7, previously shown to repre-
sent sites of functional importance in mitochondrial car-
riers.12 Furthermore, the position of all three SLC25A26
missense mutations in the structural homology model

A B C

Figure 2. In Vivo and In Vitro Pathology of the SLC25A26 Mutations
(A) 4-fold serial dilution of wild-type (WT) yeast cells, SAM5D cells, and SAM5D cells transformed with WT SAMC-pYES2 (SAMC),
p.Ala102Val SAMC-pYES2 (p.Ala102Val), p.Val148Gly SAMC-pYES2 (p.Val148Gly), p.Pro199Leu SAMC-pYES2 (p.Pro199Leu), and short
SAMC-pYES2 (SAMCD1–88) were plated on YP medium supplemented with 3% glycerol and 0.05% galactose for 72 hr at 30"C.
(B and C) Liposomes reconstituted withWTor the indicated SAMC variants were preloaded with 10mM S-adenosylmethionine at 25"C.
Transport was started with 1mM [3H]S-adenosylmethionine and terminated after (B) 45 s or (C) 60min. The values are means5 SD of at
least four independent experiments.
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Figure 3. Affected Mitochondrial Translation
(A and B) Poisoned primer extension on total RNA from (A) fibroblasts or (B) skeletal-muscle mitochondria and subsequent size separa-
tion by denaturing PAGE. [32P] end-labeled oligo complement to the 30 terminus of 12S rRNA was annealed to RNA extracts and elon-
gated in the presence of dTTP and ddCTP byM-MLV reverse transcriptase. In the case of adenine dimethylation, reverse transcriptionwill
terminate upstream of the dimethylation, whereas in its absence, termination will occur immediately downstream of the first guanidine
residue because of ddCTP.
(C) Quantification of termination and read-through of (A) and (B).
(D) qRT-PCR of the steady-state levels of 12S and 16S rRNA in fibroblasts. Themean value of two independent experiments performed in
triplicate is shown.

(legend continued on next page)
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of SAMC also suggested a pathogenic effect of the muta-
tions (Figure S4).13 We confirmed pathogenicity by com-
plementation studies in an S. cerevisiae SAMC-null strain
(SAM5D)14 by revealing that the growth phenotype of
SAM5D cells on non-fermentable carbon sources could
not be restored by complementation of the knockout
strain with the p.Ala102Val, p.Pro199Leu, or SAMCD1–
88 variant. Only the p.Val148Gly altered SAMC partially
rescued the growth defect of SAM5D cells (Figure 2A).
Additionally, we measured SAM transport capacity in re-
constituted liposomes as previously described15–19 and
demonstrated a severe abrogation of SAM transport cap-
acity for all altered proteins (Figures 2B and 2C and
Figure S5). SAMCD1–88 was completely inactive, whereas
p.Ala102Val and p.Pro199Leu variants exhibited negli-
gible activity, and p.Val148Gly strongly inhibited SAMC
activity (15% of wild-type SAMC). All together, conserva-
tion scores, yeast complementation, and in vitro reconsti-
tution studies confirm the deleterious consequences of the
SLC25A26 mutations on SAMC function. Also supporting
this is that the various degrees of residual SAM-import
capacity correlated well with the severity of the clinical
presentation and biochemical phenotype in the affected
individuals.
Methylation is required for a multitude ofmitochondrial

processes, including RNA and protein modifications, and
we therefore investigated the status of adenine dimethyla-
tion in the hairpin loop at the 30 end of the mitochondrial
12S rRNA by poisoned primer extension,20 known to be
methylated viamtSAM.21–23 In control samples, themajor-
ity of 12S rRNA molecules were dimethylated at adenines
936–937, whereas fibroblasts from P3 (Figure 3A) and skel-
etal-muscle mitochondria from P1 (Figure 3B) revealed a
substantial shift from methylated to non-methylated ribo-
somal transcripts (Figure 3C). Surprisingly, not only did we
fail to observe a methylation defect in fibroblast samples
from individuals P1 and P2, but there was also substantial
termination of primer extension in P3 fibroblasts, suggest-
ing some methylation of 12S rRNA despite the complete
lack of SAMC activity. 12S rRNA steady-state levels are
dependent on adenine dimethylation,23 and in agreement
with this, 12S rRNA steady-state levels in fibroblasts from
P3 were decreased (Figure 3D), whereas all other transcripts
tested had only mild changes (Figures S6A and S6B).
Additionally, mitochondrial ribosomal assembly was only
moderately affected in P3, who showed reduced amounts
of the small and possible stabilization of the large
mitochondrial ribosome subunits (Figure 3E). Despite the

mild effect on mitochondrial ribosome assembly, de
novo mitochondrial translation25 was severely affected in
P3 fibroblasts (Figure 3F), possibly because methylation is
required for tRNA maturation. This defect is also reflected
by the reduced steady-state level of COXII (Figure 3G), a
subunit of complex IV, and most likely contributes to the
mitochondrial dysfunction in P1 skeletal muscle, which
showed reduced levels of complexes I and IV (Figure S1).
Several mitochondrial proteins are known to be methyl-

ated by S-adenosylmethionine-dependent methyltrans-
ferases.26,27 We studied the methylation status of three
known mitochondrial SAM targets, ADP/ATP translocators
ANT1 and ANT2, and the electron-transferring flavopro-
tein ETFB. Western blot analysis against di- and tri-methyl
lysine (DTML) revealed decreased methylation levels in all
fibroblast samples from affected individuals, and P3 was
the most severely affected (Figure 4A). Transfection of
cell lines from affected individuals with exogenous ANT1
and ANT2 further confirmed the methylation deficiency
(Figure 4B). Loss of protein methylation was further
rescued by wild-type SAMC in fibroblasts from P2 and P3
(Figure 4C).
Lipoic acid (LA) metabolism depends heavily on SAM-

dependent methylation within mitochondria.31 Individ-
ual P1 presented with high plasma glycine and low ATP
production in muscle when pyruvate was used as a sub-
strate, consistent with deficiencies of the glycine cleavage
system and the pyruvate dehydrogenase complex, both
of which require LA. These measurements were not
performed for individual P2 or P3. Fibroblasts from indi-
viduals P1–P3 showed reduced levels of the LA subunits py-
ruvate dehydrogenase complex E2 (PDHC-E2) and alpha-
ketoglutarate dehydrogenase E2 (a-KGDH-E2) (Figures 4D
and 4E), and P3 was the most severely affected. This
decrease was not secondary to the mitochondrial dysfunc-
tion observed, given that two independent samples from
individuals with unrelated mitochondrial diseases showed
normal levels of LA (M1 and M2 in Figure 4E), whereas
samples from individuals with mutations affecting LA
biosynthesis were severely reduced (B1–B4 in Figure 4E).
The final steps of coenzyme Q10 (CoQ10) biosynthesis,

including several methylation steps of the benzoquinone
ring, are performed within the mitochondrial network.32

We therefore measured CoQ10 levels in isolated skeletal-
muscle mitochondria from P1 as previously described7,28

and observed that they were severely decreased, pre-
sumably as a result of impaired CoQ10 biosynthesis
(Figure 4F). In order to investigate the bioenergetic

(E) Ribosomal gradients (top panel) from fibroblast mitochondria of P1 and P3. Ribosomes were separated in 10%–30% sucrose gradient
by centrifugation and then fractionated as previously described,24 with slight modifications. Western blot analysis against subunits of
the small ribosomal subunit (28S; MRPS18B) or large subunit (39S; MRPL28) revealed their individual migration and ribosomal mono-
some (55S) formation. Loading onto the gradient was controlled by input western blot analysis (bottom panel) against mtSSU
(MRPS18B), mt-LSU (MRPL28), and tubulin. Additionally, a Coomassie stain is shown.
(F) For determining de novo translation,25 fibroblasts were cultured for 45 min in the presence of [35S] methionine and cysteine; then,
protein extracts were separated by SDS-PAGE, and the gel was exposed. The low-molecular-weight subunits of ND3, ATP8, and ND4L are
not shown.
(G) Western blot analysis of fibroblasts used antibodies against nuclear-encoded subunits of complexes I–V.
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Figure 4. Effects of Reduced Mitochondrial Methylation
(A) Steady-state levels of ANT1, ANT2, and ETFb (middle panels) in individuals P1–P3 and control cells (C1, C2, and C4), as well as DTML
levels (upper panel) normalized to HSP60.
(B) Control (C2) or P2 fibroblasts were transfected with V5-tagged isoforms of ANT (ANT1-V5 and ANT2-V5) for determining DTML
methylation of ANT1-V5 and ANT2-V5.
(C) Western blot analysis of DTML levels in samples from control (C2 and C3) and P2 and P3 fibroblasts transfected with empty vector
(mitoTurboRFP), wild-type SAMC (SAMC), V5-tagged SAMC (SAMC-V5), or the N-terminal-truncated SAMC (SAMCD-V5).
(D and E) Western blot analysis of the lipoic acid (LA) subunits pyruvate dehydrogenase complex E2 (PDHC-E2) and alpha-ketoglutarate
dehydrogenase E2 (a-KGDH-E2) in (D) control (C1 and C3) and P1 and P3 samples or in (E) control (C2) or affected (B1–B4, M1 andM2,

(legend continued on next page)
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consequences of reduced mtSAM import, we measured
both oxygen consumption (Figure 4G) and mitochondrial
ATP production rates (Figure 4H) in fibroblasts carrying
the mildest (P1) or null (P3) mutations. Fibroblasts from
P3 showed reduced oxygen consumption (Figure 4G) and
reduced mitochondrial ATP production rates (Figure 4H),
whereas P1 fibroblasts, in contrast to muscle samples
(Figure S1A), showed no defect. Finally, the biochemical
defects of P3 fibroblasts in the activity of complexes I
and IV was rescued by transiently expressing wild-
type and tagged wild-type SAMC, but not SAMCD1–88
(Figure 4I).
In summary, we have presented three individuals

affected by a primary defect in the mitochondrial methyl-
ome. Our results show that impaired SAM transport
into mitochondria causes a complex syndrome causing
multiple primary defects, including those affecting RNA
stability, protein modification, mitochondrial translation,
and the biosynthesis of CoQ10 and LA. We identified
three individuals who originate from different ethnic
groups and share striking similarities both biochemically
and clinically, consistent with the degree of residual
SAM-import capacity. Surprisingly, even though we stud-
ied SAMC-null samples, we detected some degree of
intra-mitochondrial methylation, suggesting that other
forms of methylation or recycling of methyl groups origi-
nating from imported methylated proteins might occur
within mitochondria.
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COQ4 Mutations Cause a Broad Spectrum
of Mitochondrial Disorders Associated
with CoQ10 Deficiency

Gloria Brea-Calvo,1,20 Tobias B. Haack,2,3,20 Daniela Karall,4,20 Akira Ohtake,5 Federica Invernizzi,6

Rosalba Carrozzo,7 Laura Kremer,2,3 Sabrina Dusi,6 Christine Fauth,8 Sabine Scholl-Bürgi,4

Elisabeth Graf,2,3 Uwe Ahting,2,3 Nicoletta Resta,9 Nicola Laforgia,10 Daniela Verrigni,7

Yasushi Okazaki,11,12 Masakazu Kohda,11 Diego Martinelli,13 Peter Freisinger,14 Tim M. Strom,2,3

Thomas Meitinger,2,3 Costanza Lamperti,6 Atilano Lacson,15 Placido Navas,1 Johannes A. Mayr,16

Enrico Bertini,7,21 Kei Murayama,17,18,21 Massimo Zeviani,19,21 Holger Prokisch,2,3,21,*
and Daniele Ghezzi6,21,*

Primary coenzyme Q10 (CoQ10) deficiencies are rare, clinically heterogeneous disorders caused by mutations in several genes encoding

proteins involved in CoQ10 biosynthesis. CoQ10 is an essential component of the electron transport chain (ETC), where it shuttles elec-

trons from complex I or II to complex III. By whole-exome sequencing, we identified five individuals carrying biallelic mutations

in COQ4. The precise function of human COQ4 is not known, but it seems to play a structural role in stabilizing a multiheteromeric

complex that contains most of the CoQ10 biosynthetic enzymes. The clinical phenotypes of the five subjects varied widely, but four

had a prenatal or perinatal onset with early fatal outcome. Two unrelated individuals presented with severe hypotonia, bradycardia,

respiratory insufficiency, and heart failure; two sisters showed antenatal cerebellar hypoplasia, neonatal respiratory-distress syndrome,

and epileptic encephalopathy. The fifth subject had an early-onset but slowly progressive clinical course dominated by neurological dete-

rioration with hardly any involvement of other organs. All available specimens from affected subjects showed reduced amounts of

CoQ10 and often displayed a decrease in CoQ10-dependent ETC complex activities. The pathogenic role of all identified mutations

was experimentally validated in a recombinant yeast model; oxidative growth, strongly impaired in strains lacking COQ4, was corrected

by expression of human wild-type COQ4 cDNA but failed to be corrected by expression of COQ4 cDNAs with any of the mutations iden-

tified in affected subjects. COQ4mutations are responsible for early-onset mitochondrial diseases with heterogeneous clinical presenta-

tions and associated with CoQ10 deficiency.

Coenzyme Q (CoQ), or ubiquinone, is a lipophilic com-
ponent of the electron transport chain (ETC), where it
shuttles electrons derived from NADH and FADH2 to ETC
complex III (cIII) or ubiquinone-cytochrome c reductase.
The main electron donors to CoQ are ETC complexes I
(cI) and II (cII) but also include other mitochondrial flavo-
proteins, for instance, electron transfer flavoprotein-ubi-
quinone oxidoreductase, mitochondrial (ETF-dehydroge-
nase [ETFDH]), which is the terminal component of fatty
acid b-oxidation and branched-chain amino acid oxida-

tion pathways. CoQ can also act as an antioxidant and a
membrane stabilizer, is a cofactor of additional mitochon-
drial enzymes (e.g., uncoupling protein UCP1),1,2 and
plays an indispensable role in the de novo pyrimidine
biosynthesis as the electron acceptor from dihydroorotate
dehydrogenase.3–5

CoQ is a 1,4-benzoquinone with a tail of 10 isoprenyl
units in humans (CoQ10) but of variable length in other
species (e.g., CoQ6 in yeast). The synthesis of the iso-
prenoid moieties proceeds via either mevalonate or
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2-C-methyl-D-erythritol 4-phosphate pathways, whereas
the aromatic precursor of the CoQ benzoquinone ring is
p-hydroxybenzoate, derived from tyrosine.6 After the iso-
prenoid ‘‘tail’’ is bound to the aromatic ‘‘head,’’ the ring
undergoes sequential modification. At least ten enzymes
participate in CoQ biosynthesis; in yeast, and possibly
mammals as well, these enzymes are all localized in
mitochondria.
Primary CoQ10 deficiency is the biochemical signature

of a group of rare, clinically heterogeneous autosomal-
recessive disorders caused by mutations in several genes
encoding proteins involved in CoQ10 biosynthesis.

7 Muta-
tions in COQ2 (MIM 609825), COQ6 (MIM 614647),
ADCK3 (COQ8 [MIM 606980]), ADCK4 (MIM 615573),
COQ9 (MIM 612837), PDSS1 (MIM 607429), and PDSS2
(MIM 610564) have been reported in subjects with severe
infantile mitochondrial syndromes associated with severe
tissue CoQ10 deficiency, whereas the genetic bases under-
pinning adult-onset CoQ10 deficiency remain mostly un-
defined.8,9 COQ4 (MIM 612898) codes for a ubiquitously
expressed 265-amino-acid protein that is peripherally asso-
ciated with themitochondrial inner membrane on thema-
trix side;10 the precise function of human COQ4 is not
known, but the yeast ortholog seems to play a structural

role crucial in the stabilization of a multiheteromeric com-
plex including several, if not all, of the CoQ biosynthetic
enzymes.11

We report here the identification of pathogenic biallelic
COQ4 mutations in a total of five individuals from four
families; these subjects were part of a cohort of severemito-
chondrial cases where the CoQ10 defect was not antici-
pated. The family pedigrees are shown in Figure 1A.
Subject 1 (S1; II-3, family 1), a boy, was the third of four

siblings and was born to healthy, non-consanguineous
Italian parents after an uncomplicated pregnancy and
elective cesarean delivery. His oldest sister (II-1), who pre-
sented with bradycardia and hypotonia, died at birth,
and his 16-year-old second sister and his 5-year-old brother
are alive and well. At birth, S1 had a weight of 3,410 g, a
length of 49.5 cm, and a head circumference of 34.5 cm.
Apgar scores were 7 and 10 at 1 and 5 min after birth,
respectively. At birth, his condition appeared critical, given
that he showed severe hypotonia, areflexia, acrocyanosis,
bradycardia, and respiratory insufficiency. Ultrasound ex-
amination revealed markedly decreased motility of the
left ventricle with an ejection fraction of 20%–25%. No
evidence of hepatic or renal impairment was observed. Do-
butamine infusion via an umbilical venous catheter was

A

B

C (p.Leu52Ser)100 bp

1,000 bp

(1,597 bp)

c.190C>T (p.Pro64Ser)

c.421C>T (p.Arg141*)

c.718C>T (p.Arg240Cys)

c.433C>G (p.Arg145Gly)

c.521_523del (p
.Thr174del)

Figure 1. Pedigrees of Investigated Families and COQ4 Structure and Conservation of Identified Mutations
(A) Pedigrees of four families affected bymutations in COQ4. Themutation status of affected and unaffected familymembers is indicated
by closed and open symbols, respectively.
(B) COQ4 structure showing the identifiedmutations. The structure of the gene product, COQ4, is also shown with known domains and
localization and conservation of amino acid residues affected by the mutations. Intronic regions are not drawn to scale.
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ineffective, and the baby died 4 hr after birth. His blood
glucose level was normal, as were renal and hepatic param-
eters; plasma creatine kinase was moderately elevated
(861 U/l; normal value [n.v.] < 400), and blood lactate
was extremely high (20.1 mM; n.v. < 2). Analysis of uri-
nary organic acids showed elevated levels of 2-OH glutaric
acid, whereas plasma and urinary amino acids were within
normal ranges. The autopsy examination revealed left ven-
tricular hypoplasia with septum hypertrophy and a patent
ductus arteriosus. No brain examination was performed.
The activities of the ETC complexes in autoptic skeletal-

muscle homogenate showed severe defects of both coupled
cIþcIII and cIIþcIII reactions, normalized to citrate syn-
thase (CS), and a decrease in CS-normalized cI (Table 1).
In both liver and cultured fibroblasts, the CS-normalized
activities of each of the individual ETC complexes were
in the control range. Although the coupled cIþcIII activity
cannot be reliably assayed in cultured cells,12 the coupled
cIIþcIII activity was clearly decreased in S1 fibroblasts
(65% of the control mean).
S2 (II-1, family 2) was born at the 34th week of gestation

and was the female first child of non-consanguineous
Japanese parents. Her birth weight was 1,120 g ("2.2 SDs).
Apgar scores were 7 and 8 at 1 and 5 minutes after birth,
respectively. There was no family history of neurological
or cardiac disease. The pregnancywas complicated by severe
intrauterine growth delay and ultrasound-documented hy-
pertrophic cardiomyopathy. On S2’s first day of life, she
became apnoeic and was intubated as a result of respiratory
failure. She initially displayed moderate lactic acidosis,
but soon after her admission to Neonatal Medical Center,
her lactic acidosis rapidly worsened (blood lactate ¼ 11.2–
18.8 mM; n.v. < 2); her hypertrophic cardiomyopathy
evolved into severe heart failure, leading to death at the
age of 1 day.
Themetabolic profile (urinary and plasmatic amino acids,

organic acids, and acylcarnitines) showed no significant
findings. A liver autoptic specimen showed a severe defi-
ciency of cI (cI/CS ratio ¼ 2.9%); autoptic skeletal-muscle
homogenate also showed a cI deficiency together with less
pronounced reductions of other ETC complexes (Table 1).

Sisters S3 (II-1, family 3) and S4 (II-3, family 3) are the
first and third, respectively, of three siblings and were
born to healthy, non-consanguineous Austrian parents.
Their brother (II-2) is a healthy, unaffected boy. S3 and
S4 were born prematurely at gestational ages of 32 weeks
(birth weight ¼ 1,550 g) and 34 weeks (birth weight ¼
2,170 g), respectively.
Performed at the 20th week of gestation, prenatal organ

screening of S3 revealed a suspected malformation of the
cerebellum. A postnatal cranial ultrasound showed cere-
bellar hypoplasia. After birth, she showed distal arthrogry-
posis, but no other dysmorphic features. At birth, she suf-
fered from respiratory-distress syndrome, and a few hours
later, a severe myoclonic epileptic encephalopathy ensued;
blood lactic acid at 36 hr of age was 6.4 mM and rose to
14 mM prior to her death by multiorgan failure on the
third day of life. Echocardiography showed a normal heart.
Metabolic investigations (amino acids in plasma, acyl-
carnitine profile, and standard newborn screening) were
essentially normal. Analysis of organic acids in urine
showed excretion of glycerol and 2-OH-glutarate. In frozen
postmortem muscle (obtained within 30 min after death),
ETC enzyme activities were slightly decreased (Table 1). An
autopsy of the brain revealed severe olivopontocerebellar
and thalamic hypoplasia and scattered cavitations in the
white matter; the visceral organs appeared normal for the
gestational age.
Six years later, prenatal organ screening of the sister, S4,

showed cerebellar hypoplasia, suggesting the same disease
as in S3. Similar to her sister, S4 suffered from neonatal res-
piratory distress. No dysmorphic features were present.
Echocardiography was normal. A cranial ultrasound con-
firmed cerebellar hypoplasia. Six hours after birth, epileptic
encephalopathy ensued; blood lactic acid was 3.5 mM at
2 hr of age and rose to 9 mM at death on the second
day of life. Metabolic investigations showed normal
newborn-screening results and a normal acylcarnitine pro-
file. Amino acids in plasma were grossly elevated but
showed no specific pattern. Analysis of urinary organic
acids showed excretion of a ‘‘mitochondrial dysfunctional
pattern’’ with malate, fumarate, and 2-OH-glutarate, as

Table 1. Mitochondrial ETC Activities in Muscle

Subject cI/CSa cIþIII/CSa cII/CSa cIIþIII/CSa cIII/CSa cIV/CSa CSb

Muscle biopsy S1c 36 24 N 34 N N 64

S2c 6 ND 42 43 10 30 57

S3 N N N 55 N 50 54

S4 145 N N N 222 189 109

S5 <5 ND N 30 50 N 65

Abbreviations are as follows: N, value in the control range; ND, not done; cI, complex I; cII, complex II; cIII, complex III; cIV, complex IV; cIþIII, coupled activity of
complexes I and III; and cIIþIII, coupled activity of complexes II and III. The analyses were performed in different laboratories, and the reference values are diverse
(they usually range between 60% and 140% of the mean control value). The values of ETC complex activities out of the control range (specific to each enzymatic
activity and to each laboratory) are reported.
aMean control value (%) of CS-normalized ETC complex activities.
bPercentage of mean control value.
cSample from autopsy.
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well as vitamin B6metabolites andN-acetyl-tyrosine. Anal-
ysis of frozen postmortem muscle showed elevated levels
of ETC activities (Table 1). In both girls, blood glucose con-
centration and renal and hepatic parameters were in the
normal range.
S5 (II-1, family 4) is an 18-year-old youngman and is the

only offspring of healthy Italian parents who deny consan-
guinity and originate from a medium-size town in south-
ern Italy. Pregnancy was normal, and delivery was via ce-
sarean section because of a podalic presentation. He was
born at term, and his weight at birth was 4,100 g. Weight
andmotor development were reportedly normal in his first
year of life, but he started to show slowly progressivemotor
deterioration after the age of 10 months, when he mani-
fested unsteadiness in maintaining acquired sitting posi-
tion. He achieved the ability to walk with a spastic ataxic
gait at 3 years of age but lost ambulation by 6 years of
age and has been wheelchair bound since then. At 12 years
of age, he started manifesting epileptic seizures in the form
of prolonged right-side hemiclonic seizures. MRI showed
bilateral increased signal intensity in fluid-attenuated-
inversion-recovery and T2-weighted sequences in both oc-
cipital-cortical and juxtacortical areas (Figures S1A–S1D).
Around the same period, he started to have swallowing dif-
ficulties. He was admitted for extensive investigation.
Thorough blood tests excluded liver and kidney involve-
ment and did not show lactic acidosis. A specific pattern
of organic aciduria was excluded. Electrophysiological ex-
amination showed a sensory motor polyneuropathy with
slowed conduction velocities. During a 5-year follow-up,
he showed a slowly progressive downhill course with
recurrent treatment-resistant seizures, worsened swallow-
ing impairment, progressive scoliosis, and cognitive deteri-
oration. A muscle biopsy was performed when he was
12 years old. Spectrophotometric assays of the ETC com-
plexes in muscle homogenate showed virtually undetect-
able cI/CS ratios and reduced cIIþcIII/CS and cIII/CS ratios.
The other ETC complex activities were within control
limits (Table 1). Since the age of 15 years, he has used a
percutaneous-endoscopic-gastronomy tube and has devel-
oped severe scoliosis with a Cobb angle of 75$. Control
MRI performed when he was 17 years old showed cere-
bellar atrophy, widening of ventricular brain spaces, and
scars from cortical necrotic lesions in both occipital areas
(Figures S1E–S1H).
In agreement with the Declaration of Helsinki, informed

consent for genetic and biochemical studies was signed by
the parents of all subjects, and the ethics committee of the
Technische Universität München approved the study.
We performed whole-exome sequencing (WES) to inves-

tigate the molecular bases of the mitochondrial disease
presentations of S1, S4, and S5, as described previously.13

Coding DNA sequences were enriched with a SureSelect
Human All Exon 50 Mb V4 or V5 Kit (Agilent) and subse-
quently sequenced on a HiSeq2500 system (Illumina).
Read alignment to the human reference assembly (UCSC
Genome Browser hg19) was done with the Burrows-

Wheeler Aligner (version 0.7.5), and single-nucleotide var-
iants and small insertions and deletions were identified
with SAMtools (version 0.1.19). On the basis of the rare dis-
ease phenotype and a pattern concordant with autosomal-
recessive inheritance, we sought genes carrying rare (minor
allele frequency [MAF] < 0.1% in 4,500 control exomes)
variants predicted to be compound heterozygous or homo-
zygous. We then prioritized variants in genes coding for
proteins with known or predicted mitochondrial localiza-
tion.14 This filtering strategy led to the identification of
recessive variants in COQ4, coding for a mitochondrial
protein involved in CoQ10 biosynthesis,10 in all three
subjects. In S2, we used the SeqCap EZ Library (version
1.0; Roche NimbleGen). Details on the bioinformatics
pipeline and variant filtering have been reported re-
cently.15 Sequencing statistics are provided in Table S1.
We identified COQ4 mutations (RefSeq accession num-

ber NM_016035.3) in four individuals (Figure 1). In S1,
we identified a homozygous missense variant, c.433C>G
(p.Arg145Gly). Both parents and a healthy sister are het-
erozygous carriers, and a healthy brother has two reference
alleles. No material was available from the deceased sister.
S2 was found to be compound heterozygous for a nonsense
variant on the paternal allele and a missense variant on
the maternal allele: c.[421C>T];[718C>T], p.[Arg141*];
[Arg240Cys]. S4 was found to be compound heterozygous
for a missense mutation and an exon 5 in-frame deletion:
c.[155T>C];[521_523delCCA], p.[Leu52Ser];[Thr174del].
Both variants were also confirmed in the DNA of S3,
whereas the parents are heterozygous for only one variant
each (the father carries the missense mutation, and the
mother carries the deletion). In S5, we identified a homo-
zygous mutation, c.190C>T (p.Pro64Ser). Both parents
are heterozygous for this mutation.
None of the identified variants are present in our exome

database, which contains 4,500 samples, or in public SNP
databases, including dbSNP, the NHLBI Exome Sequencing
Project Exome Variant Server, and the Exome Aggregation
Consortium (ExAC) Browser. The only exception is the
c.718C>T variant (rs143441644), which is reported to
have an extremely low frequency (MAF ¼ 0.00023; 28/
12,0330 alleles) in the ExAC Browser. Moreover, all
missense changes are predicted to be deleterious by several
bioinformatics tools (Table S2).
Because of the identified genetic defects, we tested

CoQ10 levels in available specimens from the subjects. In
a muscle biopsy from S1, we detected a clear reduction of
CoQ10 (32.9 nmol CoQ10/g protein; n.v. ¼ 101–183;
1.16 nmol CoQ10/CS; n.v. ¼ 1.75–3.46). In fibroblasts
from S1, the levels of CoQ10 were also lower than CoQ10

levels in neonatal control fibroblasts (54% of control
mean). In frozen muscle from S3, CoQ10 was reduced
(13.5 nmol CoQ10/g protein; n.v. ¼ 160–1,200; 0.3 nmol
CoQ10/CS; n.v. ¼ 2.7–7); in muscle from S4, CoQ10 was
profoundly reduced (25.7 nmol CoQ10/g protein; n.v. ¼
160–1,200; 0.1 nmol CoQ10/CS; n.v. ¼ 2.7–7), whereas in
S5 muscle, the amount of CoQ10 was slightly decreased
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(88.9 mg CoQ10/g protein; n.v. ¼ 101–183; 1.70 mg nmol
CoQ10/CS; n.v. ¼ 1.75–3.46) (Figure 2A). No residual sam-
ple from the muscle biopsy of S2 was available. Together,
these findings are consistent with a deleterious role of
the mutations identified in COQ4.
By Seahorse micro-oxygraphy,16 we detected that

maximal respiratory rates were lower in S1, S4, and S5 fi-
broblasts than in control cells (Figure 2B). Moreover, a
drastic decrease in the amount of COQ4 was detected by
immunoblot analysis in S1, S4, and S5 fibroblasts (Fig-
ure 2C), confirming that the identified COQ4 nucleotide
variants are deleterious.
The Saccharomyces cerevisiae ortholog of human COQ4 is

yCOQ4; yCOQ4-null strains have been reported to be effec-
tively complemented by human COQ4.10 In order to func-
tionally test the effect of all the mutations found in our
cohort, we transformed a COQ4-null strain (Dcoq4) by in-
serting the following hCOQ4 variants into the multicopy
pYES2.1 vector: pYES:hCOQ4WT (human wild-type [WT]),
pYES2.1 (empty vector), pYES:yCOQ4WT (positive con-
trol), pYES:hcoq4p.Arg145Gly (mutation c.433C>G), pYES:
hcoq4p.Arg141* (c.421C>T), pYES:hcoq4p.Arg240Cys (c.718C
>T), pYES:hcoq4p.Leu52Ser (c.155T>C), pYES:hcoq4p.Thr174del

(c.521_523delCCA), and pYES:hcoq4p.Pro64Ser (c.190C>T).
In addition, to replicate the compound-heterozygous con-
dition found in probands of families 2 and 3, we trans-
formed the Dcoq4 strain via a pYES construct harboring
both the c.155T>C and the c.521_523delCCA mutations
(pYES:hcoq4p.Leu52Ser/p.Thr174del) and a pYES construct ex-
pressing the c.421C>T and c.718C>T mutations (pYES:
hcoq4p.Arg141*/p.Arg240Cys). A WT strain transformed with
the pYES2.1 empty vector was also included as an addi-
tional control. In order to reveal a possible respiratory
defect, we compared the growth of our transformant
strains cultured in either glucose (a fermentable carbon
source) or glycerol (a non-fermentable carbon source) after

inducing gene expression with galactose for 4 hr. Notably,
whereas the growth of the pYES2.1:hCOQ4WT transformant
strain was comparable to that of the pYES2.1:yCOQ4WT

transformant strain, the strains transformed with the
hCOQ4 mutant vectors grew as slowly as that transformed
with pYES2.1 (Figure 3A). This result clearly indicates that
each mutation reported in our probands leads to a virtually
complete loss of function of the corresponding protein,
COQ4. Next, we found that the CoQ6 content in one
Dcoq4 mutant strain, hcoq4p.Arg145Gly, was markedly dec-
reased, whereas Dcoq4 strains transformed with either
pYES2.1:yCOQ4 or pYES2.1:hCOQ4hadCoQ6 levels similar
to those in the WT strain (Figure 3B). This result indicates
that mutant hcoq4p.Arg145Gly impairs CoQ biosynthesis.
Primary CoQ10 deficiency, caused by genetic defects in

CoQ10 biosynthesis, is a clinically heterogeneous condition
associated with a spectrum of different phenotypes, in-
cluding encephalomyopathic forms with seizures and/or
ataxia,17–19 multisystem infantile forms with encephalo-
myopathy and renal failure,20 nephrotic syndrome with
sensorineural deafness,21,22 adult Leigh syndrome,23 and
isolated myopathic forms.24 Mutations in seven genes
encoding proteins involved in CoQ10 biosynthesis have
been reported in single families or in a few singleton
cases;25 the genetic defect has not been determined in
most of the cases of CoQ10 deficiency, and only a few
data are available regarding specific genotype-phenotype
correlations. Secondary CoQ10 deficiency has been reported
in association with glutaric aciduria type IIC (MIM
231680), caused by mutations in ETFDH (MIM 231675; en-
coding electron-transfer dehydrogenase); ataxia-oculomo-
tor apraxia syndrome (MIM 208920), caused by mutations
in APTX (MIM 606350; encoding aprataxin); a cardio-
facio-cutaneous syndrome caused by a mutation in BRAF
(MIM 115150; encoding serine/threonine-protein kinase
B-Raf)26; and glucose transporter GLUT1 deficiency.27
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Figure 2. Biochemical Studies in COQ4
Mutant Muscle and Fibroblasts
(A) CoQ10 in muscle from affected subjects
S1 and S3–S5 is reported as a percentage of
the mean of control values (the analyses
were performed in different laboratories,
and the reference values are diverse; see
text). Data are reported after normaliza-
tion to protein content or CS activity.
(B) Maximal respiration rate (MRR)
measured in fibroblasts from subjects S1,
S4, and S5; MRR values are expressed as
percentages of MRR values obtained in
control fibroblasts. The graphs represent
the mean values from two independent
experiments, each with six to eight repli-
cates. Error bars represent the SD.
(C) Immunoblot analysis of COQ4 in fi-
broblasts from subjects S1, S4, and S5 and
control individuals (Ct). Arrowheads indi-
cate the band corresponding to COQ4.
An antibody against tubulin was used as
a loading control.

The American Journal of Human Genetics 96, 309–317, February 5, 2015 313



Interestingly, although the mechanisms linking these het-
erogeneous genetic conditions to a decrease in CoQ10

remain obscure, most of these individuals benefitted from
CoQ10 supplementation.28,29

We found six COQ4 mutations in five affected sub-
jects from four unrelated families. All these individuals car-
ried homozygous or compound-heterozygous mutations,
clearly indicating that the resulting disease is an auto-
somal-recessive trait. Two alleles carried nonsense muta-
tions, which are both transmitted by descent in com-
bination with missense COQ4 mutations to different
individuals (S2 and sisters S3 and S4) and are predicted to
lead to a truncated and aberrant COQ4. Given that the het-
erozygous parents carrying the nonsense mutations are
alive and well, it is unlikely that COQ4 haploinsufficiency
is pathogenic, even though a previous study reported on a
boy carrying a de novo heterozygous deletion, including
COQ4, in chromosomal region 9q34.30 Because the biosyn-
thetic pathway of CoQ is conserved throughout evolution
from human to Saccharomyces cerevisiae, we modeled in
yeast the mutations found in our subjects. Using this sys-
tem, we demonstrated that each mutation, or the allelic
combinations found in S2 and siblings S3 and S4, was asso-
ciated with a severe defect of oxidative growth. In parallel,
we also showed that COQ4was strongly reduced inmutant
fibroblast cell lines from S1, S4, and S5. In the skeletal mus-
cle of S1 and S3–S5, the CoQ10 content was reduced as well.
Taken together, these results demonstrate the pathogenic
role of the COQ4 mutations found in our cohort.
In keeping with the essential role of COQ4, four of our

five subjects had a prenatal or perinatal onset with a fatal
outcome in the first days of life. S1 and S2 presented

with severe hypotonia, bradycardia, and respiratory in-
sufficiency at birth; in S2, hypertrophic cardiomyopathy
had been evident since fetal development. A markedly
different, albeit equally severe, clinical presentation domi-
nated by premature delivery, antenatal cerebellar hypopla-
sia, neonatal respiratory-distress syndrome, and epileptic
encephalopathy characterized sisters S3 and S4. Rapidly
progressive, severe lactic acidosis was a common feature
in all four affected newborn subjects and is likely to have
determined their fatal outcome. Involvement of the heart
has been very rarely documented in CoQ10-deficient sub-
jects, often as part of multisystem phenotypes, where car-
diomyopathy develops later than brain, muscle, or kidney
impairment.20 For instance, a homozygous nonsense mu-
tation in COQ9 was described in a baby who presented
with neonatal lactic acidosis and later developed hypertro-
phic cardiomyopathy as part of a multisystem disease
including intractable seizures, global developmental delay,
and renal tubular dysfunction.9 In spite of his early onset,
the clinical course of S5 was slowly progressive and domi-
nated by neurological deterioration with hardly any
involvement of other organs, including the heart and
kidneys.
Although the link between specific genetic defects and

phenotypes is often unclear inmitochondrial disorders, or-
gans with the highest energy requirements, such as the
heart, kidneys, and brain, have the highest CoQ10 concen-
trations31 and are the most frequently affected by CoQ10

deficiency. The level of expression of COQ genes in
different cells seems to correlate poorly with the primarily
affected tissue or organ; for instance, COQ2, mutations of
which typically cause renal impairment, has expression

Figure 3. Yeast Studies
(A) Glycerol (YPG) growth of transformed DCOQ4 yeast with the different mutated versions of human COQ4 (pYES2.1, empty vector;
hCOQ4, pYES:hCOQ4WT; yCOQ4, pYES:yCOQ4WT; c.433C>G, pYES:hcoq4p.Arg145Gly; c.421C>T, pYES:hcoq4p.Arg141*; c.718C>T, pYES:
hcoq4p.Arg240Cys; c.155T>C, pYES:hcoq4p.Leu52Ser; c.521_523delCCA, pYES:hcoq4p.Thr174del; c.190C>T, pYES:hcoq4p.Pro64Ser; c.155T>C
and c.521_523delCCA, pYES:hcoq4p.Leu52Ser/p.Thr174del; and c.421C>T and c.718C>T, pYES:hcoq4p.Arg141*/p.Arg240Cys). WT indicates the
wild-type yeast transformed with the YES2.1 empty vector. Cells were grown in selective medium for 16 hr, induced in galactose for
4 hr, and inoculated in YPG at 0.1 U of optical density (OD) at 600 nm. Growth at 30$C was monitored over 5 days by measurement
of OD cultures at 600 nm.
(B) Yeast mitochondrial CoQ6 levels. Purified mitochondria lipid extraction and high-performance-liquid-chromatography quantifica-
tion of CoQ6 was performed in the DCOQ4 strain transformed with the empty vector (pYES2.1), WT yeast (yCOQ4), or human (hCOQ4)
or hcoq4p.Arg145Gly (c.433C>G) COQ4 genes. AWTstrain transformed with the empty vector was included as a positive control. Error bars
represent the SD.
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levels that are relatively higher in skeletal muscle and the
heart than in other organs,32 whereas COQ4, mutated in
our subjects with cardiac or brain failure, is ubiquitously
expressed and has relatively higher levels in the liver,
lungs, and pancreas.
Because cardiomyocytes have a remarkably high energy

requirement, and cardiomyopathy is quite common in in-
dividuals with various inherited mitochondrial disorders,
the cardiac involvement in subjects with mutations in
COQ genes can be overlooked. Indeed, the crucial role of
CoQ10 in cardiomyocyte function has been recognized
for a very long time; for instance, myocardial biopsies
from individuals with congestive heart failure33 or cardio-
myopathy34,35 show low CoQ10 levels, which correlate
with the severity of heart damage.36 Moreover, statins,
cholesterol-lowering drugs that inhibit HMG-CoA reduc-
tase (the key enzyme common to the biosynthesis of
both cholesterol and CoQ10) can cause CoQ10 deficiency,
ultimately leading to cardiomyopathy;37 interestingly,
this harmful side effect can be overcome by oral CoQ10

supplementation.38 Moreover, long-term CoQ10 treat-
ment of individuals with chronic heart failure is safe,
improves symptoms, and reduces major adverse car-
diovascular events.39 These observations all converge
on a strict association between CoQ10 deficiency and
cardiomyopathy.
Notably, S3–S5 showed no sign of heart involvement,

whereas the clinical phenotype was dominated by enceph-
alopathy with seizures and a more progressive, but mainly
neurological, syndrome is the clinical hallmark of S5, indi-
cating the heterogeneity of the clinical presentations asso-
ciated with COQ4 defects. The variable specificity of organ
failure (e.g., heart versus brain) in the neonatal cases of our
cohort could be due to the fulminant course of the disease,
which prevented the deployment of multisystem involve-
ment. In support of this view, although cardiomyopathy
dominated the clinical picture, the presence of severe hy-
potonia and hyporeflexia suggests concomitant involve-
ment of the nervous system in S1 and S2 as well. Clinical
heterogeneity was accompanied by an equally striking
variability of the biochemical findings, which ranged
from multiple (S1 and S5) to isolated (S2 and S3) ETC de-
fects in muscle and fibroblasts to hardly any detectable
defect at all (S4). This biochemical diversity could be due
to differences in individual adaptive responses to reduced
CoQ10 availability or could reflect the striking tissue spec-
ificity observed in the clinical presentations, but at the
moment, a mechanistic explanation for these observations
is lacking. Poor correlation with the clinical and biochem-
ical phenotypes has also been reported for other genes
related to CoQ10 biosynthesis. For instance, mutations in
COQ2, the first mutated gene identified in affected individ-
uals with primary CoQ10 deficiency, have been associated
with a wide range of clinical presentations, often including
nephrotic syndrome but also including fatal neonatal mul-
tisystemic disorder, Leigh syndrome, myoclonic epilepsy,
hypertrophic cardiomyopathy, deafness, and adult-onset

multisystem atrophy.25,40 In any case, the identification
of COQ4 mutations in subjects with such a wide spectrum
of clinical and biochemical abnormalities is a further indi-
cation of the advantage of unbiased screening such asWES
for the identification of genes newly associated with mito-
chondrial disorders.
Unfortunately, the fulminant fatal outcome in S1–S4

was so rapid that it prevented both the diagnosis of
CoQ10 deficiency and the start of CoQ10 supplementation.
Prompt diagnosis is a main challenge for syndromes of pri-
mary CoQ10 deficiency but is very important given that
co-factor deficiencies are virtually the only group of mito-
chondrial disorders for which beneficial pharmacological
treatment is currently available. Treatment of the long-sur-
viving subject, S5, has now started and will hopefully pro-
vide some useful indication of its efficacy in the near
future.
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Abstract

Objective: Short-chain enoyl-CoA hydratase (ECHS1) is a multifunctional
mitochondrial matrix enzyme that is involved in the oxidation of fatty acids
and essential amino acids such as valine. Here, we describe the broad pheno-
typic spectrum and pathobiochemistry of individuals with autosomal-recessive
ECHS1 deficiency. Methods: Using exome sequencing, we identified ten unre-
lated individuals carrying compound heterozygous or homozygous mutations
in ECHS1. Functional investigations in patient-derived fibroblast cell lines
included immunoblotting, enzyme activity measurement, and a palmitate load-
ing assay. Results: Patients showed a heterogeneous phenotype with disease
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onset in the first year of life and course ranging from neonatal death to survival
into adulthood. The most prominent clinical features were encephalopathy (10/
10), deafness (9/9), epilepsy (6/9), optic atrophy (6/10), and cardiomyopathy
(4/10). Serum lactate was elevated and brain magnetic resonance imaging
showed white matter changes or a Leigh-like pattern resembling disorders of
mitochondrial energy metabolism. Analysis of patients’ fibroblast cell lines (6/
10) provided further evidence for the pathogenicity of the respective mutations
by showing reduced ECHS1 protein levels and reduced 2-enoyl-CoA hydratase
activity. While serum acylcarnitine profiles were largely normal, in vitro palmi-
tate loading of patient fibroblasts revealed increased butyrylcarnitine, unmask-
ing the functional defect in mitochondrial b-oxidation of short-chain fatty
acids. Urinary excretion of 2-methyl-2,3-dihydroxybutyrate – a potential deriva-
tive of acryloyl-CoA in the valine catabolic pathway – was significantly
increased, indicating impaired valine oxidation. Interpretation: In conclusion,
we define the phenotypic spectrum of a new syndrome caused by ECHS1 defi-
ciency. We speculate that both the b-oxidation defect and the block in L-valine
metabolism, with accumulation of toxic methacrylyl-CoA and acryloyl-CoA,
contribute to the disorder that may be amenable to metabolic treatment
approaches.
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Introduction

Short-chain enoyl-CoA hydratase (ECHS1, synonym:
crotonase, EC 4.2.1.17), encoded by ECHS1 (cytogenetic
location: 10q26.3; GenBank accession number:
NM_004092.3; OMIM*602292), is a mitochondrial matrix
enzyme that catalyzes the second step of the b-oxidation
spiral of fatty acids, that is, the hydration of chain-short-
ened a,b-unsaturated enoyl-CoA thioesters to produce
b-hydroxyacyl-CoA.1 For each turn of this spiral pathway,
one acetyl-CoA molecule is released and utilized for either
the formation of citrate (tricarboxylic acid [TCA] cycle) or
ketone bodies (ketogenesis). Decreased activity of mito-
chondrial b-oxidation of fatty acids thus decreases the for-
mation of important energy substrates. Decreased
formation of acetyl-CoA results in increased susceptibility
to energy deficiency during catabolic states and to the dys-
function of organs that particularly rely on fatty acids and
ketone bodies as their energy source (e.g., cardiac tissue).
In addition, decreased formation of acetyl-CoA, and hence
limited availability of acetate, hampers myelination
because acetate is required for cholesterol biosynthesis.
Moreover, decreased formation of acetyl-CoA may hamper
posttranslational acetylation of mitochondrial proteins, a
mechanism that is emerging as a critical regulator of mito-
chondrial function.2 Evidence is increasing that ECHS1
has a wide substrate specificity and thus also plays an
important role in amino acid catabolism, in particular of
valine, where it converts methacrylyl-CoA to (S)-3-hy-
droxyisobutyryl-CoA and acryloyl-CoA to 3-hydroxypro-

pionyl-CoA (Fig. 1), the fourth step of valine oxidation.3

Accumulation of toxic methacrylyl-CoA and acryloyl-CoA,
two highly reactive intermediates that spontaneously react
with sulfhydryl groups of, for example, cysteine and
cysteamine, is suspected to cause brain pathology and
biochemical phenotype in b-hydroxyisobutyryl-CoA
hydrolase (HIBCH) deficiency, a disorder of the fifth step
of valine oxidation with a Leigh-like phenotype and defi-
ciency of multiple mitochondrial enzymes.4,5 Very
recently, ECHS1 mutations were reported in two siblings
with Leigh disease and remarkable clinical and biochemical
similarities to HIBCH deficiency.6 Both presented soon
after birth with generalized hypotonia, poor feeding,
respiratory insufficiency, and developmental delay. They
suffered a severe clinical course and died at the age of 4
and 8 months.
Here, we report 10 unrelated individuals, identified by

exome sequencing, who carry compound heterozygous or
homozygous ECHS1 mutations and present with a combi-
nation of (Leigh-like) mitochondrial encephalopathy,
deafness, epilepsy, optic nerve atrophy, and cardiomyopa-
thy. This work confirms ECHS1 mutations as a cause of
mitochondrial disease, and defines the broad phenotypic
spectrum of this new disorder which ranges from fatal
neonatal courses to survival into adulthood.

Patients and Methods

Written informed consent was obtained from all patients
investigated or their guardians and the ethics committee

Figure 1. Short-chain enoyl-CoA hydratase (ECHS1) functions. Proposed functions of ECHS1 in the mitochondrial amino acid and fatty acid

metabolism with illustration of the level of HIBCH (3-hydroxyisobutyryl-CoA hydrolase) deficiency.
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of the Technische Universit€at M€unchen approved the
study. The patients tested positive for ECHS1 mutations
are part of a large cohort of cases with suspected mito-
chondrial disorders. DNA samples have been collected
for genetic analyses in three different centers including
Bern (Switzerland, 47 cases including family F2), Saitam-
a (Japan, 180 cases including families F1 and F6), and
Munich (Germany, 435 cases including families F3-5
and 7-10; Fig. 2). Clinical and biochemical findings of
ECHS1 mutation-positive patients are summarized in
Table 1 and representative abnormal magnetic resonance
imaging (MRI) findings are shown in Figure 3. In addi-
tion, we report on four older siblings who have died
undiagnosed with a clinical picture similar to the mito-
chondrial encephalocardiomyopathy described in their
younger siblings with a confirmed diagnosis of ECHS1
deficiency.

Regarding terminology, we avoided the term “Leigh syn-
drome” or “Leigh-like syndrome” for the whole group of
our patients with ECHS1 deficiency, because these are ill-
defined entities and many of our patients did not fulfill the
criteria suggested by Rahman et al.7 In those individual
cases that fulfilled the definition by Rahman, we preferred
to use the more neutral term “Leigh-like syndrome” or
“Leigh-like pattern in MRI”.

Case reports

Patient #346 (F1, II:2, c.[176A>G];[476A>G], p.[Asn59-
Ser];[Gln159Arg]), a girl, was born after a normal preg-
nancy at 39 weeks of gestation with normal birth
measurements (weight 2935 g, length 50.5 cm) as the sec-
ond child of unrelated Japanese and American parents.
Soon after birth, she was admitted to a neonatal medical
center for severe respiratory and cardiac failure with
hypertrophic cardiomyopathy (HCM) and suspected deaf-
ness. There was profound lactic acidosis in blood (21–
43 mmol/L, lower limit of normal 1.8 mmol/L), but met-
abolic profiling (amino acid analysis, urine organic acid
analysis, acylcarnitine analysis) was unremarkable. Brain
MRI at day 8 showed low intensity in cerebral white mat-
ter, and moderate brain atrophy at day 58. She died at
the age of 4 months and autopsy was performed. Respira-
tory chain analysis showed mild deficiency of complex I
in liver, but normal activities in muscle and heart. Her
older sister died due to respiratory failure and severe lac-
tic acidosis on her first day of life.

Patient #42031 (F2, II:1, c.[197T>C];[449A>G],
p.[Ile66Thr];[Asp150Gly]), a boy, is the first child of
healthy nonconsanguineous Swiss parents. After a nor-
mal pregnancy, he was born at 42 weeks of gestation
with normal birth measurements. Postnatally, he devel-
oped lactic acidosis and neonatal seizures. Analysis of

fibroblasts showed reduced pyruvate oxidation compati-
ble with a complex I or pyruvate dehydrogenase defect,
whereas enzymatic activities of the respiratory chain in
muscle and fibroblasts were normal. These findings led
to a therapeutic trial with ketogenic diet. The diet was
stopped after a few months as no clinical response was
observed. At 5 months of age, he had severely delayed
motor development, hardly any head control, severe
truncal hypotonia and intermittent episodes of opisthot-
onus. There was no reaction to visual or auditory stim-
uli. Despite gastric tube feeding, the child was severely
underweight (!2.8 SD), of short stature (!3.4 SD), and
microcephalic (!4.9 SD).
Laboratory investigation revealed persistently elevated

lactate (2.4–6.0 mmol/L), mildly elevated CK and repeat-
edly normal acylcarnitines. Repeated electroencephalo-
grams did not show epileptic discharges. Brain MRI at
age 17 days showed normal myelinisation but symmetri-
cal punctiform hyperintensities in the centrum semiovale.
MR spectroscopy of basal ganglia showed elevated lactate.
Ophthalmological examination suggested bilateral optic
atrophy, and acoustic evoked potentials confirmed severe
sensorineural deafness. At the age of 11 months, the child
was found dead in his bed. Autopsy revealed morphologi-
cal and histological findings of subacute necrotizing
encephalopathy (Fig. 3E) and massive left ventricular
hypertrophy.
Patient #68552 (F3, II:6, c.[476A>G];[476A>G],

p.[Gln159Arg];[Gln159Arg]), a girl, is the sixth child of
first cousins of Pakistani origin. Shortly after birth, the
infant was found hypotonic with poor feeding and with
high lactate (5.1 mmol/L). She was extremely irritable
and had episodes of stiffness but electroencephalography
(EEG) was normal. Even so, the baby was started on an-
tiepileptic drug therapy as well as on baclofen. She was
fed continuously by nasogastric tube. She showed no
developmental progress nor developed any meaningful
interaction with her environment and her irritability
worsened episodically. Palliative care was instituted and
she died aged 2 years and 4 months.
Brain MRI showed symmetrical white matter changes

with a periventricular focus and extension into the subcor-
tical areas of the frontal and parietal lobes. The thalami as
well as the caudate and lentiform nuclei appeared normal.
MR spectroscopy of basal ganglia showed no obvious
lactate peak. Neonatal adrenoleukodystrophy, biotinidase
deficiency, Krabbe disease, GM1 gangliosidosis and meta-
chromatic leukodystrophy were excluded biochemically.
There were no significant abnormalities of acylcarnitines,
organic acids, glycosaminoglycans, oligosaccharides or
amino acids (except a raised alanine in keeping with lactic
acidosis). Invasive investigations such as muscle biopsy
were refused.
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Figure 2. Pedigrees of investigated families and short-chain enoyl-CoA hydratase (ECHS1) structure and conservation of identified mutations. (A)

Pedigrees of 10 families with mutations in ECHS1. Mutation status of affected (closed symbols) and unaffected (open symbols) family members.

(B) Gene structure of ECHS1 with known protein domains of the gene product and localization and conservation of amino acid residues affected

by mutations. Intronic regions are not drawn to scale.
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Molecular genetic screening demonstrated a maternally
transmitted m.1555A>G MTRNR1 mtDNA mutation that
is characteristically associated with aminoglycoside-
induced hearing loss. This was not felt to be responsible
for the patient’s condition.
Three older siblings of this patient had congenital lactic

acidosis and died between the ages of 1 and 2 years. The
first two affected children were identical twin girls and
the third affected child was a boy. The history is identical
in all three children. They were all born at term via nor-
mal vaginal delivery. There was no history of birth
asphyxia and they were apparently well soon after birth.
They fed well initially but became symptomatic aged
between 1 and 2 days with generalized tonic-clonic sei-
zures. Subsequently, they had poor feeding and severe
developmental delay. The seizures were recurrent but well
controlled with anticonvulsants. They were tube-fed from
the first few days of life as they were unable to suck and
swallow effectively. They had severe developmental delay
from the outset and showed little evidence of develop-
ment during infancy. They always had a poor head con-
trol, poor eye contact, and a poor smile. They were never
able to reach out and their hearing was possibly impaired.
There was no history of dystonia and they were said to be
very hypertonic. There were no breathing problems
reported. They apparently had no renal tubular acidosis
but they required some treatment with bicarbonate for
metabolic acidosis (lactate levels of ~5.0 mmol/L). There
was no history of cardiac or liver involvement. The twin
girls died aged 2 years and the boy died aged 1 year. In
the twin girls, a diagnosis of complex I deficiency was
established on muscle biopsy respiratory chain enzyme
analysis. Testing of ECHS1 performed on newborn
screening bloodspots of the twin older siblings (F3, II:1
and II:2) confirmed that they were also homozygous for
the c.476A>G, p.Gln159Arg variant. The children were
treated with sodium bicarbonate, anticonvulsants, and a
mitochondrial vitamin cocktail as well as nasogastric tube
feeding. The family has two other healthy girls, now
teenagers.
Patient #68761 (F4, II:1, c.[161G>A(;)817A>G]

p.[Arg54His(;)Lys273Glu]), a boy, is the first child to
healthy unrelated parents from The Netherlands. After a
normal pregnancy, he was born at gestational age
39 + 1 weeks by Cesarean section on maternal indication
with a birth weight of 3990 g. Apgar scores were 8 after
1 min and 9 after 5 min. Mild generalized muscular
hypotonia was observed upon birth which was accompa-
nied by feeding problems until the age of 5 months.
Thereafter, his clinical condition declined and he devel-
oped severe encephalopathy with hardly any spontaneous
movements of the head and trunk, swallowing problems,
and episodes of inconsolable crying. He depended onT
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tube feeding and suffered from epilepsy with hypsarrhyth-
mia and multifocal epileptic activity in the EEG at the
age of 1 and 3 years.

On physical examination, he was unable to make con-
tact or follow objects, showed virtually no spontaneous
movements, but only dystonic movements of arms and
legs. Over the course of the disease axial hypotonia and
hypertonia of the limbs persisted, dystonic movements
diminished, and he did not make any developmental
progress. Laboratory tests showed chronic iron deficiency
leading to anemia. Physical examination at the age of
6 years showed microcephaly, scoliosis, and muscular
hypotonia. The child died at the age of 7.5 years due to
respiratory insufficiency in the course of a pulmonary
infection.

Brain MRI at the age of 1 year showed atrophy of cau-
date nuclei, corpus callosum, mesencephalon, and pons.
These changes were progressive at age 4 years showing
extensive white and gray matter brain atrophy, mainly in
frontal and temporal lobes bilaterally with subsequent
widening of the subarachnoid space and of ventricular
system. Brain MR spectroscopy showed an overall
decrease in NAA being most pronounced in the basal
ganglia but no elevation of lactate.

Cardiac ultrasound at the ages of 1 and 4 years showed
no structural or functional abnormalities. Biochemical
analysis of a skeletal muscle specimen showed normal
citrate synthase (CS)-adjusted activities of respiratory chain
complexes I–V but a decreased overall ATP production.
Pathogenic mutations of the mitochondrial DNA were
excluded by Sanger sequencing of DNA from muscle.

Patient #73663 (F5, II:3, c.[673T>C];[673T>C],
p.[Cys225Arg];[Cys225Arg]), a girl, was born at term as
the third child of consanguineous parents after normal
pregnancy and spontaneous vaginal delivery. On day 5,

she was admitted to hospital due to rapid loss of body
weight (24% below birth weight) and severe metabolic
acidosis (pH 6.86). Lactate, alanine, and ketone bodies
were also strongly increased leading to the suspicion of
an inherited disorder of mitochondrial energy metabo-
lism. Following this neonatal decompensation she showed
a severe global development delay, severe generalized
spastic tetraparesis, myoclonic epilepsy, and HCM. At age
16 months, she had a cardiac arrest following a diagnostic
muscle and skin biopsy. She survived after 45 min of car-
diopulmonary resuscitation but several complications
followed this event (ARDS, sepsis, aspiration pneumonia,
acute renal failure, and acute hepatic failure). At age
2.3 years she does not show active movement of arms
and legs and is not able to sit, stand or walk. She neither
speaks nor fixes or follows persons and objects. She reacts
to voices and noise.
Cranial MRI performed at age 13 months showed

delayed myelination, a thin corpus callosum, and T2 sig-
nal abnormalities in the periventricular white matter.
Lesions in putamen and globus pallidus were also found.
MR spectroscopy of gray and white matter was normal.
Metabolic work-up revealed elevated serum lactate (up to
8.5 mmol/L), moderately elevated plasma alanine (up to
630 lmol/L), slightly elevated ethylmalonic acid in urine
(60 mmol/mol creatinine), and intermittently low plasma
ketone bodies in preprandial state. Hyperuricemia was
found. Acylcarnitine profiling was normal. Radiometric
and single enzyme analysis of OXPHOS in frozen muscle
tissue did not confirm the suspected diagnosis of a mito-
chondrial disorder.
A brother of this girl has died at age 4 months during

an acute decompensation similar to that described above.
He also had severe developmental delay, elevated lactate
and metabolic acidosis. Similar to his younger sister, liver,

A C D EB

Figure 3. Spectrum of brain MRI and autopsy changes in ECHS1 patients. (A) MRI (T2) at age 8 days in individual F1, II:2 showing widespread

diffuse white matter changes and brain atrophy. (B) MRI (T2) at age 8 months in individual F6, II:1 (#376) showing brain atrophy and bilateral

symmetric signal hyperintensity in caput nucleus caudatus and putamen. (C) MRI (FLAIR) at age 2.2 years in individual F9, II:2 (#57277) showing

increased signal in putamen, globus pallidus and caput nucleus caudatus. (D) MRI (FLAIR) at age 15 years in individual F10, II:1 (#52236) showing

bilateral symmetric signal hyperintensity in caput nucleus caudatus and putamen. (E) Autopsy at age 11 months in individual F2, II:1 (#42031)

showing necrotizing encephalopathy of the caudate and lenticular nuclei. MRI, magnetic resonance imaging; ECHS1, short-chain enoyl-CoA

hydratase.
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skin, and muscle biopsy did not confirm a respiratory
chain defect in this child.

Patient #376 (F6, II:1, c.[98T>C];[176A>G], p.[Phe33-
Ser];[Asn59Ser]), a girl, was born after an uneventful
pregnancy at 39 weeks of gestation with normal birth
measurements (weight 3124 g, length 51 cm) as the first
child of unrelated Japanese parents. At the age of 2 days,
she had epileptic seizures and was treated with phenobar-
bitone. In her first months, developmental delay and
muscular hypotonia were noted. At the age of 8 months,
she developed respiratory failure and unconsciousness,
and was admitted to hospital. Transient lactic acidosis in
blood (8.0 mmol/L, lower limit of normal 1.8 mmol/L)
was found. Metabolic profiling (amino acid analysis, urine
organic acid analysis, and acylcarnitine analysis) was
unremarkable. Brain CT and MRI at 8 months showed
symmetrical, bilateral signal abnormalities in basal gan-
glia, and she was diagnosed with Leigh-like syndrome. At
the age of 1 year, she developed deafness, and at the age
of 3 years dilated cardiomyopathy. Muscle biopsy showed
mild deficiency of complex IV.

Patient #76656 (F7, II:2, c.[268G>A];[583G>A],
p.[Gly90Arg];[Gly195Ser]), a girl, is the child of healthy
unrelated German parents. After a normal pregnancy, she
was born at term with normal birth measurements. The early
motor development was normal, and she started walking at
the age of 14 months. The girl was referred at age 2 years
because of stiffness of gait and a tendency to fall. At admis-
sion, she showed muscular hypotonia, coordination prob-
lems, choreoathetotic movements, delayed speech
development, and sensorineural deafness, which had been
treated with hearing aids. Blood chemistry was normal
including lactate, amino acids and organic acids.

Brain MRI at age 2 years showed no cerebral, cerebel-
lar, or callosal atrophy but mild bilateral signal hyperin-
tensities of putamen, globus pallidus, nucleus caudatus,
and periventricular white matter. MR spectroscopy of
basal ganglia showed mild elevation of lactate.

A muscle biopsy showed only unspecific morphologic
findings, and biochemical analysis of respiratory chain
activities was unremarkable.

Patient #MRB166 (F8, II:1, c.[161G>A];[394G>A],
p.[Arg54His];[Ala132Thr]), a girl, is the first child of
healthy unrelated German parents. Pregnancy was compli-
cated by oligohydramnion and a diagnosis of gastroschi-
sis. She was born by Cesarean section at 34 weeks of
gestation with normal birth measurements (weight 1490 g
[3rd percentile], length 41 cm [25th percentile], and head
circumference 31 cm [25th percentile]). Surgical correc-
tion of gastroschisis was performed. The girl needed
phototherapy for icterus neonatorum, tube feeding, and
assisted ventilation. Deafness was diagnosed with 2 years
of age and treated by cochlear implants. One seizure was

observed at the age of 7 years. She showed truncal hypo-
tonia, gait ataxia, and severe developmental delay (crawl-
ing at 1.5 years, sitting at 3 years, assisted walking at
5 years of age and no speech at 8 years). She has an oval
face, a broad nasal tip, a large mouth, a high arched pal-
ate, and a receding chin. MLPA PWS/AS, UBE3A, and
MECP2 mutation analysis and microarray gave normal
results.
Patient #57277 (F9, II:2, c.[161G>A];[431dup],

p.[Arg54His];[Leu145Alafs*6]), a girl, is the second child
of healthy nonconsanguineous parents from Germany.
She was born after a normal pregnancy at 41 weeks of
gestation with normal body measurements. Early motor
development was delayed, and she never acquired the
ability to sit or walk independently. Acquisition of lan-
guage was impeded by sensorineural deafness for which
she was fitted with hearing aids. At 18 months parents
noted a pendular nystagmus with a rotatoric component
as well as loss of central vision due to optic atrophy.
Residual vision at 10 years was 0.3. From 2 years of age
her motor abilities deteriorated during episodes of febrile
illness and lactic acidemia when she developed a move-
ment disorder that undulated between dystonia (opisthot-
onus) and chorea. Treatment with Levodopa/Carbidopa
worsened her symptoms. She is presently 16 years old.
Her body length is at and her weight 1 kg below the third
percentile. Due to dysphagia and her inability to chew she
has to be fed minced food. Massive caries and enamel
defects from trismus required general dental repair and
reconstruction under anesthesia. She visits a secondary
school for disabled children, and communicates through
a voice computer by saying “yes” or “no” or by making
hand gestures.
Cranial MRI at the age of 1.5 years showed Leigh-like

lesions with increased T2-signal intensity in the putamen
and globus pallidus which became more prominent until
age 2.2 years (Fig. 3C). Proton spectroscopy in the basal
ganglia showed an increased lactate peak. Laboratory
examinations revealed mildly increased urine excretion of
lactate and lactic acidemia (2.5–4.0 mmol/L). The amino
acid profile was normal in cerebrospinal fluid (CSF) and
plasma. CPK was normal and muscle biopsy at 2 years of
age only showed unspecific myopathic changes. Biochemi-
cal investigation revealed normal activities for the OX-
PHOS complexes, CS, PDHc as well as in vitro pyruvate
oxidation.
Patient #52236 (F10, II:1, c.[229G>C];[476A>G],

p.[Glu77Gln];[Gln159Arg]), a girl, is the first child of
healthy unrelated German parents. After a normal preg-
nancy, she was born at 42 weeks of gestation with normal
birth measurements (weight 3120 g, length 51 cm).
Motor development was considered normal during the
first months of life, and she started walking at the age of
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11 months. From this age, however, short episodes of fist
clenching, teeth gnashing, horizontal nystagmus and unre-
sponsiveness were noted. Although repeated EEG did not
show epileptic discharges, treatment with phenytoin was
started and maintained until age 5 years when the attacks
disappeared. From age 17 months, progressive gait abnor-
malities were observed. These were episodic in the begin-
ning, but evolved into a paraspastic gait in early
childhood, and the girl became wheelchair-dependent at
age 9.5 years. From age 2 years, visual problems became
evident, and examination showed bilateral optic atrophy.
Visual acuity at age 13 years was 1/50 for both eyes. From
age 7 years, progressive sensorineural deafness was found,
and the patient was supplied with hearing aids at age
9.5 years. At the same age, mild mental retardation and
dysarthria were noted. The patient completed a secondary
school for blind children, and has been working in a
workplace for disabled persons from age 18 years.

Examination at age 31 years showed short stature
(155 cm) and low body weight (40 kg). Visual acuity was
off-chart, the patient could only notice hand movements,
and there was a pendular nystagmus of the blind. Com-
munication was impeded by severe dysarthria. She had
generalized dystonia and a spastic tetraparesis, leading to
an inability to walk independently. Sensation was entirely
normal.

Electromyography (EMG), neurography and repeated
EEG were normal. Laboratory examinations showed
mildly elevated lactate (2.5 mmol/L, normal <1.8 mmol/
L) in CSF and inconsistently in serum (2.0–2.8 mmol/L,
normal <2.2 mmol/L). A muscle biopsy at age 9 years
showed some type II fiber atrophy due to immobilization
and a faint accumulation of lipid droplets in single fibers.
There were no ragged red fibers (RRF) and no cyto-
chrome c oxidase (COX) deficiency, and biochemical
analysis of respiratory chain activities showed normal
results. Brain MRI at age 15 years showed exclusively
Leigh-like signal hyperintensities in the caput nuclei caud-
ati and putamen bilaterally (Fig. 3D). MR spectroscopy of
the left putamen showed no elevation of lactate.

Genetic analysis

We used a dual approach of exome sequencing and panel
sequencing to analyze a cohort of patients with suspected
mitochondrial disorders. Seven index patients (#52236,
#57277, #68552, #68761, #73663, #76656, and #MRB166)
were investigated by exome sequencing in Germany as
described previously.8,9 In brief, we used a SureSelect
Human All Exon 50 Mb Kit (Agilent) for enrichment and
a HiSeq2500 (Illumina) for sequencing. Reads were
aligned to the human reference assembly (hg19) with
BWA (version 0.5.8 Open source software, Wellcome

Trust Sanger Institute). More than 90% of the exome was
covered at least 209 allowing for high-confidence variant
calls. Single-nucleotide variants (SNVs) and small inser-
tions and deletions were detected with SAMtools (version
0.1.7 Open source software, Wellcome Trust Sanger Insti-
tute). Variant prioritization was performed based on
the autosomal-recessive patterns of inheritance and the
notion that the clinical mitochondrial phenotype of the
patients is very rare. We therefore excluded variants with
a frequency higher than 0.1% in 3850 control exomes and
public databases and focused on genes encoding mito-
chondrial proteins10 carrying two potentially pathogenic
DNA variants. In two other patients (#346 and #376) we
used a TruSeq Exome kit from Illumina. A detailed
description of the bioinformatic pipeline and variant fil-
tering used for these two cases has been published
recently.11

In patient #42031 we applied targeted enrichment of
1476 nuclear genes (including 1013 genes coding for
mitochondrial proteins according to the MitoCarta) using
an in-solution hybridization capture method (NimbleGen
Madison, WI, USA). Paired-end sequencing was per-
formed on a HiSeq2500 (Illumina) to an average 1789
coverage. Sequence alignment and variant calling was
done with CLC Workbench v.7.0.4. CLC bio, Aarhus,
Denmark
We used Sanger sequencing to confirm all identified

ECHS1 mutations and to test the carrier status of avail-
able family members. Primer sequences and PCR condi-
tions are available upon request.

Western blotting

Immunoblotting was performed using two different pro-
tocols. For the analysis of F2;II:1 (#42031), F10, II:2
(#52236), F9,II:2 (#57277), F5, II:3 (#73663) 45 lg of
protein of patients’ fibroblast cell homogenates were sepa-
rated on 13% sodiumdodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) along with a protein stan-
dard (Precision Plus Protein Kaleidoscope, Biorad Her-
cules, CA, USA) and blotted onto polyvinylidine fluoride
membranes (Immobilon, Merck Millipore Darmstadt,
Germany). Primary antibodies were as follows: ECHS1
(66117, Proteintech Chicago, IL, USA), b-actin (ab13822,
Abcam Cambridge, UK). Chemiluminescence detection
was performed on an Odyssey Biomedical: Phoenix, AZ,
USA infrared imaging system according to the manufac-
turer’s instructions. For the analysis of F1, II:2 (#346),
and F6, II:1 (#376) mitochondria were isolated by
homogenization of cells in mitochondrial isolation buffer
(20 mmol/L HEPES, 4-(2-hydroxyethyl)-1-piperazineetha-
nesulfonic acid pH 7.4, 220 mmol/L mannitol, 70 mmol/L
sucrose, 1 mmol/L Ethylenediaminetetraacetic acid) with
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2 mg/mL Bovine serum albumin. Cell homogenates were
centrifuged at 700g at 4°C for 5 min and postnuclear
supernatant was collected. Mitochondria were pelleted by
centrifugation at 10,000g at 4°C for 5 min and
mitochondrial pellet was resuspended in mitochondrial
isolation buffer for subsequent size-separation on 10%
gels by SDS-PAGE, and transfer to a methanol-activated
PVDF membrane. Immunoblotting was performed with
primary antibodies from GeneTex (ECHS1) and Abcam
(HSP60). Chemiluminescence detection was achieved with
ECL Select (GE Healthcare, Little Chalfont, UK) and the
membrane was viewed with the LAS4000 (GE Healthcare,
Little Chalfont, UK), according to the manufacturer’s
instructions.

Analysis of 2-enoyl-CoA hydratase activity

2-enoyl-CoA hydratase (ECHS1) activity was measured
spectrophotometrically in fibroblast cell lysates following
the absorbance of the unsaturated substrate crotonyl-CoA
over time (15 min) as described.12,13 Briefly, trypsinized
fibroblasts were resuspended in reduced Triton-X-100
(0.2%) and lysed by sonification. Lysates were centrifuged
at 700g for 5 min to remove cellular debris and protein
concentrations were determined in supernatants by the
BCA method. The reaction mixture consisted of:
100 mmol/L potassium phosphate buffer (pH 8) for a
final concentration of, 0.1 mg/mL BSA and 50 lL of cell
homogenate for a total of 15 lg of protein. The reaction
was started with 50 lL of 250 lmol/L crotonyl-CoA for a
final concentration of 25 lmol/L. Samples were measured
at 37°C in UV cuvettes at 263 nm in a Shimadzu spectro-
photometer. Enzymatic activity was calculated using a
molar extinction coefficient of 6700. Enzymatic activity
was normalized to the mitochondrial marker enzyme CS
as previously described.14 All reactions were performed in
at least three independent experiments in triplicates with
similar findings.

Palmitate loading assay

Palmitate loading in human skin fibroblasts of ECHS1
patients, healthy volunteers as negative controls and fibro-
blasts of patients with short- and medium-chain acyl-CoA
dehydrogenase (MCAD) deficiency as disease controls
were performed as previously described.15 In brief, cell
cultures were maintained in Dulbecco’s modified Eagle
medium (Invitrogen, Darmstadt, Germany) supplemented
with 2 mmol/L glutamine, 10% fetal calf serum, 1% peni-
cillin/streptomycin, and FungizoneTM (all from Invitrogen)
at 37°C and 5% CO2 in a humidified atmosphere until
confluency. Palmitate loading was performed in serum-
and glutamine-free minimal essential medium (Invitro-

gen) containing palmitic acid (200 lmol/L; Sigma-Aldrich
Taufkirchen, Germany), L-carnitine (400 lmol/L; Sigma),
and bovine serum albumin (0.4%; fatty acid-free; Sigma).
After the end of the 96 h-incubation period, 10 lL aliqu-
ots of the cell culture media were collected and mixed
with isotope-labeled internal standard (Cambridge Isotope
Laboratories, Tewksbury, MA 01876) in methanol.
Twenty-five microliters of the butylated sample were used
to analyze the acylcarnitine profile by tandem mass spec-
trometry. For each sample at least two independent mea-
surements were performed. The acylcarnitine
concentration was normalized to the protein content of
the fibroblast sample and expressed as nmol/mg protein.
For the analysis of palmitate-dependent mitochondrial

respiration, control and patient fibroblasts were seeded at
a density of 20,000 cells/well in 80 lL of high glucose Dul-
becco’s modified media (Gibco:Life Technologies, Darm-
stadt, Germany) supplemented with 10% fetal bovine
serum (Invitrogen), 1% penicillin-streptomycin (Invitro-
gen) and 200 lmol/L uridine (Sigma) in a XF 96-well cell
culture microplate (Seahorse Bioscience, North Billerica,
MA, USA) and incubated overnight at 37°C in 5% CO2.
Culture medium was replaced with 160 lL of serum- and
glutamine-free minimal essential medium (Invitrogen)
supplemented with L-carnitine (400 lmol/L; Sigma), and
bovine serum albumin (0.4%; fatty acid-free; Sigma) and
cells were incubated for 24 h at 37°C in 5% CO2. Palmi-
tate-BSA complex was prepared according to the manufac-
turer’s protocol (Seahorse Bioscience). Oxygen
consumption rate (OCR) was measured using a XF16
Extracellular Flux Analyzer 2 (Seahorse Biosciences). OCR
was determined with no additions; after addition of BSA
(30 lmol/L) or palmitate-BSA conjugate (180/30 lmol/L).

Results

Exome sequencing identifies ECHS1
mutations

We applied whole exome sequencing in a cohort of 435
individuals with a suspected disorder of mitochondrial
energy metabolism and identified six unrelated affected
individuals carrying two heterozygous or homozygous rare
variants (minor allele frequency [MAF] <0.1%) in ECHS1
(Fig. 2). Applying the same variant selection criteria to
our in-house exome datasets from 3850 patients referred
with presumed nonmitochondrial phenotypes revealed
rare recessive-type ECHS1 variants in one additional index
case, F8, II.1 (#MRB166, Fig. 2). This patient was investi-
gated in the context of an intellectual disability study but
the relevance of the ECHS1 variants was hitherto unclear.
Clinical follow-up and review of medical reports revealed,
however, that the neurologic features of this patient
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(deafness, seizures, hypotonia, ataxia, and developmental
delay) are very well compatible with a mitochondrial dis-
order. In contrast, it remains unclear whether the dysmor-
phic signs in this patient are related to the ECHS1
deficiency as dysmorphism is rather uncommon in mito-
chondrial diseases and was not found in any of the other
ECHS1-deficient patients. The enrichment of rare biallelic
ECHS1 variants in genomes of individuals with a sus-
pected mitochondrial disorder (n = 7) compared to 3850
control genomes was genome-wide significant
(P < 1.1 9 10!7, Fisher exact test). In addition, in several
individuals, ECHS1 was the only gene coding for proteins
with a predicted or confirmed mitochondrial localization
harboring two rare DNA variants. We gained further evi-
dence for a disease association of ECHS1 by exome
sequencing of 180 Japanese individuals with suspected
mitochondrial disorders which identified two additional
ECHS1-mutant individuals, F1, II.2 (#346) and F6, II.1
(#376, Fig. 2). By panel sequencing in a further patient
with a similar clinical presentation we identified two het-
erozygous ECHS1 mutations in F2, II:1 (#42031, Fig. 2).
The combined approaches of exome and candidate gene
sequencing identified a total of 13 different disease alleles
in ten index patients. Pedigrees of investigated families
and localization of identified ECHS1 mutations as well as
the evolutionary conservation of affected amino acid resi-
dues are shown in Figure 2B. All ECHS1 mutations were
confirmed by Sanger sequencing in the index patients.
Carrier testing of available parental samples confirmed a
biallelic localization of the mutations. DNA from the par-
ents was not available in families F4 and F6, however, in
the latter a compound heterozygous state of the mutations
was confirmed by haplotype phasing. The healthy siblings
of families F10, F9, F3, and F7 were either wild-types or
heterozygous carriers. For families F3, F5, and F1, family
history was positive for the occurrence of similar clinical
conditions but no DNA samples were available for molec-
ular tests from individuals F1, II:1 and F3, II:3.

Of the 13 different ECHS1 mutations identified in our
cohort, only one, c.431dup, p.Leu145Alafs*6, predicts a
premature truncation and loss of function of the protein
(Table S1). All other detected mutations are missense
variants, indicating that a complete loss of ECHS1 func-
tion may be embryonic lethal. With the exception of the
c.268G>A, p.Gly90Arg variant, all are predicted to be dis-
ease-causing (MutationTaster2).16 Although all variants
are rare (MAF < 0.05%), three mutations were identified
in more than one family (c.161G>A, p.Arg54His, n = 3;
c.176A>G, p.Asn59Ser, n = 2; and c.476A>G,
p.Gln159Arg, n = 2), in each case with different muta-
tions on the other allele. In addition, the c.476A>G,
p.Gln159Arg mutation was found in the homozygous
state in a third, consanguineous family. However, there is

no mutational hotspot and the identified mutations are
distributed across all eight coding exons of ECHS1 except
for exons 1 and 7 (Fig. 2B).

Functional consequences of ECHS1
mutations

Next, we analyzed the consequences of ECHS1 mutations
in fibroblast cell lines. In six cell lines, we investigated
ECHS1 protein levels and in four of them we measured
2-enoyl-CoA hydratase activity. SDS-PAGE separation of
mitochondrial fractions and total cell lysates followed by
immunodetection with an antibody against ECHS1
revealed a severe decrease in ECHS1 steady-state levels in
all patient-derived fibroblast cell lines. To test the func-
tional impact of ECHS1 mutations, we determined
2-enoyl-CoA hydratase activity in the fibroblasts cell ly-
sates from individuals F2, II.1 (#42031), F10, II:2
(#52236), F9, II:2 (#57277), and F5, II:3 (#73663). The 2-
enoyl-CoA hydratase activity was markedly reduced in
patients’ cell lines with residual activities varying between
14% and 50% of controls (Fig. 3B).
Palmitate loading in fibroblasts of three ECHS1

patients induced an acylcarnitine profile very similar to
that of short-chain acyl-CoA dehydrogenase (SCAD) defi-
ciency. The characteristic metabolite, butyrylcarnitine,
increased to 170%, 199%, or 273% of the upper normal
range of the controls. In another ECHS1-deficient patient,
however, butyrylcarnitine was within the range of controls
(48% of the upper normal range). In comparison, buty-
rylcarnitine increased to 388% of controls in patient fi-
broblasts with SCAD deficiency and 44% in MCAD
deficiency. These results indicate that ECHS1 deficiency
results in a mild functional disorder of short-chain fatty
acid oxidation.
This notion is further supported by the observation of

reduced palmitate-dependent respiration in patient-
derived fibroblasts compared to controls (Fig. 4C). Note-
worthy, in the three cell lines tested for both 2-enoyl-CoA
hydratase activity and palmitate-dependent respiration,
the severity of defects correlated. Together, these data
provide evidence for the pathogenicity of eleven ECHS1
alleles.

Organic acids in urine

In analogy, organic acid analysis by gas chromatography/
mass spectrometry in urine of patient #73663 revealed
slightly elevated concentrations of ethylmalonate, a key
metabolite of SCAD deficiency. Functional deficiency of
short-chain fatty acid oxidation was also shown by inter-
mittently elevated plasma fatty acids (250–780 lmol/L;
normal <300 lmol/L) with concomitantly low normal
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plasma ketone bodies (65–90 lmol/L; normal <200 lmol/
L) in postprandial state of some patients. However, keto-
genesis was only mildly impaired which was shown by a
mild increase in ketone bodies during catabolism (570–
630 lmol/L, normal <3000 lmol/L). In addition, we
identified 2-methyl-2,3-dihydroxybutyrate which likely
derives from acryloyl-CoA or, alternatively, methacrylyl-
CoA, both metabolites of valine oxidation, in urines of
four ECHS1 patients. This metabolite correlated with
disease severity as its concentration was 229-fold higher
than the median value in 35 controls in the severely
affected patient #42031 (onset at birth, died at
11 months), 39-fold higher in patient #73663 (onset on
day 5, alive at 2 years), sixfold higher in patient #76656
(onset at 2 years, alive at 5 years), and even in the
normal range in the mildest affected case #52236 (onset

at 11 months, alive at 31 years), the only patient who
survived into adulthood.

Phenotypic features of ECHS1 deficiency

In contrast to gene identification strategies in which an a
priori phenotypic stratification of the investigated cohort
was the main key to success,17 this group of ECHS1-
mutant individuals was identified by exome sequencing of
a large cohort of individuals with suspected mitochon-
drial disorders. This approach allows for a rather unbi-
ased assessment of the phenotypic spectrum associated
with ECHS1 deficiency.
Disease severity ranged from presentations with neona-

tal onset and death in early infancy to survival into adult-
hood. In nine of 10 affected individuals, pregnancy was

ECHS1 (31 kDa)

HSP60 (60 kDa)

A

co
ntro

l

F5, 
II:3

 (#
73

66
3)

F9, 
II:2

 (#
57

27
7)

F10
, II

:1 
(#5

22
36

)

F2, 
II:1

 (#
42

03
1)

co
ntro

l

F1, 
II:2

 (#
34

6)

F6, 
II:1

 (#
37

6)

5

4

3

2

1

0

2-
en

oy
l-C

oA
 h

yd
ra

ta
se

 a
ct

iv
ity

 
m

U
 / 

m
U

 C
S

controls F5, II:3
(#73663)

F9, II:2
(#57277)

F10, II:1
(#52236)

F2, II:1
(#42031)

ß-actin (41 kDa)

B

0

20

40

60

80

100

120

Pa
lm

ita
te

-d
ep

en
de

nt
 re

sp
ira

tio
n

%
 o

f c
on

tro
l

control F5, II:3
(#73663)

F9, II:2
(#57277)

F10, II:1
(#52236)

F7, II:2
(#76656)

C

*

*

*

*

*
* *

*

Figure 4. Analysis of ECHS1 levels and enzymatic activity. (A) Analysis of ECHS1 steady state levels by immunoblotting show a decrease in the

amount of ECHS1 in patient-derived cell lines compared to controls. (B) Analysis of residual ECHS1 enzymatic activity indicates reduced 2-enoyl-

CoA hydratase activity in cell lysates from patients’ fibroblasts compared to controls. Results shown are from at least three experiments

performed in triplicates and controls (n = 4). Boxplot whiskers indicate range from 5th to 95th percentile. *P < 0.001; two-tailed unpaired t-test.

(C) Analysis of palmitate-dependent OCR in fibroblast cell lines revealed impaired respiration in patients’ cells in comparison to controls. The

experiment was performed several times with very similar results. The data are shown from one experiment performed with more than 10

replicates for each cell line grown and treated in parallel. Error bars indicate 1 SD. *P < 0.001; two-tailed unpaired t-test. ECHS1, short-chain

enoyl-CoA hydratase; OCR, oxygen consumption rate.
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normal and the children were born at term with normal
body measurements. First clinical signs appeared in the
prenatal period in one individual (oligohydramnios) and
in the neonatal period (first month) in seven. Presenting
signs included epileptic seizures, muscular hypotonia,
respiratory and cardiac failure, failure to thrive, elevated
lactate, and metabolic acidosis. In the two mildest affected
individuals, developmental delay (F9, II:2, #57277) or epi-
sodic neurological symptoms (F10, II:1, #52236) were
noted in the first year of life and lactate elevations were
only intermittent and mild. While six of 10 affected indi-
viduals are still alive at the age of 2, 3, 5, 8, 16, and
31 years, four died at the age of 4, 11, 28, and 90 months,
respectively. Interestingly, cardiomyopathy was only found
in the individuals with a severe course and early death
and none of the patients over 3 years of age.

In the course of the disease, neurological signs are most
prominent including sensorineural deafness (9/9), devel-
opmental delay (8/10), epileptic seizures (6/9), dystonia
(5/9), optic atrophy (6/10), muscular hypotonia (6/10),
and spastic paresis (2/10). Other clinical features include
cardiomyopathy (4/10) and respiratory failure (3/10).
Increased blood, urine, and CSF lactate levels were found
in seven of 10 individuals. Brain MRI was performed in
nine of 10 individuals and showed white matter changes
and brain atrophy in the very severe, early onset cases
(n = 5) and Leigh-like bilateral T2 hyperintensities in the
basal ganglia (nucleus caudatus, putamen, and globus pal-
lidus) in the less severely affected individuals (n = 4;
Fig. 3). MR spectroscopy of basal ganglia showed elevated
lactate concentrations in three of seven individuals.

Taken together, our findings identified ECHS1 muta-
tions as a cause of a new clinical entity characterized by
an early onset, very severe (Leigh-like) mitochondrial
encephalopathy with deafness, epilepsy, optic atrophy,
and cardiomyopathy. Consistently elevated plasma con-
centrations of lactate indicate a dysfunction of the mito-
chondrial energy metabolism.

In view of the triad of (1) a severe progressive encepha-
lopathy, (2) associated with bilateral basal ganglia lesions
in MRI and autopsy, and (3) the mitochondrial dysfunc-
tion, ECHS1 deficiency is a new Leigh-like syndrome but
can be differentiated from other forms of Leigh syndrome
clinically and biochemically.

Analysis of OXPHOS enzymes in muscle
tissue and fibroblasts

Since the clinical presentation suggested a mitochondrial
disorder, eight of 10 patients received muscle and/or skin
biopsies with detailed analysis of respiratory chain com-
plexes, pyruvate dehydrogenase complex, ATP produc-
tion, and pyruvate oxidation. Despite the severe clinical

presentation of ECHS1 patients, only four of them
showed mild and inconsistent changes in pyruvate oxida-
tion (patient #42031), ATP production (patient #68761),
and decreased activities of NADH:CoQ oxidoreductase
(complex I of the respiratory chain) or cytochrome c oxi-
dase (complex IV of the respiratory chain). Noteworthy,
all these patients died (age of death: 4 months,
11 months, 3 years, 7.5 years), whereas four patients
without documented changes in these analyses (#52236,
#57277, #73663, #76656) have survived until now (age at
latest visit: 2, 5, 16, and 31 years of life).

Discussion

ECHS1 is a mitochondrial matrix enzyme that is involved
in several metabolic pathways including fatty acids and
amino acids. Deficiency of this enzyme is expected to
result in impaired mitochondrial fatty acid oxidation.
However, as the membrane-bound enzymatic machinery
of long-chain fatty acids remains intact, ketogenesis
should not be completely disrupted in ECHS1-deficient
individuals and, assumingly, the resulting clinical pheno-
type should be relatively benign – similar to SCAD defi-
ciency.18,19 In fact, ECHS1-deficient individuals showed
mild to moderate hypoketosis, but did neither present
with hypoketotic hypoglycemia and hypoglycemic enceph-
alopathy nor were acylcarnitine profiles in blood sugges-
tive of a mitochondrial b-oxidation disorder. Deficiency
of short-chain fatty acid oxidation, however, was
unmasked by palmitate loading of ECHS1-deficient fibro-
blasts (Fig. 4C). This metabolic challenge induced a selec-
tive increase in butyrylcarnitine in three of four patients
tested, which in combination with slightly increased ethyl-
malonate in urine reflects impaired oxidation of short-
chain fatty acids.
Despite this relatively mild metabolic derangement

(concerning mitochondrial b-oxidation), ECHS1-deficient
individuals presented with a severe clinical phenotype,
with a high frequency of Leigh-like syndrome, neonatal
lactic acidosis, sensorineural hearing loss, muscular hypo-
tonia, cardiomyopathy, and respiratory failure. Although
this combination of clinical findings, in particular the
leading neurological presentation, is rather uncommon
for fatty oxidation defects,20,21 there is some clinical over-
lap with long-chain acyl-CoA dehydrogenase (LCHAD)
deficiency and mitochondrial trifunctional protein (MTP)
deficiency which resemble a primary OXPHOS deficiency.
Affected individuals with LCHAD and MTP deficiency
show a high frequency of neurological signs and symp-
toms including developmental delay, muscular hypotonia,
epilepsy, and lipid storage myopathy as well as cardiomy-
opathy and sudden death in newborns and infants.22,23

Similar to ECHS1 deficiency, elevated lactate is also often
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found in LCHAD/MTP deficiency suggesting mitochon-
drial dysfunction.22,23 In contrast to ECHS1 deficiency,
however, individuals with LCHAD/MTP deficiency often
present with hepatic dysfunction, retinopathy and periph-
eral neuropathy, but usually lack dystonia and sensorineu-
ral hearing loss. Interestingly, accumulating long-chain
fatty acids and acyl-CoA are thought to act as mitochon-
drial toxins inhibiting energy metabolism in individuals
with LCHAD and MTP deficiency.24,25

The striking discrepancy between an expected moderate
impairment of mitochondrial fatty acid oxidation and the
severe clinical presentation of ECHS1-deficient individuals
argues for an additional pathomechanism. In addition to
its function in fatty acid oxidation, ECHS1 has also been
suggested to be involved in the L-isoleucine, L-valine and
L-lysine oxidation using tiglyl-CoA, 2-methacrylyl-CoA or
crotonyl-CoA, respectively, as a substrate (Fig. 1).26 2-
Methacrylyl-CoA is a highly reactive compound and read-
ily undergoes reactions with free sulfhydryl groups thereby
inactivating important sulfhydryl-containing enzymes such
as respiratory chain complexes and pyruvate dehydroge-
nase complex.26 Accumulation of 2-methacrylyl-CoA has
been considered as toxic compound in HIBCH deficiency,
a disorder of the fifth step of valine oxidation with Leigh-
like neurological phenotype and combined deficiency of
multiple mitochondrial enzymes (Fig. 1).4,5 The neurologi-
cal phenotypes of individuals with ECHS1 deficiency and
HIBCH deficiency are strikingly similar. As ECHS1 is sug-
gested to catalyze the fourth step of valine oxidation, accu-
mulation of 2-methacrylyl-CoA is expected and may be
responsible for some of the pathological changes. Indeed,
very recently, ECHS1 mutations were reported in two sib-
lings with Leigh disease and remarkable clinical and bio-
chemical similarities to HIBCH deficiency,6 with most
prominent elevations of methacrylate and acrylate metabo-
lites indicating deficiency of valine oxidation. Our observa-
tion of elevated levels of 2-methyl-2,3-dihydroxybutyrate
in the urinary organic acids, a likely derivative of valine
oxidation metabolites, provides further evidence for the
involvement of defective valine metabolism in the patho-
genesis of the disease. It may, in addition, be a useful bio-
marker of disease course as we observed some correlation
already with the disease severity. Despite the clinical and
biochemical similarities between ECHS1 and HIBCH defi-
ciency, patients with ECHS1 deficiency showed less often
impaired oxidative phosphorylation than those with HIB-
CH deficiency in the investigated fibroblasts or muscle
biopsy samples. However, those ECHS1 patients with
detectable OXPHOS deficiency had a severe course of dis-
ease and died during infancy or early childhood.

In conclusion, the identification of 10 unrelated indi-
viduals with ECHS1 mutations allowed us to define the
phenotypic spectrum of this new mitochondrial disease

entity which can be differentiated clinically and biochemi-
cally from other molecular causes of Leigh or Leigh-like
syndrome. Regarding pathogenesis, we found both a b-
oxidation defect and impaired valine oxidation. We
speculate that both defects contribute to the clinical and
biochemical phenotype of this newly defined disorder.
Intriguingly, ECHS1 deficiency may be amenable to
treatment, provided that the elevation of toxic 2-enoyl-
CoA compounds can be influenced by dietary intake. All
possibly affected amino acids (valine, isoleucine, and
lysine) in ECHS1 deficiency are essential amino acids and
their dietary uptake can be expected to influence their
catabolism. In addition, maintenance of high glucose lev-
els, as recommended in fatty acid oxidation defects might
be protective for the heart in ECHS1 deficiency. Anyway,
further studies – preferably with an ECHS1 animal model
– are necessary to unravel the exact pathomechanisms in
ECHS1 deficiency and the efficacy and safety of possible
treatments.
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MicroRNA-574-3p, identified by
microRNA library-based functional
screening, modulates tamoxifen
response in breast cancer
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Most primary breast cancers express estrogen receptor a and can be treated via endocrine therapy using
anti-estrogens such as tamoxifen; however, acquired endocrine resistance is a critical issue. To identify
tamoxifen response-related microRNAs (miRNAs) in breast cancer, MCF-7 cells infected with a lentiviral
miRNA library were treated with 4-hydroxytamoxifen (OHT) or vehicle for 4 weeks, and the amounts of
individual miRNA precursors that had integrated into the genome were evaluated by microarray. Compared
to the vehicle-treated cells, 5 ‘dropout’ miRNAs, which were downregulated in OHT-treated cells, and 6
‘retained’ miRNAs, which were upregulated in OHT-treated cells, were identified. Of the dropout miRNAs,
we found that miR-574-3p expression was downregulated in clinical breast cancer tissues as compared with
their paired adjacent tissues. In addition, anti-miR-574-3p reversed tamoxifen-mediated suppression of
MCF-7 cell growth. Clathrin heavy chain (CLTC) was identified as a miR-574-3p target gene by in silico
algorithms and luciferase reporter assay using the 39 untranslated region of CLTC mRNA. Interestingly, loss
and gain of miR-574-3p function in MCF-7 cells causes CLTC to be upregulated and downregulated,
respectively. These results suggest that functional screening mediated by miRNA libraries can provide new
insights into the genes essential for tamoxifen response in breast cancer.

B
reast cancer is one of the most common malignancies leading to cancer-related mortality in women1.
Approximately 70–80% of primary breast cancers express estrogen receptor a (ERa) and are considered
to be regulated by estrogen2. Tamoxifen is an ERa antagonist that competitively inhibits the interaction of

estrogen with ERa3 thus, most breast cancers can be treated with endocrine therapy using anti-estrogens such as
tamoxifen or aromatase inhibitors after surgery or radiation for primary prevention strategy4,5. Nevertheless,
,40% of early-stage breast cancer patients who receive tamoxifen as an adjuvant therapy eventually relapse with
tamoxifen-resistant disease6. Thus, acquired endocrine resistance is a critical issue for the management of breast
cancer.

The molecular mechanisms underlying endocrine resistance in terms of its key regulators and signaling events
remain to be elucidated. As one of the new transcriptional regulators involved in cancer biology, particular
attention has been paid to the dysregulation of microRNAs (miRNAs) in tumor progression, including metastatic
and angiogenic states7–9. miRNAs are small noncoding RNAs consisting of 20–22 nucleotides. They mostly bind
to 39-untranslated regions (39-UTRs) of mRNAs at sequences that have imperfect or perfect complementarity,
leading to posttranscriptional silencing of the targeted genes10.

Recent studies have suggested that miRNAs may contribute to the acquisition of tamoxifen resistance. Ward
et al. reported that tamoxifen-resistant breast cancer cells derived from long-term passage of MCF-7 cells with
tamoxifen exhibited a loss of miR-375 expression and had acquired epithelial-mesenchymal transition (EMT)-
like properties. Whereas, re-expression of miR-375 sensitized the tamoxifen-resistant breast cancer cells to
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tamoxifen and partly reversed the EMT. In the report, MTDH, which
encodes metadherin, was demonstrated to be a direct target of miR-
37511. In another study, Bergamaschi et al. reported that miR-451
and its target 14-3-3f, a member of the 14-3-3 family, are associated
with tamoxifen resistance12. Their study showed that tamoxifen
upregulates 14-3-3f expression via the downregulation of miR-451.
Overexpression of miR-451 could also recover the growth-inhibitory
effect of tamoxifen on the proliferation of tamoxifen-resistant MCF-
7 cells.

In the present study, we performed a miRNA library screen to
identify miRNAs modulating tamoxifen responses in human breast
cancer MCF-7 cells. By comparing miRNA expression in cells treated
with 4-hydroxytamoxifen (OHT) to that in vehicle-treated cells, 5
‘dropout’ and 6 ‘retained’ miRNAs were selected based on the fold
change values of array signal intensities (by ,0.2-fold for dropout
miRNAs and .5-fold for retained miRNAs) and the coefficient of
variation values (,60). One of the dropout miRNAs in the OHT-
treated cells, miR-574-3p, was found to be downregulated in OHT-
resistant MCF-7 cells (OHTR cells) as compared to parental MCF-7
cells, as well as in clinical breast cancer tissues compared to paired
adjacent normal tissues. We then conducted growth assays on both
parental cells and OHTR cells by transfecting them with either pre-
miR-574-3p or anti-miR-574-3p. Knockdown of endogenous miR-
574-3p revealed that this miRNA is critical for the tamoxifen

response in MCF-7 cells. By in silico analysis for miRNA binding
sites, clathrin heavy chain (CLTC) was identified as a candidate miR-
574-3p target. Interestingly, loss and gain of miR-574-3p function in
MCF-7 cells resulted in upregulation and downregulation, respect-
ively, of CLTC mRNA. These results show that miRNA library-based
functional screening can provide new insights into the genes essential
for tamoxifen response in breast cancer and could be applied to the
development of alternative options for breast cancer diagnosis and
treatment.

Results
Screening for miRNAs affecting tamoxifen reactivity in breast
cancer MCF-7 cells. To identify miRNAs affecting tamoxifen
response in MCF-7 cells, we utilized a lentiviral library consisting
of 445 miRNA precursors. MCF-7 cells were infected with the library
at different multiplicities of infection, and cell populations showing
,30% infection efficiency were selected and continuously cultured
for 1 month in the presence of 1 mM OHT or vehicle (Figure 1a). We
prepared 2 groups each of OHT-treated or vehicle-treated cells and
then extracted genomic DNA from the surviving cells at the end of
the cultivation period. The miRNAs that had integrated into the
genome were amplified by PCR, using specific primers against the
common sequences that flank each miRNA, and then quantified by
microarrays using a two-color fluorescent probe hybridization

Figure 1 | Screening of miRNAs associated with tamoxifen response in MCF-7 cells. (a) Schematic diagram of screen procedure using a lentiviral
miRNA library to identify mediators of the tamoxifen response in human breast cancer MCF-7 cells. In brief, cells were infected with a lentiviral miRNA
library and further cultured with or without the anti-estrogen 4-hydroxytamoxifen (OHT). Amounts of miRNAs integrated into genomic DNAs of
surviving cells were quantified by Agilent’s two-color CGH array platform. (b) Validation of miRNA screening reproducibility using 2 independent
control experiments. Scatter plots of array signal intensities for individual miRNAs for Control 1 and 2 samples were generated using those signals for
which the value of the coefficient of variation was less than 60. (c and d) Scatter plots of array signal intensities for individual miRNAs for OHT-treated
and vehicle-treated samples (c, OHT sample 1 versus Control 1; d, OHT sample 2 versus Control 2). Arrows indicate the signals corresponding to miR-
574-3p.
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system. The array signal plots comparing the 2 independent control
samples were linearly distributed along a diagonal line (Figure 1b),
indicating that the biological duplicates exhibited highly consistent
results. In contrast, plots comparing the OHT-treated samples with
the control samples were distributed in either the upper or lower
areas flanking a diagonal line, showing that the miRNAs that had
originally integrated into genomic DNA at the time of infection were
either dropped out or retained, respectively, during the 1-month
tamoxifen treatment period (Figure 1c and d). Using the following
fold change values as criteria (,0.2-fold for dropout and .5-fold for
retained), 5 dropout and 6 retained miRNAs were selected from our
screening (Tables 1 and 2).

miR-125a, miR-574-3p, and miR-877 are downregulated in both
OHTR cells and clinical breast cancer tissues. Both overexpressed
and underexpressed miRNAs could be involved in the transforma-
tion of tamoxifen sensitivity in MCF7 cells, putatively by repressing
their distinctive target genes. In general, overexpressed miRNAs in
cancers may function as oncogenes and promote cancer develop-
ment by negatively regulating tumor suppressor genes whereas
underexpressed miRNAs may function as tumor suppressor genes
and inhibit cancers by regulating oncogenes13. In this context, we
paid special attention to underexpressed tumor suppressive miRNAs
that could regulate the expression of their oncogenic genes and have
not been yet characterized. We found that one of the dropout
miRNAs was let-7f, which is consistent with previous findings that
let-7 family members function as tumor suppressors in breast
cancer14–17. To determine endogenous expression levels of the
dropout miRNAs, we generated OHTR cells by long-term culture
with OHT. Quantitative PCR (qPCR) using RNAs prepared from
MCF-7 and OHTR cells showed that expression levels of miR-125a,
miR-574-3p, and miR-877 were significantly downregulated in
OHTR cells as compared to parental cells (Figure 2a). miR-105-2
was excluded from the further experiments because it was not found
to be significantly downregulated in OHTR cells by qPCR (data not
shown). We next examined the expression levels of miR-125a, miR-
574-3p, and miR-877 in clinical breast cancer samples composed of
19 paired samples of breast carcinoma and adjacent normal tissues
from 19 patients (Figure 2b). As shown in the figure, levels of miR-
125a, miR-574-3p, and miR-877 expression were significantly lower
in breast cancer tissues than adjacent normal tissues. The results

indicate that the downregulation of miR-125a, miR-574-3p, and
miR-877 may correlate with the development and progression of
tamoxifen resistance in breast cancer. Our results support the
results from previous studies indicating that miR-125a plays a
tumor suppressive role in human breast cancer18,19. We were
particularly interested in miR-574-3p, as its P value was much
lower than that of miR-877 in comparison between carcinoma
tissues and adjacent normal tissues (Figure 2b). The role of miR-
574-3p has not been elucidated in breast cancer though it has been
reported to be a tumor suppressive miRNA in prostate cancer20.
Nevertheless, the manner of miRNA selection used in the present
study does not exclude the pathological relevance of other miRNAs
that were not studied further in this work.

Knockdown of miR-574-3p reverses tamoxifen-dependent sup-
pression of cell growth in MCF-7 cells. To investigate the
functional role of miR-574-3p in the proliferation of breast cancer
cells, we performed loss-of-function studies using the miRNA inhi-
bitor anti-miR-574-3p. The expression of miR-574-3p was signifi-
cantly reduced in MCF-7 cells transfected with anti-miR-574-3p
(Figure 2c). A cell viability assay showed that OHT treatment
significantly repressed the growth of MCF-7 cells transfected with
a control miRNA inhibitor. However, transfection of anti-miR-574-
3p abrogated the OHT-mediated suppression of cell growth in MCF-
7 cells (Figure 2d). We confirmed that the growth of MCF-7 cells was
inhibited by OHT in a concentration-dependent manner, whereas
that of OHTR cells was not repressed (Supplementary Figure S1).
These results indicate that the downregulation of miR-574-3p
contributes to tamoxifen resistance in breast cancer cells.

Identification of candidate target genes for miR-574-3p. To
identify candidate targets of miR-574-3p, we used 4 target gene
prediction programs: TargetScan21, DIANA-microT22, miRDB23,
and miR.org24 (Figure 3a). TargetScan identified 1,783 candidates,
DIANA-microT identified 851 candidates, miRDB identified 22
candidates, and miR.org identified 13 candidate targets for miR-
574-3p. Notably, 24 genes (ACVR1B, BACE1, CCDC39, CLTC,
CSDC2, CUL2, DAB2IP, DCP1A, EP300, EPHA8, FBXL5, FOSL2,
MESDC1, NDUFA4L2, POFUT2, RXRA, SAMD4A, SNRK,
TMCC1, TMEM181, TMPRSS11D, USP45, WDR82, and ZBTB5)
were present in at least 3 of the 4 databases. Of these candidates,
we focused on CLTC because it has been shown to be involved in

Table 1 | Dropout miRNAs after tamoxifen treatment

miRNA Controla) OHTb) OHT/Control

miR-105-2 18526.7 6 10013.5 459.3 6 211.2 0.02
miR-877 5736.8 6 1938.1 195.0 6 29.9 0.03
let-7f 941.8 6 351.1 57.3 6 27.1 0.06
miR-125a 53507.6 6 16213.9 3788.5 6 381.2 0.07
miR-574-3p 136.9 6 6.3 22.0 6 4.3 0.16
a)Averaged signal intensity of miRNA in the vehicle-treated control cells was quantified by microarray. The results were shown as mean 6 SD.
b)Averaged signal intensity of miRNA in the OHT-treated cells was quantified by microarray. The results were shown as mean 6 SD.

Table 2 | Retained miRNAs after tamoxifen treatment

miRNA Controla) OHTb) OHT/Control

miR-134 1534.9 6 350.9 16522.6 6 8601.0 10.76
miR-549 8430.7 6 4832.2 54010.0 6 9153.1 6.41
Let-7a-3 3993.8 6 1157.2 24562.5 6 14098.6 6.15
miR-605 4200.2 6 319.0 24924.5 6 13551.3 5.93
miR-891b 123.6 6 49.2 720.0 6 370.9 5.82
miR-892 5339.9 6 573.2 27856.3 6 1230.8 5.22
a)Averaged signal intensity of miRNA in the vehicle-treated control cells was quantified by microarray. The results were shown as mean 6 SD.
b)Averaged signal intensity of miRNA in the OHT-treated cells was quantified by microarray. The results were shown as mean 6 SD.
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tumorigenesis of hepatocellular carcinoma and pancreatic cancer25,26.
Indeed, the level of CLTC mRNA expression was higher in OHTR
cells than in the parental MCF-7 cells (Figure 3b). We then examined
the Oncomine microarray database to determine whether CLTC
expression was altered in clinical breast cancer samples27. Two
datasets indicated that CLTC was substantially overexpressed in
clinical breast cancers compared to normal breast tissues (by .2-
fold; P , 0.001; Figure 3c).

miR-574-3p regulates CLTC mRNA expression. To determine
whether miR-574-3p directly regulates CLTC expression, we

transfected MCF-7 cells with anti-miR-574-3p for 48 h and then
evaluated the level of CLTC mRNA by quantitative reverse
transcription polymerase chain reaction (qRT-PCR). Transfection
with anti-miR-574-3p increased the level of CLTC mRNA
expression by 2-fold relative to the control anti-miR (Figure 4a).
Next, we transfected OHTR cells with pre-miR-574-3p for 48 h
and then quantified the level of CLTC mRNA and protein.
Transfection with pre-miR-574-3p increased the level of miR-574-
3p expression (Figure 4b) and resulted in a significant reduction in
the level of CLTC mRNA and protein levels in OHTR cells, as
compared to OHTR cells transfected with a control miRNA
precursor (Figure 4c and d).

Putative miR-574-3p binding site in the CLTC 39-UTR. We then
computationally analyzed the 39-UTR of CLTC to identify potential
recognition sites for miR-574-3p. One of the target prediction
database online systems, miRDB (http://mirdb.org/miRDB/)23,
predicted a single recognition sequence containing a conserved
7-mer exact seed match at positions 573–579 bp (Figure 4e) in the
CLTC 39-UTR. This result indicates that miR-574-3p may directly
bind to CLTC 39-UTR to regulate CLTC expression at the
transcriptional level.

CLTC is a target of miR-574-3p. Next, we constructed luciferase
reporter vectors containing either the wild-type CLTC 39-UTR
sequence with the putative binding site for miR-574-3p or a
version of the 39-UTR in which the putative site had been mutated
(Figure 4f). In both 293T and MCF-7 cells, the luciferase assay
demonstrated that miR-574-3p decreased the activities of luciferase

Figure 2 | Downregulation of miR-125a, miR-574-3p, and miR-877 in 4-
hydroxytamoxifen (OHT)-resistant MCF-7 cells (OTHR cells) and
clinical breast cancer tissues, and knockdown of miR-574-3p–promoted
MCF-7 cell growth in the presence of OHT. (a) Expression levels of miR-
125a, miR-574-3p, and miR-877 in MCF-7 cells and OHTR cells were
determined by quantitative PCR (qPCR) and normalized to RNU48 levels.
Data are presented as mean 6 SE. *P , 0.05; **P , 0.01. (b) Decreased
expression levels of miR-125a, miR-574-3p, and miR-877 in breast cancer
tissues compared with those in paired adjacent normal tissues.
(c) Knockdown efficiency of anti-miR-574-3p. MCF-7 cells were
transfected with anti-miR-574-3p or negative control for 48 h. miR-574-
3p levels were determined by qPCR and normalized to RNU48 levels. Data
are presented as mean 6 SE in triplicates. **P , 0.01. (d) Knockdown of
miR-574-3p significantly increased MCF-7 cell growth in the presence of
OHT. Cells were transfected with anti-miR-574-3p or negative control for
12 h, and then cell viability was analyzed using the MTS cell proliferation
assay at 1 and 4 days after transfection. Data are presented as mean 6 SE, in
triplicate; *P , 0.05; **P , 0.01; ns, not significant.

Figure 3 | Identification of miR-574-3p target genes in breast cancer.
(a) Schematic presentation of miR-574-3p target prediction by in silico
analyses. Venn diagrams indicating numbers of candidate hits determined
by 4 online prediction algorithms. Candidate genes commonly predicted
by .3 algorithms are described. (b) CLTC mRNA was upregulated in 4-
hydroxytamoxifen (OHT)-resistant MCF-7 cells (OHTR cells). Expression
levels of CLTC mRNA were determined by quantitative reverse
transcription PCR (qRT-PCR) in parental MCF-7 cells and OHTR cells.
Data are presented as mean 6 SE in triplicate; **P , 0.01. (c) CLTC
mRNA was overexpressed in clinical breast cancer tissues compared to
normal mammary tissues, based on the datasets in Oncomine cancer
profiling database (reported by The Cancer Genome Atlas Breast 2011 and
Ma et al.44 by .2-fold at P , 0.001).
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reporter with the wild-type sequence but not the mutated sequence.
This result suggests that miR-574-3p regulates CLTC expression by
binding to the 39 UTR of CLTC mRNA (Figure 4f).

CLTC siRNA knockdown restores tamoxifen sensitivity, and low
CLTC levels are correlated with better survival in tamoxifen-
treated breast cancer patients. To examine the functional role of
CLTC in the tamoxifen response, we performed a loss-of-function
study in OHTR cells using CLTC siRNA. We found that the level of
CLTC mRNA expression was markedly repressed in OHTR cells

transfected with CLTC siRNA as compared to the control (Figure 5a).
In addition, a cell proliferation assay showed significant inhibition of
proliferation in cells transfected with CLTC siRNA as compared to
the control transfectants (Figure 5b). We also investigated whether
CLTC siRNA effects on the growth of MCF-7 cells in the basal
condition without tamoxifen. As a result, CLTC knockdown did
not exhibit a substantial effect on the growth of the MCF-7 cells in
the basal condition without tamoxifen (Supplementary Figure S2).
Based on the data, we assume that CLTC will be more involved in
tamoxifen resistance in breast cancer cells rather than in estrogen

Figure 4 | miR-574-3p modulates its candidate target CLTC mRNA expression in MCF-7 cells. (a) Silencing of miR-574-3p induces CLTC mRNA
expression. MCF-7 cells were transfected with anti-miR-574-3p or control anti-miR for 48 h, and then expression levels of miR-574-3p were evaluated by
qPCR. Data are presented as mean 6 SE; **P , 0.01. (b) Validation of miR-574-3p overexpression by transfection of the miR-574-3p precursor. Cells
were transfected with pre-miR-574-3p or control pre-miR for 48 h, and then the expression levels of miR-574-3p were evaluated by qPCR. Data are
presented as mean 6 SE; **P , 0.01. (c) Overexpression of miR-574-3p decreased CLTC mRNA expression. Cells were transfected with pre-miR-574-3p
or control pre-miR for 48 h, and then the expression levels of miR-574-3p were evaluated by qPCR. Data are presented as mean 6 SE; **P , 0.01.
(d) Overexpression of miR-574-3p decreased CLTC protein expression. Cells were transfected with pre-miR-574-3p or control pre-miR for 48 h, and
then the expression levels of CLTC protein were evaluated by western blot using anti-CLTC antibody. Loading control was obtained with anti-b-actin
antibody. (e) Location of putative miR-574-3p-binding sequences and mutated sites in the 39-UTR of target genes. (f) Luciferase reporter assay using
vectors containing a putative CLTC 39-UTR binding site for miR-574-3p and a mutated version of the site. The 293T and MCF-7 cells were transiently
transfected with psiCHECK2 vectors containing either the wild-type or mutated putative binding sites for miR-574-3p, together with pre-miR-574-3p
precursor or control pre-miR for 48 h, and then the luciferase assay was performed. Data are presented as mean 6 SE; **P , 0.01.
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sensitivity in naı̈ve breast cancer cells. We generated a CLTC expres-
sion plasmid and confirmed ectopic expression of CLTC protein in
OHTR cells transfected with this plasmid. WST-8 assay showed that
CLTC overexpression could increase the cell growth even in the
presence of OHT, suggesting that CLTC may be associated with
increasing the threshold of tamoxifen sensitivity. (Supplementary
Figure S3). Furthermore, we performed immunohistochemical
analysis of 10 breast cancer tissues using a CLTC-specific antibody
(Figure 5c). CLTC immunoreactivity was predominantly detected in
the cytoplasm of breast carcinoma cells, and it was also weakly
observed in the epithelial cells of non-neoplastic glands adjacent to
the carcinoma. When the positivity of CLTC was defined as stronger
CLTC immunoreactivity in carcinoma cells versus their adjacent
non-neoplastic epithelial cells, CLTC status was positive in 7 of 10
ER-positive breast carcinomas that we examined in the additional
analysis (70%). The CLTC immunoreactivity was significantly higher
in carcinomas compared to the non-neoplastic mammary glands
(P 5 0.018 by a Wilcoxon signed rank test). Interestingly, when
we examined a breast cancer microarray dataset28, we found that
low CLTC expression correlated with good prognosis, both in all

patients examined and in those treated with tamoxifen monotherapy
(Figure 5d). These results suggest that CLTC may play a role in
malignant alteration, including the acquisition of tamoxifen resis-
tance, in breast cancer.

Discussion
In the present study, we performed a functional screen using a lenti-
viral miRNA library to identify miRNAs associated with acquired
resistance for endocrine therapy in breast cancer. MCF-7 cells
infected with the miRNA library were treated with tamoxifen or
vehicle for one month, and then the profiles of the genome-inte-
grated miRNAs from the 2 groups of cells were compared.
Microarray analysis identified 5 dropout and 6 retained miRNAs
in the OHT-treated cells. These miRNAs may be involved in the
modulation of tamoxifen responses in MCF-7 cells.

In this study, we focused on the dropout miRNAs. miR-105 has
been reported as a potential tumor suppressor in prostate cancer29,
and miR-105 expression is decreased in prostate cancer cell lines as
compared to normal prostate epithelial cells. In addition, miR-105
overexpression inhibited the growth of prostate cancer cells both in

Figure 5 | CLTC knockdown restored tamoxifen sensitivity, and low CLTC levels are correlated with better survival in breast cancer patients.
(a) Knockdown efficiency of CLTC siRNA. OHTR cells were transfected with siCLTC or negative control for 48 h. CLTC mRNA levels were determined
by qPCR and normalized to GAPDH levels. Data are presented as mean 6 SE, in triplicate; **P , 0.01. (b) Knockdown of CLTC significantly reduced
OHTR cell growth in the presence of OHT. Cells were transfected with siCLTC or negative control, and then cell viability was analyzed by MTS cell
proliferation assay at 1 and 4 days after transfection. Data are presented as mean 6 SE, in triplicate; **P , 0.01. (c) Representative immunohistochemical
staining of breast cancer tissues with anti-CLTC antibody. CLTC immunoreactivity was predominantly detected in the cytoplasm of breast carcinoma
cells compared with the epithelial cells of non-neoplastic glands. *; non-neoplastic mammary epithelium. Scale bar, 100 mm. (d) Kaplan–Meier curves of
relapse-free survival times of total breast cancers (n 5 2785), and patients with following endocrine therapy only using tamoxifen (n 5 514), stratified by
CLTC expression levels. This data were obtained from the Kaplan–Meier Plotter25.
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vitro and in vivo. Moreover, CDK6 has been identified as a putative
target for miR-105. miR-877 has been shown to be one of the
miRNAs induced by paclitaxel in hepatocellular carcinoma cells30.

miR-125a has been reported to be a potential tumor suppressor in
breast cancer. miR-125a targets both HER2 and HER3, and miR-
125a overexpression in HER2-positive breast cancer cells leads to
reductions in anchorage-dependent growth, cell motility, and inva-
siveness18,19. let-7f is a member of the let-7 family, whose expression
is suppressed in various cancers31, and its restoration to normal levels
has been reported to suppress cancer growth32,33. let-7f has also been
demonstrated to directly target the aromatase gene and suppress cell
proliferation and migration in breast cancer cells34. miR-574-3p has
also been reported to be a tumor suppressor in prostate cancer20,
bladder cancer35, and gastric cancer36.

We showed that miR-574-3p, miR-125a, and miR-877 were
downregulated in clinical breast cancer tissues, suggesting that these
miRNAs may play a role in breast cancer. Moreover, knockdown of
endogenous miR-574-3p abrogated the tamoxifen-mediated growth
suppression of MCF-7 cells. Therefore, we suggest that miR-574-3p
modulates tamoxifen resistance in MCF-7 cells.

CLTC was identified as a potential target for miR-574-3p by an in
silico screen of target genes. This computational finding is consistent
with our results that CLTC mRNA levels were up- and downregu-
lated in MCF-7 cells transfected with miR-574-3p inhibitor and pre-
cursor, respectively. A luciferase reporter assay demonstrated that
miR-574-3p is able to decrease levels of CLTC mRNA expression. In
addition, knockdown of CLTC using siRNA restored tamoxifen sens-
itivity in OHTR cells, and an examination of public microarray data-
sets revealed that low levels of CLTC expression correlated with
better rates of survival for breast cancer patients.

CLTC encodes clathrin heavy chain, which, together with clathrin
light chain, makes up clathrin. Clathrin, which occurs in a triskelion
shape, is a major protein component of the cytoplasmic face of intra-
cellular organelles37 and regulates endocytosis, via the clathrin-
mediated endocytic pathway, and protein sorting38,39. CLTC thus
plays a role in the uptake of ligand–receptor complexes, membrane
transporters, and adhesion molecules39. It has also recently been
reported that clathrin heavy chain localizes on the mitotic spindle
and has an important role during mitosis40. A link between CLTC
and tumorigenesis has been reported, and CLTC has been proposed
as as a potential early detectable biomarker in hepatocellular carcin-
oma tissues25,26.

Clathrin heavy chain has been shown to promote tumor growth
and hypoxia-induced angiogenesis by stabilizing hypoxia-inducible
factor 1a and increasing vascular endothelial growth factor signal-
ing41. In addition, Joffre et al. reported that clathrin knockdown
decreased tumor growth and metastasis by inhibiting oncogenic
Met, providing additional evidence that clathrin-mediated endocytic
pathway may contribute to tumorigenesis42. As in the present study
we found that mRNA levels of CLTC were upregulated in OHTR cells
and breast cancer tissues. In addition, the effects of loss- and gain-of-
function of CLTC were apparent in the presence of tamoxifen in
OHTR cells. Thus, we assume that CLTC specifically modulates
tamoxifen response in breast cancer cells via similar mechanisms.

In summary, we have identified miR-574-3p as a modulating fac-
tor for the tamoxifen response in breast cancer, based on miRNA
library-based functional screening. A combination of in silico and in
vitro analyses indicate that CLTC is a potential target of miR-574-3p.
These findings can be used for the development of alternative options
for breast cancer diagnosis and treatment.

Methods
Screening of lentiviral miRNA library and microarray analysis. Experimental
concepts of our screen method were based on previous literature43. Briefly, a human
miRNA precursor lentivirus library that coexpresses GFP was purchased from System
Biosciences (Mountain View, CA, USA). This library contains a pool of 445 human
miRNA precursor clones. MCF-7 cells were infected with the library at different

multiplicities of infection together with 5 mg/mL polybrene. Transduction efficiency
was evaluated by GFP expression 48 h after infection using FACS Calibur (Becton
Dickinson, CA, USA).

To avoid the possibility of multiple infection, we selected cells with 29.3% (sample
1) and 30.9% (sample2) infection rates. Cells were continuously cultured in
Dulbecco’s modified Eagle’s medium (DMEM) containing 1 mM 4 OHT or vehicle
control (0.1% ethanol). During the culture period, medium was replenished every 2 to
3 days. After 4 weeks of culture, miRNA precursors integrated into the surviving cell
populations were amplified by PCR using specific primers against the sequences in
the lentivirus vector (forward primer: 59-GCCTGGAGACGCCATCCACGCTG-39;
reverse primer: 59-GATGTGCGCTCTGCCCACTGAC-39), in order to amplify
miRNA precursor sequences. PCR products from vehicle-treated and tamoxifen-
treated MCF-7 cells were labeled with cyanine-3 or cyanine-5, respectively, using the
Genome DNA Enzymatic Labeling Kit (Agilent) and then subjected to microarray
hybridization (Oligo cDGH/ChIP-on-ChIP Hybridization Kit, Agilent). Agilent
Feature Extractor software was used to scan microarray images and to normalize
signal intensities.

Before comparing the microarray results between OHT-treated and control sam-
ples, the reproducibility of signal intensities was evaluated based on the calculation of
the coefficient of variation (CV 5 100 3 SD/mean) in the duplicated OHT-treated
and control experiments. Almost half of the signals had a CV less than 60 and were
used for plotting. Signals showing ,0.2-fold and .5-fold changes in the OHT-
treated MCF-7 cells as compared to vehicle–treated cells were selected as candidate
miRNAs potentially involved in the tamoxifen response.

Cell culture and transfection of miRNA precursors and inhibitors. MCF-7, T47D,
and 293T cells were purchased from ATCC (Manassas, VA, USA) and cultured in
DMEM supplemented with 10% fetal bovine serum, 50 units/mL penicillin, and
50 mg/mL streptomycin at 37uC in a humidified atmosphere of 5% CO2. OHTR cells
were established from MCF-7 cells by long-term (.3 months) culture with 1 mM
OHT, and one of the clones exhibiting OHT-resistant proliferation was utilized for
experiments. Pre-miR-574-3p and its positive control, as well as anti-miR-574-3p and
its negative control, were purchased from Ambion (Carlsbad, CA, USA).
Transfection of miRNA precursors or inhibitors was carried out using Lipofectamine
RNAiMAX transfection reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol.

miRNA target prediction. Candidate targets for miR-574-3p were identified using 4
online database algorithms for miRNA target prediction: TargetScan (http://www.
targetscan.org/)21, DIANA-microT (http://diana.cslab.ece.ntua.gr/microT/)22,
miRDB (http://mirdb.org/miRDB/)23, and miRorg (http://www.microrna.org/
microrna/getGeneForm.do)24.

qPCR and qRT-PCR. Total RNA was extracted from cells using the ISOGEN reagent
(Nippon Gene, Toyama, Japan). miRNA levels were determined by qPCR using
triplicate Taqman microRNA assays (Applied Biosystems, CA, USA). The target gene
mRNA levels were evaluated by the Step One Real-time PCR System (Applied
Biosystems) using cDNAs converted from total RNA with SuperScript III Reverse
Transcriptase (Invitrogen, Carlsbad, CA, USA). Results from 3 independent
experiments were normalized to expression of endogenous RNU48 for miRNA or
GAPDH for mRNA, respectively. Primers for CLTC and GAPDH were as follows:
CLTC forward: 59- GAGCTTGTTGCTGAGGTTGAAA-39, CLTC reverse: 59-
AGGCTCCTCACAGCCCTCAT-39, GAPDH forward: 59-GGTGGTCTCCTCTG-
ACTTCAACA-39, and GAPDH reverse: 59-GTGGTCGTTGAGGGCAATG-39.

Cell growth assay. The effects of drugs or miRNAs on cell viability were determined
by the MTS or WST-8 assay using the CellTiter 96 AQueous One Solution Cell
Proliferation Assay kit (Promega, WI, USA) or Cell Count Reagent SF (NACALAI
TESQUE, Kyoto, Japan). MCF-7 cells were cultured in 96-well plates at a density of
2,000 cells per well, and 10 mL of MTS solution was added to each well at the indicated
time points (24, 72, or 96 h) after transfection. Cells were further incubated for 2 h at
37uC in a 5% CO2 incubator. The absorbance was measured at 490 nm with
Multiscan FC Microplate Photometer (Thermo Fisher Scientific, MA, USA).

Luciferase reporter assay. Oligonucleotides containing a putative binding site for
miR-574-3p in the CLTC 39-UTR (59-TCGAGAGACAACTTGCCTGATTTT-
TAAATGAGCGTAAAAGGCCCTGC-39 and 59-GGCCGCAGGGCCTTTT-
ACGCTCATTTAAAAATCAGGCAAGTTGTCTC-39) and its mutated sequences
(59-TCGAGAGACAACTTGCCTGATTTTTAAATTTTTTT AAAAGGCCCTGC-
39 and 59-GGCCGCAGGGCCTTTTAAAAAAA TTTAAAAATCAGGC-
AAGTTGTCTC-39) were annealed, digested with EcoRI and XhoI, and cloned into
the psiCHECK-2 vector (Promega). The sequences corresponding to putative miR-
574-3p-binding site were shown in italic and mutated sequences were shown in bold.
For the luciferase assay, 293T and MCF-7 cells were transfected with psiCHECK2
vector containing the wild-type or mutated putative binding sites for miR-574-3p,
together with pre-miR-574-3p precursor or control pre-miR, using Lipofectamine
2000 transfection reagent (Invitrogen, CA, USA). The psiCHECK2 empty vector was
also transfected as a mock control. The luciferase reporter assay was performed using
the Dual-Luciferase Reporter Assay System (Promega) 48 h after transfection. The
values for Renilla luciferase activity were normalized with the corresponding values
for firefly luciferase activity. The experiments were performed in triplicate, and the
results were expressed as mean 6 SE.
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Clinical specimens. All clinical breast cancer tissues and the paired adjacent normal
tissues were resected from patients at Saitama Medical University. We used 19 breast
cancer specimens including 14 ER-positive samples and 5 ER-negative ones. Of 14
ER-positive breast cancers, 6 samples were collected from the patients treated with
adjuvant tamoxifen. All procedures were performed under a protocol approved by the
Ethics Committee at Saitama Medical University, and written informed consent was
obtained from all patients. The methods were carried out in accordance with the
approved guidelines.

Total RNA was isolated from these dissected samples and subjected to qRT-PCR
analysis. OncomineTM Research Edition27 was used for the evaluation of CTCL mRNA
expression in clinical breast cancer and normal mammary tissues based on micro-
array datasets. Kaplan–Meier curves of relapse-free survival times were obtained
using the Kaplan–Meier Plotter (http://kmplot.com/analysis/), which is an online
tool for the genome-wide validation of survival-associated biomarkers in breast,
ovarian, and lung cancers using microarray data.

Immunohistochemistry. For immunohistochemistry, 10 clinical breast cancer
tissues were resected from patients at Saitama Medical University.
Immunohistochemical analysis of CLTC expression was performed using an
EnVision1 visualization kit (Dako, Carpinteria, CA). The tissue sections were
deparaffinized, rehydrated through a graded ethanol series, and rinsed in Tris-
buffered saline containing 0.05% Tween-20 (TBST). For antigen retrieval, the sections
were heated at 100uC for 1 h in a 10 mM sodium citrate buffer (pH 6.0). The sections
were blocked with endogenous peroxidase (0.3% H2O2) and incubated in 10% fetal
bovine serum for 30 min. The anti-CLTC antibody (BD Biosciences, San Jose, CA)
(15500 dilution) was applied, and the samples were incubated overnight at 4uC. The
sections were rinsed in TBST and incubated with EnVision1 horseradish peroxidase-
labeled polymer for 1 h at room temperature. The antigen-antibody complex was
visualized using a 3,39-diaminobenzidine substrate kit for peroxidase (Vector
Laboratories, Burlingame, CA).

Expression plasmid for CLTC. The cDNA fragment containing the CLTC open
reading frame (ORF) was amplified from cDNA synthesized from MCF-7 cells by
PCR using the primers 59-TTTGCGGCCGCTGGCCCAGATTCTGCCAATTC-
GTTTT-39 and 59- ACTGCGGCCGCTCACATGCTGTACCCAAAGCCAGG-39.
The CLTC ORF cDNA was C-terminally tagged with the Flag epitope and subcloned
into the pcDNA3 vector (Promega). Western blot analysis was performed using the
anti-CLTC and anti-b-actin (Sigma-Aldrich, St. Louis, MO) antibodies.
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miR-378a-3p modulates tamoxifen 
sensitivity in breast cancer MCF-7 
cells through targeting GOLT1A
Kazuhiro Ikeda1, Kuniko Horie-Inoue1, Toshihide Ueno2, Takashi Suzuki3, Wataru Sato1, 
Takashi Shigekawa4, Akihiko Osaki4, Toshiaki Saeki4, Eugene Berezikov5, Hiroyuki Mano2 & 
Satoshi Inoue1,6

Breast cancer is a hormone-dependent cancer and usually treated with endocrine therapy using 
aromatase inhibitors or anti-estrogens such as tamoxifen. A majority of breast cancer, however, will 
often fail to respond to endocrine therapy. In the present study, we explored miRNAs associated with 
endocrine therapy resistance in breast cancer. High-throughput miRNA sequencing was performed 
using RNAs prepared from breast cancer MCF-7 cells and their derivative clones as endocrine therapy 
resistant cell models, including tamoxifen-resistant (TamR) and long-term estrogen-deprived 
(LTED) MCF-7 cells. Notably, miR-21 was the most abundantly expressed miRNA in MCF-7 cells and 
overexpressed in TamR and LTED cells. We found that miR-378a-3p expression was downregulated in 
TamR and LTED cells as well as in clinical breast cancer tissues. Additionally, lower expression levels 
of miR-378a-3p were associated with poor prognosis for tamoxifen-treated patients with breast 
cancer. GOLT1A was selected as one of the miR-378a-3p candidate target genes by in silico analysis. 
GOLT1A was overexpressed in breast cancer specimens and GOLT1A-specific siRNAs inhibited the 
growth of TamR cells. Low GOLT1A levels were correlated with better survival in patients with breast 
cancer. These results suggest that miR-378a-3p-dependent GOLT1A expression contributes to the 
mechanisms underlying breast cancer endocrine resistance.

Estrogen is an important endocrine hormone that regulates the growth and differentiation of the nor-
mal mammary gland1,2. The hormone also plays a critical role in the development and progression of 
breast cancer, which is one of the most common cancers among women1,2. The estrogen receptor α  
(ERα ) is a member of the nuclear receptor superfamily that functions as transcription factors3–5. ERα  
mediates various functions of estrogen in its normal and malignant target tissues, including breast can-
cer3–5. Determination of ERα  status is clinically used as a prognostic and predictive factor in the man-
agement of breast cancer. Approximately 85% of breast cancers are ERα  positive and can be treated 
with endocrine therapy using anti-estrogens such as tamoxifen or aromatase inhibitors6–8. Tamoxifen 
has been used for years for adjuvant treatment, which significantly reduces the risk of recurrence of 
breast cancer9. Despite the obvious benefits of tamoxifen, approximately 40% of patients with early-stage 
breast cancer treated with tamoxifen as adjuvant therapy would eventually suffer from the relapse with 
tamoxifen-resistant disease10. Thus, studies have been performed to elucidate the molecular mechanisms 
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underlying endocrine resistance; however, only several potential targets and signaling pathways have 
been revealed11–13. Therfore, a better understanding of the tamoxifen-resistant mechanism may provide 
novel strategies to overcome tamoxifen resistance in breast cancer.

MicroRNAs (miRNAs) are small noncoding RNAs consisting of an average of 22 nucleotides. miRNAs 
can function as post-transcriptional regulators by binding to 3′ -untranslated regions (3′ -UTRs) of their 
target mRNAs in sequences that have imperfect or perfect complementarity, repressing the translation or 
degradation of their target mRNAs14,15. Nowadays, particular attention has been paid to the deregulation 
of miRNAs in tumor progression and metastasis as one of the new transcriptional regulators involved 
in cancer biology16–18. While the molecular mechanisms underlying tamoxifen resistance in terms of its 
key regulators and signaling events remain to be elucidated, miRNAs could be novel therapeutic targets 
for endocrine therapy resistant cancers.

Several studies have recently reported the role of miRNAs in tamoxifen resistance. These studies provide 
a list of miRNAs potentially involved in tamoxifen resistance, including miR-87319, miRNAs-221/22220–22, 
miR-519a23, miR-126 and miR-10a24, miRNA-200b and miR-200c25, miR-146a, -27a, -145, -21, -155, 
-15a, -125b, and let-7s26,27, miR-37528, miR-45129, miR-34230, and miR-574-3p31. For example, miR-873 
is downregulated in tamoxifen-resistant MCF-7 cells and in breast cancer tissues compared with normal 
tissue. miR-873 decreases ER transcriptional activity through the modulation of ERα  phosphorylation 
and inhibits the proliferation of breast cancer cells via targeting cyclin-dependent kinase 3 (CDK3)19. 
Loss of miR-375 expression is reported in tamoxifen-resistant breast cancer cells derived from long-term 
passage of MCF-7 cells with tamoxifen28. Re-expression of miR-375 sensitized tamoxifen-resistant breast 
cancer cells to tamoxifen and partly reversed the epithelial-mesenchymal transition (EMT)-like proper-
ties. This report showed that MTDH, which encodes metadherin, is a direct target of miR-37528. miR-
574-3p has been identified as a tamoxifen response-related miRNAs in breast cancer cells by miRNA 
library-based functional screening31. miR-574-3p potentially targets clathrin heavy chain (CLTC) whose 
expression is associated with tamoxifen sensitivity in tamoxifen-resistant breast cancer cells.

In the present study, we performed high-throughput sequencing of miRNAs in human breast cancer 
MCF-7 cells and its derivative tamoxifen-resistant TamR cells and long-term estrogen-deprived (LTED) 
cells. Differentially expressed miRNAs were identified by comparing miRNA expression profiles among 
those cells. miR-21 was determined as an upregulated miRNA in TamR and LTED cells, and let-7s (let-7a 
and f) and miR-378a-3p were identified as downregulated ones. We further studied the expression of 
miR-378a-3p in clinical breast cancer specimens and found that the miRNA was downregulated in can-
cer tissues compared to adjacent normal tissues. Additionally, lower miR-378a-3p expression levels were 
associated with poor prognosis for tamoxifen-treated patients with breast cancer. By in silico analysis 
and luciferase reporter assay for miRNA binding sites, golgi transport 1A (GOLT1A) was identified as 
a candidate miR-378a-3p target. Loss-of-function experiments for GOLT1A in TamR cells resulted in 
a decrease of tamoxifen-resistant cell growth. Low GOLT1A levels were also shown to be correlated 
with better survival in patients with breast cancer. These results show that miR-378a-3p and its target 
GOLT1A can provide new insights into the signaling pathways associated with tamoxifen resistance in 
breast cancer and could be applied to the development of alternative diagnostic and therapeutic options 
for advanced breast cancer.

Results
Identification of miRNAs differentially expressed in breast cancer cells and endocrine thera-
py-resistant cells using high throughput sequencing. To identify novel miRNAs associated with 
endocrine therapy-resistance of breast cancer cells, tamoxifen-resistant (TamR) cells32 were obtained 
from MCF-7 cells by long-term (> 3 months) culture with 1 µ M tamoxifen and long-term estrogen-de-
prived (LTED) cells33 were established from MCF-7 cells by culturing them in phenol red-free Dulbecco’s 
Modified Eagle Medium (DMEM) supplemented with 10% dextran-charcoal stripped fetal bovine serum 
(dcc FBS). High-throughput miRNA sequencing was performed using RNAs prepared from parental 
MCF-7, TamR and LTED cells. Mapping of small RNA reads on the human genome (NCBI35 assembly) 
and prediction of novel miRNAs were performed as described previously34. An average of 4.6 million 
reads per sample was mapped on miRNAs. To compare miRNA expression profiles of these cells, a 
read count for each miRNA was shown as a frequency against the total mapped read count per sample. 
miRNAs exhibiting > 10 reads were selected and resulted in a list of 94 annotated miRNAs in MCF-7, 
TamR, and LTED cells (Supplementary Table 1). No confident novel miRNA was predicted from the 
data. Among these annotated miRNAs, 9 and 20 miRNAs were upregulated (> 1.2-fold) in TamR and 
LTED cells, respectively, compared with parental MCF-7 cells. Fifty five miRNAs were downregulated 
(< 0.7-fold) in both TamR and LTED cells compared with their parental cells. Two and 37 miRNAs were 
commonly upregulated and downregulated, respectively, in TamR and LTED cells compared with their 
parental cells (Fig. 1a). We found that the percentages of miR-21 counts were approximately two-third of 
the total counts for 94 miRNAs in MCF-7 cells and > 75% of the total counts in TamR and LTED cells 
(Fig. 1b). miR-21 is a known onco-miRNA in cancer, and its overexpression is shown to be associated 
with advanced clinical stage, lymph node metastasis, and poor prognosis in cancer patients, including 
breast cancer patients35–39. It has been also shown that miR-21 regulates the expression of target genes, 
including phosphatase and tensin homolog (PTEN), programmed cell death 4 (PDCD4), and tropomy-
osin 1 (TPM1) in breast cancer cells40–42.
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Figure 1. miRNA expression profiles of breast cancer MCF-7 and its derivative endocrine therapy 
resistant cells. (a) Differentially expressed miRNAs in tamoxifen-resistant breast cancer cells (TamR) and 
long-term estrogen-deprived breast cancer cells (LTED) compared to their parental MCF-7 cells. TamR 
and LTED were established from MCF-7 cells (see Materials and Methods). Small RNA libraries were 
constructed from MCF-7, TamR, and LTED cells and sequenced using the Illumina GAIIx. (b) Percentages 
of top 20 miRNAs abundantly expressed in MCF-7 and endocrine therapy resistant cells. Percentages in 
distinctive cell lines were determined by a read count for each indicated miRNA normalized to the total 
count of 94 selected miRNAs (> 10 reads) listed in Supplementary Table S1.
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Let-7f and let-7a, members of let-7 family, were also identified as abundantly and differentially 
expressed miRNAs among these cells. The expression levels of both let-7f and let-7a were decreased in 
TamR and LTED cells compared with those in MCF-7 cells. Let-7 family miRNAs have been generally 
considered as tumor suppressor miRNAs and the expressions of let-7 family members were reported 
to be downregulated in many cancer types including breast cancer and at times during tumor progres-
sion43,44. Let-7a and let-7f expression was inversely correlated with that of LIN28, which inhibits the 
biogenesis of the let-7 family and is shown to contribute to breast tumorigenesis45,46.

miR-378a-3p was another abundantly and differentially expressed miRNAs among these cells, as its 
expression in TamR and LTED cells was downregulated compared with that in MCF-7 cells. miR-378a-3p 
may contribute to the pathophysiology of cancers, which might be suggested by some studies in colorec-
tal cancer and rhabdomyosarcoma47,48. We further studied miR-378a-3p because its functional role has 
not been yet elucidated in breast cancer.

Knockdown of miR-378a-3p reverses tamoxifen-dependent suppression of cell growth in 
MCF-7 cells. To validate the endogenous expression levels of miR-21-5p, let-7f-5p, and miR-378a-3p, 
we performed quantitative polymerase chain reaction (qPCR) using cDNAs reversely transcribed from 
the RNAs prepared from MCF-7, TamR, and LTED cells (Fig. 2a). miR-21 expression levels were signifi-
cantly upregulated, whereas those of let-7f and miR-378a-3p were significantly downregulated in TamR, 
and LTED cells compared with MCF-7 cells. To further assess the functional role of miR-378a-3p in the 
proliferation of breast cancer cells, we performed loss-of-function studies using the miRNA inhibitor, 
anti-miR-378a-3p. The expression of miR-378a-3p was significantly reduced in MCF-7 cells transfected 
with anti-miR-378a-3p (Fig.  2b). A cell viability assay showed that tamoxifen treatment significantly 
repressed the growth of MCF-7 cells transfected with a control miRNA inhibitor. When the cells were 
transfected with anti-miR-378a-3p, however, tamoxifen-mediated suppression of cell growth was impaired 
in MCF-7 cells (Fig. 2c). On the other hand, overexpression of miR-378a-3p reduced tamoxifen-resistant 
growth of TamR cells (Supplementary Fig. S1). These results indicate that miR-378a-3p downregulation 
will contribute to tamoxifen resistance in breast cancer cells. To assess the downregulation mechanism of 
miR-378a-3p in TamR cells, we investigated the effect of 5-aza-2′ -deoxycytidine (5Aza-dC), an inhibitor 
of DNA methylation, on the expression of miR-378a-3p (Supplementary Fig. S2). We observed that the 
expression of miR-378a-3p was increased by the treatment with 5-Aza-dC. Notably, in parental MCF-7 
cells, 5Aza-dC was not influential on the expression levels of miR-378a-3p, suggesting that the epige-
netic regulation of miR-378a-3p expression would be accompanied with acquired tamoxifen resistance 
(Supplementary Fig. S3).

Decreased miR-378a-3p expression in clinical breast cancer tissues is associated with poor 
prognosis. miR-378a-3p expression levels were examined in clinical breast cancer samples and adja-
cent normal tissues (Fig.  3a). miR-378a-3p expression was significantly lower in breast cancer tissues 
than in adjacent normal tissues. Moreover, we assessed the association between miR-378a-3p levels 
and clinical outcomes using a breast cancer cohort with previously reported miRNA microarray data 
deposited in the Gene Expression Omnibus (GEO) database (GSE37405)(Fig.  3b). This dataset con-
tains the miRNA expression data of 152 ER-positive primary breast cancers from high-risk patients. 
All patients had received adjuvant tamoxifen therapy as a monotherapy (median clinical follow-up: 4.6 
years) and the half of the patients had developed distant recurrence (median time-to-recurrence: 3.5 
years)49. Using the data of 109 patients out of 152 patients for whom miR-378a-3p expression data were 
available, Kaplan-Meier analysis was performed to evaluate survival (time to recurrence) for groups with 
high and low expression of miR-378a-3p. Kaplan-Meier survival analysis indicates that patients with low 
miR-378a-3p levels presented poor recurrence-free survival (log-rank, P =  0.012) (Fig.  3b). The results 
indicate that miR-378a-3p downregulation could be correlated with the development and progression of 
tamoxifen resistance in breast cancer.

Identification of candidate target genes for miR-378a-3p. To identify miR-378a-3p candidate 
targets, we used 2 target gene prediction programs, TargetScan50 and miRanda51 (Fig. 4a). TargetScan and 
miRanda identified 97 and 1,159 candidate targets for miR-378a-3p, respectively. Notably, 95 genes were 
common between these programs. Of these candidates, we focused on GOLT1A because it presented one 
of the highest precision score. To examine whether miR-378a-3p directly regulates GOLT1A expression, 
we transfected MCF-7 cells with pre-miR-378a-3p for 48 h and then evaluated GOLT1A mRNA expression 
by quantitative reverse transcription polymerase chain reaction (qRT-PCR). Transfection with pre-miR-
378a-3p significantly decreased GOLT1A mRNA expression level in MCF-7 cells compared to that of the 
control pre-miR (Fig. 4b). We next constructed luciferase reporter vectors containing either the wild-type 
GOLT1A 3′ -UTR sequence with a putative binding site for miR-378a-3p or the altered sequences of the 
3′ -UTR in which the putative binding site was mutated (mutations 1 and 2) (Fig. 4c). In 293T cells, the 
luciferase assay demonstrated that miR-378a-3p decreased the activity of luciferase reporter with the 
wild-type sequence, but not that of the reporters with the mutated sequences (Fig. 4d). This result sug-
gests that miR-378a-3p regulates GOLT1A expression by binding to the 3′ -UTR of GOLT1A.
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GOLT1A knockdown restores tamoxifen sensitivity and low GOLT1A levels are associated 
with better survival in patients with breast cancer. Since GOLT1A was shown as a candidate 
miR-378a-3p target in breast cancer cells, we investigated whether a negative correlation between miR-
378a-3p and GOLT1A expression can be observed in clinical breast cancer specimens (Fig. 5a). A neg-
ative correlation was shown between the expression levels of miR-378a-3p and GOLT1A (r =  −  0.32, 
P <  0.05). To examine a functional role of GOLT1A in the tamoxifen response, we performed a 
loss-of-function study in TamR cells using GOLT1A siRNA. We found that GOLT1A mRNA expression 
was markedly repressed in TamR cells transfected with GOLT1A siRNA (Fig.  5b). Cell proliferation 
assay showed a significant growth inhibition of cells transfected with GOLT1A siRNA as compared to 
the control transfectants (Fig.  5c). It was confirmed by using another siRNA (siGOLT1A-2) that the 
growth inhibitory effect of GOLT1A silencing was observed markedly when TamR cells were treated 
with tamoxifen (Supplementary Fig. S4). To further examine whether the tumor-suppressive effect of 
miR-378a-3p is mediated by GOLT1A, MCF-7 cells were transfected with the combinations of anti-miR-
378a-3p and siGOLT1A (Supplementary Fig. S5). Anti-miR-378a-3p transfection upregulated the MCF-7 

Figure 2. miR-21, let-7f, and miR-378a-3p expression determined by qPCR and effect of miR-378a-3p 
knockdown on MCF-7 cell growth in the presence of tamoxifen. (a) miR-21, let-7f, and miR-378a-3p 
expression levels in MCF-7, TamR, and LTED cells were determined by qPCR and normalized to RNU48 
levels. Data are presented as mean ±  SD. Statistical analysis was performed using the Mann-Whitney U 
test. **P <  0.01. (b) Knockdown efficiency of anti-miR-378a-3p. MCF-7 cells were transfected with anti-
miR-378a-3p or negative control for 48 h. miR-378a-3p levels were determined by qPCR and normalized to 
RNU48 levels. Data are presented as mean ±  SD in triplicates; **P <  0.01. (c) Knockdown of miR-378a-3p 
significantly increased MCF-7 cell growth in the presence of tamoxifen. Cells were transfected with anti-
miR-378a-3p or negative control for 12 h, and then treated with 1 µ M tamoxifen or vehicle. Cell viability was 
analyzed using the WST-8 cell proliferation assay at 1, 3, and 5 days after transfection. Data are presented as 
mean ±  SD, in triplicate; *P <  0.05.
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cell growth in the presence of tamoxifen compared with anti-miR negative control transfection; however, 
the tamoxifen-resistant growth induced by anti-miR-378a-3p was abrogated by siGOLT1A. We then 
examined the Oncomine microarray database to determine whether GOLT1A expression was altered 
in other cohorts of clinical breast cancer samples52. Two datasets indicated that GOLT1A was substan-
tially overexpressed (by >  2-fold) in clinical breast cancers compared to normal breast tissues (P <  1e-8, 
Fig. 5d). Of note, we found that low GOLT1A expression was associated with good prognosis for breast 
cancer in a breast cancer microarray dataset (Fig. 5e). These results suggest that GOLT1A plays a role in 
malignant alteration of breast cancer, including the acquisition of tamoxifen resistance.

Discussion
In the present study, we identified miRNAs that are differentially expressed in endocrine therapy resistant 
breast cancer cells (TamR and LTED) compared to parental MCF-7 cells. Among them, miR-21 and let-7 
(let-7f and let-7a) that are generally known as an onco-miRNA and an anti-onco-miRNA, respectively, 
were the top three differentially expressed miRNAs in the endocrine therapy resistant breast cancer cells. 
miR-21 and let-7s (let-7f and let-7a) expression levels are increased and decreased, respectively, in the 
endocrine therapy resistant breast cancer cells, suggesting their roles that will contribute to aggressive 
type of breast cancer, including the acquisition of tamoxifen resistance35,43.

As the fourth most differentially expressed miRNA in the endocrine therapy resistant breast cancer 
cells, we focused on miR-378a-3p whose expression levels were decreased in these cells. miR-378a-3p 
knockdown facilitated MCF-7 cell growth in the presence of tamoxifen. In addition, miR-378a-3p expres-
sion was reduced in clinical breast cancer tissues compared with cancer-surrounding normal tissues and 
low expression of miR-378a-3p was associated with poor prognosis in ER-positive breast cancer patients 
treated with adjuvant tamoxifen. In a clinicopathological study of colorectal cancer, miR-378a-3p expres-
sion is decreased in cancer tissues compared to that in adjacent normal colorectal tissues47. miR-378a-3p 
expression was correlated with pathological parameters, including histological differentiation and TNM 
stage, and low miR-378a-3p expression was significantly associated with shorter survival time. Ectopic 
miR-378a-3p expression could inhibit colorectal cancer cell growth and colony formation and induce 
apoptosis and cell cycle arrest. Loss- and gain-of-function experiments of miR-378a-3p in colorectal can-
cer cells suggest that miR-378a-3p may regulate the expression of the insulin-like growth factor 1 recep-
tor (IGF1R) as a target gene. A significant negative correlation between IGF1R protein and miR-378a-3p 
expression levels was observed in colorectal cancer tissues. In another study, miR-378a-3p downregula-
tion is observed in rhabdomyosarcoma tissues and cell lines48. miR-378a-3p overexpression suppressed 
IGF1R expression in rhabdomyosarcoma-derived RH30 cells and decreased the phosphorylation level of 

Figure 3. Reduced expression of miR-378a-3p in clinical breast cancer tissues is associated with 
poor prognosis for tamoxifen-treated patients. (a) Decreased miR-378a-3p expression levels in breast 
cancer tissues compared with those in paired adjacent normal tissues. miR-378a-3p expression levels were 
determined by qPCR and normalized to RNU48 levels. **P <  0.01. (b) Kaplan-Meier survival analysis 
according to miR-378a-3p levels in tamoxifen-treated breast cancer patients. The recurrence free survival of 
miR-378a-3p high-expressing group (n =  74) was significantly lower than that of the low-expressing group 
(n =  35; log-rank test; P =  0.012).
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Figure 4. Identification of miR-378a-3p target genes in breast cancer (a) Schematic presentation of 
miR-378a-3p target prediction by in silico analyses. Venn diagrams indicating numbers of candidate hits 
determined by the TargetScan and miRanda prediction algorithms. Candidate genes commonly predicted by 
the algorithms are described. (b) Overexpression of miR-378a-3p suppressed GOLT1A mRNA expression. 
MCF-7 cells were transfected with pre-miR-378a-3p or control miR for 48 h and the expression levels of 
miR-378a-3p and GOLT1A mRNA were then evaluated by qPCR and qRT-PCR, respectively. Data are 
presented as mean ±  SD; *P <  0.05; **P <  0.01. (c) Location of putative miR-378a-3p-binding sequence in 
the 3′ -UTR of GOLT1A gene and its mutated sequences in luciferase reporters. (d) Luciferase reporter assay 
using vectors containing a putative GOLT1A 3′ -UTR binding site for miR-378a-3p and mutated versions of 
the site. MCF-7 cells were transiently transfected with psiCHECK2 vectors containing either the wild-type or 
mutated putative binding sites for miR-574-3p, together with pre-miR-378a-3p precursor or control pre-miR 
for 48 h. The luciferase assay was then performed. Data are presented as mean ±  SD; **P <  0.01.
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AKT protein, which is known as a key signaling molecule in rhabdomyosarcoma. miR-378a-3p overex-
pression resulted in an increase of apoptosis and a decrease of cell growth in RH30 cells. miR-378a-3p 
could also induce myogenic differentiation by modulating myogenic marker genes in RH30 cells. In this 
report, treatment with the DNA methyltransferase inhibitor, 5-Aza-dC, upregulated miR-378a-3p expres-
sion. These findings together with our data suggest that miR-378a-3p may play a tumor-suppressive role 
in malignant tumors. In breast cancer, we assumed that miR-378a-3p downregulation may particularly 

Figure 5. GOLT1A knockdown restored tamoxifen resistance and low GOLT1A levels correlate with 
better survival in patients with breast cancer. (a) Negative correlation between miR-378a-3p and GOLT1A 
expression levels in breast cancer tissues. The expression levels of miR-378a-3p and GOLT1A mRNA were 
examined in cancer samples used in Fig. 3a. (b) Knockdown efficiency of GOLT1A siRNA. TamR cells 
were transfected with siGOLT1A or negative control for 48 h. GOLT1A mRNA levels were determined by 
qRT-PCR and normalized to GAPDH levels. Data are presented as mean ±  SD, in triplicate; **P <  0.01. 
(c) GOLT1A knockdown significantly reduced TamR cell growth in the presence of tamoxifen. Cells were 
transfected with siGOLT1A or negative control. Cell viability was then analyzed by WST-8 cell proliferation 
assay at 1, 3, and 5 days after transfection. Data are presented as mean ±  SD, in triplicate; *P <  0.05. (d) 
GOLT1A mRNA was overexpressed in clinical breast cancer tissues compared to normal mammary tissues, 
based on the Oncomine cancer profiling database, by > 2-fold at P <  1e-8. (e) GOLT1A expression correlates 
with poor relapse-free survival in patients with breast cancer. Survival curves for high (n =  42) and low 
(n =  117) expression groups dichotomized at the optimal cut point are plotted using the PrognoScan64. The 
95% confidence intervals for each group are also indicated by dotted lines.
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contribute to the acquisition of endocrine therapy resistance. Epigenetic modification may lead to the 
deregulation of miR-378a-3p expression in breast cancer cells53,54.

We selected GOLT1A as one of the miR-378a-3p candidate target genes by in silico algorithms. 
Our computational analysis is consistent with our experimental results that GOLT1A mRNA level was 
downregulated in MCF-7 cells transfected with miR-378a-3p precursor. Luciferase reporter assay using 
the 3′ -UTR region of GOLT1A gene including a putative binding site for miR-378a-3p suggested that 
miR-378a-3p could decrease GOLT1A mRNA expression. In addition, GOLT1A knockdown by siRNA 
restored tamoxifen sensitivity in TamR cells. Moreover, the examination of publicly available microarray 
datasets revealed that high levels of GOLT1A expression correlated with poor rates of survival for patients 
with breast cancer. These results suggest that miR-378a-3p and its candidate target gene, GOLT1A, could 
contribute to the mechanisms underlying the endocrine resistance of breast cancer.

GOLT1A is an evolutionarily conserved protein with a structure including four putative transmem-
brane domains. Got1p has been identified as a yeast homolog of GOLT1A by screening for mutations 
that show synthetic lethality with a membrane protein sft2, which is localized in the Golgi appara-
tus55. The yeast study showed that Got1p protein is present in the early Golgi cisternae. Got1p mutant 
yeast exhibited reduced endoplasmic reticulum (ER)-to-Golgi transport due to the impairment of 
SNARE-dependent fusion. Another yeast study revealed that Got1p displayed moderate suppressor activ-
ity toward temperature-sensitive mutations in the SEC23 and SEC31 genes, which encode subunits of the 
coat protein complex II (COPII), a type of vesicle coat protein that transports forward from the rough 
ER to the Golgi apparatus56. The study further showed that Got1p was efficiently packaged into COPII 
vesicles and cycled rapidly between the ER and Golgi compartments. As overexpression of yeast Got1p 
or N-terminal region of human GOLT1A rather impaired the ER-to-Golgi transport56,57, GOLT1A could 
plausibly saturate or somehow interfere the normal cargo recongnition functions of the COPII vesicles. 
Further studies will be required to fully assess the role of GOLT1A in the ER-to-Golgi network with 
differential expression levels, nevertheless, GOLT1A could influence membrane properties and modulate 
vesicle formation in the ER-to-Golgi network.

Recent evidence suggests that the ER-to-Golgi network regulates cellular processes including stress 
response, apoptosis, and mitotic checkpoint in cancer cells. In prostate cancer, Golgi is emerging as a new 
therapeutic target since several Golgi-associated molecules have been demonstrated to be regulated by 
androgen58. Brefeldin A (BFA) is known as is an inhibitor of ER-to-Golgi protein transport by inhibiting 
the interaction between ADP-ribosylation factor 1 (Arf1) and guanine nucleotide exchange factor (GEF). 
Treatment of mammalian cells with BFA induces both ER and Golgi stress due to its ability to cause a 
cytotoxic accumulation of proteins in the ER that would normally be trafficked through the Golgi to be 
processed for secretion. The stress to both organelles resulting from BFA treatment can induce apop-
tosis59,60. The inhibition of the Arf1-GEF interaction will be beneficial for cancer therapy. For example, 
limited effective therapeutic options are available for patients with chronic lymphocytic leukemia (CLL) 
refractory to alkylating agents such as fludarabine61. It is notable that BFA could induce apoptosis in 
primary CLL cells from fludarabine-refractory patients61. Although BFA and its derivatives have not 
progressed beyond the pre-clinical stage of drug development because of their poor bioavailability, tar-
geting the ER-to-Golgi network will be an attractive therapeutic option for cancers, especially for those 
that respond poorly to conventional treatments. It remains to be investigated whether new inhibitors for 
the ER-to-Golgi network can manage tamoxifen-resistant breast cancers, particularly those with high 
expression of GOLT1A and with altered ER-to-Golgi network.

In summary, we have identified miR-378a-3p as a modulating factor for the tamoxifen response in 
breast cancer by high throughput sequencing. A combination of in silico and in vitro analyses indicates 
that GOLT1A is a potential target of miR-378a-3p. These findings could be applied to develop alternative 
approaches to breast cancer diagnosis and treatment.

Methods
Cell culture. MCF-7 and 293T cells were purchased from ATCC (Manassas, VA, USA) and cultured 
in Dulbecco’s modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 50 
units/ml penicillin, and 50 µ g/ml streptomycin at 37 °C in a humidified atmosphere of 5% CO2 in air. 
Resistant clones for tamoxifen (TamR) were established from MCF-7 cells by long-term (> 3 months) 
culture with 1 µ M tamoxifen32. Tamoxifen was purchased from Sigma (St. Louis, MO, USA). Long-term 
estrogen-deprived (LTED) cells were established from MCF-7 cells by culturing them in phenol red-free 
DMEM supplemented with 10% dextran-charcoal stripped FBS (dccFBS).

RNA extraction and high-throughput sequencing. Total RNA was isolated from MCF-7, TamR 
and LTED cells using the ISOGEN reagent (Nippon Gene, Toyama, Japan) in accordance with the manu-
facturer’s instructions. Small RNA cDNA library was generated from the total RNAs and high-throughput 
sequencing was performed using an Illumina GAIIx sequencer (Illumina, San Diego, CA, USA)62. 
Mapping of small RNA reads on human genomes (NCBI35 assembly) and prediction of novel miRNAs 
were performed as describes previously34.

Transfection of miRNA precursors/inhibitors and siRNA. Pre-miR-378a-3p and its positive control 
as well as anti-miR-378a-3p and its negative control were purchased from Ambion (Carlsbad, CA, USA). 
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Transfection of miRNA precursors or inhibitors was carried out using Lipofectamine RNAiMAX transfec-
tion reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instruction. siRNA duplexes, 
siGOLT1A (5′ -GAUUCUUCAGCCUCUUUAAGG-3′  and 5′ -UUAAAGAGGCUGAAGAAUCCG-3′ ) 
and siGOLT1A-2 (5′ -GAAACCUACGGAUUCUUCA-3′  and 5′ -UGAAGAAUCCGUAGGUUUCCA-3′ ) 
both of which target GOLT1A was synthesized using an algorithm that significantly improves the target 
specificity of siRNA, in particular, by efficiently estimating off-target sequences63. A non-targeting con-
trol siRNA (siControl) with no homology to known gene targets in mammalian cells was obtained from 
RNAi Inc. (Tokyo, Japan)63. Cells were cultured overnight and transfected with siRNA at a final concen-
tration of 10 nM using Lipofectamine RNAiMAX. Knockdown efficiency of siRNA was determined by 
qRT-PCR using RNA prepared from the cells 48 h after transfection and normalized to that of siControl.

qPCR and qRT-PCR. Total RNA was extracted from cells or tissues using the ISOGEN reagent. For 
treatment of 5-aza-2′ -deoxycytidine (5-Aza-dC), cells were incubated with 1 or 10 µ M 5-Aza-dC or 
vehicle for 72 h. miRNA levels were determined by qPCR using triplicate TaqMan microRNA assays 
(Applied Biosystems, CA, USA). The target gene mRNA levels were evaluated by the StepOne Real-time 
PCR System (Applied Biosystems) using cDNAs converted from total RNA with SuperScript III Reverse 
Transcriptase (Invitrogen). Results from 3 independent experiments were normalized to the expression 
of endogenous RNU48 for miRNA or that of GAPDH for mRNA, respectively. Primers for GOLT1A and 
GAPDH were as follows: GOLT1A forward: 5′ - GGGCCTGTCCCTCATCATT -3′ ,

GOLT1A reverse: 5′ - TTTGTGCCGTTGGAAGAAGAA -3′ ,
GAPDH forward: 5′ -GGTGGTCTCCTCTGACTTCAACA-3′ , and
GAPDH reverse: 5′ -GTGGTCGTTGAGGGCAATG-3′ .

miRNA target prediction. Candidate targeted genes by miR-378a-3p were examined using 2 online 
database algorithms for miRNA target prediction: TargetScan (http://www.targetscan.org/) and miRanda 
(http://www.microrna.org/microrna/getGeneForm.do)50,51.

Cell growth assay. Cell proliferation was evaluated using the WST-8 assay kit (Nacalai Tesque, Kyoto, 
Japan). Two thousands of MCF-7 or TamR cells per well were cultured in 96-well plates and 10 µ L of 
WST-8 solution was added to each well at the indicated time points after transfection. Cells were fur-
ther incubated for 2 h at 37 °C in a 5% CO2 incubator. The absorbance was measured at 450 nm with 
Multiscan FC Microplate Photometer (Thermo Fisher Scientific, Rochester, NY, USA).

Luciferase reporter assay. The sequence of GOLT1A 3′ -UTR containing a putative binding site for 
miR-378a-3p was amplified by specific primers using MCF-7 cDNA and inserted into the psiCHECK-2 
vector (Promega, Madison, WI, USA). Two mutants for the putative binding site for miR-378a-3p were 
constructed by PCR with the mutated primers. For 3′ -UTR luciferase assay, 293T cells were transfected 
with psiCHECK2 vector containing the wild-type or mutated putative binding sites for miR-378a-3p 
together with pre-miR-378a-3p precursor or control pre-miR using Lipofectamine 2000 transfection 
reagent (Invitrogen). The psiCHECK2 empty vector was also transfected as a mock control. Luciferase 
reporter assay was performed using the Dual-Luciferase Reporter Assay System (Promega) 48 hours after 
transfection. Firefly luciferase activities for GOLT1A 3-UTR reporters were normalized to those for cor-
responding Renilla luciferase activities. Experiments were performed in triplicate, and the results were 
expressed as mean ±  SD.

Clinical specimens. All clinical breast cancer tissues (n =  40) and the adjacent normal tissues (n =  16) 
were resected from patients those received surgery at Saitama Medical University. All procedures were 
performed under a protocol approved by the institutional Ethics Committee, and written informed con-
sent was obtained from all patients. The methods were carried out in accordance with the approved 
guidelines. Total RNA was isolated from these dissected samples and subjected to qPCR and qRT-PCR 
analyses. Oncomine Research Edition46 was used for the evaluation of GOLT1A mRNA expression in 
clinical breast cancer and normal mammary tissues based on microarray datasets. Kaplan–Meier curves 
of relapse-free survival times stratifying breast cancer patients by GOLT1A expression were obtained 
using the Prognoscan (http://www.abren.net/PrognoScan/), which is a database for meta-analysis of the 
prognostic value of genes64.

We also used the publicly available dataset GSE3740549 from the Gene Expression Omnibus reposi-
tory (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi? acc =  GSE37405), which contains miRNA expres-
sion data of ER-positive breast cancer patients treated with adjuvant tamoxifen. Kaplan–Meier analysis 
of recurrence-free survival was performed using a statistical software package EZR (Saitama Medical 
Center, Jichi Medical University, Saitama, Japan)65.
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Abstract: Prostate cancer is a major hormone-dependent tumor affecting men, and is often 
treated by hormone therapy at the primary stages. Despite its initial efficiency, the disease 
eventually acquires resistance, resulting in the recurrence of castration-resistant prostate 
cancer. Recent studies suggest that dysregulation of microRNA (miRNA) function is one 
of the mechanisms underlying hormone therapy resistance. Identification of critical 
miRNAs involved in endocrine resistance will therefore be important for developing 
therapeutic targets for prostate cancer. In the present study, we performed an miRNA 
library screening to identify anti-androgen bicalutamide resistance-related miRNAs in 
prostate cancer LNCaP cells. Cells were infected with a lentiviral miRNA library and 
subsequently maintained in media containing either bicalutamide or vehicle for a month. 
Microarray analysis determined the amounts of individual miRNA precursors and 
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identified 2 retained miRNAs after one-month bicalutamide treatment. Of these, we further 
characterized miR-216a, because its function in prostate cancer remains unknown. 
miR-216a could be induced by dihydrotestosterone in LNCaP cells and ectopic expression 
of miR-216a inhibited bicalutamide-mediated growth suppression of LNCaP cells. 
Furthermore, a microarray dataset revealed that the expression levels of miR-216a were 
significantly higher in clinical prostate cancer than in benign samples. These results 
suggest that functional screening using an miRNA expression library could be useful for 
identifying novel miRNAs that contribute to bicalutamide resistance in prostate cancer.  

Keywords: microRNA; hormone therapy resistance; androgen; prostate cancer 
 

1. Introduction 

Prostate cancer is the second most common cancer among men worldwide and the incidence of 
prostate cancer has been increasing in Japan. Because the growth of prostate cancer is primarily 
regulated by androgen signaling, androgen deprivation therapy is often performed as prostate cancer 
treatment. The hormone therapy is initially effective for inhibiting the growth of prostate cancer by 
suppressing androgen receptor (AR) activity. Nevertheless, patients eventually acquire resistance to 
hormonal therapy during long-term treatment, and develop an advanced form of the disease, termed 
castration-resistant prostate cancer (CRPC) [1–3]. Patients with CRPC have a poor prognosis and 
account for the majority of deaths due to the disease.  

Interestingly, recent studies have shown that AR signaling regulates prostate cancer growth even 
under the condition of androgen deprivation in CRPC. CRPC is commonly associated with increased 
AR signaling due to AR overexpression, AR mutation, transcription cofactor activation, AR 
phosphorylation, and other processes [4–8]. Indeed, overexpression of AR mRNA or protein is found 
in most cases of CRPC [6–8]. These findings suggest that AR plays a critical role in the development 
and progression of prostate cancer at both primary and CRPC stages [9–13]. However, the precise 
molecular mechanisms underlying the resistance to endocrine therapy and recurrence in CRPC remain 
to be studied, in terms of its key regulators and signaling events. As one of the new transcriptional 
regulators involved in cancer biology, the dysregulation of microRNAs (miRNAs) has been paid 
attention to various disease states including tumor progression, metastasis, and angiogenesis [14–16]. 
miRNAs function as transcriptional modulators by binding to complementary sequences in the 
3′-untranslated region of their target mRNAs [17]. 

In the present study, we performed lentiviral miRNA library screening to identify novel miRNAs 
modulating the response to the anti-androgen bicalutamide in human prostate cancer LNCaP cells. By 
comparing the integrated miRNAs in the genomes of cells treated with bicalutamide and vehicle for 
one-month, two retained miRNAs were selected based on the fold change values of array signal 
intensities (by >5-fold). We focused on miR-216a, one of the retained miRNAs in the 
bicalutamide-treated cells, and examined its effect on the growth of LNCaP cells. Overexpression of 
miR-216a inhibited bicalutamide-mediated growth suppression of LNCaP cells. We found that 
miR-216a was overexpressed in long-term androgen-deprived bicalutamide-resistant LNCaP 
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(LTAD-BicR) cells compared with parental LNCaP cells. Moreover, clinical prostate cancer samples 
showed higher levels of miR-216a expression than benign samples. These results show that miRNA 
library-based functional screening is useful for identification of novel miRNAs that are critical for 
bicalutamide responses in prostate cancer. These miRNAs could be applied for the development of 
alternative options for the diagnosis and treatment of prostate cancer. 

2. Results 

2.1. Screening for miRNAs Affecting Bicalutamide Responses in Prostate Cancer LNCaP Cells 

To identify miRNAs involved in the bicalutamide responses in LNCaP cells, we performed 
functional screening with a lentiviral library comprising 445 miRNA precursors. LNCaP cells were 
infected with the library at different multiplicities of infection, and cell populations showing 30%–40% 
infection efficiency were selected, screened, and continuously cultured for one month in the presence 
of 1 or 10 μM bicalutamide or vehicle (Figure 1A). At the end of the cultivation period, genomic DNA 
was extracted from the surviving cells. The miRNAs that had integrated into the genome were 
amplified by PCR, using specific primers against the common sequences that flanked each miRNA, 
and then quantified by custom-made microarrays using the two-color of Cy-3 and Cy-5 fluorescent 
probe hybridization system. The array signal plots comparing the 2 control samples were linearly 
distributed along a diagonal line (Figure 1B), indicating that the biological duplicates exhibited high 
reproducibility. In contrast, plots comparing the bicalutamide-treated samples with the control samples 
were widely distributed. The upper left- or lower right-positioned plots separated by the diagonal line 
corresponding to the ectopic miRNAs that were retained or dropped out after one-month bicalutamide 
treatment, respectively (Figure 1C, 10 μM bicalutamide Sample 1 versus Control 1; Figure 1D, 1 μM 
bicalutamide Sample 2 versus Control 2; Figure 1E, 1 μM bicalutamide Sample 3 versus Control 3). 
Based on fold changes and p values (>5-fold at a threshold of p < 0.01), we identified two retained 
miRNAs that were upregulated in bicalutamide-treated cells (Table 1). The distribution of the retained 
miRNAs can be visualized by volcano plotting using averaged values for fold change and inverse  
p value as x- and y-axes, respectively (Figure 2). 
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Figure 1. Screening of miRNAs associated with bicalutamide responses in LNCaP cells. 
(A) Schematic representation of screening procedure using a lentiviral miRNA library to 
identify mediators of the bicalutamide responses in human prostate cancer LNCaP cells. In 
brief, cells were infected with a lentiviral miRNA library and further cultured in regular 
media containing normal FBS with or without anti-androgen bicalutamide. Amounts of 
miRNAs integrated in the genomic DNAs of surviving cells were quantified by 
microarray; (B) Validation of miRNA screening reproducibility using two controls 
experiment is shown; (C–E) Scatter plots of array signal intensities for individual miRNAs 
for three groups of bicalutamide-treated and vehicle-treated samples ((C) 10 μM 
bicalutamide Sample 1 versus Control 1; (D) 1 μM bicalutamide Sample 2 versus Control 
2; (E) 1 μM bicalutamide Sample 3 versus Control 3). 

Table 1. Retained miRNAs after bicalutamide treatment. 

miRNA Control a Bicalutamide b Bicalutamide/Control p Value 
miR-345 4737.4 ± 4127.3 32086.3 ± 4257.2 6.77 0.0013 
miR-216a 7534.2 ± 7345.9 40038.2 ± 8824 5.31 0.0087 

a Averaged signal intensity of miRNA in the vehicle-treated control cells was quantified by microarray. The 
results are shown as mean ± S.D. b Averaged signal intensity of miRNA in the bicalutamide-treated cells was 
quantified by microarray. The results are shown as mean ± S.D. 
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Figure 2. Volcano plot shows comparative analysis of miRNA microarray of the averaged 
three groups of the bicalutamide-treated cells and vehicle-treated cells. Volcano plot of 
microarray data generated by clustering based on probes that were retained (fold  
change >5; p < 0.01) in the averaged three groups of the bicalutamide-treated cells 
compared to vehicle-treated cells (Control). Closed circles represent selected miRNAs in 
this study. 

2.2. miR-216a is Androgen-inducible and Overexpression of miR-216a Inhibits Bicalutamide-dependent 
Suppression of LNCaP Cell Growth  

Alteration of miRNA expression may account for the change of bicalutamide resistance or sensitivity 
in LNCaP cells by modulating their target gene expression. Overexpressed miRNAs in cancers that 
promote oncogenesis are known as oncomiRs, whereas underexpressed miRNAs act as tumor 
suppressor miRs [18,19]. In this study, we focused on the retained miRNAs that could silence the 
expression of tumor suppressor genes. One of the retained miRNAs was miR-345, which has been 
reported to be associated with drug resistance and markers in cancers including breast and colorectal 
cancers [20,21]. miR-216a was further investigated because miR-216a is a candidate miRNA regulated 
by the androgen pathway [22]. We examined endogenous miR-216a expression in LNCaP cells and 
showed that the miRNA is upregulated by 5α-dihydrotestosterone (DHT) (10 nM) treatment (Figure 3A). To 
examine whether the miR-216a modulates bicalutamide resistance, LNCaP cells were infected with 
recombinant lentivirus that expresses the miR-216a precursor and subjected to the cell viability assay 
using 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-8). 
WST-8 assay revealed that ectopic miR-216a expression blunted the bicalutamide-mediated 
suppression of LNCaP cell growth, whereas bicalutamide treatment significantly repressed the growth 
of LNCaP cells infected with a control miRNA (miR-Control) (Figure 3B). Lentiviral transduction of 
miR-216a precursor elicited substantial ectopic expression of the mature miRNA in the cells at Day 7, 
as shown by qPCR (Figure 3C). 

2.3. miR-216a is Upregulated in Bicalutamide-resistant LNCaP Cells and Clinical Prostate  
Cancer Samples 

To determine the endogenous expression levels of the miR-216a, we generated bicalutamide-resistant 
cells, LTAD-BicR by long-term culture (>3 months) of LNCaP with bicalutamide and phenol red-free 
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medium. Small RNA sequencing using RNAs prepared from LTAD-BicR and parental LNCaP cells 
showed that the expression levels of miR-216a were significantly upregulated in LTAD-BicR cells, as 
compared to parental cells (Figure 3D). We next examined the expression levels of miR-216a in clinical 
samples based on the miRNA sequencing dataset (#SDS144) retrieved from The Cancer Genome Atlas 
(TCGA) (Figure 3E). We found that the miR-216a expression levels were significantly higher in prostate 
cancers with Gleason score 8 and 9 compared to normal prostate tissues (p < 0.05), and also significantly 
higher in prostate cancers with Gleason score 8 and 9 compared to those with Gleason score 6 and 7  
(p < 0.05). Taken together, studies on cultured cancer cells and clinical samples suggest that endogenous 
miR-216a expression associates with endocrine resistance and progression of prostate cancer. 

  

Figure 3. Overexpression of miR-216a inhibited bicalutamide-dependent suppression of 
LNCaP cell growth and upregulation of miR-216a in bicalutamide-resistant LNCaP cells 
and clinical prostate cancer samples. (A) Endogenous miR-216a expression is 
androgen-inducible in LNCaP cells. Cells maintained in hormone-deprived medium 
(phenol red-free medium with charcoal stripped FBS) were treated with 
5α-dihydrotestosterone (DHT) (10 nM) or vehicle for 48 h and relative expression of 
mature miR-216a was determined by normalization to RNU48 expression evaluated by 
qPCR. Statistical analysis was performed using Student’s t-test. *, p < 0.05; (B) 
Overexpression of miR-216a inhibits bicalutamide-dependent suppression of LNCaP cell 
growth. Cells were infected with miR-216a precursor or miR-control, and then treated with 
1 μM bicalutamide or vehicle in regular media with normal FBS. Cell proliferation was 
examined using WST-8 at indicated time points. The absorbance was read on a microplate 
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reader at a wavelength of 450 nm. The results are shown as mean values ± S.D. (n = 4). 
Statistical analysis was performed using Student’s t-test. * p < 0.05; ** p < 0.01; (C) 
Relative expression of mature miR-216a on Day 7 after lentiviral transduction of miR-216a 
or miR-control was determined by normalization to RNU48 expression evaluated by qPCR. 
**, p < 0.01. Cells were cultured in regular media with normal FBS; (D) Small RNA 
sequencing using RNAs from LNCaP and LTAD-BicR cells shows that miR-216a 
expression was significantly upregulated in bicalutamide-resistant LTAD-BicR cells as 
compared to parental LNCaP cells. LNCaP and LTAD-BicR cells were maintained in 
regular media with normal FBS and phenol red-free media with charcoal-stripped FBS, 
respectively. The miRNA expression is quantified in terms of RPM (Reads Per Million) 
value, which is normalized against total reads in the sample; (E) Increased expression levels 
of miR-216a in advanced prostate cancer samples (Gleason score 8 and 9) compared with 
normal prostate samples or with lower-grade prostate cancer samples (Gleason score 6 and 
7), based on an miRNA sequencing SDS144 dataset in The Cancer Genome Atlas. Relative 
miR-216a expression levels were calculated from original log2 values in the dataset. Normal 
prostate tissues, n = 4; prostate cancers with Gleason score 6 and 7, n = 23; and prostate 
cancers with Gleason score 8 and 9, n = 8. *, p < 0.05. 

3. Discussion 

In the present study, we performed a functional screening using a lentiviral miRNA library to 
identify miRNAs associated with acquired resistance for endocrine therapy in prostate cancer. LNCaP 
cells infected with the miRNA library were treated with bicalutamide or vehicle for one month, and 
then the profiles of the genome-integrated miRNAs were compared. We identified two retained 
miRNAs in the bicalutamide-treated cells compared with the control cells. These miRNAs might be 
involved in the modulation of bicalutamide resistance in LNCaP cells. We focused on one of the 
upregulated miRNAs, miR-216a, and found that this miRNA is androgen-inducible. Then, we 
demonstrated that the overexpression of miR-216a significantly inhibited the bicalutamide-mediated 
growth suppression of LNCaP cells. We used 1 μM bicalutamide because it was shown that μM order 
of bicalutamide is a sufficient concentration for repressing the growth of LNCaP cells [23]. Our study 
showed that miR-216a expression increased in bicalutamide-resistant LNCaP cells, and an miRNA-seq 
dataset from TCGA also revealed the upregulation of miR-216a in clinical prostate cancer samples at 
advanced disease stages. 

miR-216a is reported as an miRNA that is regulated by the androgen pathway at early stages of 
hepatocarcinogenesis. Consistently, we showed that miR-216a is an androgen-inducible miRNA as 
determined by our qPCR analysis. It is also notable that several androgen-dependent AR binding sites 
are located in the upstream genomic region of miR-216a as shown in the ChIP-on-chip data for 
prostate cancer [24]. Among them, the nearest AR binding site is located at ~6 kb upstream region of 
miR-216a and the sequence of the binding site contains at least five consensus androgen response 
elements analyzed by the JASPER open-access database of transcription factor binding profiles [25]. 
Thus, miR-216a could be an androgen target miRNA in prostate cancer cells. In addition, miR-216a 
targets tumor suppressor in lung cancer-1 (TSLC1), which modulates cell cycle progression, cell 



J. Clin. Med. 2015, 4 1860 
 
proliferation, and apoptosis [22]. Upregulation of miR-216a has been also reported in diabetic 
glomerular mesangial cells and this miRNA, together with miR-217, targets PTEN and activates AKT, 
leading to glomerular mesangial cell survival and hypertrophy [26]. In our screening of miR-216a 
target genes using several predicting programs (TargetScan, DIANA-microT, miRDB, and 
miRTarBase), we found that this miRNA could targets PTEN and TGFBR2. As loss of PTEN and 
TGFBR2 from prostate has been shown to result in castration-resistant cancer with metastases [27], we 
assume that miR-216a would play a critical role in the modulation of AR signaling and development of 
endocrine resistance. Future studies are required to clarify the precise role of miR-216a in  
prostate cancer. 

We also identified miR-345 as another retained miRNA. miR-345 was found to be differentially 
expressed between breast cancer MCF-7 cells and the derivative cisplatin-resistant cells. In this report, 
miR-345 was demonstrated to target the multidrug resistance-associated protein 1 (MRP1) and 
suggested to be responsible for development of resistance to anticancer drugs [20]. In addition, 
miR-345 level in whole blood was a prognostic biomarker for overall survival and progression-free 
survival of patients with metastatic colorectal cancer treated with cetuximab and irinotecan [21]. These 
observations suggest that miR-345 may modulate drug resistance and could serve as a prognostic 
marker in cancers. Thus, miR-345 might be also involved in prostate cancer. 

We recently reported of an miRNA library screen to identify miRNAs modulating tamoxifen 
responses in human breast cancer MCF-7 cells. By comparing miRNA expression in cells treated with 
4-hydroxytamoxifen (OHT) to that in vehicle-treated cells, we successfully identified miR-574-3p as a 
modulating factor for tamoxifen response in breast cancer [28]. Indeed, miR-574-3p has been reported as 
a tumor suppressor in prostate, bladder, and gastric cancers [29–31]. The present study was also 
designed to identify miRNAs associated with anti-hormone resistance. We speculate that the results of 
these studies can provide new information regarding miRNAs that play critical roles in the development 
of hormone therapy resistance. 

In summary, we showed that functional screening based on lentiviral miRNA library is useful for 
identifying miRNAs involved in bicalutamide resistance in prostate cancer cells. This approach could 
provide new targets for the diagnosis and treatment of advanced prostate cancer. 

4. Materials and Methods 

4.1. Screening of Lentiviral miRNA Library and Microarray Analysis 

Experimental concepts of our screen method were based on previous literature [32]. Briefly, a 
human miRNA precursor lentivirus library that was consisted of a pool of 445 human miRNA 
precursor clones coexpressing GFP was purchased from System Biosciences (Mountain View, CA, 
USA). The library was infected to LNCaP cells with at different multiplicities of infection together 
with 5 mg/mL polybrene. Transduction efficiency was evaluated by GFP expression 48 h after 
infection using FACS Calibur (Becton Dickinson, CA, USA). 

To avoid the possibility of multiple infections, we selected cell populations with 30 to 40% 
infection efficiency. Cells were continuously cultured in RPMI medium containing 1 or 10 μM 
bicalutamide or vehicle for 4 weeks. During the culture period, medium was replaced every 2 to 3 
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days. Then, miRNA precursors integrated into the surviving cells were amplified by PCR using 
specific primers against the sequences in the lentivirus vector (forward primer: 
5′-GCCTGGAGACGCCATCCACGCTG-3′; reverse primer: 5′-GATGTGCGCTCTGCCCACTGAC-3′), 
in order to amplify miRNA precursor sequences. PCR products from bicalutamide-treated and 
vehicle-treated LNCaP cells were labeled with Cy-3 or Cy-5, respectively, using the Genome DNA 
Enzymatic Labeling Kit (Agilent Technologies, Santa Clara, CA, USA) and then subjected to 
microarray hybridization (Oligo cDGH/ChIP-on-ChIP Hybridization Kit, Agilent Technologies). 
Agilent Feature Extractor software was used to scan microarray images and to normalize signal 
intensities. A volcano plot was generated by clustering based on probes. Signals (fold change >5;  
p < 0.01) in the averaged 3 groups of the bicalutamide-treated LNCaP cells compared to 
vehicle-treated cells were selected as candidate miRNAs potentially involved in the  
bicalutamide resistance.  

4.2. Cell Culture and Transduction of miRNA Precursors by Lentiviral Vector 

LNCaP prostate cancer cells were purchased from the American Type Culture Collection 
(Manassas, VA, USA). LNCaP cells were cultured in RPMI supplemented with 10% fetal bovine 
serum, penicillin (50 U/mL), and streptomycin (50 μg/mL) at 37 °C in a humidified atmosphere 
containing 5% CO2. Long-term androgen-deprived bicalutamide-treated cells (LTAD-BicR cells) were 
established from LNCaP cells by long-term (>3 months) treatment with 1 μM bicalutamide in 
phenol-red free RPMI supplemented with 10% charcoal-dextran-treated fetal bovine serum, penicillin 
(50 U/mL), and streptomycin (50 μg/mL) at 37 °C in a humidified atmosphere containing 5% CO2. 
Transduction of miR-216a precursor or control miRNA (Pre-miR™ miRNA Precursor, Life 
Technologies, CA, USA) into LNCaP cells were carried out by generating virus-containing 
supernatants as previously reported [32]. Briefly, lentivirus plasmids were co-transfected with pLP1, 
pLP2, and pLP/VSVG (Invitrogen) into 293FT cells (Invitrogen), and virus containing supernatants 
were prepared according to manufacturer’s instructions. For infection, cells were incubated with 
virus-containing supernatants in the presence of 6 mg/mL polybrene. 

4.3. RNA Extraction and High-throughput Sequencing 

Total RNAs were isolated from LNCaP and LTAD-BicR cells using the ISOGEN reagent (Nippon 
Gene, Toyama, Japan) in accordance with the manufacturer’s instruction. Small RNA cDNA library was 
generated from the total RNAs and high-throughput sequencing was performed using an Illumina GAIIx 
sequencer (Illumina, San Diego, CA, USA) [33]. Mapping of small RNA reads were performed on 
human genomes (NCBI35 assembly). In quantitative PCR (qPCR) experiments, miRNA levels in 
LNCaP cells were determined by StepOne Real-time PCR System (Applied Biosystems) using TaqMan 
microRNA assays (Applied Biosystems, CA, USA). Results from three independent experiments were 
normalized to the expression of endogenous RNU48. 5α-Dihydrotestosterone (DHT) (Nacalai Tesque, 
Kyoto, Japan) treatment was performed at 10 nM concentration for 48 h. 
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4.4. Cell Growth Assay 

The effects of bicalutamide or miRNAs on cell viability were determined by the WST-8 assay using 
the Cell Count Reagent SF (NACALAI TESQUE, Kyoto, Japan). LNCaP cells were lentivirally 
transduced with miR-216a or miR-control and were seeded into 96-well plates at a density of 5000 or 
3000 cells per well, and 10 μL of WST-8 solution was added to each well at the indicated time points 
(24, 48, 72, 120 or 168 h) after transfection. Cells were further incubated for 3 h at 37 °C in a 5% CO2 
incubator. The absorbance was measured at 450 nm with Multiscan FC Microplate Photometer 
(Thermo Fisher Scientific, MA, USA). The results were shown as mean ± S.D. (n = 4). Statistical 
analysis was carried out using Student’s t-test. *, p < 0.05; **, p < 0.01. 
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Abstract
Mitochondrial disorders have the highest incidence among congenital metabolic disorders
characterized by biochemical respiratory chain complex deficiencies. It occurs at a rate of 1
in 5,000 births, and has phenotypic and genetic heterogeneity. Mutations in about 1,500
nuclear encoded mitochondrial proteins may cause mitochondrial dysfunction of energy
production and mitochondrial disorders. More than 250 genes that cause mitochondrial dis-
orders have been reported to date. However exact genetic diagnosis for patients still
remained largely unknown. To reveal this heterogeneity, we performed comprehensive
genomic analyses for 142 patients with childhood-onset mitochondrial respiratory chain
complex deficiencies. The approach includes whole mtDNA and exome analyses using
high-throughput sequencing, and chromosomal aberration analyses using high-density oli-
gonucleotide arrays. We identified 37 novel mutations in known mitochondrial disease
genes and 3 mitochondria-related genes (MRPS23,QRSL1, and PNPLA4) as novel
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causative genes. We also identified 2 genes known to cause monogenic diseases (MECP2
and TNNI3) and 3 chromosomal aberrations (6q24.3-q25.1, 17p12, and 22q11.21) as
causes in this cohort. Our approaches enhance the ability to identify pathogenic gene muta-
tions in patients with biochemically defined mitochondrial respiratory chain complex defi-
ciencies in clinical settings. They also underscore clinical and genetic heterogeneity and
will improve patient care of this complex disorder.

Author Summary
Mitochondria play a crucial role in ATP biosynthesis and comprise proteins encoded in
both the nuclear and mitochondrial genomes. Although more than 250 mitochondrial dis-
ease-causing genes have been reported, the exact genetic causes in patients remain largely
unknown. Here, we aimed to provide further insights into the pathogenic mechanisms of
mitochondrial disorders. We investigated the genes encoded in the nuclear and mitochon-
drial genomes using comprehensive genomic analysis in 142 patients with mitochondrial
respiratory chain complex deficiencies. We identified 3 novel disease-causing mitochon-
dria-related genes (MRPS23, QRSL1, and PNPLA4) as well as other disease-causing genes
and novel pathogenic mutations in known mitochondrial disease-causing genes. All path-
ogenic mutations in this study are validated by genetic and/or functional evidence. Our
findings, including the achievement of firm genetic diagnoses for 49 of 142 patients
(34.5%), were higher than the general diagnosis rate of approximately 25% and demon-
strated the value of comprehensive genomic analysis. Accordingly, we have shed light on
the genetic heterogeneity underlying mitochondrial disorders.

Introduction
Human oxidative phosphorylation (OXPHOS) disease has the highest incidence among con-
genital metabolic disorders characterized by a biochemical respiratory chain complex deficien-
cies and is thought to occur at a rate of 1 in 5,000 births[1]. No more than 15–30% of pediatric
diseases diagnosed as mitochondrial disorders show mitochondrial DNA (mtDNA) abnormal-
ities[2,3]; the remaining cases occur because of defects in genes encoded in the nucleus. A cer-
tain amount of nuclear-encoded gene products are present in the mitochondria, and roughly
1,500 are thought to play important roles in mitochondrial function[4,5].

It is particularly difficult to diagnose patients with OXPHOS disease at the molecular level
because of the massive numbers of potentially involved nuclear genes and genes not yet linked
to human disease. Therefore, identification of the causative genes and an understanding of the
pathogenic mechanisms of OXPHOS disease remain unsolved challenges.

Recent studies[6,7] have shown that heterogeneous genetic backgrounds as well as genes
previously not linked to mitochondrial functions or localization are associated with this dis-
ease. However, because of phenotypic and locus heterogeneity, only a fraction of patients has
been identified to date. Limitations in target resequencing have motivated us to apply a com-
prehensive genomic analysis for more accurate molecular diagnosis and for the identification
of novel causative genes.

Here, we aimed to determine whether a comprehensive genomic analysis approach could be
used to reveal the broad spectrum of genetic background of the disease[8]. One hundred and
forty-two unrelated individuals with displayed childhood-onset mitochondrial respiratory
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chain complex deficiencies were selected. We applied long-range polymerase chain reaction
(PCR)-based whole mtDNA sequencing, whole exome sequencing (WES), and high-density
oligonucleotide arrays to identify single-nucleotide variants (SNVs), small insertions or dele-
tions (indels), and chromosomal aberrations for comprehensive genomic analyses.

Results
Comprehensive genomic analysis in 142 patients
In this study, 142 patients with childhood-onset mitochondrial respiratory chain complex defi-
ciencies were enrolled and subjected to comprehensive genomic analyses (detailed clinical
characteristics are described in S1 Table). A schematic workflow of these analyses is shown in
Fig 1. Comprehensive genomic analyses included three approaches: (i) amplicon-based whole
mtDNA sequencing for pathogenic mutations and large duplications/deletions, (ii) WES for
pathogenic mutations in nuclear DNA, and (iii) high-density oligonucleotide arrays for chro-
mosomal aberrations. The prioritized variants derived from each approach are described
below.

Prioritized variants in 142 patients
After comprehensive genomic analysis shown in Fig 1, rare variants were filtered out and prior-
itized on the basis of the strategy described below. For mtDNA variants, we targeted variants
confirmed and reported in MITOMAP[9]. Exome sequencing covered 89% (ranged: from

Fig 1. Schematic of comprehensive genomic analysis of 142 patients. All 142 patients were subjected to
mtDNA amplicon-based sequencing, WES, and high-density oligonucleotide array analysis in parallel.
Variants were filtered on the basis of their rarity in public databases and population-matched datasets. For
each analysis, candidate variants were prioritized on the basis of the type of variant. Candidate variants were
validated by Sanger sequencing and tested for segregation within the family if DNA was available. mtDNA,
mitochondrial DNA; pVUS, prioritized variant of unknown significance; CNV, copy number variation

doi:10.1371/journal.pgen.1005679.g001
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70%–to 98%) of the targeted bases, with more than 20-fold coverage. Detailed sequence statis-
tics is shown in S2 Table.

The precise strategy for WES variant prioritization is shown in S2 Fig. We evaluated our pri-
oritization pipeline to validate whether it could feasibly enrich known OXPHOS disease-caus-
ing genes or mitochondria-related genes (S3 Fig). Known OXPHOS disease-causing genes
were clearly enriched in disease cases, whereas no prioritized genes were detected in healthy
controls. Compared with healthy controls, mitochondria-related genes also exhibited a
1.64-fold enrichment. No enrichment was observed in randomly selected genes. These results
suggest that mitochondria-related gene enrichment is caused by unidentified causative genes.

To analyze chromosomal aberrations, we focused on rather large (>100 Kb) deletions or
duplications. For prioritizing candidate aberrations, we filtered out deleted or duplicated
regions found in the 524 in-house controls and manually curated the pathogenicity of the aber-
rations by referring to the OMIM, DGV, and DECIPHER databases.

A breakdown of the 142 patients according to prioritized variants is shown in Fig 2. Of the
142 patients with mitochondrial respiratory chain complex deficiencies, 102 (71.8%) harbored
at least 1 prioritized mtDNAmutation, nuclear gene mutation, or chromosomal abnormality.
Ten (7.0%) patients harbored mtDNAmutations, including one large deletion (S4 Fig). In 29
patients (20.4%), firm molecular diagnoses were made in 20 genes previously linked to mito-
chondrial disorders. We newly confirmed 3 mitochondria-related genes (MRPS23, QRSL1, and
PNPLA4) as causative genes of mitochondrial respiratory chain complex deficiencies. Three
patients (2.1%) harbored mutations in genes known to cause monogenic diseases (MECP2 and
TNNI3). Intriguingly, 4 patients (2.8%) had pathogenic chromosomal deletions previously
linked to other disorders (6q24.3-q25.1, 22q11.21, and 17p12) but not linked to mitochondrial
respiratory chain complex deficiencies.

In 53 (37.3%) patients, we identified and designated candidate genes or loci as prioritized
variants of unknown significance (pVUS) because these variants have possibilities to be patho-
genic but have insufficient evidence to support a disease linage. The current lack of functional
validation for linking these genes with mitochondrial disorders led us to classify these variants
as inconclusive with respect to pathogenicity (S3, S4 and S5 Tables). The remaining 40 (28.2%)
patients lacked prioritized nuclear variants, mtDNA variants, and chromosomal abnormalities.

Fig 2. Breakdown of 142 patients categorized by the type of mutations/variants in comprehensive
genomic analysis. Numerals in each colored box indicate the number of patients. Patients harboring
multiple variants were assigned to each box on the basis of the highest priority variant in all cases.

doi:10.1371/journal.pgen.1005679.g002
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New genetic diagnoses for cases with previously established nuclear
disease genes
Twenty-two genes were prioritized in 31 patients (Table 1). Of these, 29 patients harbored 41
disease-causing mutations in 20 genes known to cause OXPHOS disease: ACAD9, BOLA3,
COQ4, COX10, EARS2, ECHS1, GFM1, GTPBP3, KARS,MPV17, NDUFA10, NDUFAF6,
NDUFB11, NDUFS4, RARS2, RRM2B, SCO2, SUCLA2, TAZ, and TUFM. All such mutations
were confirmed through Sanger sequencing and haplotype phasing. In particular, 8 patients
had homozygous mutations, 19 had compound heterozygous mutations, and 2 had hemizy-
gous mutations. Of the 41 mutations, 37 were novel and 4 were reported as pathogenic in the
Human Gene Mutation Database[10] (HGMD, professional version 2013.10).

BOLA3, which plays an essential role in iron–sulfur cluster production, was mutated in 4
unrelated patients with severe lactic acidosis and combined respiratory chain complex deficien-
cies (MIM 614299). Three of these patients (Pt045, Pt268, and Pt314) exhibited multiple organ
failure; Pt268 and Pt314 had hypertrophic cardiomyopathy, and Pt045 developed seizures. All
4 patients exhibited decreased complex II activity and harbored the c.287A>G (p.H96R) muta-
tion. Pt314 and Pt286 patients showed clear long contiguous stretches of homozygosity
(LCSH) (2.8 Mb, 3.2 Mb respectively) around this p.H96R mutation. Pt268 also showed a short
contiguous stretch of homozygosity (0.3 Mb). This homozygous region encompassing BOLA3
was shared between these unrelated individuals. Sanger sequencing identified the parents for
these three patients as heterozygous carriers of this mutation. No p.H96R carriers were found
in NHLBI GO Exome Sequencing Project (ESP6500), and 1 Japanese carrier in 1000 Genomes
Project (1KG) was found. We screened for mutations that violated the Hardy–Weinberg prin-
ciple and only identified the p.H96R mutation. These results suggest that p.H96R is common
in the Japanese population and has originated from a single founder (S5 and S6 Figs).

NDUFAF6, which plays an important role in complex I assembly, was mutated in 4 unre-
lated patients: Pt101, Pt512, and Pt598 exhibited regression, whereas Pt330 exhibited muscle
atrophy. All patients had complex I deficiency (MIM 256000). Pt101 shared 1 allele with Pt512
and another with Pt598. Pt330 harbored homozygous mutation c.820A>G (p.R274G) located
in 1.3 Mb LCSH. Sanger sequencing identified the parents as heterozygous carriers of this
mutation. Only 1 family was reported to harbor a mutation in this gene[18] (S7, S8 and S9
Figs).

NDUFB11, recently reported as causative gene for microphthalmia with linear skin defects
syndrome (MIM 300952) and encoding a complex I component, was mutated in Pt067, a boy
born to non-consanguineous parents under conditions of intrauterine growth restriction; this
patient presented with heart failure, respiratory failure, complex I deficiency, and lethal infan-
tile mitochondrial disorder (LIMD). He harbored a hemizygous de novomutation, c.361G>A
(p.E121K), and there was no NDUFB11 protein expression in his fibroblasts (S10 Fig). Because
the p.E121 residue is highly conserved in this gene, we performed functional in vivo assays
using a dndufb11-knockdown Drosophilamodel (S11 Fig); compared with controls, the mean
lifespan was significantly reduced and the metabolic rate was lower in knockdown flies. Blue-
native polyacrylamide gel electrophoresis (BN-PAGE) analysis showed a loss of complex I
assembly, and lactate and pyruvate levels were increased in the knockdown flies. The in vivo
dndufb11-knockdown Drosophila experiment further supported this conclusion. While prepar-
ing this manuscript, two girls harboring mutations in NDUFB11 with microphthalmia with lin-
ear skin defects were reported by van Rahden et al[19]. Our patient was a male and died 55 h
after birth. He presented with redundant skin but had no linear skin defects.

Pt459, a boy with lactic acidosis, developmental delays, hypertrophic cardiomyopathy, sei-
zure, and combined complex deficiencies (I and IV), harbored the compound heterozygous
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Table 1. New genetic diagnoses for cases with previously established nuclear disease genes.

ID Clinical
diagnosis

Complex
type

Genetic
diagnosis

Gene Variations Supporting evidence

Pt090 NLIMD CI Firm ACAD9
(NM_014049)

c.1150G>A:p.V384M,
c.1817T>A:p.L606H

Segregation

Pt025 NLIMD CI Firm ACAD9
(NM_014049)

c.811T>G:p.C271G, c.1766-
2A>G

Rescue

Pt045 LIMD CC Firm BOLA3 (NM_212552) c.225_229del:p.K75fs,
c.287A>G:p.H96R

Shared rare variant in four patients,
rescue

Pt268 LIMD CC Firm BOLA3 (NM_212552) c.287A>G:p.H96R, c.287A>G:p.
H96R

Shared rare variant in four patients,
rescue

Pt286 LD CC Firm BOLA3 (NM_212552) c.287A>G:p.H96R, c.287A>G:p.
H96R

Shared rare variant in four patients,
rescue

Pt314 CM CC Firm BOLA3 (NM_212552) c.287A>G:p.H96R, c.287A>G:p.
H96R

Shared rare variant in four patients,
rescue

Pt113 LIMD CC Firm COQ4 (NM_016035) c.718C>T:p.R240C, c.421C>T:
p.R141X

Rescue; patient is included in the
study by Brea-Calvo et al[11]

Pt223 CM CC Firm COX10 (NM_001303) c.862G>A:p.G288R,
c.1259C>T:p.P420L

Rescue

Pt691 ND CIV Firm EARS2
(NM_001083614)

c.319C>T:p.R107C,
c.1466G>A:p.R489Q

De novo (c.319C>T)

Pt346 LIMD CI Firm ECHS1
(NM_004092)

c.176A>G:p.N59S, c.476A>G:p.
Q159R

Known; patient is included in the study
by Haack et al[12]

Pt376 LD CIV Firm ECHS1
(NM_004092)

c.98T>C:p.F33S, c.176A>G:p.
N59S

Known; patient is included in the study
by Haack et al[12]

Pt112 HD CC Firm GFM1 (NM_024996) c.170C>A:p.S57Y, c.748C>T:p.
R250W

Known[13]

Pt751 LD CC Firm GTPBP3
(NM_032620)

c.8G>T:p.R3L, c.923-947del (p.
E309fs)

Patient is included in the study by
Kopajtich R. et al[14]

Pt459 MC CC Firm KARS (NM_005548) c.1343T>A:p.V448D, c.953T>C:
p.I318T

Rescue

Pt339 HD (MTDPS) CC Firm MPV17 (NM_002437) c.293C>T:p.P98L, c.376-1G>A Known[15], mtDNA decreased to
20.5% in hepatic tissue

Pt057 NLIMD CI Firm NDUFA10
(NM_004544)

c.383_384insTAA:p.
S128delinsIS, c.881T>C:p.
L294P

Rescue

Pt512 LD CI Firm NDUFAF6
(NM_152416)

c.226T>C:p.S76P, c.805C>G:p.
H269D

Independent rare variant in two
patients (c.805 C >G), rescue

Pt598 LD CI Firm NDUFAF6
(NM_152416)

c.206A>T:p.D69V, c.371T>C:p.
I124T

Independent rare variant in two
patients (c.371 T >C)

Pt101 LD CI Firm NDUFAF6
(NM_152416)

c.371T>C:p.I124T, c.805C>G:p.
H269D

Independent rare variants in two
patients (c.371T>C, c.805C>G),
segregation

Pt330 MC CI Firm NDUFAF6
(NM_152416)

c.820A>G:p.R274G, c.820A>G:
p.R274G

Rescue

Pt067 LIMD CI Firm NDUFB11
(NM_001135998)

c.361G>A:p.E121K
(hemizygous)

Rescue, de novo, functional assay

Pt711 LD CI Firm NDUFS4
(NM_002495)

c.340T>C:p.W114R, c.340T>C:
p.W114R

LCSH

Pt222 NLIMD CIV Firm RARS2 (NM_020320) c.1321C>T:p.L441F,
c.1306G>T:p.D436Y

Segregation

Pt652 MC CC Firm RRM2B
(NM_015713)

c.97C>T:p.P33S, c.97C>T:p.
P33S

Segregation

Pt628 LD CC Firm SCO2
(NM_001169109)

c.577G>A:p.G193S, c.773T>C:
p.M258T

Known[16], segregation

(Continued)
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mutations c.1343T>A (p.V448D) and c.953T>C (p.I318T) in KARS. KARS is a lysyl-transfer
RNA synthetase that produces 2 proteins that localize to the cytosol and mitochondria. A
cDNA complementation assay revealed that mitochondrial KARS successfully rescued the
enzyme defect, but not cytosolic form (S12 Fig). Detailed information and evidential support
for other known genes are described in S1 Text.

Newly identified mutations in mitochondria-related genes
Five (MRPS23, C1QBP1, ALAS2, SLC25A26, QRSL1) genes were identified as novel candidate
genes (Tables 2 and S3). These genes were previously reported links to mitochondrial function
but not mitochondrial respiratory chain complex deficiencies. Of these, we obtained patho-
genic support for mutations inMRPS23 and QRSL1. In addition, candidate genes that have no
evidence of functional involvement in current mitochondrial biology are good targets for
underlying novel mitochondrial biological functions. In one such case, we identified PNPLA4
as a novel causative gene for mitochondrial respiratory chain complex deficiencies and proved
its mitochondrial localization for the direct evidence of mitochondrial functions. The support-
ive evidence included (i) the identification of independent mutations in candidate genes in
unrelated individuals with exquisitely similar phenotypes, (ii) rescue of patients’ cellular phe-
notypes in a cDNA complementation assay, and (iii) identification of a de novomutation in
the candidate gene. Other pVUS for candidate genes are shown in S3 Table.

A component of the highly conserved mitochondrial ribosome small subunitMRPS23[22]
was mutated in Pt276, a boy with hepatic disease and combined respiratory chain complex
deficiencies. In this patient, enzyme activities in complexes I and IV were decreased by 28%
and 14% of the normal fibroblastic values, respectively. The patient was born to a non-consan-
guineous family. However, high-density oligonucleotide array analysis identified an approxi-
mately 500 kb contiguous stretch of homozygosity encompassingMRPS23. No other candidate
gene was prioritized in our comprehensive genomic analysis. Pt276 harbored a homozygous

Table 1. (Continued)

ID Clinical
diagnosis

Complex
type

Genetic
diagnosis

Gene Variations Supporting evidence

Pt105 MC CIV Firm SUCLA2
(NM_003850)

c.1048G>A:p.G350S,
c.1048G>A:p.G350S

Known[17], LCSH, no deletion
detected by array

Pt634 NLIMD CC Firm TAZ (NM_000116) c.36_57del:p.12_19del
(hemizygous)

NDP

Pt559 NLIMD CIV Firm TUFM (NM_003321) c.440T>A:p.L147H, c.440T>A:p.
L147H

Segregation

Pt622 LIMD CC Firm TUFM (NM_003321) c.440T>A:p.L147H, c.162delC:
p.Y54X

Rescue, segregation

Pt550 LIMD
(MTDPS)

CC pVUS LRPPRC
(NM_133259)

c.1253A>C:p.N418T,
c.2741C>A:p.P914Q

N.A.

Pt001 LIMD CC pVUS PC (NM_022172) c.1822G>A:p.G608R,
c.2120C>T:p.T707M

N.A.

All listed variants were confirmed by Sanger sequencing of gDNA or cDNA. GERP scores of all listed variants, except for EARS2 (c.319C>T), were >2.5.
CI, complex I deficiency; CIV, complex IV deficiency; CC, combined complex deficiencies; CM, cardiomyopathy; HD, hepatic disease; LD, Leigh's
disease; LIMD, lethal infantile mitochondrial disorder; MC, mitochondrial cytopathy; ND, neurodegenerative disorder; NLIMD, non-lethal infantile
mitochondrial disorder; de novo, confirmed de novo variant by trio-based sequencing; known, known disease variant; NDP, no detectable protein; LCSH,
long contiguous stretches of homozygosity from high-density oligonucleotide array; segregation, variant segregates with disease in family; N.A., not
available.

doi:10.1371/journal.pgen.1005679.t001
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c.119C>G (p.P40R) mutation inMRPS23 (NM_016070) (Figs 3A and S13). Sanger sequencing
identified the parents as heterozygous carriers of this mutation. A complementation assay res-
cued the defect in complexes I and IV (Figs 3B and S13) and restored mitochondrial 12S
rRNA/16S rRNA expression (Fig 3C).

Pt250, a girl with tachypnea, hypertrophic cardiomyopathy, adrenal insufficiency, hearing
loss, and combined respiratory chain complex deficiencies (I, II, III, and IV), harbored a homo-
zygous mutation c.398G>T (p.G133V) in QRSL1 (NM_018292) (Figs 3D and S14). Her older
brother, also ill, harbored the same homozygous mutation. Sanger sequencing identified the
parents as heterozygous carriers of this mutation. The high-density oligonucleotide array anal-
ysis identified a shorter 100 kb contiguous stretch of homozygosity encompassing QRSL1.
QRSL1 (hGatA) is a glutaminase that produces ammonia, which is then transferred to misacy-
lated Glu-charged tRNAGln to synthesize Gln-tRNAGln, which interacts with PET112L (hGatB)
and GATC (hGatC) to form a trimeric enzyme hGatCAB[23]. Additional screening also identi-
fied an independent patient (Pt860) harboring the compound heterozygous mutations
c.350G>A (p.G117E) and c. 398G>T (p.G133V) (Fig 3E). In vitro reconstitution of Gln-
tRNAGln formation using recombinant hGatCAB revealed strongly decreased transamidation
activity in both mutant (G117E or G133V) hGatA (Fig 3F).

PNPLA4 has both triacylglycerol lipase and transacylase activities. Pt712 is a boy who inher-
ited a hemizygous nonsense variant c.559C>T (p.R187X) in PNPLA4 (NM_001142389) from
his mother (Fig 4A and 4B). The colocalization of PNPLA4 and mitochondrial markers was
identified by immunofluorescence microscopic observation (Fig 4C). We confirmed PNPLA4
protein loss in the fibroblasts of this patient by qRT-PCR (Fig 4D), sodium dodecyl sulfate
(SDS)-PAGE/Western blotting (Fig 4E), and immunohistochemistry (Fig 4C). We found
reduced complex I, III and IV assemblies of Pt712 fibroblasts under low glucose medium

Table 2. New genetic diagnoses for cases with genes not linked to mitochondrial respiratory chain complex deficiencies.

ID Clinical
diagnosis

Complex
type

Genetic
diagnosis

Gene Variations Supporting evidence

Mitochondria-related genes

Pt276 HD CC Firm MRPS23
(NM_016070)

c.119C>G:p.P40R,
c.119C>G:p.P40R

Rescue, functional assay, LCSH

Pt250 LIMD CC Firm QRSL1 (NM_018292) c.398G>T:p.G133V,
c.398G>T:p.G133V

Independent mutations in two patients,
segregation, functional assay

Pt712 MC CIV Firm PNPLA4
(NM_001142389)

c.559C>T:p.R187X
(hemizygous)

Mitochondrial localization, rescue, NDP

Known to cause monogenic disease genes

Pt053 MC CC Firm MECP2 (NM_004992) c.806delG:p.G269fs
(hemizygous)

De novo, known[20]

Pt369 ND CIV Firm MECP2
(NM_001110792)

c.17_18insG:p.A6fs
(hemizygous)

De novo

Pt827 CM CI Firm TNNI3 (NM_000363) c.575G>A:p.R192H
(heterozygous)

De novo, known[21]

All listed variants were confirmed by Sanger sequencing of gDNA or cDNA. GERP scores of all listed variants were >2.5. CM, cardiomyopathy; EP,
enteropathy; HD, hepatic disease; LD, Leigh's disease; LIMD, lethal infantile mitochondrial disorder; MC, mitochondrial cytopathy; ND, neurodegenerative
disorder; CI, complex I deficiency; CIV, complex IV deficiency; CC, combined complex deficiencies; de novo, confirmed de novo mutation by trio-based
sequencing; known, known disease variant; NDP, no detectable protein; LCSH, long contiguous stretches of homozygosity from high-density
oligonucleotide array; segregation, variant segregates with disease in family; splice, splicing defect observed in subject fibroblast cDNA; N.A., not
available.

doi:10.1371/journal.pgen.1005679.t002
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conditions (Fig 4G). The expression of PNPLA4-V5 cDNA in the fibroblasts of Pt712 recov-
ered an amount of complex III and IV assemblies under low glucose medium conditions
(Fig 4F and 4G).

Fig 3. Newly identified causative genes via whole-exome sequencing analysis. (A) Family pedigrees of Pt276. (B andC) Complementation assay in
Pt276 fibroblasts and normal control (fHDF). Mitochondrial fractions were isolated from fibroblasts with established stable expression of MRPS23 using a
lentiviral expression system. Assembly levels and 12s rRNA stability were compared between control andMRPS23 expressing fibroblasts by BN-PAGE
/Western blotting (B) and qRT-PCR (C). fHDF: normal fetal human dermal fibroblast, RFP:mito-TurboRFP-V5, MRPS23:MRPS23-V5. Significance was
calculated in comparison with controls using Student's t-test (*; p < 0.01) (D and E) Family pedigrees of Pt250 (D) and Pt860 (E). (F) Time-course analysis of
in vitro amidotransferase activity of wild-type hGatCAB and mutated hGatCAB (hGatA p.G133V and p.G117A). In vitro amidotransferase assay was
performed following the protocol provided in Methods. [14C]-labeled Gln and Glu deacylated from aa-tRNAs were analyzed by TLC. Positions of Gln and Glu
on TLC were confirmed by [14C]Gln and [14C]Glu. Results of time-dependent amidotransferase activity are presented graphically in the lower panel.

doi:10.1371/journal.pgen.1005679.g003
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Mutations in genes known to cause other monogenic diseases
In our cohort, all patients showed mitochondrial respiratory chain complex deficiencies.
Intriguingly, we identified 3 cases having mutations in two genes that were previously reported
to cause other monogenic diseases but not linked to canonical mitochondrial disease. These are
MECP2 and TNNI3 (Table 2).

Pt053, a boy with complex I deficiency and seizures, diarrhea, arrhythmia, regression, respi-
ratory failure, liver dysfunction, and hearing loss, harbored the hemizygous de novomutation
c.806delG (p.G269fs, rs61750241) inMECP2 (NM_004992) (S15 Fig), a gene reported to cause
Rett syndrome (MIM 312750). We also identified another boy, Pt369, who harbored the hemi-
zygous de novomutation c.17_18insG (p.A6fs) inMECP2 (NM_001110792) (S15 Fig).

Pt827 was diagnosed with restrictive cardiomyopathy and complex I deficiency, and har-
bored the heterozygous de novomutation c.575G>A (p.R192H, rs104894729) (S16 Fig) in
TNNI3 (NM_000363); this exact mutation was reported to cause autosomal dominant familial
restrictive cardiomyopathy (MIM 115210). Electron microscopic examination also revealed
abnormally shaped mitochondria with concentric cristae (S16 Fig).

Known pathogenic copy number variations in patients with mitochondrial
respiratory chain complex deficiencies
It has long been thought that patients with mitochondrial respiratory chain complex defi-
ciencies rarely suffer chromosomal rearrangements but instead harbor mtDNA mutation,
deletion, and depletion or nuclear DNA mutation. We subjected our entire cohort to a high-
density oligonucleotide array to precisely evaluate the presence of any copy number varia-
tions (CNVs) of>100 kb. Intriguingly, we identified 13 patients (9.2%) harboring rare CNVs
(Tables 3 and S5).

Pt369 and Pt657, 2 boys with complex IV deficiency from independent families, harbored
similar deletions (1,429 and 1,387 kb) in chromosome 17p12. These 17p12 deletion disrupted
the last 2 exons of COX10 in both patients (Fig 5A). This region causes hereditary neuropathy
with liability to pressure palsies (HNPP) (MIM 162500). Whole exome analysis of Pt657
revealed an additional mutation c.683G>A (p.R228H) on the remaining allele of COX10 (Fig
5B and 5C). Notably, p.R228 is highly conserved among species. The PolyPhen2 and SIFT algo-
rithms predicted this mutation as “probably damaging. In both patients, fibroblastic COX10
mRNA expression was reduced (Fig 5D). The complementation study using wild-type COX10
confirmed recovery of the complex IV deficiency in Pt657 (Fig 5E, 5F and 5G). Taken together,
we concluded that Pt657 is a primary mitochondrial disorders. In Pt369, we concluded that de
novo frameshift insertion mutation inMECP2 as a primary causative based on phenotype
information, and classified 17p12 as pVUS.

Fig 4. The effect of PNPLA4 variant onmitochondrial function. (A andB) Family pedigrees of Pt712. A hemizygous variant c.298C>T (p.R100X) in
PNPLA4 (NM_001172672) was found in Pt712. The healthy elder daughter and elder brother harbored wild-type PNPLA4. The c.298C>T variant was
inherited from the mother by Pt712. (C) Immunofluorescence microscopy confirmed the colocalization of PNPLA4 (green) with MitoTracker Orange
CMTMRos (red). Pt712 cells showed a decrease in the endogenous PNPLA4 protein level. The lentiviral-mediated exogenous expression of PNPLA4-V5
also confirmed mitochondrial localization of PNPLA4. Scale bar, 100 μm. (D and E) PNPLA4mRNA and protein expression levels were determined by
quantitative real-time PCR and SDS-PAGE/Western blotting. PNPLA4mRNA (D) and protein (E) expression levels were apparently decreased in total cell
lysates of Pt712 fibroblasts. β-actin was used as a loading control. Significance relative to controls was calculated using Student’s t-test (*; p < 0.01). (F and
G) Complementation assay using Pt712 fibroblasts. (F) mito-TurboRFP-V5 and PNPLA-V5 proteins in the mitochondria of patient cells with stable
expression ofmito-TurboRFP-V5 or PNPLA4-V5 cDNA were detected by SDS-PAGE/Western blotting. HSP60 was used as a loading control. (G)
BN-PAGE/ Western blotting under high (4.5 g/l) and low (1.0 g/l) glucose medium conditions (abbreviated to HG and LG). In low glucose medium conditions,
BN-PAGE/ Western blotting analysis revealed complex IV deficiency in patient fibroblasts. Complementation with PNPLA4 restored the complex IV assembly
level in patient fibroblasts. RFP:mito-TurboRFP-V5, PNPLA4: PNPLA4-V5.

doi:10.1371/journal.pgen.1005679.g004
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We identified de novo 6q24.3-q25.1 deletions (S17 Fig) in Pt452 and Pt695, unrelated
patients who harbored congenital heart defects. This region has been associated with the chro-
mosome 6q24-q25 deletion syndrome (MIM 612863) and congenital heart defects[24].

Pt587, a boy diagnosed with LIMD and complex IV deficiency, harbored a deletion in
22q11.21. This deletion, which has been linked to DiGeorge syndrome (DGS, MIM 188400)
and velo-cardio-facial syndrome (VCFS, MIM 192430), was confirmed as a de novomutation
in this patient (S17 Fig).

Discussion
We performed comprehensive genomic analyses, including whole mtDNA and exome
sequence analyses using high-throughput sequencing and CNV screening using high-density
oligonucleotide arrays, for 142 patients with childhood-onset mitochondrial respiratory chain
complex deficiencies. We ultimately identified 41 mutations, of which 37 were novel, in 20
genes that were previously reported to cause OXPHOS disease and 3 novel mitochondria-
related genes (MRPS23, QRSL1, and PNPLA4) as causative genes of mitochondrial respiratory
chain complex deficiencies. We also found 9 previously confirmed mtDNAmutations and
1 large mtDNA deletion. We further identified 2 genes known to cause monogenic diseases
(MECP2, and TNNI3) and 3 chromosomal aberration regions (17p12, 6q24.3-q25.1, and
22q11.21) in our cohort. Collectively, this study defined firm genetic diagnoses in 49 of the
142 patients (34.5%). While the overall diagnostic rates for major and minor subgroups were
similar (33.9% in the major subgroup and 36.4% in the minor subgroup), 35 out of 49 geneti-
cally diagnosed patients showed biochemical defects in their fibroblasts (71.4%), indicating a
much higher genetic diagnostic yield in patients with such cellular defects. This is the first
report to comprehensively assess patients diagnosed clinically and biochemically.

MRPS23 is a component of the small mitochondrial ribosome subunit (28S ribosome).
Mutations inMRPS16[25] andMRPS22[26] cause mitochondrial respiratory chain complex
deficiencies because of reductions of 12S rRNA, a 28S ribosome component. One patient
exhibited a reduced 12S rRNA/16S rRNA ratio that was restored in a complementation study.
This was the first case ofMRPS23-induced mitochondrial respiratory chain complex
deficiencies.

Table 3. Chromosomal deletions identified in patients with mitochondrial respiratory chain complex deficiencies.

ID Clinical
diagnosis

Complex
type

Genetic
diagnosis

Cytoband Size
(kb)

Inheritance (Parental
origin)

Known genomic disorder

Pt452 CM CIV Firm 6q24.3-q25.1 1,675 De novo (Paternal) Congenital heart defects,
nonsyndromic, 2

Pt695 HD CI Firm 6q24.3-q25.1 1,675 De novo (Paternal) Congenital heart defects,
nonsyndromic, 2

Pt369 ND CIV pVUS 17p12 1,429 Paternal Hereditary neuropathy with liability to
pressure palsies

Pt657 MC CIV Firm 17p12* 1,387 N.A. Hereditary neuropathy with liability to
pressure palsies

Pt587 LIMD CIV Firm 22q11.21 2,691 De novo (Maternal) DiGeorge syndrome/Velocardiofacial
syndrome

CM, cardiomyopathy; HD, hepatic disease; LIMD, lethal infantile mitochondrial disorder; MC, mitochondrial cytopathy; ND, neurodegenerative disorder; CI,
complex I deficiency; CIV, complex IV deficiency; de novo, confirmed de novo mutation by trio-based copy number analysis; *The missense mutation in
COX10 was found in the other allele; N.A., not available.

doi:10.1371/journal.pgen.1005679.t003
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Fig 5. Chromosomal microdeletions contribute to mitochondrial respiratory chain complex
deficiencies. (A) The 17p12 deletion was detected by high-density oligonucleotide arrays. This
heterozygous deletion of 17p12 involved the last 2 exons of COX10. (B andC) Family pedigrees of Pt657 and
Pt369. In Pt369, the 17p12 deletion was paternally inherited (C). Eu means uninformative DNA test. (D)
Analysis of endogenous COX10mRNA expression relative to that in normal cells (fHDF and NHDF; Normal
neonatal human dermal fibroblast); Pt223 harbored compound heterozygous non-synonymous mutations in
COX10. TheCOX10 expression in Pt369 and Pt657 was decreased by 50%. (E–G) Wild typeCOX10 cDNA
rescue of complex IV assembly and activity in Pt657 fibroblasts. Mitochondria were isolated from control or
Pt657 fibroblasts, and mitochondrial respiratory complex assembly was analyzed by BN-PAGE andWestern
blotting. Wild-type COX10-V5 cDNA expression rescued complex IV assembly in Pt657 fibroblasts (E).
Mitochondrial TurboRFP-V5 (RFP) and COX10-V5 (COX10) were detected in control and Pt657 fibroblasts
(F). Mitochondrial respiratory chain complex activities were measured twice. Compared with TurboRFP-V5
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QRSL1 (GatA) is involved in Gln-tRNAGln formation. No mitochondrial glutaminyl-tRNA
synthetase (GlnRS) has been identified in mammals; therefore, Gln-tRNAGln synthesis was
proven to occur via an indirect pathway[23]. In particular, mt tRNAGln is first misaminoacy-
lated by mt glutamyl-tRNA synthetase (GluRS) to form Glu-tRNAGln, followed by transamida-
tion to form Gln-tRNAGln. This transamidation is processed by a human homolog of the Glu-
tRNAGln amidotransferase hGatCAB heterotrimer. We clearly showed that mutations in
QRSL1 (GatA), a component of hGatCAB, observed in our patients were associated with severe
transamidation activity defects.

PNPLA4 encodes a calcium-independent phospholipase A2η (iPLA2η) that acts as an acyl-
glycerol and retinol transacylase, triglyceride hydrolase. PNPLA4 has never been reported to
associate with the mitochondria. Nine patatin-like phospholipase domain-containing proteins
(PNPLA1–9) are encoded in the human genome. iPLA2γ (PNPLA8) is known to be involved
in cardiolipin biosynthesis and mitochondrial respiration[27,28]. Recently, mutations in
human PNPLA8 identified in a young girl with a suspected mitochondrial myopathy[29]. She
presented with progressive muscle weakness, hypotonia, seizures, poor weight gain, and lactic
acidosis. A deficiency in iPLA2β (PNPLA9) was previously shown to cause abnormal phospho-
lipid metabolism and mitochondrial defects in mice[30]. Here we demonstrated the mitochon-
drial localization of iPLA2η using immunohistochemistry and restored of the amount of
complex IV in Pt712 fibroblast cells via the exogenous expression of wild-type PNPLA4. We
assume that PNPLA4 is also required for mitochondrial phospholipid metabolism and respira-
tory chain function.

Although all patients were diagnosed with mitochondrial respiratory chain complex defi-
ciencies, we identified 2 disease-causing genes and 2 pathogenic CNVs known to cause other
genetic disorders in our cohort. These includedMECP2, TNNI3, 6q24.3-q25.1 deletion, and
22q11.21 deletion. Because all of these patients had complex II activities within the normal
range (percentage of protein and citrate synthase ratio), we concluded that their defects were
not artefactual[31,32]. Because these genes and loci are not directly linked to the respiratory
chain complex, we consider the mitochondrial respiratory chain complex deficiencies are
caused by secondary. Pt053, Pt369, and Pt827 were classified as having major ETC reductions
in affected tissues, whereas Pt452, Pt695, and Pt587, harbored deletions are all classified as
minor. The fact these heterozygous deletions are all classified as minor suggests that the mito-
chondrial defects in these patients might be caused indirectly through haploinsufficiency.

Because Pt053 and Pt369 harboredMECP2mutations known to cause Rett syndrome, we
re-evaluated the phenotypes of both patients and found phenotypes that overlapped with Rett
syndrome characteristics (seizures, microcephaly, cerebral atrophy, and hearing loss). Previous
studies also reported mitochondrial dysfunction in Rett syndrome[33,34]. Although Pt827 was
enrolled with a diagnosis of mitochondrial disease, after comprehensive genomic analyses, the
clinical diagnosis was changed to cardiomyopathy, familial restrictive (OMIM: 115210) caused
by a mutation in TNNI3. Jia et al reported a link between Tnni3 and mitochondrial dysfunction
using knockout mice [35].

Two independent patients from our cohort showed 6q24.3-q25.1 deletions. Pt452 exhibited
a phenotype similar to that of cases reported cases in OMIM (MIM 612863). Pt695 presented
with respiratory distress and a congenital heart defect. We classified these patients as having
chromosome 6q24-q25 deletion syndrome. The enrichment of this deletion supports the sug-
gested link with mitochondrial dysfunction. Pt587 was difficult to diagnose based on clinical

expressing Pt657 fibroblasts, expression of wild-type COX10-V5 in Pt657 fibroblasts resulted in a significant
increase in complex IV activity (G).

doi:10.1371/journal.pgen.1005679.g005
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information, because he did not have the facial anomalies and cleft palate characteristic of
DGS/VCFS. The 22q11.21 deletion includes some mitochondria-related genes (PRODH,
SLC25A1,MRPL40, TXNRD2, COMT, TANGO2, ZDHHC8, and AIFM3), suggesting a link
between this deletion and mitochondrial dysfunction. The inclusion of a patient with features
of DGS/VCFS and complex I deficiency in a study by Calvo et al[36] also indicates a link with
mitochondrial dysfunction.

With these in mind, we should be mindful that some patients with mitochondrial respira-
tory chain complex defects will have mutations in genes apparently unrelated to mitochondrial
functions.

Previous reports of mitochondrial disorders can be classified as either target resequence
studies[37,38,7] or whole exome approaches[39,40,41]. When comparing target resequencing
groups, our approaches are advantageous for the identification of mutations in other disease-
causing genes, and the detection of chromosomal aberrations. WES groups[40,41] and our
group detected pathogenic mutations in genes not linked to mitochondrial disorders. When
comparing WES groups, our approaches are advantageous in terms of mtDNA sequencing and
chromosomal aberration analysis. Our analysis could detect mtDNA heteroplasmy using long-
range PCR-based sequencing and also revealed established pathogenic chromosomal deletions.
Accordingly, we identified a composite combination of COX10 SNV and 17p12 deletion
(Pt657). Previous WES and target exome reports achieved molecular diagnoses in 20%–60% of
their cohorts. A precise comparison of overall diagnostic rates with previous studies is difficult,
given the existence of several biases that affect the diagnostic rate, including prior mtDNA/
nDNA genetic screening, population characteristics, phenotyping accuracy, and study design.
In particular, the reports by Taylor et al[40] described a high rate of diagnosis (approximately
60%) in their cohort, although their patient group appeared to be enriched by consanguineous
families (12 of 28 diagnosed cases). The report by Wortmann et al[41] described a rate of diag-
nosis (38%) similar to ours. In our study, we emphasized functional analyses to conclude dis-
ease causality against pVUS and attempted to present molecular evidence of pathogenicity;in
contrast, some previous studies lacked sufficient molecular evidence of pathogenicity. We des-
ignated the variants without any molecular evidence of pathogenicity as pVUS, even when the
gene had been reported as a causal gene for mitochondrial disorders. We consider molecular
evidence to be indispensable for a conclusive firm genetic diagnosis.

We found that approximately 28.2% of patients lacked any prioritized variants. We likely
missed pathogenic mutations in these unresolved cases for the following reasons, as discussed
in a report by Calvo et al[6]: first, we may have missed pathogenic mutations because of a lack
of sensitivity from low sequence coverage. Second, pathogenic mutations may be located in
uncovered genomic regions (e.g., uncovered exons, introns, or regulatory regions not targeted
by whole exome platforms). Third, our filtering strategy may have filtered true pathogenic
mutations, although some were recovered by manual curation. Fourth, the hereditary assump-
tion may be wrong. More dominant-acting cases may exist. Digenic/polygenic inheritance may
also exist beyond our expectation.

In conclusion, for suspected mitochondrial disorders, comprehensive analyses such as those
in this study are worthwhile. We expanded the clinical disease spectrum and revealed the
genetic landscape of this disorder.

Methods
Patient information
In total, 142 patients with childhood-onset and enzymatically diagnosed mitochondrial respi-
ratory chain complex deficiencies were enrolled in this study. Informed consent was obtained
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from the patients and their families before participation in the study. Patients with suspected
mitochondrial respiratory chain complex deficiency were referred to the Saitama Medical Uni-
versity Hospital and Chiba Children’s Hospital in Japan from 2007 to 2013. The inclusion cri-
terion was a biochemical diagnosis of mitochondrial respiratory chain complex activity in a
clinically affected tissue (skeletal muscle, liver, or heart) or fibroblasts in patients younger than
at the age of 15 years. Patients with known nuclear or mtDNA mutations at the time of recruit-
ment were excluded. The 142 included patients had not received a prior molecular diagnosis,
despite varying degrees of exposure to genetic testing. This cohort included 3 non-Japanese
cases: Pt346 (father, American; mother, Japanese), Pt298 (Brazilian), and Pt223 (Vietnamese).
Enzyme activity[42] was measured on the basis of spectrophotometric enzyme assays using
fibroblasts from patient’s skin or biopsy specimens from diseased organs of patients with clini-
cally suspected mitochondrial respiratory chain disorders[43]. All enrolled patients in this
study had biochemical mitochondrial respiratory chain complex deficiencies; the enzymatic
diagnoses are shown in S1A Fig. In brief, complex I deficiency was most common (61 patients,
43.0%), followed by (in decreasing order of prevalence) combined respiratory chain complex
deficiencies (46 patients, 32.4%), complex IV deficiency (27 patients, 19.0%), MTDPS (5
patients, 3.5%), and complex III deficiency (3 patients, 2.1%); no patients exhibited complex II
deficiency. Diagnoses of mitochondrial respiratory chain complex deficiencies were assessed as
“major” or “minor” on the basis of biochemical complex activity. Based on the Bernier criteria,
severity was defined as major (<20% in a tissue,<30% in a fibroblast cell line, or<30% in!2
tissues) or minor (<30% in a tissue,<40% in a fibroblast cell line, or<40% in!2 tissues) in
accordance with the residual mean citrate synthase or complex II activities relative to those of
normal controls (S1B Fig). The distribution of age of onset of these patients was as follows:
45.7% (65 patients) before 1 month, 19.7%(28 patients) within 1–6 months, 19.7%(28 patients)
within 6–24 months, 12,7% (18 patients) within 2–10 years, and 2.1% (3 patients) within 10–
15 years (S1C Fig). The clinical diagnoses of 142 patients are also shown in S1D Fig. The most
common diagnosis was mitochondrial cytopathy (27 patients, 19.0%), followed by Leigh’s dis-
ease (25 patients, 17.6%), LIMD (23 patients, 16.2%), sudden unexpected death (17 patients,
12.0%), non-lethal infantile mitochondrial disorder (NLIMD) (16 patients, 11.3%), cardiomy-
opathy (11 patients, 7.7%), hepatic disease (11 patients, 7.7%), enteropathy (6 patients, 4.2%),
neurodegenerative disorder (4 patients, 2.8%), and short stature (2 patients, 1.4%). The male:
female ratio was 76:66. There were no consanguineous relationships among our cohort.
Detailed clinical characteristics are described in S1 Table.

DNA and RNA extraction and cDNA preparation
DNA was isolated from cultured fibroblast cells using the QIAamp DNA Blood mini Kit (QIA-
GEN). Blood genomic DNA was isolated by phenol–chloroform extraction according to the
standard protocol. Total RNAs were purified from HEK293FT cells, fibroblast cells using the
SV Total RNA Isolation System (Promega). cDNAs were synthesized from total RNAs using
ReverTra Ace (Toyobo). Total RNA was extracted from flies using TRIzol reagent (Invitrogen),
and RNA was reverse transcribed by SuperScript VILO transcriptase (Invitrogen).

mtDNA sequencing and alignment and variant prioritization
To avoid the contamination of mitochondrial-origin nuclear genome sequences [44]
(NUMTs), a long-range mtDNA polymerase chain reaction (PCR) method was used in this
study. DNA were extracted from patients skin fibroblast cells. These DNAs were checked for
large-scale mtDNA rearrangements and subjected to large mtDNA deletion mapping using
long-range PCR with amplicon 1 (rCRS 619–8988) and amplicon 2 (rCRS 8749–895) primers;
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50-GACGGGCTCACATCACCCCATAA-30 and 50-GCGTACGGCCAGGGCTATTGGT-30

for amplicon 1, and 50-GCCACAACTAACCTCCTCGGGCTCCT-30 and 50-GGTGGCT
GGCACGAAATTGACC-30 for amplicon 2.

Indexed PCR fragment libraries were prepared from patient mtDNA using the Nextera XT
DNA Sample Prep Kit (Illumina) according to the manufacturer’s protocol. Sequencing library
concentrations were estimated using a library quantification kit (Kapa Biosystems). Sequencing
was performed with 150-bp paired-end reads on MiSeq (Illumina). Read alignments to the
1000 Genomes Project phase II reference genome (hs37d5.fa), which contains rCRS sequences,
were performed with the Burrows–Wheeler Aligner[45] (BWA, version 0.7.0). PCR duplicate
reads were removed using Picard (version 1.89); non-mappable reads were removed using
SAMtools[46] (version 0.1.19). After filtering out those reads, we applied the Genome Analysis
Toolkit[47] (GATK version 2.4-9-nightly-2013-04-12-g3fc5478) base quality score recalibra-
tion and performed SNP and INDEL discovery (UnifiedGenotyper). Confirmed pathogenic
mutations and reported variants in MITOMAP and mtDNA deletions detected through refer-
ence-based alignment with BWAmapping were prioritized (S4 Table).

mtDNA de novo assembly
De novomtDNA sequence assembly was performed using SPAdes (version 3.0.0)[48] with iter-
ations over values of 3 kmer sizes (k = 75, 95, and 115). Each assembly was aligned to the mito-
chondrial genome sequence of hs37d5.fa using BLASTN (version 2.2.29+) with default settings
and was manually inspected to identify aberrations (deletions, duplications, and
rearrangements).

Validation of large mtDNA deletion
A large mtDNA deletion in Pt334 was validated using long-range PCR with primers 50-GCCA
CAACTAACCTCCTCGGGCTCCT-30 and 50-GGTGGCTGGCACGAAATTGACC-30. The
mtDNA was also sequenced (using primers 50-ACTACCACTGACATGACTTTCCAA-30 and
50-TGTTGTTTGGATATATGGAGGATG-30 for amplification and 50-CTTATCCAGTGAA
CCACTATCACG-30 for sequencing) closer to the breakpoint as described above.

Quantitative PCR for MTDPS diagnosis
Quantitative PCR[49] was used to determine whether mtDNA depletion was present in
patients with decreased activity levels for multiple respiratory chain enzymes (mtDNA gene
MT-ND1 was compared against a nuclear gene [CFTR exon 24]). A diagnosis of MTDPS was
made when the relative copy number ratio of mtDNA to nuclear DNA was less than 35% of
that in healthy control tissues in 4 independent experiments.

Quantitative reverse transcription PCR
Quantitative reverse transcription PCR (qRT-PCR) was performed for the analysis of mRNA
(NDUFB11, TTC37, and PNPLA4) and mitochondrial rRNA expression[50]. Primers were
designed with the Primer3 software[51]. Primer sequences used in the qRT-PCR analysis are
listed in S6 Table. qRT-PCR of cDNA extracted from human cells was performed using SYBR
Premix Ex Taq (Takara), Power SYBR Green PCRMaster Mix (Life technologies), and
Mx3000P (Agilent Technologies). The relative mRNA concentration was normalized to the
average of two housekeeping genes (β-actin and GAPDH). qRT-PCR of cDNA extracted from
flies was performed using SYBR Premix Ex Taq II (Takara) and Chromo 4 Four-Color Real-
Time System (Bio-Rad). Results were normalized to the rp49mRNA level.
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Whole exome sequencing and variant calling pipeline
Indexed genomic DNA (gDNA) libraries were prepared from patient gDNA, and exomes were
captured using TruSeq (Illumina), SeqCap EZ (Roche AG, Basel, Switzerland), and SureSelect
(Agilent Technologies) exome enrichment kits according to the manufacturers’ protocols.
Sequencing library concentrations were estimated using a library quantification kit (Kapa Bio-
systems). Sequencing was performed using 100-bp paired-end reads on a HiSeq2000 or GAIIx
(Illumina). The precise exome platforms used in this study are listed in S2 Table. The raw
sequence read data passed the quality checks in FASTQC (see URLs). Read trimming via base
quality was performed using Trimmomatic[52]. Read alignment was performed with BWA,
the hs37d5 reference genome, Picard, and SAMtools as described above. GATK was also used
for insertion and deletion realignment, quality recalibration, and variant calling. Detected vari-
ants were annotated using both ANNOVAR (version 2013Feb21)[53] and custom ruby scripts.
Prediction scores were obtained from dbNSFP[54].

Whole exome variant prioritization
Variants that passed quality control were prioritized according to the following strategies (S2 Fig).
We only retained variants predicted to modify protein function; these included nonsense, splice
site, coding indel, or missense variants. We removed variants with minor allele frequencies
(MAFs) of>1.0% for dbSNP 137 without knownmedical impact (allele frequencies were extracted
from common_no_known_medical_impact_20130808.vcf.gz),>0.1% for ESP6500 (provided by
ANNOVAR program) database,>1.0% for 1KG (these data are based on a phase 1 release v3
called from the 20101123 alignment and provided by ANNOVAR),>0.1% for the Exome Aggre-
gation Consortium (ExAC, accessed on December 2014), and>0.4% in HGVD (contains genetic
variations determined by exome sequencing of 1,208 individuals in Japan; see URLs). Variants that
were too common among cases (!10 alleles) were also excluded. Careful inspection of the reads
using the Integrative Genomics Viewer[55,56] and NextCODE clinical sequence analyzer (see
URLs) excluded doubtful genes from prioritized candidate genes when 2 sequence variants were
present in the same read (or read-pair). Variants that appeared to be mapping artifacts (called by
suspicious reads or end positions of NGS reads) were also excluded through a manual inspection
of NGS reads. Variants located within segmental duplication regions were excluded. In addition to
these filters, Sorting Intolerant From Tolerant (SIFT) scores> 0.15 and Genomic Evolutionary
Rate Profiling (GERP) scores< 2.5 were used for further prioritization. We also excluded variants
inconsistent with a recessive mode of inheritance. Two (or more) variants on a single haplotype as
identified by Sanger sequencing were also excluded. Finally, we filtered remaining genes based on
MAF and genotype information in the 1,070 whole-genome reference panel database (1KJPN)
constructed in the TohokuMedical Megabank Project in Japan (http://ijgvd.megabank.tohoku.ac.
jp/). The details of the project and analysis are described in the 1KJPN literature[57]. To recover
true mutations that were filtered out using current pipeline applying stringent conditions, we also
applied this pipeline without a segmental duplication filter, SIFT filter, or GERP filter, followed by
focusing on mitochondria-related genes.

Prioritized gene enrichment analysis
Enrichment analysis was conducted to evaluate our exome pipeline and included 128 cases and
175 ethnically matched healthy controls whose sequence reads exceeded 50 million; these were
adjusted to 50 million reads per individual. We used a simplified exome analysis pipeline that
did not include a manual inspection step, Sanger sequencing validation step, and 1KJPN filter-
ing step. We also omitted the HGVD filtering step because these control data were included in
the HGVD samples. The other steps were the same as those described above for the exome
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analysis pipeline. After processing the controls and cases, we calculated the percentage of indi-
viduals harboring prioritized genes. Comparisons of the percentages of controls and cases on
the basis of known disease genes and mitochondria-related genes are shown in S3A Fig. To
consider the background rate of this simplified pipeline, we also evaluated enrichment using
randomly selected 908 genes with no strong mitochondrial relationships in their annotations.
The gene set was generated 1000 times via random selection from all genes after excluding
those known to cause OXPHOS disease and those listed in MitoCarta[18]. The results plus
standard deviations are shown in S3B Fig.

Sequence validation and haplotype phasing
Prioritized variants were independently validated by Sanger sequencing. PCR products were
either directly sequenced using GENEWIZ, ABI 3130XL, and BigDye v3.1 Terminators
(Applied Biosystems) per the manufacturer’s protocols or sequenced after gel purification
using the MinElute Gel Extraction Kit (QIAGEN). Sequencing primers are listed in S7 Table.
All compound heterozygous variants described in the main text were confirmed on different
alleles (phased) using sequenced, cloned gDNA or cDNA derived from the patients’ fibroblasts.
Patients’ familial DNA was also sequenced for haplotype phasing when available. All informa-
tion about the experimentally confirmed localization of compound variants within a separate
allele is presented in S3 Table.

Multiple alignment with ClustalW
Amino acid sequences of orthologous genes were downloaded from the HomoloGene database
(see URLs). Amino acid sequence alignments were constructed with the ClustalW2 program[58].

Cell culture and cDNA rescue assay
Cells were cultured at 37°C and 5% CO2 in Dulbecco's modified Eagle’s medium (DMEM 4.5 g/l
glucose or 1.0 g/l glucose; Nacalai tasque) supplemented with 10%–20% fetal bovine serum. Nor-
mal neonatal human dermal fibroblasts (NHDFs; Takara) and normal fetal human dermal fibro-
blasts (fHDFs; Toyobo) were used as control fibroblast cells. Open reading frames (ORFs) of
candidate genes (ACAD9, BOLA3, COX10, KARS,MRPS23,NDUFA10,NDUFAF6, PNPLA4, and
TUFM) were PCR amplified from cDNA. Primer sequences used for cDNA cloning are listed in
S8 Table. ORFs and pTurboRFP-mito (TurboRFP fused to a mitochondrial targeting sequence
derived from the subunit VIII of human cytochrome C oxidase; Evrogen) were cloned into the
CS-CA-MCS lentiviral vector with a C-terminal V5 tag, CAG promoter for mammalian cell
expression, and blasticidin resistance using the In-Fusion HD Cloning Kit (Clontech Laboratories,
Inc.). Following this, 2 × 106 HEK293FT cells were seeded in 6-cm plates and co-transfected with
ViraPower Packaging vectors (pLP1, pLP2, pLP/VSVG; Invitrogen) and a pCA-CS-ORF(candi-
date gene)-blast vector. Transfection was performed using Lipofectamine 2000 (Invitrogen).
Transfection medium was replaced with fresh medium 24 h after transfection. Supernatant con-
taining the viral particles was collected 48 h after transfection and filtered through a 0.45 μm filter.
Patients’ skin fibroblasts were infected with the viral supernatant and 5 μg/ml polybrene (Sigma)
for 24–48 h. After 5–7 days, selection was initiated with 1–2 μg/ml blasticidin. After 1–3 months of
selection, mitochondria were harvested from the cells for enzyme assays or BN-PAGE.

Respiratory chain enzyme analysis
To prepare enriched mitochondria, cell pellets were resuspended in ice-cold MegaFb Buffer
(250 mM sucrose, 2 mMHEPES, 0.1 mM EGTA, pH 7.4) and homogenized with 20 strokes.
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The homogenates were centrifuged for 10 min at 600 g. Supernatants were centrifuged for an
additional 10 min at 14,400 g. Pellets were resuspended in 400 μl MegaFb buffer, and 200 μl ali-
quots were frozen and thawed 3 times for complex II + III and complex III assays and protein
estimation. The remaining samples were resuspended in hypotonic buffer (25 mM potassium
phosphate, pH 7.2, 5 mMMgCl2) for complex I, II, and IV, citrate synthase, and protein con-
centration assays and centrifuged for 10 min at 14,400 g. Pellets were resuspended in Hypo-
tonic Buffer and subjected to 3 freeze–thaw cycles. These samples were stored at −80°C prior to
enzyme assays. Respiratory chain enzyme activities were measured using cary300 (Agilent
Technologies) as described previously[42]. Complex I, II, II + III, III, and IV activities were
expressed as percentages of citrate synthase activity.

SDS-PAGE and BN-PAGE analyses
To isolate mitochondria, cell pellets were suspended in mitochondria isolation buffer A
(220 mMmannitol, 20 mMHEPES, 70 mM sucrose, 1 mM EDTA, pH 7.4, 2 mg/ml bovine
serum albumin, 1× protease inhibitor cocktail) and homogenized with 20 strokes on ice.
Homogenates were separated into cytosolic and nuclear fractions after centrifugation at 700 g
for 5 min at 4°C. The supernatants were centrifuged at 10,000 g for 10 min at 4°C. Mitochon-
drial pellets were rinsed twice with mitochondria isolation buffer B (220 mMmannitol, 20 mM
HEPES, 70 mM sucrose, 1 mM EDTA, pH 7.4, 1× protease inhibitor cocktail). Mitochondria
were isolated from adult flies as described previously[59]. Fifty flies were homogenized in 1 ml
of chilled mitochondrial isolation medium (MIM; 250 mM sucrose, 10 mM Tris pH 7.4,
0.15 mMMgCl2). The samples were centrifuged twice for 5 min at 1,000 g at 4°C to remove
debris. The supernatant was centrifuged again for 5 min at 13,000 g at 4°C.Mitochondrial pro-
tein levels were determined using a bicinchoninic acid (BCA) assay. For SDS-PAGE analyses,
enriched mitochondria and cell pellets were solubilized in M-PER Mammalian Protein Extrac-
tion Reagent (Thermo Fisher Scientific) and denatured for 30 min at 37°C. Prepared samples
were separated by electrophoresis on 8%, 10%, and 15% SDS-PAGE gels, depending on the size
of the detected protein. For BN-PAGE analyses, The NativePAGE Novex Bis-Tris Gel System
(Life Technologies) was used according to the manufacturer’s protocol. Mitochondrial frac-
tions were solubilized in NativePAGE sample buffer containing 0.5% Triton-X100 and sepa-
rated on 4%–16% NativePAGE gels. The BN-PAGE analyses of Drosophila were performed as
previously described[60]. Immunoblot analysis was performed as described previously[61].
Anti-NDUFA9 (Complex I), anti-70 kDa Fp Subunit (Complex II), anti-core 1 (Complex III),
anti-subunit 1 (Complex IV), and anti-V5 antibodies were purchased from Life Technologies.
Anti-Lamin A/C antibody was purchased from BD biosciences. Anti-HSP60, anti-NDUFA10,
anti-ACAD9, and anti-COX10 antibodies were purchased from Abcam, and anti-NDUFB11
antibody was purchased from Santa Cruz Biotechnology. Anti-TTC37 antibody was purchased
from ProteinTech. Anti-PNPLA4 (GS2) was purchased from GeneTex. Anti-tafazzin and anti-
α/β-tubulin antibodies were purchased from Cell Signaling Technology. Anti-β-actin antibody
was purchased from Sigma. Anti-MECP2 antibodies were purchased from Acris Antibodies
and Merck Millipore.

Localization studies of the PNPLA4 protein
Normal human dermal fibroblast cells and patient cells were seeded in a 35-mm glass-bottom
dish. Mitochondria were stained with 500 nMMitoTracker Orange CMXRos (Molecular
Probes) for 30 min in DMEM containing 10% fetal bovine serum. Cells were fixed with 4%
paraformaldehyde for 20 min and permeabilized by incubation in 0.2% Triton X-100. After
blocking with 3% bovine serum albumin, fluorescent staining was performed with rabbit anti-
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PNPLA4 antibody (GeneTex) or mouse anti-V5 antibody (Life Technologies) and secondary
Alexa Fluor 488 antibody (Molecular Probes) or secondary FITC antibody (Sigma). Cells were
visualized with a Leica TCS SP8 confocal microscope.

siRNA knockdown
For siRNA transfection, Lipofectamine RNAiMAX (Invitrogen) and 120 pmol of siRNA were
prepared according to the manufacturer’s instructions and directly added to a 10 cm culture
dish of NHDF fibroblasts. Mitochondria were isolated after 6 days, and the assembly levels of
respiratory chain complexes were analyzed using BN-PAGE and Western blotting. The Stealth
RNAi siRNA (Life Technologies) sequences used for NDUFB11 knockdown are as follows:
HSS147694 (#94), ACC CAG ACU CCC AUG GUU AUG ACA A; HSS147695 (#95), UCC
AAG AGC GUG GGA UGG GAU GAA A; HSS147696 (#96), CCU CUU CUC AGA GCA
CCU AAU UAA A. Stealth RNAi siRNA Negative Control, Med GC (cat no. 12935–300) was
used as the negative control. The Silencer Select RNAi siRNA (Life Technologies) used for
MECP2 knockdown are as follows: s8644 (#44), s8645 (#45), s8646 (#46). Silencer Select RNAi
siRNA Negative Control, No.2 (#2) (cat no. 4390847) was used as the negative control.

Fly strains and culture conditions
Flies were reared at 25°C in a standard glucose yeast agar medium containing propionic acid
and n-butyl p-hydroxybenzoate as mold inhibitors. arm-Gal4 was obtained from the Bloom-
ington Drosophila Stock Center. UAS-dndufb11 (NP15.6)-IR (5717) was obtained from the
Vienna Drosophila RNAi Center. UAS-GFP-IR (GFP-IR-2) was obtained from the National
Institute of Genetics Fly Stock Center.

Lifespan measurement
Newly eclosed flies were housed in a glass vial containing the standard glucose yeast medium
and were transferred to fresh media every 2 days; the numbers of dead flies were counted at the
time of transfer. At least 100 flies per genotype were used for experiments.

Behavioral analysis
Eight flies were placed in an 8-lane cell vial (1 cell; H 7 mm ×W 8mm × D 70 mm) and
bumped to the bottom. Pictures were taken at 5 s after bumping and used to measure the dis-
tance climbed by each individual. For each sample, the average climbing activity of 10 trials
was determined.

Measurement of CO2 production
CO2 production was measured as described previously[62]. In brief, 10 adult flies were placed
in a 1-ml plastic syringe that contained a small amount of CO2-absorbent material (Soda lime),
which was connected to a 200-μl glass disposable micropipette. A small amount of black ink
was placed at the end of the micropipette as an indicator of CO2 production. The apparatus
was kept on a flat surface at 25°C, and measurement was initiated after 10 min. The amount of
CO2 produced by the flies was calculated according to changes in the air volume during 1 h of
measurement. Assays were performed at least 3 times per genotype.

Measurement of lactate and pyruvate
Lactate and pyruvate measurements were performed as described previously[63].
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Preparation of hGatCA complex bearing pathogenic mutation
The cDNAs for hGatA with C-terminal SBP-HA-tag and hGatC with C-terminal HA-tag were
cloned into pENTR/D-TOPO (Invitrogen). Each of the pathogenic point mutations (G117E
and G133V) was introduced into the hGatA gene in the entry clone by site-directed mutagene-
sis using PrimeSTAR HS DNA polymerase (Takara) with primers 50-GATCAGGGAGCTCT
ACTAATGGAAAAAACAAATTTAGA-30 and 50-TCATCTAAATTTGTTTTTTCCATT
AGTAGAGCTCCCTGATC-30 for G117E, and 50-GATCTGGGAGCACAGATGTTGTATTT
GGACCAGTTAAAAAC-30 and 50-GTTTTTAACTGGTCCAAATACAACATCTGTGCT
CCCAGATC-30 for G133V. The cDNAs for hGatA (WT, G117E or G133V) and hGatC were
transferred from each entry clone to pHAGE to generate the expression vector[64] by LR reac-
tion (Invitrogen).

HEK293T cells were co-transfected with lentiviral vectors (TAT, VSVG, RRE, or REV),
pHAGE-hGatA (WT, G117E or G133V) and pHAGE-hGatC. The transformants were cul-
tured at 37°C for 3 days. Cells were harvested and suspended in lysis buffer [50 mMHEPES-
KOH (pH 7.5), 200 mM KCl, 1 mM PMSF, 0.1% TritonX-100, 1 mM DTT, 2.5 mMMgCl2]
containing complete protease inhibitor cocktail (Roche) and were disrupted by sonication at
0°C. The hGatCA complex in the cell lysate was captured with streptavidin-Sepharose beads
(GE Healthcare) and was eluted from the beads with 4 mM of biotin according to the manufac-
turer’s instructions. The eluted hGatCA complex was subjected to SDS-PAGE, stained by
SyproRuby, and quantified with a FLA-7000 imaging analyzer (Fujifilm) with BSA as a stan-
dard. Recombinant hGatB was expressed in Escherichia coli and was purified as described pre-
viously[23].

[14C] glutamyl-tRNAGln preparation
As human mt GluRS strictly recognizes the post-transcriptional modification at the anticodon
first position (position 34) of human mt tRNAGln for glutamylation[23], in vitro-transcribed
human mt tRNAGln cannot be aminoacylated by human mt GluRS. However, Thermotoga
matritima nondiscriminating GluRS can efficiently glutamylate tRNAGln bearing unmodified
C at position 34[65]. We accordingly prepared in vitro-transcribed human mt tRNAGln with
C34 for glutamylation by T.maritima GluRS. Human mt tRNAGln with C34 was transcribed in
vitro by T7 RNA polymerase from the template DNA PCR-amplified with the synthetic DNAs
50-GCTAATACGACTCACTATATAGGATGGGGTGTGATAGGTGGCACGGAG-30, 50-AT
AGGTGGCACGGAGAATTCTGGATTCTCAGGGATGGGTTCGAT-30, and 50-TGGCT
AGGACTATGAGAATCGAACCCATCCCTGA-30, as described previously[66,67]. The ami-
noacylation reaction was performed at 37°C for 30 min in a mixture containing 50 mM
HEPES-KOH(pH 7.5), 20 mM KCl, 10mMMgCl2, 2 mM ATP, 1 mM DTT, 1 mM spermidine,
20 μM [14C]L-glutamine(9.36 GBq/mmol), 0.02 A260 unit of tRNA transcript, and 1.88 μM
T.maritima GluRS. The [14C]Glu-tRNAGln was extracted by phenol–chloroform treatment
under acidic conditions followed by ethanol precipitation. Residual ATP in the reaction was
removed using a Nap5 gel filtration column (GE Healthcare). A small part of the mixture was
spotted onto Whatman 3MM filter discs, followed by washing with 5% trichloroacetic acid,
and the radioactivity was measured by liquid scintillation counting.

Glutaminyl-tRNAGln formation by hGatCAB in vitro
In vitro reconstitution of Gln-tRNAGln formation by hGatCAB was performed as described
previously[23]. The reaction was performed at 37°C in a mixture of 100 mMHEPES-KOH
(pH 7.5), 30 mM KCl, 12 mMMgCl2, and 2.5 mM DTT, 5 mM ATP, 6.3 nM recombinant
hGatCA (WT, G117E, or G133V), 1.03 μM recombinant hGatB, 65 nM [14C]Glu-tRNAGln and
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2 mM glutamine. Over time, aliquots of the reaction mixture were taken at 0, 1, 5, 10, and
15 min, and were mixed with phenol–chloroform to extract aminoacyl-tRNAs under acidic
conditions, followed by ethanol precipitation and removal of ATP using a Nap5 column. The
amino acids attached to the tRNA were deacylated at 37°C for 30 min in 0.3% aqueous ammo-
nia. The [14C] labeled amino acids were analyzed by thin-layer chromatography (TLC) on a
cellulose plate (Melck) using a basic solvent system (28% ammonia solution:chloroform:meth-
anol, 1:3:4). The TLC plate was exposed to an imaging plate, and the radioactivity was visual-
ized using FLA-7000 image analyzer (Fujifilm).

High-density oligonucleotide array methodology
Samples were processed in accordance with the manufacturer’s instructions. In brief, two ali-
quots of 250 ng genomic DNA were digested with Nsp1 and Sty1, and ligated to adaptors.
Generic primers recognizing the enzyme-specific adaptor sequences were used to amplify
adaptor-ligated DNA. After purification, 270 μg of the PCR product was fragmented and
labeled with biotin. Hybridization was performed in an Affymetrix GeneChip Hybridization
Oven 640, and the arrays were washed and stained in an Affymetrix GeneChip Fluidics Station
450. Arrays were scanned with an Affymetrix GeneChip Scanner 3000 7G. Hardware scripts
were enabled and image processing performed using the Affymetrix GeneChip Command
Console software (AGCC). Genotypes were called using the Affymetrix Genotyping Console
software v4.1.1 GTC with the Birdseed algorithm and a default-calling threshold of 0.1. Sam-
ples were required to have an average minimum Quality Control SNP call rate of 99.7%.

Copy number analysis
All samples were analyzed with GTC v4.1.1. The predicted copy numbers as well as the start
and end of each CNV segment were determined using the Hidden Markov Model. In all data-
sets, hg19 was used. All large CNVs were manually curated. The CNV calls were also generated
using the PennCNV software[68].

Statistics
Results are presented as mean ± SEM or SD for the number of experiments indicated in the fig-
ure legends. Statistical analysis of continuous data was performed with 2-tailed Student’s t test,
as appropriate. p< 0.05 was considered statistically significant.

Study approval
The study was approved by the ethics committee of the Saitama Medical University. Written
informed consent was obtained from all subjects prior to inclusion in this study.
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Supporting Information
S1 Text. Detailed description of identified mutations and variants in this study.
(DOCX)

S1 Fig. Characteristics of 142 unrelated patients with childhood-onset mitochondrial respi-
ratory chain complex deficiencies. Histogram of enzymatic diagnoses in our cohort (A).
Severity was categorized as “Major criteria” or “Minor criteria” on the basis of the level of
enzyme activity reduction (B). Distribution of age at diagnosis (C). Histogram of clinical diag-
noses in our cohort (D). MTDPS, mitochondrial DNA depletion syndrome; ETC, electron
transport chain.
(TIF)

S2 Fig. Flowchart of filtering variants detected by whole exome sequencing.
(TIF)

S3 Fig. Enrichment of prioritized genes in cases in comparison with those in healthy indi-
viduals. One hundred twenty-eight out of 142 cases, and 175 ethnically matched healthy con-
trols whose sequence reads exceeded 50 million were included in the analysis. Percentages of
cases and controls containing prioritized known OXPHOS disease-causing genes were eluci-
dated using simplified exome analysis (A). Percentages of cases and controls containing priori-
tized mitochondria-related genes were elucidated using simplified exome analysis (A).
Percentage of cases and controls containing 908 randomly selected other genes were elucidated
using simplified exome analysis (B).
(TIF)

S4 Fig. Large mtDNA deletion in Pt334. Schematic diagram of mtDNA indicates the deletion
m.11359_15068del3710 (black arc) (A). Gel electrophoresis (1% agarose gel) of a long-range
PCR amplicon shows an 8,701 bp fragment in control DNA and 4,992-bp fragment in Pt334;
All Purpose Lo DNAMarker (BNX) and mtDNA with a deletion from other patient (Single
del) are also included (B). mtDNA sequence coverage (C). Inset shows Sanger electrophero-
gram of the breakpoint.
(TIF)

S5 Fig. BOLA3mutations in Pt045, Pt268, Pt286, and Pt314. Family pedigrees and Sanger
sequencing results for Pt045 (A and B), Pt268 (C andD), Pt286 (E and F), and Pt314 (G and
H). Compound heterozygous mutations c.287A>G (p.H96R) and c.225_229del (p.K75fs) in
BOLA3 (NM_212552) were identified in Pt045. Pt268, Pt286, and Pt314 had a homozygous
mutation c.287A>G (p.H96R) in BOLA3 (NM_212552). Eu means uninformative DNA test.
ClustalW alignment of BOLA3 orthologs. The residue p.H96 is highly conserved (I).
(TIF)

S6 Fig. Complementation assay of Pt045, Pt268, Pt286, and Pt314 fibroblasts. The mito-
chondria were isolated from control or patient fibroblasts following the lentiviral-mediated
expression ofmito-TurboRFP-V5 or BOLA3-V5 cDNA and were analyzed by BN-PAGE/West-
ern blotting and mitochondrial respiratory chain complex enzyme assays. Complementation
with BOLA3-V5 restored the assembly levels of both complexes (A,D,G,J) and enzyme
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activities (C,F,I,L) in all patient fibroblasts. mito-TurboRFP-V5 and BOLA-V5 proteins in the
isolated mitochondria were detected by SDS-PAGE/Western blotting (B,E,H,K). HSP60 was
used as a loading control. RFP,mito-TurboRFP-V5; CS, citrate synthase.
(TIF)

S7 Fig. NDUFAF6mutations in Pt101, Pt330, Pt512, and Pt598. Family pedigrees and elec-
tropherograms for Pt101 (A and B), Pt330 (C andD), Pt512 (E and F), and Pt598 (G andH).
The mutation c.371T>C in NDUFAF6 (NM_152416) was shared between Pt101 and Pt598.
The mutation c.805C>G was found in both Pt101 and Pt512. Eu means uninformative DNA
test.
(TIF)

S8 Fig. Gene structure of NDUFAF6, with gene product protein domains and identified
mutation positions.
(TIF)

S9 Fig. Complementation assay in Pt330 and Pt512 fibroblasts. The mitochondria were iso-
lated from control fibroblasts or Pt330 and Pt512 fibroblasts following the lentiviral-mediated
expression ofmito-TurboRFP-V5, NDUFAF6, or NDUFAF6-V5 cDNA and were analyzed by
BN-PAGE andWestern blotting. Complementation with NDUFAF6 or NDUFAF6-V5 restored
the assembly levels of complex I in patient fibroblasts (A and C). mito-TurboRFP-V5, NDU-
FAF6 and NDUFAF6-V5 proteins in the isolated mitochondria were detected by SDS-PAGE/
Western blotting with anti-V5 and anti-NDUFAF6 antibodies (B andD). HSP60 was used as a
loading control. RFP,mito-TurboRFP-V5. BN-PAGE of mitochondrial fractions from Pt101
and Pt598 fibroblast cells (E and F).
(TIF)

S10 Fig. NDUFB11mutations in Pt067. Family pedigrees of Pt067. The hemizygous
c.391G>Amutation was de novo (A). Electropherograms for Pt067 (B). A hemizygous muta-
tion c.361G>A (p.E121K) inNDUFB11 (NM_001135998) was found in Pt067. Eu means unin-
formative DNA test. ClustalW alignment of NDUFB11 orthologs shows conservation of the p.
E121 residue (C). SDS-PAGE/Western blotting analysis showed a decrease in the endogenous
NDUFB11 protein level in Pt067 fibroblasts. HSP60 was used as a loading control (D). siRNA
knockdown of NDUFB11 in normal fibroblasts. BN-PAGE/Western blotting of mitochondrial
fractions derived from normal human fibroblasts transfected with siNDUFB11 (E). NDUFB11
mRNA and NDUFB11 protein expression in cells treated with siRNAs targeting NDUFB11
(Clone #94, #95 and #96) and control cells (siNega #2) were confirmed by quantitative real-
time PCR and SDS-PAGE/Western blotting, respectively (F and G).
(TIF)

S11 Fig. RNAi-mediated dndufb11 (NP15.6) knockdown in Drosophila melanogaster. Sche-
matic representation of dndufb11 (NP15.6) and dgatA in Drosophila melanogaster (A).
dndufb11 is located in intron 3 of dgatA, a QRSL1 ortholog. Quantitative PCR revealed dramat-
ically reduced dndufb11mRNA levels in RNAi-generated dndufb11-knockdown flies
(arm> dndufb11-IR) to approximately 24% of control levels (arm> GFP-IR), whereas dgatA
mRNA levels were normal (B). All relative values were calculated against data from control
flies. Climbing activities of arm> dndufb11-IR flies and control flies at the age of 6 days (C).
Significance relative to controls was calculated using Student’s t test ("; p< 0.01; n.s., not sig-
nificant). The longevity of arm>dndufb11-IRmale flies was dramatically reduced relative to
that of control flies (log-rank test; p< 0.01) (D). Metabolic rate was estimated from CO2 pro-
duction (μl CO2/mg weight/h) of 4-day-old male flies (E). BN-PAGE of mitochondrial fractions
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from arm>dndufb11-IR and control male flies (F). The mitochondria were resuspended in native-
PAGE sample buffer with 1% digitonin. Wedges indicate increasing amounts of mitochondrial
extract (10 μg, 25 μg, 50 μg). Relative amounts of lactate and pyruvate in dndufb11-knockdown
flies against control flies (G). The amounts of metabolites were determined by LC-MS analysis.
Data represent mean ± SEM of at least three experiments. Student's t-test was used to compare the
data between dndufb11-knockdown and control (arm>GFP-IR) flies. ("; p< 0.01).
(TIF)

S12 Fig. KARSmutations in Pt459. Family pedigrees of Pt459 (A). Electropherograms for
Pt459 (B). Compound heterozygous mutations c.1343T>A (p.V448D) and c.953T>C (p.
I318T) in KARS (NM_005548) found in Pt459. ClustalW alignment of KARS orthologs shows
conservation of both the p.V448 and p.I318 residues (C). mito-TurboRFP-V5, mtKARS-V5
(mitochondrial isoform of KARS), and cytKARS-V5 (cytosolic isoform of KARS) proteins in
isolated mitochondria were detected by SDS-PAGE/Western blotting with an anti-V5 antibody
(E). HSP60 was used as a loading control. Respiratory chain complex enzyme activity was mea-
sured twice; activity is shown as a percentage of citrate synthase activity. Enzyme activities (D)
and complex I and IV assembly (F) were rescued in Pt459 fibroblasts by the overexpression of
wild-type mitochondrial KARS cDNA. RFP,mito-TurboRFP-V5; mt-KARS, mitochondrial
KARS (NM_001130089)-V5; cyt-KARS, cytosolic KARS (NM_005548)-V5; CS, citrate
synthase.
(TIF)

S13 Fig.MRPS23mutations in Pt276. Electropherograms for Pt276 (A). A homozygous
mutation c.119C>G (p.P40R) inMRPS23 (NM_016070) was found in Pt276. ClustalW align-
ment ofMRPS23 orthologs shows conservation of the p.P40 residue (B). MRPS23-V5 protein
expression inMRPS23-V5-overexpressing Pt276 cell lines was confirmed by SDS-PAGE/West-
ern blotting with an anti-V5 antibody (C). RFP,mito-TurboRFP-V5.
(TIF)

S14 Fig. QRSL1mutations in Pt250 and Pt860. Electropherograms for Pt250 (A) and Pt860
(B). Homozygous and compound heterozygous mutations c.398G>T (p.G133V) and
c.350G>A (p.G117E) in QRSL1 (NM_018292) found in Pt250 and Pt860, respectively.
Sequence alignment of QRSL1 orthologs (C).
(TIF)

S15 Fig.MECP2mutations in Pt053 and Pt369. Family pedigree and electropherograms for
Pt053 (A and B). The c.806delG (p.G269fs) mutation inMECP2 (NM_004992) has been
reported in males with severe neonatal encephalopathy. Family pedigree and electrophero-
grams for Pt369 (C andD). Another novel mutation inMECP2 (NM_001110792) c.17_18insG
(p.A6fs) was identified in Pt369. SDS-PAGE/Western blotting analysis exhibited loss of the
endogenous MECP2 protein level in isolate nuclear fractions from Pt053 and Pt369 fibroblasts
and MECP2 knockdown fibroblasts (E). Lamin A/C was used as a loading control.
(TIF)

S16 Fig. TNNI3mutation in Pt827. Family pedigree for Pt827 (A and B). A heterozygous
mutation c.575G>A (p.R192H) in TNNI3 (NM_000363), which was previously identified in
patients with restrictive cardiomyopathy, was confirmed de novo via Sanger sequencing of the
parents’ DNA. The transmission electron microscope image of the mitochondria in a cardiac
muscle tissue of normal individual and the patient (C). The mitochondria were often enlarged
with increased cristae density. Scale bar, 500 nm.
(TIF)
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S17 Fig. De novo chromosomal microdeletions identified in patients with mitochondrial
respiratory chain deficiency. De novo deletions of 6q24.3-q25.1 were identified using a high-
density oligonucleotide array in Pt452 and Pt695 (A). De novo deletion of 22q11.21 was identi-
fied using a high-density oligonucleotide array in Pt587 (B).
(TIF)

S1 Table. Detailed clinical information. CI, complex I deficiency; CIII, Complex III defi-
ciency; CIV, complex IV deficiency; CC, combined complex deficiencies; CM, cardiomyopathy;
EP, enteropathy; HD, hepatic disease; LD, Leigh's disease; LIMD, lethal infantile mitochondrial
disorder; MC, mitochondrial cytopathy; ND, neurodegenerative disorder; NLIMD, non-lethal
infantile mitochondrial disorder; SS, short stature; SUD, sudden unexpected death; CHD,
congenital heart defect(s); COX, cytochrome c oxidase; CPA, cardiopulmonary arrest; DD,
developmental delay; FTT, failure to thrive; HCM, hypertrophic cardiomyopathy; IUGR, intra-
uterine growth restriction; MOF, multiple organ failure; MRI: magnetic resonance imaging;
RRF, ragged red fiber; SSV, strongly SDH-reactive blood vessel.
(XLSX)

S2 Table. Statistics of sequence reads. CCDS, consensus cDNA (downloaded on 2012.11.14).
(XLSX)

S3 Table. Mutations and pVUS in nuclear DNA.Detailed list of all prioritized variants and all
confirmed pathogenic mutations identified fromWES in this study de_novo, de novomutation
confirmed by trio-based Sanger sequencing; sib_segregate, The variant is segregated with pheno-
types between sibling(s); trio_confirmed_by_Sanger, the variant is confirmed by trio-based Sanger
sequencing; validated_by_cDNA_phasing, phased using cDNA; validated_by_gDNA_phasing,
phased using gDNA; validated_by_sanger, the variant is validated by Sanger sequencing;
chrX_male_mother, the variant is inherited frommother to son not_clear_signal_by_sanger, the
variant is not validated well by Sanger sequencing.
(XLSX)

S4 Table. Mutations and pVUS in mitochondrial DNA. rCRS, revised Cambridge Reference
Sequence (NC_012920); CI, complex I deficiency; CIV, complex IV deficiency; CC, combined
complex deficiencies; LD, Leigh's disease; LIMD, lethal infantile mitochondrial disorder; MC,
mitochondrial cytopathy; NLIMD, non-lethal infantile mitochondrial disorder; SUD, sudden
unexpected death; LR-PCR, long-range PCR; mtDB, Human Mitochondrial Genome Data-
base.
(XLSX)

S5 Table. Pathogenic CNV and pVUS in our cohort. All positions are based on hg19 refer-
ence sequences. De novo, confirmed de novomutation by trio-based copy number analysis; N.
A., not available.
(XLSX)

S6 Table. List of quantitative RT-PCR primers.
(XLSX)

S7 Table. List of primers used for sequence validation.
(XLSX)

S8 Table. List of cDNA cloning primers.
(XLSX)
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HDR: a statistical two-step approach successfully
identifies disease genes in autosomal recessive
families
Atsuko Imai1,2,3,4, Masakazu Kohda5, Akihiro Nakaya2, Yasushi Sakata1, Kei Murayama6, Akira Ohtake7,
Mark Lathrop4, Yasushi Okazaki5,8 and Jurg Ott3,9

In the search for sequence variants underlying disease, commonly applied filtering steps usually result in a number of candidate
variants that cannot further be narrowed down. In autosomal recessive families, disease usually occurs only in one generation so
that genetic linkage analysis is unlikely to help. Because homozygous recessive mutations tend to be inherited together with
flanking homozygous variants, we developed a statistical method to detect pathogenic variants in autosomal recessive families:
We look for differences in patterns of homozygosity around candidate variants between patients and control individuals and
expect that such differences are greater for pathogenic variants than random candidate variants. In six autosomal recessive
mitochondrial disease families, in which pathogenic homozygous variants have already been identified, our approach succeeded
in prioritizing pathogenic mutations. Our method is applicable to single patients from recessive families with at least a few dozen
control individuals from the same population; it is easy to use and is highly effective for detecting causative mutations in
autosomal recessive families.
Journal of Human Genetics (2016) 61, 959–963; doi:10.1038/jhg.2016.85; published online 30 June 2016

INTRODUCTION
In genetic linkage analysis, lod score peaks at a true disease variant
and surrounding markers tend to be somewhat wider than at a
random peak of the same height.1–5 A special situation exists for
cases of recessive disease when parents are related:6 Markers in
extended regions surrounding the disease variant all tend to be
homozygous, which has led to the concept of homozygosity
mapping, which consists of a search in an individual with a
recessive trait for extended regions of homozygosity in adjacent
markers.7 Various forms of homozygosity mapping have been
implemented in computer programs.8 An extension of homozyg-
osity mapping makes use of population haplotype frequencies
estimated in unrelated control individuals.9

Here we take a novel two-step approach, where step 2 is based
on our previous work.10 We start with a set of candidate variants
that were obtained by customary filtering steps (see below).
At each candidate variant and surrounding markers, we focus on
homozygous genotypes and compare the string of genotypes at
these loci between a patient and control individuals. For a random
candidate variant, we expect a random similarity of genotypes

between patient and control but for a pathogenic variant, the
patient is likely to be much more different than control individuals.
Details for our method are presented below.

MATERIALS AND METHODS
Sequencing pipeline
For the eight patients used for this study, indexed genomic DNA libraries were
prepared from patient genomic DNA, and exomes were captured using TruSeq
(Illumina, San Diego, CA, USA) and SureSelect V4 (Agilent Technologies, Santa
Clara, CA, USA) exome enrichment kits according to the manufacturers’
protocols. Sequencing was performed using 100-bp paired-end reads on a
HiSeq2000 or GAIIx (Illumina). Read trimming via base quality was performed
using Trimmomatic.11 Read alignments to the 1000 Genomes Project phase II
reference genome (hs37d5.fa) were performed with the Burrows–Wheeler
Aligner12 (BWA, version 0.7.0). PCR duplicate reads were removed using
Picard (version 1.89); non-mappable reads were removed using SAMtools13

(version 0.1.19). After filtering out those reads, we applied the Genome Analysis
Toolkit14 (GATK version 2.4-9-nightly-2013-04-12-g3fc5478) base quality score
recalibration and performed SNP and INDEL discovery (UnifiedGenotyper
with stand_call_conf 50.0 and stand_emit_conf 10.0 setting). Detailed protocols
of variant calling and prioritization are described in the previous paper.15
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Quality control
The raw sequence read data passed the quality checks in FASTQC. Variant data
used in this study were identified as described above. Raw variants were then
filtered for the removal of low-quality variant calls with GATK’s Variant
Filtration tool, with filtering based on the QualByDepth, ReadPosRankSum,
FisherStrand, Depth, Mapping QualityZeroReads, HaplotypeScore, Mapping-
QualityRankSumTest, AlleleBalance, ClusteredSnps and IndelArtifact attributes.

Case and control individuals
Among 142 patients with childhood-onset and enzymatically diagnosed
mitochondrial respiratory chain complex deficiencies in the original article,15

we selected eight patients, Pt105, Pt250, Pt268, Pt276, Pt286, Pt314, Pt330 and
Pt559 with known pathogenic homozygous mutations for our analysis. For the
exome capture kit, SureSelect V4 was used for Pt559 and TruSeq was used for
all the remaining seven patients. We had to exclude two patients from our

analysis, Pt652 and Pt711, who also had known pathogenic homozygous
mutations,15 since the exome capture kit used for these two patients was
different from TruSeq or SureSelect V4. In the original study,15 only TruSeq
and SureSelect V4 were used for more than 20 control individuals and our
method required at least 20 control individuals sequenced by the same platform
as the patient. Detailed clinical explanation is available in the original article.15

As control individuals, we used 52 individuals captured by TruSeq and 39
individuals captured by SureSelect V4, all of whom were sequenced by the same
pipeline as the patients without long continuous stretches of homozygosity
detected by high-density oligonucleotide array.

Statistical analysis of dissimilarity
Consider a candidate variant and flanking markers. At each of these sites we
distinguish two genotypes, (a) homozygous for the alternate allele (ALT/ALT)
and (b) not homozygous for the alternate allele (REF/ALT or REF/REF). For

Figure 1 Summary of our procedures. Positions of candidate variants with top five statistics for Pt250 are shown as an example of how our approach works.
Among these five positions, position 1 refers to the known pathogenic variant in the QRSL1 gene. Upper box: How to calculate HDR between two individuals,
for example, between case and a control, where n refers to number of variants. Middle box: Step 1 procedure (prescreening). Lower box: Step 2 procedure
(prioritization).
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two individuals, there are thus four pairs of genotypes at a given site, (a)–(a),
(a)–(b), (b)–(a) and (b)–(b), and n1, n2, n3 and n4 are the respective
numbers of markers with these genotype pairs. However, for each individual
we extract from the vcf sequencing file only homozygous (ALT/ALT) variants,
so in the resulting variant lists for two individuals the last genotype pair is not
observed. For the candidate variant and flanking markers, we define as our
measure of dissimilarity between the two strings of genotypes of two individuals
by the number of markers at which the genotypes of the two individuals are
different, that is, HD=n2+n3, where HD is known as the Hamming
distance.16,17 To accommodate varying numbers of flanking markers,
we work with the relative Hamming distance, or Hamming distance ratio,
HDR= (n2+n3)/(n1+n2+n3).10 The motivation for our approach is that we
expect a larger ‘distance’ between case and control individuals for DNA
segments containing pathogenic variants than for random DNA regions.
To classify DNA segments containing pathogenic variants more precisely, we

developed a new test statistic as outlined below. We work with 10 DNA
segments of 100 to 1000 kb (in steps of 100 kb) around a candidate variant
since the maximum of our test statistic tends to occur within this interval
(see below).

Step 1 . Initially, we prescreen candidate variants for being suitable for
application of our method, that is, we require HDR for case–control pairs to
be no smaller than HDR values expected by chance. As outlined in
Supplementary Information, for a wide range of variant allele frequencies,
random HDR values tend to exceed the value 0.50. Thus, we will only consider
variants when at least half of all HDR values between patient and each control
individual in each of the 10 DNA segments attain a value of 0.50 or higher. In
other words, we reject a candidate variant as ‘unsuitable’ if the median HDR
between patient and control individuals is less than 0.50.

Step 2. Once a candidate variant passes this prescreening we form all possible
pairs of individuals and compute HDR in each pair, contrasting pairs
containing the affected individual (group 1) with pairs consisting of two
control individuals (group 2).10 If the candidate variant is pathogenic we expect
HDR to be higher in group 1 pairs than in group 2 pairs, that is, members of
control–control pairs are expected to be more similar to each other than
members of case–control pairs (HDR values in control–control pairs represent
our observed random HDR values). At each of the 10 DNA segments, we
compute a one-sided t statistic with unequal variances to assess the difference,
group 1 mean minus group 2 mean. Our final test statistic is tmax, the
maximum t obtained over the 10 DNA segments, which is used to prioritize
candidate variants.

We evaluate empirical significance levels by choosing each of the n control
individuals in turn as a pseudo-case and repeat analysis for each such pseudo-
dataset. To estimate the P-value associated with our observed tmax statistic, we
count the number k of pseudo-tmax values that are at least as large as the
observed tmax value. Including the observed data among the pseudo-data, we
estimate the empirical significance level as p= (k+1)/(n+1). Thus, in the best
case scenario (k= 0), to obtain a P-value smaller than 0.05, we need at least
n= 20 control individuals. Our procedures are summarized in Figure 1.

Software
Our approach is implemented in a GUI program with pull-down menus, which
allows users to compute HDR values.18 Output from the HDR program will
then be used as input to the maxstatRS.FX program18 for statistical analysis and
ranking of candidate variants. Below we briefly describe three input files that
users need to prepare for the HDR program.
The variant.txt file contains chromosome numbers and start positions of all

candidate variants after the usual filtering steps have been exhausted.
For each patient, the user prepares a case.vcf file containing only homo-

zygous variants for the alternate allele with quality attribute PASS by GATK
filtering from the patient’s vcf file as obtained by the sequencing pipeline
described above. For each control individual, an analogous control.vcf file is
generated. Sequencing for control data should have been processed by the same
protocol as for case individuals.

MaxstatRS update. The user can choose between one of two modes of
analysis. (1) In the default setting, candidate variants are ranked by the
maximum test statistic described above. (2) If the used specifies a candidate
variant as the likely or known disease variant then more detailed results are
provided for this variant.

RESULTS
We applied and validated our method in the eight autosomal recessive
mitochondrial disease patients, in which Kohda et al.15 had identified
pathogenic homozygous nuclear gene mutations.
Our prescreening step singled out two variants as being unsuitable

for our analysis (Table 1).
We subsequently applied our previously developed method to the

six patients surviving the prescreening step. As shown in Table 1, out
of 59–88 candidate variants, our method succeeded in narrowing
down pathogenic variants to be ranked 1 through 4. Thus, our
method, based on statistical analysis alone, identified six patients with
homozygous mutations as being pathogenic.
We further visually represent the data of Table 1 in graphical form.

As Figure 2 shows, at the regions with known pathogenic variants,
different homozygous patterns between patient and controls are clearly
observed.

DISCUSSION
Here we demonstrate that purely by applying a sophisticated statistical
genomics approach we can identify the same genes as those found by
Kohda et al.15 Of course, functional analysis15 is final proof, which our
method cannot furnish, but it is comforting to know that our
approach can narrow down candidate variants to a very small set of
likely pathogenic variants. It is useful both for clinicians who explore
causative genes for their patients and also for scientists who try to
confirm causative variants by conducting functional analysis.
For their mitochondrial disease patients, Kohda et al.15 completed

comprehensive analyses and our result is consistent with their
convincing proof. Possible reasons that similar homozygous region
patterns are seen between Pt559 and control individuals would be that
the TUFM gene is located close to the centromere, where homozygous
variants tend to accumulate. In comparison, a possible cause why
Pt330 has homozygous patterns similar to those in multiple control
individuals would be that NDUFAF6 was mutated in four unrelated
patients15 and only Pt330 harbors a homozygous mutation while the
remaining three patients have alleles different from those in Pt330,

Table 1 Prescreening of candidate variants (step 1) and ranking of
known pathogenic variants (step 2)

Step 1 Step 2

Patient Gene Disease MinHDR Conclusion m Rank P-value

105 SUCLA2 MC 0.56 Suitable 60 2 0.038
250 QRSL1 LIMD 0.62 Suitable 74 1 0.038
268 BOLA3 LIMD 0.75 Suitable 88 4 0.019
276 MRPS23 HD 0.62 Suitable 59 2 0.038
286 BOLA3 LD 0.64 Suitable 69 2 0.019
314 BOLA3 CM 0.60 Suitable 69 2 0.038
330 NDUFAF6 MC 0.33 Inconclusive — — —

559 TUFM NLIMD 0.36 Inconclusive — — —

Abbreviations: CM, cardiomyopathy; HD, hepatic disease; LD, Leigh’s disease; LIMD, lethal
infantile mitochondrial disorder; m, number of candidate variants; MC, mitochondrial cytopathy;
MinHDR, smallest median HDR in patient-control pairs; NLIMD, non-lethal infantile
mitochondrial disorder; rank, order of test statistic among m candidate variants (largest tmax
ranked 1); P, empirical significance level of test statistic.
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which suggests that the homozygous regions in NDUFAF6 gene seen
in Pt330 may not be a typical region originating from common
Japanese founders. In comparison, BOLA3 was mutated in four
unrelated patients and all four patients carry the same mutation,
c.287A4G:p.H96R, with Pt268, Pt286 and Pt314 all being homo-
zygous and the remaining patient being a compound heterozygote. We
can assume that the homozygous regions seen in Pt268, Pt286 and
Pt314 are inherited from a common ancestor, which was also
suggested by Kohda et al.15 in that p.H96R originated from a single
Japanese founder. The remaining variants in the SUCLA2, QRSL1 and
MRPS23 genes are only seen in one unrelated patient each.
Our method is applicable even when genetic data on other family

members are unavailable. It is also applicable to prioritizing homo-
zygous mutations in different ethnic populations, for example, in
French-Canadians19–21 and in the Japanese population.
We implemented our program in a GUI version, which is freely

available.18 It is easy to use and does not require specific knowledge in
computer science. To our knowledge, no other software comparable to
ours is available.
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REPORT

Biallelic IARS Mutations Cause Growth Retardation
with Prenatal Onset, Intellectual Disability,
Muscular Hypotonia, and Infantile Hepatopathy

Robert Kopajtich,1,2,19 Kei Murayama,3,4,19 Andreas R. Janecke,5,6,19 Tobias B. Haack,1,2,19

Maximilian Breuer,7,19 A.S. Knisely,8,9 Inga Harting,10 Toya Ohashi,11 Yasushi Okazaki,12,13

Daisaku Watanabe,14 Yoshimi Tokuzawa,13 Urania Kotzaeridou,7 Stefan Kölker,7 Sven Sauer,7

Matthias Carl,15 Simon Straub,5 Andreas Entenmann,5 Elke Gizewski,16 René G. Feichtinger,17

Johannes A. Mayr,17 Karoline Lackner,9 Tim M. Strom,1,2 Thomas Meitinger,1,2 Thomas Müller,5

Akira Ohtake,18 Georg F. Hoffmann,7 Holger Prokisch,1,2 and Christian Staufner7,*

tRNA synthetase deficiencies are a growing group of genetic diseases associated with tissue-specific, mostly neurological, phenotypes. In

cattle, cytosolic isoleucyl-tRNA synthetase (IARS) missense mutations cause hereditary weak calf syndrome. Exome sequencing in three

unrelated individuals with severe prenatal-onset growth retardation, intellectual disability, and muscular hypotonia revealed biallelic

mutations in IARS. Studies in yeast confirmed the pathogenicity of identified mutations. Two of the individuals had infantile hepato-

pathy with fibrosis and steatosis, leading in one to liver failure in the course of infections. Zinc deficiency was present in all affected

individuals and supplementation with zinc showed a beneficial effect on growth in one.

Aminoacyl-tRNA synthetases (ARSs) catalyze the amino-
acylation of tRNAs by their cognate amino acid, linking
amino acids with the correct nucleotide triplets and
ensuring the correct transformation of the genetic code
to the protein level. Editing activities of ARSs further in-
crease translation fidelity by preventing misacylation of
tRNAs with non-cognate amino acids.1 In mammals,
ARSs can be distinguished by their cytoplasmatic or
mitochondrial localization, with only two ARS in both
compartments (GARS and KARS). In 2003, autosomal-
dominant Charcot Marie Tooth disease (CMT) type 2D
(MIM: 601472) and neuropathy, distal hereditary motor,
type VA (MIM: 600794), caused by mutations in GARS
(MIM: 600287, encoding glycyl-tRNA synthetase) were re-
ported as the first ARS-associated human disease pheno-
types.2 Since then, several clinical conditions associated
with mutations in mitochondrial ARSs3,4 and cytosolic
ARSs5 have been identified. Clinically, most cytosolic
tRNA synthetase deficiencies are associated with CMT
and related neuropathies,1 whereas mutations in LARS
(MIM: 151350) cause infantile acute liver failure syndrome
type 1 (MIM: 615438)6 and autosomal-recessive mutations

in MARS (MIM: 156560) cause interstitial lung and liver
disease (MIM: 615486).7

Mutations in cytosolic IARS (MIM: 600709) have not yet
been linked to human disease. However, a homozygous
missense mutation (c.235G>C) in exon 3 has recently
been identified as the molecular cause of weak calf syn-
drome in Japanese black cattle.8 The affected calves exhibit
prenatal-onset growth retardation, severemuscle weakness
with astasia, and fatty degeneration of liver cells.8,9

Here we report the identification of biallelic mutations
in IARS in three unrelated individuals with a complex mul-
tisystemic phenotype of prenatal-onset growth retardation
(3/3), intellectual disability (3/3), muscular hypotonia
(2/3), and hepatopathy with fibrosis and steatosis (2/3)
as well as diabetes mellitus and sensorineural hearing
loss (1/3). The three individuals studied originate from
Germany (#65269, DEU), Japan (#85880, JPN), and Austria
(#83921, AUT). Clinical findings are summarized in Table 1
(for anthropometrical data see Table S1).
Individual #65269 (DEU), a boy, was born at 38 weeks’

gestational age to non-consanguineous German parents.
Birth weight and head circumference were low (weight
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2,020 g, !3.0 SDS; head circumference 29.0 cm, !4.2 SDS;
see Table S1). He has two healthy sisters. Pregnancy was
normal except for intrauterine growth retardation. Sub-
stantial psychomotor retardation, muscular hypotonia,
and poor feeding were noted shortly after birth and despite
alimentation by percutaneous gastroenterostomy with a
high-calorie diet, failure to thrive was very severe (at 6
years of age, body weight 10.8 kg, !8.0 SDS). During the
first 2 to 3 years, multiple clinically severe infections
occurred. At the age of 7 years, zinc deficiency was detected
in serum (8.5 mmol/L; normal range 13–18) and zinc sup-
plementation was begun (1 mg/kg body weight/day).
Normalization was associated with pronounced improve-
ment in clinical status. He had fewer infections; weight,
height, and head circumference increased substantially
(see Figure S1); and both hypoalbuminemia and low levels
of growth hormone-dependent factors IGF1 and IGFBP3
normalized. Psychomotor development also seemed to
improve: the child became more alert and mobile and pro-
gressively took increasing part in various daily activities.
Examination at the age of 17 years revealed lack of expres-
sive speech with moderate to severe intellectual disability,
muscular hypotonia, and bilateral spasticity (Gross Motor
Function Classification System Level IV). However, he
understood commands, interacted with others, and per-
formed some activities. Weight and height had become
nearly normal (!2.8 SDS resp. !1.6 SDS), whereas micro-
cephaly was still pronounced (!5.1 SDS). Brain MRI
showed white matter changes consistent with hypomyeli-
nation (Figure S2).

Individual #85880 (JPN), a girl, was born at 38 weeks’
gestational age, the third child of non-consanguineous
Japanese parents. A brother is healthy. A sister has mild in-
tellectual disability. Birth weight and head circumference
were low (1,564 g, !4.1 SDS; 29 cm, !3.5 SDS). Pregnancy
was normal except for intrauterine growth retardation. At
the age of 4 days, mildly elevated transaminase activities
(ALAT, ASAT) and a normal to slightly reduced prothrom-
bin time were observed. These spontaneously improved
until 6 years of age. Liver biopsy at 2 years of age showed
steatosis and portal-tract fibrosis with evidence of acceler-
ated hepatocyte turn-over in absence of other usual his-
topathologic features of hepatitis or steatohepatitis
(Figure S3). The girl had global developmental delay
(sitting at 15 months of age, walking at 2 years of age).
At the age of 5 years, severe sensorineural hearing loss
was diagnosed. Body growth was retarded (with docu-
mented growth hormone deficiency). Growth hormone
therapy between the ages of 3 4/12 years and 14 years re-
sulted in normalization of growth. She had an unex-
plained episode of unconsciousness and two episodes of
afebrile generalized tonic-clonic seizures for a few minutes
at 14 and 16 years. Electroencephalograms were unremark-
able and no antiepileptic drug therapy was initiated. Insu-
lin-dependent diabetes mellitus was diagnosed at 16 years
of age and insulin therapy was started. Brain MRI was
normal at the age of 16 years. At this writing, she is 21 years
old and has mild to moderate intellectual disability (verbal
IQ 47, performance IQ 50). She has no microcephaly. Liver
function is normal. Recurrent infection is not a problem.

Table 1. Genetic and Clinical Findings in Individuals with IARS Mutations

ID Sex

Age at
Last
Visit

IARS Mutations

AO

Clinical Features

cDNA (NM_002161.5);
protein (EAW62813.1)

Growth
Retardation
(SDS)a

Neurological and
Cognitive Outcome

Liver Function
(Histologic
Findings) Other Features

#65269
(DEU)

M 18.7
years

c.[1252C>T];[3521T>A];
p.[Arg418*];[Ile1174Asn]

prenatal
(IUGR)

yes (!5.9) moderate to severe
intellectual disability,
no expressive speech,
spastic movement
disorder (GMFCS IV),
muscular hypotonia,
brain MRI abnormal

intermittently mildly
affected hepatic
synthesis (no liver
biopsy)

strabismus, feeding
through PEG,
esophagitis,
zinc deficiency
(8.5 mmol/L;
N 13–18)b

#85880
(JPN)

F 19 years c.[760C>T];[1310C>T];
p.[Arg254*];[Pro437Leu]

prenatal
(IUGR)

yes (!6.2) moderate intellectual
disability (IQ 50),
motor function normal

elevated ALAT and
ASAT, neonatal onset
(steatosis, fibrosis)

sensoneurinal hearing
loss (AO 5 years),
diabetes mellitus (AO 16
years), epilepsy,
zinc deficiency
(7.5 mmol/L;
N 11–18)b

#83921
(AUT)

M 3 years c.[1109T>G];[2974A>G];
p.[Val370Gly];[Asn992Asp]

prenatal
(IUGR)

yes (!6.2) moderate intellectual
and motor disability,
muscular hypotonia

recurrent liver crises
triggered by infections,
infantile liver failure,
neonatal onset
(steatosis, fibrosis,
cholestasis)

peculiar facial
distribution of
subcutaneous fat
(chubby cheeks),
feeding through PEG,
zinc deficiency
(6.1 mmol/L; N 11–15)b

Abbreviations are as follows: M, male; F, female; AO, age of onset; IUGR, intrauterine growth retardation; GMFCS, gross motor function classification system; PEG,
percutaneous endoscopic gastrostomy; N, normal range.
aMinimum SDS value of body height.
bMinimum value measured in blood.
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Individual #83921 (AUT), a boy, was born at
38þ4 weeks’ gestational age to non-consanguineous Aus-
trian parents. Birth weight and head circumference were
both low (2,700 g, !1.6 SDS; 30 cm, !3.8 SDS). Pregnancy
was normal except for intrauterine growth retardation. At
the age of 3 weeks, jaundice became apparent and conju-
gated hyperbilirubinemia, mildly elevated ALAT and
ASAT, but normal gGT and mild hypoalbuminemia were
identified. Liver biopsy found non-specific changes labeled
as ‘‘neonatal hepatitis.’’ Jaundice spontaneously disap-
peared at the age of 5 months. In the second year of life,
three episodes of marked conjugated hyperbilirubinemia,
moderate coagulopathy, markedly elevated ALAT and
ASAT, but normal gGT were encountered in the context
of a gastrointestinal and two respiratory infections. Liver
biopsy at 14 months of age showed cholestasis, steatosis
with steatohepatitis, portal-tract fibrosis with bridging in
a biliary rather than post-necrotic pattern, and evidence
of accelerated hepatocyte turn-over (Figure S4). At the
age of 2 years, an upper respiratory tract infection
was accompanied by acute liver failure (conjugated bili-
rubin 10.2 mg/dL, normal < 0.3; ALAT 360 U/L, ASAT
1,700 U/L, normal < 50; gGT 16 U/L, normal < 21; INR
2.7, normal < 1.2) complicated by candida sepsis and
requiring intensive-care support. After recovery, he had
an episode of prolonged conjugated hyperbilirubinemia
with low serum gGT associated with an infection. After re-
covery from infections, serum albumin levels ranged from
low to normal and coagulation parameters normalized.
During episodes of liver dysfunction, the boy appeared to
benefit from a high-calorie diet. Alimentation was gener-
ally difficult: despite high-calorie tube feeding, weight
and height remained below the 3rd percentile and at 2
years of age (height !6.2 SDS, weight !3.5 SDS, head
circumference !4.4 SDS) a percutaneous gastrostomy was
placed. On high-calorie stomal feeding the boy throve
better, with improved motor skills, but vomiting was a
problem. Zinc deficiency was diagnosed at 2 6/12 years
of age and zinc supplementation was started (1–2 mg/kg
body weight/day). Zinc levels fluctuated markedly (mini-
mum 6.1 mmol/L) but tended to be slightly below the
normal range despite supplementation. Supplementation
with isoleucine (200 mg/kg/day) also was started and
alimentation increased. The boy has thereafter appeared
less susceptible to infection, with better development.
Psychomotor development was delayed; at the age of 2
years, the child performed at the level of a 12-month-old
infant. No abnormality was identified on brain MRI at
the age of 2 3/12 years. At this writing, the boy is 3.5 years
old. He is short (!5.0 SDS) and microcephalic (!3.3 SDS),
but BMI is normal (þ1.0 SDS).
In all three individuals, a mitochondrial disease was

suspected clinically and respiratory chain complexes
weremeasured inmuscle (subjectsDEUandAUT), liver (sub-
ject AUT), and/or fibroblasts (subjects DEU and JPN) (see
Table S2). Activities of complex I appeared to be decreased
in the three subjects in at least one tissue, whereas activity

of complex IV was decreased in one. Thorough clinical
andmetabolic investigations were without specific findings
inall cases. Transient elevationsofplasma lactate concentra-
tions were found. However, plasma lactate was also repeat-
edlynormal in all individuals andbrainmagnetic resonance
spectroscopy (MRS), performed in subjects DEU and AUTat
the age of 17 and 2 years, showed no lactate peaks.
Informed consent to participate in the study was ob-

tained from all affected individuals or their parents in
case of minor study participants. The study was approved
by the ethics committees of the University Hospital Heidel-
berg, the Technische Universität München, the Jikei
University School of Medicine, Chiba Children’s Hospital
and Saitama Medical University, and the Medical Univer-
sity of Innsbruck. Whole-exome sequencing performed
on genomic DNA from individual #65269 (DEU) did not
identify likely clinically relevant variants in genes previ-
ously associated with the observed clinical phenotype or
a mitochondrial disorder.10,11 A search for homozygous
or potentially compound heterozygous rare variants
(MAF < 0.1% in 7,000 in-house exomes, 1000 Genomes
Study) prioritized the five genes PROB1, UBR2 (MIM:
609134), IARS, PLXNB3 (MIM: 300214), and DUSP21
(MIM: 300678). Given the overlap of clinical features of
the investigated individual with the phenotypic spectrum
of other ARS defects, we considered IARS a strong candi-
date. Results of two independent exome sequencing
studies that revealed biallelic IARS variants in two unre-
lated individuals from Austria and Japan with phenotypic
features like those in the German boy supplied further
evidence for a causal association of biallelic IARS variants
with the disease presentation. All six identified IARS
variants were confirmed by Sanger sequencing. Carrier
testing confirmed a compound heterozygous state of
the IARS variants (Figure 1). Except for the variant
c.1252C>T, which was detected three times in a hete-
rozygous state, none of the IARS variants (c.760C>T,
c.1109T>G, c.1310C>T, c.2974A>G, and c.3521T>A)
was listed in >120,000 alleles of the Exome Aggregation
Consortium (ExAC) Server (12/2015). All the missense
mutations change evolutionarily conserved amino acid
residues (Figure 1) and are accordingly predicted to be
damaging (PolyPhen-2 and SIFT). Immunoblotting anal-
ysis of fibroblast cell extracts from all three affected indi-
viduals showed reduced levels of IARS protein only for
subject #65269 (DEU; see Figure S5). Immunostaining of
formalin-fixed, paraffin-embedded archival liver-biopsy
material (JPN, AUT) found no marking for IARS in one
(JPN) and normal marking in the other (AUT; Figure S6).
Four of the six mutations lie in the first half of the gene,
in close proximity to the IleRS core domain (Figure 1).
To evaluate the functional relevance of identified IARS

variants, we made use of a Tet-Off yeast model.12 In the
TET-ILS1 strain, expression of ILS1, the Saccharomyces
cerevisiae ortholog of human IARS, can be negatively
regulated by addition of doxycycline to the growth me-
dium. The strain shows normal growth under standard
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conditions (Figure 2). Reduced expression of ILS1 resulted
in considerable growth impairment; however, this pheno-
type was fully rescued by expression of the human wild-
type IARS cDNA (Figure 2, first two lines) providing an
in vivo assay to evaluate mutant alleles. IARS cDNAs
carrying the different variants were cloned into the low-
copy vector pYX122 (Novagen) and growth was compared
to that of cells transformed with a wild-type copy of IARS
or with the empty vector.
Without addition of doxycycline, the transformed yeast

strains grew like the positive control. Upon downregula-
tion of the yeast IARS ortholog, no growth rescue was

observed in yeast transformed with empty vector (negative
control), plasmids encoding the two IARS loss-of-function
variants c.1252C>T (p.Arg418*) (#65269, DEU) and
c.760C>T (p.Arg254*) (#85880, JPN), or a plasmid encod-
ing the missense variant c.2974A>G (p.Asn992Asp)
(#83921, AUT). An intermediate growth phenotype was
obtained by expression of the four missense variants
c.235G>C (p.Val79Leu) (not encountered in any proband;
the ortholog of that in IARS in cattle, which underlies weak
calf syndrome), c.3521T>A (p.Ile1174Asn) (#65269, DEU),
c.1310C>T (p.Pro437Leu) (#85880, JPN), and c.1109T>G
(p.Val370Gly) (#83921, AUT); the last displayed the

1 2 32302817 252320191614131211109876543 34

c.1252C>T
p.Arg418*

weak calf syndrome

p.Val79Leu

c.3521T>A
p.Ile1174Asn

amino acid

exon

1 254 370 992 1174

NM_002161.5
(4546 nt)

EAW62813.1
(1262 aa)

1262

IleRS core domain
nt transferase superfamily

43741879

I-2
#65270

c.[3521T>A];[=]
p.[Ile1174Asn];[=]

II–3
#65269

c.[1252C>T];[3521T>A]
p.[Arg418*];[Ile1174Asn]

I-1
#65271

c.[1252C>T];[=]
p.[Arg418*];[=]

II–1
#65273

c.[3521T>A];[=]
p.[Ile1174Asn];[=]

II–2
#65272
c.[=];[=]
p.[=];[=]

family F1 of #65269 DEU

312927262422211815 33

IleRS core domain
nt transferase superfamily

UTR

codinganticodon binding domain
anticodon Ia like superfamily

II–1
#
?

II–2
#83921

c.[1109T>G];[2974A>G]
p.[Val370Gly];[Asn992Asp]

family F3 of #83921 AUT

c.2974A>G
p.Asn992Asp

c.760C>T
p.Arg254*

family F2 of #85880 JPN

I-1
#

c.[760C>T];[=]

II–1
#

c.[1310C>T];[=]

II–3
#85880

c.[760C>T];[1310C>T]
p.[Arg254*];[Pro437Leu]

c.1109T>G
p.Val370Gly

p.Pro437Leu

p.[Pro437Leu];[=]

II–2
#

c.[=];[=]
p.[=];[=]

c.1310C>T

1 1 6 6 - S S T L L C Q Y I N L Q L L N A K - 1 1 8 2
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1 0 3 8 - P D A L L C Q Y I N L Q L V N A K - 1 0 5 4

1 1 7 0 - G S Q L L C Q Y I N L R L L N E E - 1 1 8 6

1 1 7 0 - S S T L L C Q Y I N L Q L L N A E - 1 1 8 7
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1 1 0 5 - - - - - - - - - - A L D L W N - - - 1 1 1 0
    - - - - - - - - - - - - - - - - - - -
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X . l a e v i s
D . r e r i o
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M . m u s c u l u s
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P . t r o g l o d y t e s
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S . c e r e v i s i a e

p.Ile1174Asnp.Asn992Asp

7 3 - H Q S G F H V D R R F G W D C - 8 7

7 3 - H Q S G F H V E R R F G W D C - 8 7
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C . e l e g a n s
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p.Val79Leu p.Val370Gly p.Pro437Leu
3 6 4 - D F A G Q Y V K D A D K S I I R - 3 7 9

3 6 4 - D F A G Q Y V K D A D K N I I K - 3 7 9

2 3 3 - D F A G Q Y V K D A D K N I I K - 2 4 8
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4 3 2 - L C Y W V P E L V R E K R F G - 4 4 7
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4 3 6 - L C Y W V P E L V R E K R F G - 4 5 1
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8 5 6 - V A R E V I N R I Q K L R K K R - 8 7 1

9 8 6 - V A R E V I N R I Q K L R K K G - 1 0 0 1

9 9 0 - M A R E V I N R I Q K L R K K C - 1 0 0 5

9 8 6 - M A R E V I N R I Q K L R K K C - 1 0 0 1

9 8 6 - V A R E V I N R I Q K L R K K G - 1 0 0 1

9 7 8 - L C R E V T N R V Q R L R K Q A - 9 9 3
9 8 8 - L A R E L V N R I Q K L R K K C - 1 0 0 3

p.[Arg254*];[=]

A

B

I-2
#

c.[1310C>T];[=]
p.[Pro437Leu];[=]

I-2
#

c.[1109T>G];[=]
p.[Val370Gly];[=]

I-1
#

c.[2974A>G];[=]
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c.235G>C

Figure 1. IARS Variants and Gene Structure
(A) Pedigrees of the three families with recessive inherited mutations in IARS.
(B) Structure of IARS with known conserved protein domains in the gene product and localization and conservation of amino acid res-
idues affected by mutations identified in the three families as well as by the orthologous-gene mutation associated with the weak calf
syndrome. Intronic regions are not drawn to scale. Coloring in the sequence alignment represents the identity of amino acid residues.
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mildest, but significant, growth impairment (Figure 2).
Hence, each affected human individual is compound het-
erozygous for an IARS loss-of-function allele and an allele
with significantly reduced but some remaining function-
ality, similar to the allele causing weak calf syndrome.
Treatment with zinc appeared beneficial in subject
#65269 (DEU), possibly due to zinc deficiency or to zinc
dependence of IARS activity, as shown for the E. coli
ortholog.13 Supplementation using a wide range of zinc
concentrations did not improve yeast growth, permitting
argument that zinc has no direct effect on IARS activity.

To gain further insight into the expressionpatternof IARS
and its role for embryonic development, we undertook
in situ hybridization and morpholino (MO) knockdown
of iars in zebrafish. Iars is conserved in zebrafish and shares
74% homology to the human protein. The expression of
iars is ubiquitous in zebrafish during early embryonic devel-
opment. It localizes to the somites and developing brain re-
gions after gastrulation, especially in the tectum region of
the brain, pineal gland, and hindbrain (Figure 3). To assess
Iars function, two splice-blocking MOs specific to iars
were injected into zebrafish embryos. MO specificity was
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Figure 2. Yeast Studies
Spot assay and growth curves of TET-ILS1 strain, transformed with the low copy vector pYX122 (Novagen) containing different mutated
versions of human IARS cDNA encoding the protein products ‘‘hsIARS WT,’’ pYX122:hIARSwt; ‘‘hsIARS V79L,’’ pYX122:hiarsp.Val79Leu;
‘‘hsIARS I1174N,’’ pYX122:hiarsp.Ile1174Asn; ‘‘hsIARS R418*,’’ pYX122:hiarsp.Arg418*; ‘‘hsIARS R254*,’’ pYX122:hiarsp.Arg254*; ‘‘hsIARS
P437L,’’ pYX122:hiarsp.Pro437Leu; ‘‘hsIARS V370G,’’ pYX122:hiarsp.Val370Gly; and ‘‘hsIARS N992D,’’ pYX122:hiarsp.Asn992Asp. Empty vector
‘‘pYX,’’ pYX122, was used as a negative control. Decreasing numbers of yeast cells (5 3 106, 5 3 105, 5 3 104, 5 3 103, 5 3 102) were
spotted onto plates containing drop-out medium (SC-His). Growth curves were obtained in liquid cultures with SC-His medium by
monitoring OD600. Downregulation of yeast ILS1 was induced by addition of 50 mg/mL doxycycline.
(A) Expression of the different IARS WT and mutant constructs in the TET-ILS1 strain did not show any negative effect on growth.
(B) Downregulation of ILS1 led to failure in growth that could be rescued by expression of human wild-type IARS. Each affected individ-
ual carries one loss-of-function allele in combination with one allele that displays residual activity as measured by growth. Transforma-
tion with a construct encoding the variant associated with the perinatal weak calf syndrome resulted in partial rescue of the growth
defect.
(C) Growth in liquid culture. Cells grown overnight were inoculated into fresh medium containing doxycycline. OD600 ¼ 0.1; growth
monitored at 30$C.
(D) Optical density after 12.5 hr of growth, expressed as percentage of WT. All variants significantly impaired the growth rate (Wilcoxon
test, p < 0.05).
Representative data are shown.
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validated by RT-PCR and injection of 5-bp-mismatch MOs
(Figure 3 and data not shown). Upon iars downregulation,
embryonic development is generally delayed, with em-
bryos exhibiting altered brain configuration and severe
shortening of the posterior body axis (Figure 3). The
observed phenotype had a high consistency of about 85%
for both MOs. Notably, the knockdown resulted in a
concentration-dependent high level of lethality. Embryos
injectedwith 0.5 ng and1ngMOtargeting exon32 showed
40% (n¼ 35) and 80% (n¼ 95) lethality rates, respectively,
while 80% and 85% of embryos died upon injection
of the same concentrations of MO targeting exon 18
(n0.5ng ¼ 37 and n1ng ¼ 87). Lethality rate was decreased
to41% (n¼93) by additionofhuman IARSmRNA, confirm-
ing the MO targeting exon 18 specificity and, at the same
time, suggesting an evolutionarily conserved role for iars
in embryonic development. As in yeast, zinc treatment
did not result in a phenotypic rescue (data not shown).
Overall the experiments performed in this animal model
suggest an important role for Iars in embryogenesis. Down-
regulation of iars causes high lethality, with surviving
embryos exhibiting a severe and consistent brain pheno-
type and a shortening of the body axis reminiscent of the
human phenotype.
Mutations in IARS recently have been identified as un-

derlying weak calf syndrome in Japanese black cattle.8

The phenotype of the calf disorder strikingly resembles
that of the three probands of this study. Body weight in
six affected calves was between 30% and 70% of that of
age-matched control calves. We tested whether oxidative
phosphorylation (OXPHOS) activity is decreased in
affected calves, as findings varied within our patient
cohort. OXPHOS activities in muscle, liver, and fibroblasts
of affected calves (n ¼ 6) were normal compared with con-
trols (n ¼ 3; see Table S2). Thus, OXPHOS dysfunction is
not directly linked to mutations in IARS in calves. We
also determined blood zinc levels in 13 affected calves
and 20 healthy calves. Zinc levels did not differ between
the two groups (Table S3). Hence it is likely that reduced
zinc levels and impaired OXPHOS activities are not directly
related to IARS mutations.
Our genetic and experimental findings provide evidence

that mutations affecting functionally conserved domains
in IARS cause a multisystem phenotype in man including
severe growth retardation with prenatal onset, intellectual
disability, muscular hypotonia, and infantile hepatopathy.
All three individuals presented in this study share prin-

cipal clinical features, but phenotypes vary. The neurolog-
ical phenotype in individual #65269 (DEU) is severe,
including absence of expressive speech, spasticity, pro-
nounced white matter deficit, and severe microcephaly,
whereas individual #85880 (JPN) has moderate intellectual

Figure 3. In Situ Hybridization and Morpholino Knockdown of
iars in Zebrafish
Zebrafish were maintained35 and embryos were staged as
described.36 Embryos older than 24 hr after fertilization (hpf)
were treated with 0.0003% phenylthiourea (Sigma) to inhibit
pigment synthesis and fixed in 4% paraformaldehyde (PFA) previ-
ous to in situ hybridization. The in situ hybridization protocol was
adapted37 using specific probes for the iars mRNAs. The MOs
used were splice blocking and 5-bp-mismatch control MOs,
designed and synthesized by Gene Tools (exon 18 MO: 50-ATG
TGTGGTTTGTTTTCTCACCGTA-30, exon 18 5-bp-mismatch 50-AT
aTGTaGTTTaTTTTCTaACCaTA-30; exon 32 MO: 50-ACCGTCTGA
CAGCAGAACACACAGA-30, exon 32 5-bp mismatch: 50-AaCGTC
TaACAGaAGAACAaACAaA-30). Single-cell stage embryos were in-
jected with 0.5 ng of MO andmaintained at 28$C until the desired
developmental stage was attained.
Lateral views with anterior to the left at developmental stages
indicated.
(A) In situ hybridization for iars mRNA at 13 hpf and sense mRNA
control. Iars expression localizes predominantly to the somites
and developing brain regions. The arrow indicates midbrain
expression.
(B) 25 hpf. Iars in situ (left), arrows indicate tectum (blue), cere-
bellum (black), and somites (red). Sense control (right) shows no
signal.
(C) 48 hpf. Iars is specifically expressed in the tectum region of the
brain (blue), as well as in the pineal gland (green) and hindbrain
(black).
(D) MO-injected zebrafish embryos at 26 hpf are shown. Knock-
down of iars yields retarded development, brain deformity, as indi-

cated by the arrow to the midbrain region, and severe shortening
of the body axis, as highlighted by the double head arrows. Left,
control embryo; middle, zebrafish injected with MO targeting
exon 18; right, zebrafish injected with MO targeting exon 32.
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disability without motor dysfunction and with normal
findings on brainMRI. It cannot be excluded that the intel-
lectual disability of individual #85880 (JPN) is modified by
another cause than IARSmutations, because her sister, who
did not harbor the identified pathogenic IARS variants, is
also affected by intellectual disability. However, in the fam-
ilies of individuals #65269 (DEU) and #83921 (AUT), fam-
ily histories for intellectual disability are unremarkable.
Liver function was basically normal in individual

#65269 (DEU), whereas infantile hepatopathy (leading to
liver failure in one occasion) was present in the other
two probands, with steatosis and portal-tract fibrosis. Liver
biopsy of individual #83921 (AUT) additionally displayed
cholestasis. Among 107 rare or private variants identi-
fied in the exome of this subject was a heterozygous
c.1460G>A (p.Arg487His) change in ABCB11 (MIM:
603201, GenBank: NM_003742), encoding bile salt export
pump (BSEP). However, immunostaining of liver-biopsy
material found normal BSEP marking. A homozygous mu-
tation affecting the same codon, yielding p.Arg487Pro, has
been identified in a subject with progressive familial intra-
hepatic cholestasis type 2 (MIM: 601847).14 Heterozygous
ABCB11 mutations are implicated as predisposing to intra-
hepatic cholestasis of pregnancy15 and to transient
neonatal cholestasis.16 The ABCB11 variant identified in
individual #83921 (AUT) may contribute to greater
severity of liver disease, including cholestasis, in him
than in the other individuals with compound heterozy-
gous IARS mutations and no rare variants in ABCB11.
An essential role of IARS is underlined by the fact that

none of the human subjects have two loss-of-function al-
leles (the same holds for affected calves, which are homozy-
gous for a single substitution mutation) and by the mainly
lethal, severe phenotype of MO knockdown zebrafish. The
pathomechanism of IARS deficiency is not yet understood.
Although reduced growth could be explained by altered
global translational performance, the pathomechanism of
organ-specific signs is likely to be more complex. Given
the ubiquitous presence and vital importance of ARSs in
all cells of archae, bacteria, and eukarya, it is remarkable
that mutations in ARSs cause considerably distinct clinical
pictures with tissue-specific phenotypes in humans.1,4,17

Apart from aminoacylation and editing activity, the so-
called canonical functions of ARSs, some ARSs exhibit
non-canonical activities in vertebrates. These include trans-
lational control, transcription regulation, signal transduc-
tion, and modulation of cell migration, angiogenesis,
inflammation, and tumorigenesis.1,18 IARS also is part of a
multi-synthetase complex (MSC), which is organized by
nine cytoplasmic ARSs and the three aminoacyl-tRNA
synthetase-interacting multifunctional proteins AIMP1,
AIMP2, and AIMP3.19,20 Tissue specificity has been specula-
tively linked to such non-canonical functions or to involve-
ment in the MSC.21 Interestingly, deficiencies of LARS and
MARS also are known to causehepatopathy,6,7 and these en-
zymes also are part of the MSC. To propose a role of MSC
dysfunction in hepatobiliary disease thus lies near at hand,

perhaps through accumulation of mis-folded proteins,
with endoplasmic-reticulum stress in consequence, due to
incorrect editing of amino acids.22 An important role for
iars in zebrafish brain development is consonant with the
abnormalities of brain function in the subjects of this study.
Regarding the MRI findings in cytosolic ARS, several

open questions remain. The mild supratentorial white
matter T2-hyperintensity in subject #65269 (DEU) is
consistent either with a complex pattern of hypomyelina-
tion with a normal signal of subcortical, late myelinating
white matter or with white matter changes secondary to
neurodegeneration; his visually low choline resonances
in the quantitiative MRS are also consistent with hypo-
myelination. The presumed hypomyelination may be
compared with individuals with mutations in DARS
(MIM: 603084),23,24 whereas microcephaly is reminiscent
of the phenotype seen in individuals with mutations in
QARS (MIM: 603727).25 A simplified gyral pattern is not
apparent, however, in the individuals with mutations in
IARS. The beneficial effect of zinc supplementation
observed in human subjects could not be demonstrated
in the yeast or zebrafish models. Therefore, IARS enzyme
activity seems to be independent of zinc levels and the
beneficial effect of zinc supplementation is likely compen-
sating secondary zinc deficiency. However, zinc has been
proposed to interact with the active site of IARS and to
be required for normal cell growth.13 A role for zinc, espe-
cially in editing substrate specificity, has been demon-
strated for other ARSs, including alanyl-, seryl-, and
threonyl-tRNA synthetase.26–29 The cause of zinc defi-
ciency as observed in all our three probands remains unre-
solved, but could be explained by chronic liver disease at
least in individuals AUTand JPN, because chronic liver dis-
ease is known to be associated with zinc deficiency.30,31

In recent years, whole-exome sequencing studies
have revealed various causes of infantile liver failure with
partly specific clinical phenotypes, including mutations
in LARS,6 NBAS (MIM: 616483),32,33 SCYL1 (MIM:
616719),34 and now IARS. Precise genetic and clinical phe-
notyping is crucial for both understanding these diseases
and for suspecting and diagnosing them in the clinical
setting. This study delineates mutations in IARS as underly-
ing amultisystemic disease affectingmainly growth, brain,
and liver. For reasons yet to be determined, this disease is
associated with zinc deficiency and can be palliated by
zinc supplementation.
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33. Staufner, C., Haack, T.B., Köpke, M.G., Straub, B.K., Kölker, S.,

Thiel, C., Freisinger, P., Baric, I., McKiernan, P.J., Dikow, N.,

et al. (2016). Recurrent acute liver failure due to NBAS defi-

ciency: phenotypic spectrum, disease mechanisms, and thera-

peutic concepts. J. Inherit. Metab. Dis. 39, 3–16.

34. Schmidt, W.M., Rutledge, S.L., Schüle, R., Mayerhofer, B.,
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SUMMARY

How deregulation of chromatinmodifiers causesma-
lignancies is of general interest. Here, we show that
histone H2A T120 is phosphorylated in human cancer
cell lines and demonstrate that this phosphorylation
is catalyzed by hVRK1. Cyclin D1 was one of ten
genes downregulated upon VRK1 knockdown in
two different cell lines and showed loss of H2A
T120 phosphorylation and increased H2A K119 ubiq-
uitylation of its promoter region, resulting in impaired
cell growth. In vitro, H2A T120 phosphorylation and
H2A K119 ubiquitylation are mutually inhibitory,
suggesting that histone phosphorylation indirectly
activates chromatin. Furthermore, expression of
a phosphomimetic H2A T120D increased H3 K4
methylation. Finally, both VRK1 and the H2A T120D
mutant histone transformed NIH/3T3 cells. These re-
sults suggest that histone H2A T120 phosphorylation
by hVRK1 causes inappropriate gene expression,
including upregulated cyclin D1, which promotes
oncogenic transformation.

INTRODUCTION

In addition to genetic changes to oncogenes or tumor suppres-
sor genes (Stratton et al., 2009), the role of acquired epigenetic
changes in cancer development has been a focus of research
in recent years (Beckedorff et al., 2013; Dawson and Kouzarides,
2012; Khan et al., 2015). Among these phenomena, there have

been many reports concerning alterations of histone-modifying
enzymes, and it is believed that this by itself plays a role in carci-
nogenesis (Brien et al., 2016; Conway et al., 2015).
For example, histone methyltransferases have a clear link

to carcinogenesis. Chromosomal rearrangements involving the
MLL gene, including translocations, inversions, insertions, and
a partial tandem duplication, are associated with a heteroge-
neous group of lymphoid, myeloid, andmixed-lineage leukemias
(Krivtsov and Armstrong, 2007; McCormack et al., 2008). The
MLL gene encodes a histone H3 K4 methyltransferase (HMT)
implicated in regulation of transcription that is critical for normal
embryonic development and hematopoiesis (Shilatifard, 2006;
Tenney and Shilatifard, 2005). It was demonstrated that altered
expression of Hoxa7 and Hoxa9 in MLL-mediated transforma-
tion promotes myeloid transformation through a gain-of-function
mechanism with MLL oncoproteins as upstream constitutive
activators (Ayton and Cleary, 2003).
On the other hand, the clinical and biological impacts of his-

tone H3.3mutations demonstrated that H3.3 K27M is universally
associated with short survival, while patients with wild-type (WT)
H3.3 show improved survival among pediatric glioblastoma pa-
tients (Khuong-Quang et al., 2012). It was found that H3 K27M
inhibits the enzymatic activity of Polycomb repressive complex
2 through interaction with the EZH2 subunit, resulting in reduc-
tion in the amount of H3 K27 trimethylation (Lewis et al., 2013).
These reports suggest that epigenetic changes involving inap-
propriate histone alterations may cause carcinogenesis.
In this study, we found that around the CCND1 promoter, his-

tone H2A is phosphorylated and that cyclin D1 is upregulated in
cancer cell lines. By knocking down VRK1, cyclin D1 was found
to be downregulated by loss of H2A T120 phosphorylation and
increased H2A K119 ubiquitylation of its promoter region, result-
ing in impaired cell growth. Mechanistically, we show that H2A
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Figure 1. Certain Cancers Show Hyperphosphorylation of H2A Thr 120
(A) Representative western blots are shown for HT1080 (fibrosarcoma), MDA-MB-231 (breast adenocarcinoma), Az521 (gastric carcinoma), and Panc1

(pancreatic carcinoma) with hyperphosphorylated H2A Thr 120 without treatment. See also Figures S1–S3.

(B) hVRK1, immunopurified from HeLa cells using anti-hVRK1antibodies, was incubated with nucleosomes assembled with HeLa core histones and pGIE0

plasmid DNA.

(C) Expression of FLAG-tagged dNHK-1 and hVRK1 kinases in E. coli. Proteins were separated by 13% SDS gel electrophoresis.

(D) Sequence alignment of H2A C termini from Homo sapiens,Mus musculus, and Drosophila melanogaster. The amino acid position in each protein is shown on

the left, and stop codons are indicated by asterisks. H2A K119 ubiquitylation and the H2A T120 phosphorylation site are indicated by arrows.

(E) Recombinant dNHK-1 and hVRK1 were incubated with nucleosomes prepared by salt dialysis.

(F) HT1080 and MDA-MB-231 cells were transfected with a small interfering RNA (siRNA) specific for hVRK1 (siV) or a control random oligonucleotide (siC). For

immunoblotting, 2 3 105cells per lane were analyzed after the addition of 13 SDS sample buffer.

(legend continued on next page)

Molecular Cell 64, 176–188, October 6, 2016 177



T120 phosphorylation affects H2A K119 ubiquitylation and H3
K4 methylation to promote transcription activation. Finally, we
observed that both VRK1 and the H2A T120D mutation, which
mimics phosphorylation, transformed NIH/3T3 cells in vitro.
These results suggest a connection between histone alteration
and carcinogenesis.

RESULTS

Human VRK1 Phosphorylates the Core Histone H2A at
Residue T120 In Vitro and In Vivo
Core histone H2A T120 can be phosphorylated by NHK-1 during
Drosophila embryogenesis, and conserved core histone H2A
S121 is phosphorylated by Bub1 in the fission yeast Schizosac-
charomyces pombe during mitosis (Aihara et al., 2004; Kawa-
shima et al., 2010). To investigate conservation of H2A T120
phosphorylation in humans, we examined H2A phosphorylation
in normal human peripheral white blood cells (WBCs), human pri-
mary epithelial cells, and human cancer cell lines. Antibodies
generated for this research are characterized in Figure S1. In
normal humanWBCs, histone H2A is not phosphorylated, as de-
tected by western blotting (Figure S2A). In primary human
epithelial cells, phosphorylated H2A T120 (H2A pT120) is weakly
stained, with more phosphorylation being observed in M-phase
compared with bulk or S-phase cells (Figure S2B). In cultured
cancer cells, such as A549, Bm314, Du145, HeLa, and MCF7,
H2A T120 is also strongly phosphorylated in M-phase compared
with bulk or S-phase cells, similar to the pattern observed in
normal primary epithelial cells (Figure S2C). By contrast, in
certain cultured cancer cells, such as HT1080, MDA-MB-231,
Az521, and Panc1, H2A T120 is strongly phosphorylated in
both M and S phases as well as in bulk cells (Figure 1A). The hy-
perphosphorylation pattern of H2A T120, which is distinct from
the normal cell pattern and is observed in some cancers (Fig-
ure 1A), suggests a connection between H2A T120 phosphoryla-
tion and cancer development.

To identify the human kinase responsible for phosphorylation
of H2A T120 in cancer cell lines, we tested VRK1, a human ho-
molog ofDrosophilaNHK-1 (dNHK-1) cells. Previously, we found
that dNHK-1, a histone H2A kinase, specifically phosphorylates
nucleosomal H2A, but not free H2A in solution (Aihara et al.,
2004). This unique histone kinase showed similarities to other
known kinases, such as human VRK1, mouse VRK1, Xenopus
VRK1 and Caenorhabditis elegans VRK, with conservation of
44%, 43%, 41%, and 37% of this kinase domain, respectively
(Aihara et al., 2004). To determine whether hVRK1 also phos-
phorylates histone H2A T120, we immunopurified human native
VRK1 from HeLa cells and found that it phosphorylates H2A
T120 (Figure 1B). To further confirm that hVRK-1 phosphorylates
H2A T120, we expressed hVRK1 and dNHK-1 in E. coli cells (Fig-
ure 1C) and found that recombinant hVRK1 phosphorylates H2A
T120, as detected with and anti-H2A pT120 antibody, the same

phosphorylation target site of recombinant dNHK-1 (Figures 1D
and 1E). Using two cancer cell lines, HT1080 and MDA-MB-231,
in which the bulk of H2A T120 is hyperphosphorylated, we
confirmed that hVRK1 knockdown decreased the phosphoryla-
tion of H2A T120 (Figure 1F). These results provide evidence
that hVRK1 phosphorylates H2A T120 both in vivo and in vitro.

Cyclin D1 Expression and Cell Growth Are Regulated by
hVRK1,which Is Associatedwith CoreHistoneH2AT120
Phosphorylation
We focused on transcriptional regulation, because knockdown
with siVRK1, unlike colcemid treatment, did not disturbM phase,
according to flow cytometry (Figure S3). We performed expres-
sionmicroarray analysis after knockdownwith siVRK1 in HT1080
and MDA-MB-231 cells (in which hyperphosphorylated H2A
T120 suggested a connection with cancer development), to
identify target genes that might be regulated by VRK1. The top
20 candidate genes that are most downregulated by VRK1
knockdown are shown (Figure 2A). Ten candidate genes overlap
between HT1080 andMDA-MB-231 cells. Remarkably, the G1/S
cell-cycle regulator cyclin D1 was downregulated by VRK1
knockdown in both cell lines. Cyclin D1 is a well-known human
oncogene that is commonly activated by overexpression
through copy number alterations, by point mutation, or as a
consequence of the deregulation of mitogenic signaling down-
stream of other oncogenes (Kim and Diehl, 2009; Lin et al.,
2013; Pestell, 2013; VanArsdale et al., 2015; Wang et al.,
2011). Among the top 10 genes that are downregulated in both
cell lines, CCND1 (which encodes cyclin D1) is the only candi-
date that acts as an oncogene (Vogelstein et al., 2013). RT-
qPCR of CCND1 in five cell lines in which the bulk of H2A T120
was either hyperphosphorylated or phosphorylated in the normal
pattern confirmed that cyclin D1 is downregulated by VRK1
knockdown as well as by cyclin D1 knockdown (Figure 2B).
Cancer cell growth was also impaired by knocking down VRK1
or cyclin D1 in all cells tested (Figure 2C).
To examine whether these candidates are direct targets of

H2A phosphorylation by VRK1, chromatin immunoprecipitation
sequencing (ChIP-seq) was performed in HT1080 cells. Signifi-
cant overlap was observed between genes having pT120 peaks
and those having VRK1 peaks (Figure S4A). Gene Ontology (GO)
analysis of 930 overlapping genes is shown in Figure S4B. The
VRK1 and pT120 peaks are plotted for genes having peaks
within 5 kb upstream and 3 kb downstream of the promoter (Fig-
ures S4C and S4D). Both peaks are concentrated around the
transcription start site (TSS), suggesting roles in gene transcrip-
tional regulation. As an example, the CCND1 gene is shown in
Figure 2D. The ChIP-seq signal ratio was calculated as previ-
ously reported (Wakabayashi et al., 2009). VRK1 binding sites
were detected throughout the CCND1 locus. The signal pattern
of H2A pT120 was similar to that of VRK1. On the other hand,
in siVRK1-treated cells, H2A pT120 was almost undetectable

For each western blot (A, B, E, and F), the bottom panel shows the amido black staining of the membrane as loading control. The proteins were transferred to a

nitrocellulose membrane and probed with anti-H2A phosphorylated Thr 120 (H2A pT120) and anti-hVRK1 antibodies. Signals were detected by incubating with
125I Protein A and subsequently analyzed using a Fuji BAS5000 phosphoimager. Reconstituted chromatin with andwithout phosphorylation by dNHK-1 was used

as the positive control chromatin (P.Chr.) and negative control chromatin (C.Chr.), respectively, for western blottingwith anti-H2A pT120 antibodies (A and F). Bulk

untreated cells (u), S-phase cells with hydroxyurea treatment (s), and M-phase cells with colcemid treatment (m) were analyzed (A).
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Figure 2. hVRK1 Controls Cell Proliferation by Regulating Gene Expression, Including for CCND1, which Encodes Cyclin D1
(A) The Venn diagram displays the genes that were downregulated (>2-fold, top 20 genes) by siVRK1 treatment in HT1080 cells (left) and in MDA-MB-231 cells

(right). Data are based on microarray analysis of RNA. See also Figures S4 and S5.

(B) Validation by RT-qPCR analysis of mRNAs encoding cyclin D1 in five cell lines 2 days after knockdown of each gene. The y axis shows relative expression of

the cyclin D1 gene (CCND1) normalized to GAPDH. Error bars represent SD of three independent experiments.

(C) Knockdown of either VRK1 or cyclin D1 repressed the growth of six cell lines. Cells were counted at 4 days after knockdown of each gene, and cell growth was

normalized to siControl. Error bars represent SD of three independent experiments. See also Figure S6.

(D) ChIP-seq signal tracks of anti-H2A pT120, anti-VRK1, and anti-H2A-ubiquitylated K119 (ubK119) for the CCND1 locus in siControl-treated (red) and siVRK1-

treated (blue) HT1080 cells. The y axis of each profile represents the ChIP-seq signal ratio, which was calculated as previously reported (Wakabayashi et al.,

2009). RefSeq gene annotations are also shown. The two-headed arrow near the TSS indicates the region of the ChIP-qPCR amplicon used in Figure 3. See also

Figure S5.

(E) Cell growth was partially rescued by overexpression of hVRK1 WT but poorly rescued by hVRK1 K179E, which is known as the ‘‘kinase-dead’’ mutant.

HT1080-derived cell clones ectopically expressing siRNA-resistant hVRK1 (#3, #4) and siRNA-resistant hVRK1 K179E (#5, #6) together with empty vector (#1, #2)

(legend continued on next page)
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within the CCND1 locus. Conversely, the signal pattern of H2A-
ubiquitylated K119 (H2A ubK119) was completely opposite to
that of H2A pT120 (Figure 2D). In addition to the top 20 candidate
genes in Figure 2A, genes downregulated 1.5- or 1.3-fold and
genes upregulated 1.5- or 1.3-fold by VRK1 knockdown are
shown with genes having VRK1 peaks within 5 kb upstream or
3 kb downstream of the TSS (Figure S5). Overlap was observed
between genes having VRK1 peaks and downregulated genes
but not upregulated genes. We performed ChIP-seq analysis
of three genes in addition to CCND1 (Figure S6, related to Fig-
ure 2D), and the modification pattern of these three genes
was found to be similar to that of CCND1. These observations
led us to suggest a model in which histone H2A T120 phosphor-
ylation and histone H2A K119 ubiquitylation that represses
transcription, being mutually inhibitory, and H2A T120 phos-
phorylation making chromatin transcriptionally active without
ubiquitylation.

A growth defect caused by VRK1 knockdown was partially
rescued by the expression ofWTRNAi-resistant VRK1 but poorly
rescued by kinase domain-mutated, RNAi-resistant VRK1 (Fig-
ure 2E). Furthermore, a growth defect caused by VRK1 knock-
down was partially rescued by the overexpression of FLAG-hu-
man cyclin D1 or EGFP-human cyclin D1, although the rescue
efficiency depended on the tag used (Figure 2F).

To further confirm ChIP-seq analysis of CCND1, ChIP-qPCR
analysis was performed multiple times in multiple cell lines in
which the bulk of the H2A T120 sites were either hyperphos-
phorylated (HT1080 or MM231 cells, as shown in Figure 1A) or
phosphorylated in the normal pattern (HeLa cells, as shown in
Figure S2C). The results are consistent, showing that H2A
T120 phosphorylation of the CCND1 promoter region is associ-
ated with increased transcription but also that H2A K119
ubiquitylation of the CCND1 promoter region is associated
with decreased transcription, both of which were confirmed by
RT-qPCR and ChIP-qPCR using these cell lines (Figures 2B
and 3A). Taken together, these results suggest that H2A T120
phosphorylation by VRK1 regulates CCND1 gene transcription
and controls cell growth.

Cyclin D1 was identified as a protein that plays a crucial role in
mitogen-driven cell-cycle progression (Matsushime et al., 1991).
When growth factor-deprived cells are restimulated to start the
cell cycle, cyclin D1 appears in G1 phase, but in continuously
growing cells, its levels may oscillate only minimally. Induction
of cyclin D1 is highly growth factor dependent (Matsushime
et al., 1992; Sherr, 1993, 1996). Consistent with previous obser-
vations, cyclin D1 expression was induced by serum stimulation
after starvation in the three cell lines tested (Figure 3B). However,
cyclin D1 expression did not change significantly during the cell
cycle (Figure 3C), consistent with previous observations (Mat-
sushime et al., 1991). ChIP-qPCR analysis showed that VRK1
is recruited to the TSS region after serum stimulation, with
concomitant H2A T120 phosphorylation and H3 S10 phosphor-

ylation and an oppositely correlated decrease in H2A K119 ubiq-
uitylation (Figure 3D). We did not observe increased H2A T120
phosphorylation in the promoter region during M phase. There-
fore, bulk H2A T120 phosphorylation, which is maximal during
M phase, is likely increased phosphorylation at other locations,
such as the pericentromeres (Kawashima et al., 2010). The oscil-
lation of cyclin D1 expression was accompanied by insignificant
changes in VRK1 recruitment and histone modification during
the cell cycle (Figure 3E), which is also consistent with previous
observations (Matsushime et al., 1991, 1992).

Histone H2A T120 Phosphorylation Antagonizes H2A
K119 Ubiquitylation and Promotes H3 K4 Methylation
Since the ubiquitylation of H2A K119 next to H2A T120 is a well-
known histone modification associated with gene repression
(Joo et al., 2007; Nakagawa et al., 2008), we speculated that
phosphorylation of H2A T120 might affect gene transcription
by altering the ubiquitylation of H2A K119. We therefore exam-
ined the crosstalk between ubiquitylation of H2AK119 and phos-
phorylation of H2A T120. To determine whether ubiquitylation of
H2A K119 affects phosphorylation of H2A T120 by dNHK-1 or
VRK1, we assembled chromatin with immunopurified ubiquity-
lated H2A-H2B (ubH2A-H2B) or H2A-H2B and recombinant
H3-H4 (Figure 4A). Ubiquitylated H2A K119 (ubH2A) completely
inhibited phosphorylation by dNHK-1 or VRK1, and deubiquityla-
tion by USP21 canceled this inhibition, unlike heat-inactivated
USP21 (Figure 4B, lanes 4–6). In addition, ubiquitylation of his-
tone H2A K119 completely inhibited H3 K4 methylation (Fig-
ure 4C, lanes 2, 4, 6, and 8). Although H3 K4 methylation was
introduced in the presence of transcription nuclear extract
without histone H2A K119 ubiquitylation, Gal4VP16 activator
is required for transcriptional activation in addition to H3 K4
methylation (Figure 4C, lanes 5 and 7). Importantly, H3 K4
methylation is required for transcriptional activation, because
transcription is lost if H3 K4 is mutated to alanine (Figure 4D,
lanes 3 and 4).
Next, we examined whether phosphorylation of H2A T120 af-

fects ubiquitylation of H2A K119. For this experiment, we intro-
duced CMV promoter-driven EGFP-FLAG-H2A (WT or mutant)
and DsRed-ubiquitin into 293T cells. To identify the general
mechanism,we used 293T cells, which have high transfection ef-
ficiency. Mononucleosomes that contain EGFP-FLAG-H2A were
collected, and their ubiquitylation was examined using anti-
DsRed antibodies. With the introduction of H2A K119A, ubH2A
was reduced by 68% (Figure 5A, lane 2), and if H2A K118Q
was introduced, there was a 60% reduction (Figure 5A, lane 5).
With double mutations of H2A K118Q and K119A, a 79% reduc-
tion in ubH2A was observed (Figure 5A, lane 6). These results
indicate that both H2A K118 and K119 contribute to ubiquityla-
tion of H2A.We introducedH2A T120D, whichmimics phosphor-
ylation of H2A T120, and observed a 45% reduction in ubiquity-
lated H2A, although ubiquitylation was not reduced by H2A

were treated with siVRK1. Cells were counted at 4 days after knockdown of each gene, and cell growth was normalized to siControl. hVRK1WT partially rescued

cell growth (p = 6.2E-05); however, hVRK1 K179E poorly rescued cell growth (p = 1.0E-03). Error bars represent SD of three independent experiments.

(F) Using HT1080-derived cell clones, cell growth retarded by siVRK1was recovered by ectopically expressing 2xFLAG-hCyclinD1 (#4, #5, #6) and EGFP-hCyclin

D1 (#7, #8, #9) compared with the control vector (#1, #2, #3) (p = 9.5E-03 and p = 2.5E-03, respectively). Cells were counted in the same way as in (E). Error bars

represent SD of three independent experiments.
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T120A (Figure 5A, lanes 3 and 4). These results suggest that
phosphorylation of H2A T120 antagonizes H2A ubiquitylation.
To test whether H2A T120 phosphorylation influences other

histone modifications and transcription, CMV promoter-driven
FLAG-H2A WT, T120 A, and T120D were introduced into 293T
cells.Mononucleosomes that contain FLAG-H2Awere collected,

and H3K4 methylation of the same nucleosomes was examined
using anti-H3K4 di-methylation antibodies. Histone H2A T120D
mutation (mimicking phosphorylation) increased H3 K4 methyl-
ation (which is a mark of transcriptional activation) (Figure 5B,
lane 3). A model of transcriptional regulation through histone
modification crosstalk is depicted in Figure 5C.

Figure 3. hVRK1 Regulates H2A T120 Phosphorylation in the Chromatin Locus of the Cyclin D1 Gene, CCND1
(A) ChIP-qPCR in HT1080, HeLa, and MD-AMB231 cells treated with siControl or siVRK1 duplex oligos using anti- H2A pT120, anti-VRK1, and anti-H2A ubK119

antibodies in the CCND1 TSS region. The y axis represents the percentage of the input signal.

(B) RT-qPCR analysis of CCND1 mRNA expression in three cell lines recovered from 24 hr serum starvation treatment. The y axis shows expression of CCND1

normalized to GAPDH.

(C) RT-qPCR analysis ofCCND1mRNA expression in three cell lines at different cell-cycle phases. G1/S, cells were synchronized using a double thymidine block.

S, cells released for 4 hr from a double thymidine block. M, cells treated for 16 hr with 12 ng/ml colcemid after an 8 hr release from a double thymidine block. The

y axis shows expression of CCND1 normalized to GAPDH.

(D) ChIP-qPCR of the CCND1 TSS region using chromatin samples used in (B).

(E) ChIP-qPCR of the CCND1 TSS region using chromatin samples used in (C).

(A–E) Error bars represent SD of three independent experiments.
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H2A T120D Transfection Did Not Contribute to Gross
Genome Instability
Genomic instability is an alternative mechanism that could
generate inappropriate gene expression in addition to changes
in other core histone modifications. Thus, in order to clarify
whether genome instability plays role in carcinogenesis in our
experiments, we performed flow cytometry to compare the
genome instability of NIH/3T3 cells after approximately 33 cell di-
vision following WT and mutant histone infection. No significant
genome instability, such as aneuploidy, was detected in this
experiment (Figures S7A–S7C). In addition, we overexpressed
mutant histone H2A T120D using a CMV promoter and success-
fully converted a significant fraction of the endogenous native
H2A, despite multiple copies of H2A alleles in the genome (Fig-
ure S7D). After 30 cell divisions, 10 and 30 cells were analyzed
with multicolor fluorescence in situ hybridization (mFISH) and

Figure 4. Histone H2A T120 Phosphoryla-
tion Affects Transcription via Crosstalk
among Histone Modifications In Vitro
(A) Core histones H3-H4, H2B-H2A, and ubiquity-

lated H2A-H2B (ubH2A-H2B) were purified from

mouse liver chromatin and separated by 13% SDS

gel electrophoresis.

(B and C) Chromatin was assembled with H3-H4

and ubH2A-H2B histones. The assembled chro-

matin kinase assay was performed using dNHK1

after incubation with USP21, heat-denatured

USP21, or control buffer treatment. For detection

by 32P incorporation, 32P-rATP was included in

the reaction, which was separated by 13% SDS

gel electrophoresis. Signals were detected by

exposing an imaging plate and subsequently

analyzed using a Fuji BAS5000 phosphoimager. To

confirm the phosphorylation of H2A T120, the

reaction mixture was separated with a 13% SDS

gel and subsequently western blotted with anti-

H2A pT120 antibodies. The presence of H2A and

ubH2A was indicated with anti-H2A and anti-

ubH2A antibodies, respectively.

(D) Chromatin was assembled with H3wt-H4 or

H3K4A-H4 histones in addition to WT H2A-H2B

histones.

In (B)–(D), western blotting with anti-H3 antibodies

(Active Motif, #61277) indicated the amount of

loading. In (C) and (D), assembled chromatin was

subjected to in vitro transcription in the presence

or absence of GAL4-VP16 activator using nuclear

extract (Nakagawa et al., 2008). Signals were de-

tected by primer extension using oligos labeled

with 32P-rATP.

the Giemsa staining method, respec-
tively. Both HeLa parent and H2A
T120D-transfected cells showed compli-
cated chromosomal abnormalities typi-
cally observed in cancer cells, but the
differences were indistinguishable both
by mFISH (Figure S7E) and Giemsa stain-
ing. The mode of the chromosome num-
ber was 62 in both transfected cells and

parental HeLa cell lines (Figure S7F). This suggests that H2A
T120D transfection did not contribute to gross genome instability
in addition to the genome instability this cancer cell line had
already acquired.

Histone H2A T120D Phosphomimic Is Oncogenic
We found that histone H2A phosphorylation is correlated with
cancer cell lines. In order to prove that the alteration of histone
modifications by itself is a causal event in carcinogenesis, we at-
tempted to prove the oncogenic potential of the histone mutant
that mimics histone phosphorylation using a colony formation
assay for NIH/3T3 cells. The mutant histone H2A T120D, which
mimics phosphorylation, showed increased colony formation
compared with WT H2A (Figure 6A). The H2A T120A mutation,
which did not affect H2A ubiquitylation (Figure 5A), was also
tested using a colony formation assay. Although the cells were
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easily detached from the dish after introduction of this mutation,
they did not show increased colony formation insofar as this was
tested. Colonies transformed with H2A T120D were subcloned,
and their tumorigenicity was further assayed by injecting 107

cells into nude mice. Upon examination 13 weeks after inocula-
tion, all mice injected with cells transformed by introduction of
H2A T120D had developed subcutaneous tumors, whereas
mice injected withWTH2A-transfected cells remained free of tu-
mors (Figure 6B). We characterized transformed cell clones by
transduction of H2A T120D (#3, #6, #15, and #18) and found
that all clones had increased growth rates (Figure 6C). Although
it has been reported that VRK1 is associated with head and neck
squamous cell carcinomas (Santos et al., 2006), a correlation be-
tween H2A T120 phosphorylation and cancer development has
not been reported. Thus, our finding that histone H2A T120D

causes malignant transformation is direct evidence that epige-
netic changes caused by expression of a mutant histone that
mimics phosphorylation of H2A T120 plays a causal role in
carcinogenesis.
To identify oncogenes or tumor suppressor genes influenced

by introduction of H2A T120D in NIH/3T3 cells, we performed
RNA sequencing (RNA-seq) analysis of four cell lines (#3, #6,
#15, and #18) and WT H2A-transfected cells. We found that
among the 293 genes that were upregulated in all four cell lines,
Ccnd1 is the only proto-oncogene, based on a list of proto-onco-
genes compiled previously (Vogelstein et al., 2013) (Figure 6D).
Therefore, we validated the upregulation of Ccnd1 gene expres-
sion by RT-qPCR (Figure 6E). Cyclin D1 is a positive regulator for
cell-cycle progression together with CDK4 or CDK6. Amplifica-
tion of the cyclin D1 gene CCND1 was also observed frequently

Figure 5. Histone H2A T120 Affects H2A K119 Ubiquitylation and H3 K4 Methylation
(A) CMV promoter-driven EGFP-FLAG-H2A fusions, including H2AWT and mutants, were transfected into 293T cells together with DsRed-HA-ubiquitin (DsRed-

HA-Ub). Whole-cell lysate was prepared from cells transfected with each construct and subjected to western blotting with anti-DsRed and anti-EGFP antibodies.

Signals were detected by incubating with Alexa Fluor 647-fused Protein A (Molecular Probes). See also Figure S1.

(B) CMV promoter-driven FLAG-H2A, including H2AWT and T120A and T120Dmutants, was transfected into 293T cells. Mononucleosomes were collected after

sonication, immunopurified using anti-FLAG resin, and subjected to western blotting with anti-H3 K4 di-methylation and anti-H3 antibodies.

(C) Model of transcriptional regulation through the histone modification crosstalk involving histone H2A K119 ubiquitylation, H2A T120 phosphorylation, and H3

K4 methylation.
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Figure 6. The Histone H2A T120D Mutation by Itself Is an Oncogenic Histone Alteration
(A) Colony assays for NIH/3T3 cells expressingWT aswell asmutant H2A T120D. NIH/3T3 cells were infectedwithWTH2A fused to EGFP andmutant H2A T120D

fused to EGFP, subjected to a focus-forming assay in the presence of 500 ng/ml doxycycline (DOX) and stained with Giemsa. Representative images are shown.

See also Figure S7.

(legend continued on next page)
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in a variety of tumors (Burandt et al., 2016; Hanken et al., 2014;
Stahl et al., 2015; Zhao et al., 2014). Therefore,Ccnd1 is a poten-
tial candidate gene for cellular transformation in NIH/3T3 cells
with histone H2A T120D.
Next, we tried to clarify the role of the phosphorylation of H2A

T120 in malignant transformation of NIH/3T3 cells. Immunoblot
analyses showed that the four cell lines #3, #6, #15, and #18
had increased levels of H2A T120 phosphorylation in bulk his-
tones compared with control cells (Figure 6F). To elucidate the
importance of elevated cyclin D1 among these transformed
cells, we knocked down their cyclin D1, resulting in decreased
cell growth of the transformed cell lines. RNAi-resistant but not
WT cyclin D1 rescued growth retardation (Figure 6G), which sug-
gests the involvement of cyclin D1 in transformation.
All four cell lines exhibited increased H2A T120 phosphoryla-

tion at the CCND1 TSS and the !2,100 bp upstream enhancer
region described previously (Klein and Assoian, 2008) (Figures
6H and 6I). These results indicate that NIH/3T3 cells trans-
formed by H2A T120D showed increased H2A T120 phosphor-
ylation at the TSS and the enhancer region of the cyclin D1
gene (CCND1) associated with its elevated expression. Once
CCND1 is activated by mutant H2A T120D and subsequent
H2A T120 phosphorylation, cellular transformation of NIH/3T3
cells is established by the activation of cyclin D1 expression
(Figure 7).
Interestingly, VRK1, which is responsible for H2A T120 phos-

phorylation, also transforms NIH/3T3 cells and generates a
greater number of tumors in nude mice than control mice (Fig-
ure 6J). In addition, the spontaneous mutation H2A T120L found
in the Catalog of Somatic Mutations in Cancer (COSMIC) (http://
cancer.sanger.ac.uk/cosmic) also caused tumor formation in
nude mice (Figure 6K). Unfortunately, two point mutations are
required to generate the Thr/Asp mutation, and we could not
find spontaneous missense mutation for that change in the
COSMIC database.

DISCUSSION

The role of acquired epigenetic changes in cancer development
has been a focus of interest in recent years. Alterations of his-
tone-modifying enzymes have been described as playing a role
in carcinogenesis (Baylin and Ohm, 2006; Conway et al., 2015;
Dawson and Kouzarides, 2012). However, it is difficult to prove
the hypothesis that histone modifications alone are oncogenic,
because modifications such as acetylation, methylation, phos-
phorylation, and ubiquitylation are dynamic, and many histone
modifiers have substrates other than histones. The finding that
inhibition of PRC2 activity by a gain-of-function H3 mutation
found in pediatric glioblastoma (Khuong-Quang et al., 2012;
Lewis et al., 2013) is one piece of evidence that histonemodifica-
tion is involved in carcinogenesis. Our finding that histone phos-
phorylation and its modification crosstalk cause transformation
provides further support for the role of histone modification in
cancer development.
VRK1 has been shown to phosphorylate CREB, leading to its

recruitment to the CRE of CCND1 to activate its expression
(Kang et al., 2008). Our finding that VRK1 phosphorylates histone
H2A T120 in the promoter region of CCND1 and activates its
transcription suggests that expression of cyclin D1 is regulated
by dual mechanisms involving phosphorylation of both CREB
andH2A T120 in theCCND1 promoter region, resulting in its acti-
vated transcription. Our observation, together with previous
reports, suggests that dual substrates of VRK1, CREB, and
H2A T120 play a role in cell proliferation and carcinogenesis by
their phosphorylation.
As a mitotic kinase, yeast Bub1 was found to catalyze phos-

phorylation of H2A T120 around the centromere, which is a
mark for shugoshin localization and the correct partitioning of
chromosomes (Kawashima et al., 2010). On the other hand, as
a kinase related to transcription and carcinogenesis, VprBP
has been found to phosphorylate H2A T120 and is implicated

(B) Four transformed clones (#3, #6, #15, and #18) of NIH/3T3 cells expressing mutant H2A T120D from (A), and the control cells were tested for in vivo tumor

formation in athymic nude mice. Tumors did not form in any of the six mice transplanted with control cells, whereas tumors formed in all mice given transformed

clones (all three given #3, both given #6, both given #15, and all three given #18). Representative images are shown.

(C) Four transformed clones (#3, #6, #15, and #18) of NIH/3T3 cells expressing mutant H2A T120D from (A), and the control cells were tested for their growth

properties. Cells were plated at a density of 106 cells per 10 cm dish in DMEM with 10% fetal calf serum containing 500 ng/ml DOX, cultured for 48 hr, and

counted. Error bars represent SD of three independent experiments.

(D) Four transformed clones and the control cells were subjected to RNA-seq. The Venn diagram shows upregulation of genes by more than 2-fold.

(E) Four transformed clones and the control cells were subjected to mCCND1 gene expression analysis. Cells were plated at a density of 106 per 10 cm dish in

DMEMwith 10% fetal calf serum containing 500 ng/ml DOX, cultured for 48 hr, and subjected to RT-qPCR analysis.GAPDHwas used as an internal control. Error

bars represent SD of three independent experiments.

(F) Four transformed colonies (#3, #6, #15, and #18) from (A) and the control cells were subjected to western blot analysis with anti-H2A pT120 antibody. Signals

were detected by incubating with Alexa Fluor 647-fused Protein A (Molecular Probes) and subsequent analysis with a Typhoon FLA 9000 imager (GE Healthcare).

Bottom: amido black staining for the core histones.

(G) WT or RNAi-resistant mouse Ccnd1 (mCcnd1) constructs were introduced into four transformed clones (#3, #6, #15, and #18) from (A) by retroviral infection.

Those cells were transiently transfected with control siRNA or siRNA targeting mCcnd1 in the presence or absence of RNAi-resistant mCcnd1, and the cells were

counted at 58 hr after transfection. Cell growth was quantified relative to the control. Cell growth was partially rescued by overexpression of RNAi-resistant

mCcnd1 in clones #3 and #6 (p = 0.04 and p = 0.02, respectively) and poorly rescued in clones #15 and #18 (p = 0.11 and p = 0.13, respectively). Error bars

represent SD of three independent experiments.

(H) DNA regions (!2,100 bp upstream and at the TSS) of the mouse cyclin D1 gene (mCcnd1) are shown.

(I) Four transformed clones and the control cells were subjected to ChIP-qPCR analysis with anti-H2A pT120 antibody and primers to amplify regions!2,100 bp

upstream and the TSS. Error bars represent SD of three independent experiments.

(J) In vivo tumor formation assay in nude mice injected with NIH/3T3 cells expressing WT hVRK1. The empty vector was used as control (vehicle). Representative

images are shown.

(K) In vivo tumor formation assay in nude mice injected with NIH/3T3 cells expressing WT H2A or the H2A T120I mutant. Representative images are shown.
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in transcriptionally silent chromatin formation and cell-cycle
regulation, possibly by interacting with HDAC1 and inhibiting
H3 acetylation at p53 target genes (Kim et al., 2012, 2013).
This suggests that the H2A pT120 mark at target genes may in-
fluence HDAC1 activity and influence transcription (Kim et al.,
2013). From expression microarray analyses, the top 20 candi-
date genes that are positively regulated by VRK1, as revealed
by VRK1 knockdown in HT1080 and MDAMB231 cells, are
different from the top 20 candidate genes that are positively
regulated by VprBP in DU145 cells (Kim et al., 2013). Therefore,
we suggest that the gene regulatory spectrum and mechanisms
of VRK1 and VprBP are independent. However these mecha-
nisms do not contradict each other, because multiple mecha-
nisms can ultimately promote activation.

There have been exciting reports that VRK1 plays role
in response to DNA damage (López-Sánchez et al., 2014;
Monsalve et al., 2016; Salzano et al., 2015). Our results together
with recent reports argue against the concept that H2A
phosphorylation participates in carcinogenesis by increasing
genomic instability, in addition to the possible role of mutant his-
tone H2A in the epigenetic mechanisms of carcinogenesis.

EXPERIMENTAL PROCEDURES

Immunopurification of Native hVRK-1
Cultured HeLa cells were collected from three 10-cm dishes. Collected cells

were washed with PBS and incubated in 10 mM KCl, 10 mM HEPES (pH

7.6), 0.1 mM EGTA, and 0.1 mM EDTA (buffer A) for 15 min on ice. After adding

NP40 to 0.5%, samples were mixed by vortexing, followed by centrifugation to

recover nuclei. The pelleted nuclei were washed with buffer A and incubated in

400 mM NaCl, 20 mM HEPES (pH 7.6), and 1 mM EDTA for 15 min on ice. The

homogenate was centrifuged and used as a nuclear extract. Anti-hVRK1 pep-

tide antibodies were immobilized on Protein A Sepharose (GE Healthcare) and

incubated with HeLa cell nuclear extract for 24 hr. After washing with 250 mM

KCl HEG (10 mM HEPES [pH 7.6], 0.5 mM EDTA, and 10% glycerol), native

hVRK1 was eluted in the presence of 200 mg/ml peptide in 100 mM KCl HEG.

Figure 7. Gene Activation via the Histone
H2A Phosphorylation
Mutant histone H2A T120D, which mimics phos-

phorylation of H2A T120, inhibits H2A K119 ubiq-

uitylation (H2A ubK119), which inhibits H3 K4

methylation, resulting in a permissive state for

transcription. Once a gene is activated without

H2A ubK119, activated gene expression with

phosphorylation of H2A T120 results in the acti-

vated cycle of gene expression.

In Vitro Phosphorylation
For the kinase assay, typically 1 pmol of native pu-

rified hVRK1 was incubated with 40 ng of chro-

matin as substrates in the presence of 1 nM cold

ATP, 10 mM HEPES (pH 7.6), 50 mM KCl, and

5 mM MgCl2 for 2 hr at 37"C. Reaction mixtures

were resolved by 13% SDS-PAGE and subjected

to immunoblotting with anti-hH2A(phosphoT120)

antibodies and subsequent detection with chemi-

luminescence (Pierce).

Tumorigenicity Assays
Athymic nude mice were obtained from Charles

River Laboratories International. Animals were

routinely housed in light-controlled (12 hr dark, 12 hr light) and temperature-

controlled rooms and had free access to food and water. For the nude mouse

xenograft assay, NIH/3T3 cell lines (#3, #6, #15, and #18) and control cells

were xenografted into the athymic nude mice. Briefly, tumorigenicity was as-

sayed by injection of 1 3 107 cells into athymic nude mice subcutaneously

over the lateral thorax. Mice were examined for tumor formation 13 weeks

later, and the images were captured using a digital camera. Tumorigenicity as-

says were performed according to Nagasaki University Animal Experimental

Protocol (approval number 1410011177).

Microarray and Data Analysis
The extracted RNA was then used as probes for hybridization on a

Sentrix HumanRef-8 v3 Expression BeadChip kit (Illumina). The BeadChips

were scanned with the BeadArray Reader, and the image data were

processed using GenomeStudio. Data were analyzed with the Partek Geno-

mics Suite.

ChIP-Seq and Data Analysis
Sample preparation for sequencing was performed according to the

manufacturer’s instructions (Illumina). Samples were sequenced to a depth

of approximately 30 million uniquely mapped reads per sample. Sequences

were aligned to the human hg19 reference sequence, and peak calling

was performed using the Partek Genomics Suite (PGS), with a statistical

false discovery rate (FDR) of 0.1. The genes having VRK1 peaks or pT120

peaks within 5 kb upstream or 3 kb downstream of the TSS were deter-

mined using the PGS command ‘‘Find nearest genomic features.’’ GO

classifications were also assigned using PGS. ChIP-seq signal ratios

were calculated as previously described (Wakabayashi et al., 2009). To

visualize the ChIP-seq results, we used the Integrative Genomics Browser

(BioViz).

In Vitro Transcription Reaction
Nucleosomes were assembled as described previously (Ito et al., 1997, 1999).

Transcription reaction was performed using pGIE0 plasmid DNA, which has

GAL4 binding sites upstream of the AdE4 promoter. The resulting transcripts

were detected by primer extension using 32P-labeled primers, which were de-

signed against a sequence located approximately 87 bp downstream of the

transcription start sites, as previously described (Ito et al., 1997, 2000; Naka-

gawa et al., 2008).
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RNA-Seq Library and Data Analysis
RNA-seq was performed on the four NIH/3T3 cell lines (#3, #6, #15, and #18) in

which human H2A T120D was integrated. Total RNA was purified using the

Isogen II (Nippon Gene) and analyzed using the Agilent RNA 6000 Nano kit

on the Agilent 2100 BioAnalyzer. Four micrograms of high-purity total RNA

was used as input to the Illumina TruSeq Stranded Total RNA LT Sample

Prep kit, and RNA-seq libraries were prepared according to the manufac-

turer’s protocol. The libraries were then sequenced on the Illumina MiSeq in-

strument. Data were analyzed with the Partek Genomics Suite. All RNA-seq

data can be found online in the NCBI GEO (GEO: GSE84527).
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López-Sánchez, I., Valbuena, A., Vázquez-Cedeira, M., Khadake, J., Sanz-
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ARTICLE

Biallelic C1QBP Mutations Cause Severe Neonatal-,
Childhood-, or Later-Onset Cardiomyopathy Associated
with Combined Respiratory-Chain Deficiencies

René G. Feichtinger,1,19 Monika Oláhová,2,19 Yoshihito Kishita,3,4,19 Caterina Garone,5,13,19

Laura S. Kremer,6,7,19 Mikako Yagi,8 Takeshi Uchiumi,8 Alexis A. Jourdain,9,10 Kyle Thompson,2

Aaron R. D’Souza,5 Robert Kopajtich,6 Charlotte L. Alston,2 Johannes Koch,1 Wolfgang Sperl,1

Elisa Mastantuono,6,7 Tim M. Strom,6,7 Saskia B. Wortmann,1,6,7 Thomas Meitinger,6,7,11

Germaine Pierre,12 Patrick F. Chinnery,5 Zofia M. Chrzanowska-Lightowlers,2 Robert N. Lightowlers,2

Salvatore DiMauro,13 Sarah E. Calvo,9,10 Vamsi K. Mootha,9,10 Maurizio Moggio,14 Monica Sciacco,14

Giacomo P. Comi,15 Dario Ronchi,15 Kei Murayama,16 Akira Ohtake,17 Pedro Rebelo-Guiomar,5,18

Masakazu Kohda,3,4 Dongchon Kang,8 Johannes A. Mayr,1,20 Robert W. Taylor,2,20 Yasushi Okazaki,3,4,20

Michal Minczuk,5,20 and Holger Prokisch6,7,20,*

Complement component 1 Q subcomponent-binding protein (C1QBP; also known as p32) is amulti-compartmental protein whose pre-

cise function remains unknown. It is an evolutionary conservedmultifunctional protein localized primarily in themitochondrial matrix

and has roles in inflammation and infection processes, mitochondrial ribosome biogenesis, and regulation of apoptosis and nuclear

transcription. It has an N-terminal mitochondrial targeting peptide that is proteolytically processed after import into the mitochondrial

matrix, where it forms a homotrimeric complex organized in a doughnut-shaped structure. Although C1QBP has been reported to exert

pleiotropic effects on many cellular processes, we report here four individuals from unrelated families where biallelic mutations in

C1QBP cause a defect in mitochondrial energy metabolism. Infants presented with cardiomyopathy accompanied by multisystemic

involvement (liver, kidney, and brain), and children and adults presented with myopathy and progressive external ophthalmoplegia.

Multiple mitochondrial respiratory-chain defects, associated with the accumulation of multiple deletions of mitochondrial DNA in

the later-onset myopathic cases, were identified in all affected individuals. Steady-state C1QBP levels were decreased in all individuals’

samples, leading to combined respiratory-chain enzyme deficiency of complexes I, III, and IV. C1qbp!/! mouse embryonic fibroblasts

(MEFs) resembled the human disease phenotype by showing multiple defects in oxidative phosphorylation (OXPHOS). Complementa-

tion with wild-type, but not mutagenized, C1qbp restored OXPHOS protein levels and mitochondrial enzyme activities in C1qbp!/!

MEFs. C1QBP deficiency represents an important mitochondrial disorder associated with a clinical spectrum ranging from infantile

lactic acidosis to childhood (cardio)myopathy and late-onset progressive external ophthalmoplegia.

Introduction

Mitochondrial disorders are an extremely heterogeneous
group of inborn errors of metabolism and encompass a
wide range of clinical presentations, such that approxi-
mately 300 disease-associated genes have been identified
to date.1,2 Mitochondrial dysfunction mainly affects or-
gans with high energy requirements, such as the brain,
central nervous system, muscle, and heart. The broad clin-

ical and genetic presentation of mitochondrial disorders
makes the molecular diagnosis challenging. Mutations
can directly affect oxidative phosphorylation (OXPHOS)
subunits or indirectly impair OXPHOS activity by
disturbing mitochondrial homeostasis. Next-generation
sequencing techniques (gene panels and exome and
genome sequencing) are proving to be an appropriate
tool for the diagnosis of this broad clinical group. However,
any diagnostic approach continues to rely upon deep
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clinical phenotyping in association with the evaluation of
OXPHOS enzymes in tissues of affected individuals.3–6

Combined defects of complexes I, III, IV, and V are typi-
cally due to deficiencies involving the homeostasis of
mitochondrial DNA (mtDNA), including defects in replica-
tion, RNA metabolism, and translation.1,7 Moreover,
mtDNA rearrangements can lead to combined OXPHOS
deficiencies; single, large-scale mtDNA deletions, predom-
inantly found in sporadic cases, are associated with Pear-
son syndrome (MIM: 557000), Kearns-Sayre syndrome
(MIM: 530000), or progressive external ophthalmoplegia
(PEO; OMIM phenotypic series PS157640), as well as late-
onset PEO due to Mendelian-driven multiple mtDNA dele-
tions, which have been observed in >20 genetically
distinct disorders8 (also see GeneReviews in Web Re-
sources). In addition, cofactor deficiencies and further
defects of mitochondrial homeostasis—including mito-
chondrial biogenesis, lipid metabolism, protein import,
fission and fusion, and quality control—can result in a
deficiency of more than one OXPHOS enzyme.2

One protein involved in mitochondrial homeostasis is
complement component 1 Q subcomponent-binding pro-
tein (C1QBP; also known as p32). It is an evolutionary
conserved and ubiquitously expressed multifunctional
protein and has been reported to be a predominantly mito-
chondrial matrix protein involved in inflammation and
infection processes, mitochondrial ribosome biogenesis,
regulation of apoptosis and nuclear transcription, and
pre-mRNA splicing.9–15 By analyzing a C1QBP-knockout
(KO) mouse model, we have previously demonstrated
that a main function of C1QBP is a combined respira-
tory-chain complex deficiency due to severely impaired
mitochondrial protein synthesis.16 Furthermore, the
Saccharomyces cerevisiae ortholog of human C1QBP,
MAM33 (mitochondrial acidic matrix protein 33), has
been shown to localize to the mitochondrial matrix.17

MAM33-deficient yeast cells show a disturbed mainte-
nance of the mitochondrial genome, impairment of mito-
chondrial ATP synthesis, and growth deficiency.17,18 The
latter can be restored by the introduction of human
C1QBP cDNA, which demonstrates the evolutionarily
conserved function of C1QBP homologs among eukary-
otes.18 In line with the complementation in yeast and find-
ings in mice, human C1QBP-knockdown (KD) cells also
exhibit reduced synthesis of mtDNA-encoded OXPHOS
polypeptides.19

Here, we report four individuals from unrelated families
affected by biallelic mutations in C1QBP (MIM: 601269).
TheypresentwithmultipleOXPHOSdeficiencies andaclin-
ical spectrum ranging from infantile lactic acidosis, child-
hood- or adulthood-onset (cardio)myopathy, and PEO.

Subjects and Methods

All studies were completed according to local ethical approval

of the institutional review boards of Technische Universität

München, the University of Milan, the National Research Ethics

Service Committee North East – Newcastle & North Tyneside 1,

and Saitama Medical University. In agreement with the Declara-

tion of Helsinki, all individuals or their guardians gave written

informed consent before undergoing evaluation and testing,

which was approved by the ethical committees of the centers

participating in this study, where biological samples were

obtained.

Subjects
Individual 1 (S1; family 1 individual II-2) was a boy who died at

day 18 after experiencing asymmetric ventricular cardiomyopa-

thy, congenital nephrosis, hypothyroidism, and encephalopathy

with multiple hemorrhagic events (Table 1). He was born by spon-

taneous vaginal delivery to healthy, unrelated British parents after

in vitro fertilization at 34 weeks þ 2 days of gestation. His twin

brother is unaffected. Oligohydramnios was referenced in the

antenatal history, and a swollen face, hands, and feet were noticed

at birth. On the third day, he presented with prolonged cardiore-

spiratory arrest. He was resuscitated for 2 hr by both mechanical

(chest compression) and pharmacological (adrenaline, sodium bi-

carbonate, atropine, and calcium chloride) treatments and was in-

tubated and ventilated. After resuscitation, he was admitted to

pediatric intensive care unit with severe metabolic acidosis

(plasma lactate: 21 mmol/L, normal: 0.5–2.5 mmol/L; base excess

[BE]: !18.4 mmol/L, normal: !2 to þ2 mmol/L), initial signs of

kidney failure (anuria; albumin: 15 g/L, normal: 35–40 g/L; urea:

6.1 mmol/L, normal: 0.8–5.5 mmol/L), and a poor general condi-

tion (unconscious, not responsive to stimuli, and fixed and dilated

pupils). An increased level of troponin suggested severe myocar-

dial damage secondary to his arrest event, and echocardiography

revealed a dilated and poorly functioning left ventricle. He

required additional cardiovascular and metabolic support and a

blood transfusion. Neurological investigations demonstrated

extensive brain damage: electrical discharges defined as suppres-

sion bursts and subclinical seizures were recorded by electroen-

cephalography, and brain MRI showed global cerebral edema

with a loss of differentiation between gray and white matter, a

loss of definition of the basal ganglia on T2-weighted images, mul-

tiple areas of hemorrhage in the bilateral subdural region over

both cerebral convexities and in the posterior fossa, and subarach-

noid hemorrhage in the Sylvian fissures and lateral ventricles.

Although he presented with signs and symptoms of congenital

nephrosis, his kidney ultrasound showed only general hyperecho-

genicity. During the clinical course, his neurological conditions

slightly improved: he was able to open his eyes and respond to

stimuli, and he showed some movement of the legs and arms in

the following days. However, lactic acidosis persisted, anuria was

resistant to pharmacological treatment, and he also developed hy-

perkalemia and hyperphosphatemia after blood transfusion,

which required peritoneal dialysis (day 4). The clinical course

was also complicated by thrombocytopenia on day 6 (which

required platelet transfusion), evidence of disseminated intravas-

cular coagulopathy on day 7 (which was treated with fresh frozen

plasma and cryoprecipitate), and peritonitis on day 9 (which was

treated with antibiotics). The cause of death on day 18 was respi-

ratory insufficiency. Kidney histology on autopsy tissue showed

multifocal and diffuse cortical necrosis, multifocal pyramid necro-

sis, confluent recent hemorrhages surrounding the pyramids, scat-

tered cortical tubular microcysts, and partially or completely

sclerosed glomeruli. The number of glomeruli was slightly higher
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than in normal kidney tissue and showed a different degree of me-

sangial proliferation. There were also some fibrin thrombi in the

glomerular capillaries. Necrosis and multifocal areas of hemor-

rhage were also present in the lungs, adrenals, spleen, and testes.

Histological examinations of heart autopsy tissue revealed the

presence of a small recent infarct of the anterior papillary muscle

and some hemorrhages and sparse neutrophils around a small

recent fibrous scar of the papillar muscle. The thymus showed

marked atrophy. The cortex, medulla, and crowded Hassal’s cor-

puscles were not distinguishable. A pronounced lymphocyte

depletion was present.

Individual 2 (S2; family 2 individual II-1) was a girl who died at

4 days of age after suffering from cardiomegaly and lactic acidosis.

She was the first child of healthy, non-consanguineous Japanese

parents. Pregnancy was complicated by intrauterine growth re-

striction and oligohydramnios. She was born pre-term (33 weeks

of gestation) by emergency cesarean section as a result of fetal

heart-rate failure. In the immediate postnatal period, she devel-

oped metabolic acidosis (BE: !25 mmol/L, normal: !2 to

þ2 mmol/L) and an increased level of lactic acid (9.0 mmol/L at

day 0, 19.8 mmol/L at day 1, >20 mmol/L at day 3, and

19.6 mmol/L at day 4; normal: 0.5–2.5 mmol/L). She became

Table 1. Genetic and Clinical Findings in Individuals with C1QBP Mutations

Proband

S1 S2 S3 S4

C1QBP variant
(GenBank:
NM_001212.3)

c.[557G>C];[612C>G] c.[739G>T];[c.824T>C] c.[823C>T];[823C>T] c.[562_564delTAT];[562_
564delTAT]

C1QBP variant
(GenBank:
NP_001203.1)

p.[Cys186Ser];[Phe204Leu] p.[Gly247Trp];[Leu275Pro] p.[Leu275Phe];[Leu275Phe] p.[Tyr188del];[Tyr188del]

Origin European descent Asian descent European descent European descent

Age of onset 4 days birth 5 years 57 years

Gender male female male male

Current age or age
of death

18 days (deceased) 4 days (deceased) 22 years (alive) 70 years (deceased)

Antenatal findings oligohydramnios, oedematus
feet, face and hands

IUGR, oligohydramnios – –

Plasma metabolic
test results

lactate: 21 mmol/L (normal:
0.5–2.5)

lactate: 20 mmol/L
(normal: 0.5–2.5)

lactate: 3.2 mmol/L (normal:
0.5–2.5); CPK: 566 U/L
(normal: 38–174); Met:
56.2 mmol/L (normal: 14.4–36);
Tyr: 145 mmol/L (normal:
41.8–108)

normal

Clinical Signs and Symptoms

Heart cardiorespiratory arrest,
asymmetric left ventricular
cardiomegaly

cardiomegaly left ventricular hypertrophy left ventricular hypertrophy

Liver – hepatomegaly increased transaminases –

CNS multiple cortical, ventricular,
and subdural hemorrhages
and cerebral edema, burst
suppression-like electrical
discharges, suclinical seizures

– NA NA

PNS NA NA sensory peripheral neuropathy diffuse neurogenic
abnormalities and focal
myogenic in the gluteus
maximus

Kidney congenital nephrosis – – NA

Muscle NA NA exercise intolerance with fatigue
and vomiting

exercise intolerance, weakness

Eye NA NA astigmatism, amblyopia,
ptosis, PEO

ptosis, progressive external
opthalmoplegia

Other hypothyroidism, disseminated
intravascular coagulopathy

NA NA post-traumatic depression,
diabetes, sensorineural
hearing loss

Abbreviations are as follows: NA, not available; CPK, creatine phosphokinase; Met, methionine; Tyr, tyrosine; IUGR, intrauterine growth restriction; CNS, central
nervous system; and PNS, peripheral nervous system.
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unconscious and required ventilator support. Cardiomegaly with

no ventricular or septic hypertrophy was diagnosed by heart ultra-

sound and a thoracic X-ray scan. A general examination revealed

that she also presented with mild hepatomegaly, and histological

examination of a liver biopsy showed marked lipid accumulation.

Additional neurological signs and symptoms were not reported,

and brain ultrasound did not reveal any abnormalities. She died

on the fourth day of life because of cardiorespiratory insufficiency.

Individual 3 (S3; family 3 individual II-2) is a 22-year old man

with myopathy, asymmetric ventricular cardiomyopathy, PEO,

and ptosis. He was born after an uneventful pregnancy to non-

consanguineous Austrian parents. His sister, who is 3 years older,

is healthy. Pregnancy and peri- and postnatal adaptations were un-

remarkable. Birth weight, length, and head circumference were

within normal limits. His early milestone acquisitions were appro-

priate for his age. He presented with bilateral hyperopic astigma-

tism and amblyopia, a first sign of eye muscular weakness, at

5 years of age and exercise intolerance with fatigue, episodes of

vomiting, and elevated levels of creatine phosphokinase (CPK)

1 year later. Left ventricular cardiomyopathy was also diagnosed

at 8 years of age after heart ultrasound screening. The clinical

phenotype and increased level of plasma lactate (3.2 mmol/L,

normal: 0.5–2.2 mmol/L) were suggestive of a mitochondrial dis-

order. Treatment with L-carnitine, riboflavin, and coenzyme Q

was initiated but showed only initial and partial improvement.

The clinical course appeared slowly progressive with the develop-

ment of mild ptosis at 14 years of age and PEO at 19 years of age.

Transaminase levels were repeatedly elevated (aspartate transami-

nase: 73 U/L, normal: 10–50 U/L; alanine transaminase: 61 U/L,

normal: 10–50 U/L), and liver ultrasound showed no structural

changes. At the last evaluation, a nerve conduction study revealed

subclinical signs of sensory peripheral neuropathy, and scotopic

and photopic bilateral electroretinography showed low ampli-

tudes. Assessment of exercise intolerance by bicycle ergometry

confirmed premature fatigue and an increased level of plasma

lactate (basic lactate: 6.1 and 19.1 mmol/L after exercise, normal:

0.5–2.2 mmol/L) and CPK (basic CPK: 386 and 566 U/L after exer-

cise, normal: 38–174 U/L). The cardiac status was stable without

progression. He was investigated for hearing and kidney function-

ality, which were shown to be normal. Although he has general-

ized weakness, he is not compromised in his daily functionality.

Individual 4 (S4; family 4 individual II-2) was a 61-year-old man

with late-onset PEO andmyopathy. Hewas born at term as the sec-

ond of ten brothers and sisters to healthy, non-consanguineous

Italian parents after an uneventful delivery. No family history of

neuromuscular disorders or other disorders, except for the prema-

ture postnatal death of one sister, has been reported. Early devel-

opment and milestone acquisition were referenced as normal. At

the age of 57 years, he was admitted to a psychiatric hospital

because of post-traumatic depression that required intensive phar-

macological and psychotherapy intervention. He was also diag-

nosed with diabetes and started treatment with gliclazide. The

onset of neuromuscular weakness was detected at 59 years of

age, and rapidly progressive exercise intolerance limited his func-

tionality: he was not able to stand for long periods of time or raise

his arms. He was admitted to the hospital at 61 years of age

because of the development of ptosis, severe constipation, and

weight loss (10 kg in 5 months). At the neurological examination,

he presented with important bilateral eyelid ptosis (left > right),

PEO in all directions, mild to moderate proximal weakness, mild

and diffuse hypotrophy, and an unstable gait due to lower-

limb weakness. Electromyography showed diffuse signs of chronic

neurogenic rearrangement and focalmyogenic signs in the gluteus

maximus. A metabolic workup including plasma lactate, creatine

kinase, transaminases, and thyroid function was normal. He was

extensively investigated, and additional clinical findings were

identified: left ventricular hypertrophy, left ventricular overload,

and signs of previous myocardial infarction by electrocardiog-

raphy; bilateral and symmetric sensorineural hypoacusia by audi-

ometry; and multiple gastric erithematous areas by esophagogas-

troduodenoscopy. Proband S4 and his family refused additional

investigations. He died in his 70s for an unknown reason.

Exome Sequencing
We applied next-generation exome sequencing with whole-

exome sequencing (WES) or a mitochondrial exome library

(‘‘MitoExome’’) to the individuals’ DNA extracted from peripheral

blood. Probands S1–S3 were investigated by WES.4,5,20 In brief,

coding regions were enriched with a SureSelect Human All Exon

V5 Kit (Agilent) or TruSeq (Illumina) and then sequenced as

100-bp paired-end runs on an Illumina HiSeq 2000, 2500, or

4000. Reads were aligned to the human reference genome

(UCSC Genome Browser build hg19) with the Burrows-Wheeler

Aligner (v.0.7.5 a).21 Single-nucleotide variants and small inser-

tions and deletions (indels) were detected by SAMtools

(v.0.1.19). Proband S4 was investigated by MitoExome as previ-

ously described,22 and only rare recessive variants in highly

conserved amino acid residues were considered pathogenic by

PolyPhen-2 or SIFT (Table S1).

We used Sanger sequencing to confirm the identified mutations

and test the carrier status of unaffected family members.

mDNA Analysis
mtDNA was amplified with two primer pairs, giving a 16,147 bp

(F1) or 15,679 bp (F2) fragment. 5 mL of the amplified mtDNA

was loaded onto a 0.7% agarose gel and separated at 80 V for

1 hr. The marker l/HindIII (the bacteriophage l digested by

HindIII) was used.23 Southern blot was performed as previously

described.24 mtDNA copy number was determined by quantitative

real-time PCR with four different nuclear and two mitochondrial

PCR amplicons.25 The relative amount of mtDNA versus nuclear

DNA was calculated by the 2!DDCT method.25

OXPHOS Enzyme Activities
Muscle tissues (20–100 mg) were homogenized in extraction

buffer (20 mM Tris-HCl [pH 7.6], 250 mM sucrose, 40 mM KCl,

and 2mM EGTA). The post-nuclear supernatant isolated by centri-

fugation at 6003 g and containing themitochondrial fraction was

used for measurement of enzyme activities. OXPHOS enzyme and

citrate synthase (CS) activity was measured spectrophotometri-

cally as previously described.26–29

Western Blot Analysis
Skeletal muscle and fibroblast homogenates were obtained accord-

ing to previously described methodologies.30 30–40 mg (S1–S3)

and 20 mg (S4) of whole-cell protein extracts were separated by

SDSpolyacrylamide (12%) electrophoresis and thenwet transferred

to polyvinyl difluoride (PVDF) membranes. For S4, a 4%–12%

gradient gelwasused. Immunological detectionof proteinswas car-

ried out with the following primary antibodies: C1QBP (ab24733,

Abcam), b-actin (A1978, Sigma), a-tubulin (ab7291, Abcam), and

OXPHOS complex-specific antibodies (NDUFS3 [ab14711, Abcam],

NDUFB8 [ab110242, Abcam], NDUFA9 [MS111,Molecular Probes],
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SDHA [459200, MitoSciences], SDHB [ab14714, Abcam], UQCRC2

[ab14745, Abcam], COXI [ab14705, Abcam], COXII [ab110258,

Abcam], COXIV [ab14744, Abcam], andATP5A [ab14748, Abcam]).

Species-appropriate horseradish-peroxidase-conjugated secondary

antibodies (DAKO, P0399, and P0260) were used.

BN-PAGE Analysis
For blue-native polyacrylamide-gel electrophoresis (BN-PAGE),

n-dodecyl b-D-maltoside-solubilized mitochondrial membranes

were prepared from isolated fibroblasts and muscle mitochondria

according to previously described methodologies.30,31 In brief,

100 mg of mitochondrial extracts was loaded onto a 4%–16%

native polyacrylamide BisTris gradient gel (Life Technologies)

and separated electrophoretically. For western blot analysis,

samples separated by BN-PAGE were transferred onto PVDF

membranes and subjected to the following primary antibodies:

NDUFB8 (complex I [CI]), SDHA (complex II [CII]), UQCRC2

(complex III [CIII]), COXI (complex IV [CIV]), and ATP5A (com-

plex V [CV]).

Immunofluorescence Staining
Immunofluorescence was performed according to a modified

version of the previously published protocol.32 Fibroblasts were

grown on coverslips, washed with PBS, and fixed with 4% formal-

dehyde for 15 min at room temperature. After additional washes

with PBS, coverslips were permeabilized with 1% Triton X-100

for 5 min, washed, and blocked in 5% fetal bovine serum (FBS)

for 1 hr at room temperature. A solution of primary antibodies

(1:500 polyclonal rabbit anti-TOM20, sc-11415, Santa Cruz;

1:250 monoclonal mouse anti-C1QBP, ab24733, Abcam) in 5%

FBS was prepared and used for incubating the coverslips for 1 hr

at room temperature. After PBS washings, coverslips were incu-

bated with secondary antibodies (1:1,000 Alexa-Fluor-488-conju-

gated goat anti-mouse IgG, A11001, Invitrogen; 1:1,000 Alexa-

Fluor-594-conjugated goat anti-rabbit IgG, A11012, Invitrogen)

in 5% FBS for 1 hr at room temperature while being protected

from light. After the final washes, coverslips were mounted

(ProLong Gold antifade reagent with DAPI, P36941, Invitrogen)

on glass slides. Microscopy was carried out with a Zeiss LSM 880

confocal microscope, and acquired images were processed with

ImageJ.33

High-Resolution Respirometry
Mouse embryonic fibroblasts (MEFs) were seeded at a density of

20,000 cells/well in 80 mL of culture media in an XFe 24-well

cell-culture microplate (Seahorse Bioscience) and incubated over-

night at 37#C in 5% CO2. Culture medium was replaced with

180 mL of bicarbonate-free DMEM, and cells were incubated at

37#C for 30 min before measurement. The oxygen-consumption

rate (OCR) was measured with an XFe 24 Extracellular Flux

Analyzer (Seahorse Biosciences) and determined (1) with no

additions (basal respiration), (2) after the addition of 0.5 mM oli-

gomycin (indicating ATP production), (3) after the addition of

1 mM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone

(maximal respiration), and (4) after the addition of 1 mM rote-

none and antimycin A (non-mitochondrial respiration) (addi-

tives were purchased from Sigma at the highest quality). The

difference in OCR after the addition of oligomycin and the

non-mitochondrial respiration specify proton leakage, and

the difference between basal and maximal respiration determines

spare capacity.

Construction and Validation of C1QBP Expression
Vector
The mouse C1QBP variants p.Glu244Trp and p.Leu272Pro (corre-

sponding to the human variants p.Gly247Trp [c.739G>T] and

p.Leu275Pro [c.824T>C], respectively, found in probands S2 and

S3) were generated from pcDNA3-p32-IRES-GFP by PCR-based

site-directed mutagenesis and confirmed by sequencing. To

examine protein expression, we transfected C1qbp-KO MEFs

with theC1qbp expression vector by using the transfection reagent

Lipofectamine 2000 (Invitrogen) according to the manufacturer’s

instructions. GFP expression served as an internal control.

mRNA Quantification
Total RNA from wild-type (WT) MEFs and C1qbp-KO MEFs trans-

fected with various C1qbp expression vectors was isolated with

an RNeasy Mini Kit (QIAGEN) according to the manufacturer’s in-

structions. The concentration and purity of total RNA were

measured on a NanoDrop spectrophotometer (NanoDrop Tech-

nologies). Reverse transcription of 1 mg of total RNAwas performed

with a PrimeScript RT Reagent Kit (TAKARA). Mouse C1qbpmRNA

and mouse 18S ribosomal RNA (control) were detected by quanti-

tative PCR with SYBR Premix Ex Taq II (TAKARA) and a thermal

cycler (StepOnePlus, Applied Biosystems). Primers were as follows:

50-CGCGGTTCTATTTTGTTGGT-30 (18S rRNA forward), 50-AGTCG

GCATCGTTTATGGTC-30 (18S rRNA reverse), 50-GGCCTTCGTTG

AATTCTTGA-30 (C1qbp mRNA forward), and 50- GCCTCATCT

TCGTGTCCAAT-30 (C1qbp mRNA reverse). An unpaired Student’s

t test was used to determine statistical differences between two

groups. Values of *p < 0.05, **p < 0.01, and ***p < 0.005 were

considered to be statistically significant.

Results

Exome Sequencing and Variant Prioritization
Clinical research centers fromAustria, Germany, Japan, the
UK, and the US independently achieved and subsequently
shared results from WES or MitoExome sequencing anal-
ysis on individuals with suspected mitochondrial disease.
WES of probands S1–S3 failed to identify likely or known
disease-associated genetic variants but did reveal rare bial-
lelic variants (minor allele frequency [MAF] < 0.1% in
public and in-house databases) in C1QBP (GenBank:
NM_001212.3). Screening of our in-house database of
more than 10,000 WES datasets of individuals with non-
mitochondrial disease revealed no additional individual
with biallelic rare variants in C1QBP. Filtering for genes
coding for mitochondrial proteins in probands S1–S3 re-
vealed that C1QBP was the only gene with biallelic
variants.34 Likewise, MitoExome sequencing prioritized
biallelic variants in C1QBP in proband S4. Altogether, we
identified four individuals harboring recessive variants in
C1QBP (Table 1 and Figure 1A). Although none of the iden-
tified variants are predicted to cause a loss of function, all
are predicted to be pathogenic (Figure 1B and Table S1).
Human C1QBP (UniProt: Q07021) forms a homotrimer
arranged into a doughnut-shaped structure with an unusu-
ally asymmetric charge distribution on the surface. The
variants p.Cys186Ser, p.Gly247Trp, and p.Leu275Pro are
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all localized in important structural domains of the pro-
tein. Specifically, amino acid residue Cys186 is localized
on the b5 strand of the protein, Gly247 is located on
the hydrogen-bonded turn of the protein, and Pro275
is located on the aC helix (Figure 1C). In contrast,
p.Phe204Leu and p.Tyr188del are localized on the coiled-

coil region between the b5 and b6 strands.9 All C1QBP var-
iants have been confirmed by Sanger sequencing. Homo-
zygosity or compound heterozygosity was confirmed by
segregation analysis in families 1 and 3 and by cloning
and sequencing of genomic DNA in proband S2, whereas
no DNA was available from the parents of proband S4 for

A

B

C

Figure 1. C1QBP Variants and Gene and Protein Structure
(A) Pedigrees of the investigated families (S1–S4) affected by recessively inherited C1QBP variants. Affected individuals are indicated by
closed symbols. Both variants in proband S2 have been confirmed to be compound heterozygous by phasing of WES data.
(B) Gene structure with exons and introns shows the localization of the investigated gene variations. Conservation of the affected amino
acid residues is presented in the alignment of homologs across different species. Exons are highlighted in blue. The size of the introns was
reduced 10-fold. MTS is the mitochondrial target sequence. MAM33 (mitochondrial acidic matrix protein 33) is the Saccharomyces
cerevisiae homolog of C1QBP.
(C) Inspection of the protein structure was performed with PyMOL (PDB: 1P32). A monomer is presented on the left, and the trimer is in
the center. The electrostatic field of the trimer is indicated to the right (negative polarity, red; positive polarity, blue). Affected residues are
colored in one of the monomers: Cys186, green; Tyr188, blue; Phe204, red; Gly247, magenta; and Leu275, orange.
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validation of the deletion’s homozygosity. The C1QBP
variants found in proband S2 have previously been
suggested as likely candidates but have not been validated
so far.4

Mitochondrial Respiratory-Chain Activities
The identification of rare, biallelic C1QBP variants in four
individuals with clinically and biochemically confirmed
mitochondrial disease adds further evidence for their
functional relevance. Typical of mitochondrial disorders,
the C1QBP defect resulted in a spectrum of manifestations
that ranged from infantile lactic acidosis (probands S1 and
S2) to childhood myopathy (proband S3) to late-onset
myopathy with PEO (proband S4). However, in all indi-
viduals, cardiac symptoms were present, and respiratory-
chain activities in muscle or liver homogenates showed
a severe combined deficiency of respiratory-chain activ-
ities (complexes I, III, and IV). This was accompanied
by an increased level of mitochondrial mass index
(CS) in the muscle of probands S3 (511 mUnits/mg
protein; normal: 150–325 mUnits/mg protein) and S4
(151 mUnits/mg protein; normal: 137 5 15 mUnits/mg
protein; see Table S2).
Enzymatic activities of liver homogenates from proband

S2 revealed a more general downregulation of the
OXPHOS complexes. In addition to the complex I
(to 5%), III (to 14%), and IV (to 11%) deficiency, a reduc-
tion in complex II (to 37%) activity was also found (Table
S2). In addition, decreased COX histochemical activity
was found in proband S1 (affecting up to 75% of all muscle
fibers); occasional COX-deficient fibers were observed in
muscle from probands S3 and S4, notably at levels above
those expected to be detected in age-matched control indi-
viduals as a result of somatic mtDNAmutation. Ragged-red
fibers were present in the muscle of probands S1 and S3
(Table S2). Histopathological analysis of the muscle of pro-

A B Figure 2. Western Blot Analysis of C1QBP
Cell lysates isolated from (A) the skeletal
muscle of affected probands S1, S3, and
S4 and (B) fibroblasts from probands
S1–S3 and age-matched control individuals
(C1 and C2) were analyzed. Fibroblasts
from proband S4 and skeletal muscle from
proband S2 were not available. b-actin
and a-tubulin were used as loading con-
trols. All experiments were repeated at least
two times, and representative images are
shown. Number of repeats: (A) n ¼ 3 (S1)
and n ¼ 2 (S3 and S4); (B) n ¼ 2 (S1–S3).

band S4 showed moderate variability
in fiber size, a moderate increase in fi-
ber splitting and central nuclei, and a
slight increase in connective tissue.
The identification of four different

alleles in four affected individuals
with a similar clinical and biochemical
phenotype from four families estab-

lishes C1QBP variants as confidently implicated in reces-
sively inherited mitochondrial disease.

C1QBP and OXPHOS Protein Levels
Given that previous studies have reported C1QBP as a
mitochondrial-matrix protein, we wanted to validate
the localization of C1QBP in mitochondria. Immuno-
cytochemical staining using C1QBP-specific antibodies
confirmed the mitochondrial localization of the protein
(Figure S1).9,13,17 Given that all identified C1QBP variants
affect only one amino acid, the consequences on protein
stability were unclear. We therefore investigated available
skeletal-muscle biopsy material and primary fibroblast
cultures established from individuals to analyze the
significance of C1QBP variants in disease. Western blot
analysis showed that C1QBP levels were not detectable in
muscle (Figure 2A) and considerably decreased in fibro-
blasts (Figure 2B), supporting the notion that correspond-
ing C1QBP variants adversely affect the stability of the
protein.
Consistent with the findings of enzymatic investigations

from muscle, a decrease in complex I and complex IV sub-
units was present in muscle homogenates derived from
probands S1, S3, and S4 (Figure 3A). In addition, UQCRC2
was decreased in the muscle of probands S3 and S4
(Figure 3A). In contrast, OXPHOS protein levels were
normal or only marginally lowered in fibroblasts from pro-
bands S1 and S3, whereas proband S2 showed a marked
loss of complex IV subunits (Figure 3B). Surprisingly, the
steady-state levels of complex III subunits were higher
in the fibroblasts of proband S3 than in control cells
(Figure 3B).
Decreased protein levels of subunits of respiratory-chain

complexes usually reflect assembly defects, but they can
also be suggestive of other mitochondrial disorders,
including mitochondrial translation defects. We therefore
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analyzed the steady-state levels of intact respiratory-chain
complexes by BN-PAGE. A decrease in intact steady-state
levels of complexes I, IV, and V was present in the muscle
of probands S1 and S3 (Figure 4A). Only a slight decrease in
complex IV was obvious in proband S1. The level of com-
plex II was normal. In agreement with the decrease in the
steady-state levels of complex I and complex IV subunits in
the fibroblasts of individual S2, decreased levels of assem-
bled complex I and complex IV were found (Figure 4B).
The level of complex III was normal in proband S2
(Figure 4B). No alterations in the steady-state levels of
intact complexes were detectable in fibroblasts from pro-
bands S1 and S3 (Figure 4B).

Complementation Studies with Mouse Fibroblasts
We recently showed that a KO of the orthologous C1qbp in
MEFs caused impaired mitochondrial respiration associ-
ated with reduced levels of respiratory-chain complexes I,
III, and IV.16 C1qbp!/! MEFs recapitulate the human dis-
ease phenotype by displaying multiple OXPHOS defects.
We therefore took advantage of the strong phenotype in
the mouse system to investigate the functional properties
of the C1QBP variants identified in probands S2 and S3.
We modeled the variants in the mouse cDNA and ex-
pressed them in C1qbp!/! MEFs. With mitochondrial com-
plex IV subunits I (COXI) and III (COXIII) as markers, only
re-expression of mouse WT C1qbp rescued the amount of

A

B

Figure 3. Steady-State Levels of OXPHOS Complex Subunits
(A) Western blot analysis of OXPHOS subunits in skeletal-muscle lysates from control individuals (C1 and C2) and probands S1,
S3, and S4.
(B) Western blot analysis of OXPHOS subunits in skin fibroblasts from probands S1–S3 and age-matched control individuals (C1–C3).
OXPHOS-subunit-specific antibodies were used against NDUFB8 or NDUFA9 (CI); SDHA or SDHB (CII); UQCRC2 (CIII); COXI, COXII, or
COXIV (CIV); and ATP5A (CV). Cytosolic b-actin andmitochondrial markers porin (VDAC) and SDHAwere used as loading controls. All
experiments were repeated at least twice, and representative western blots are shown. Number of repeats: (A) n ¼ 3 (S1) and n ¼ 2 (S3 and
S4); (B) n ¼ 4 (S1) and n ¼ 2 (S2 and S3).
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complex IV protein (Figure 5A, upper panel, lane 3), con-
firming causality between loss of C1QBP and diminished
levels of OXPHOS subunits. Expression of C1qbp cDNA
coding the p.Gly247Trp variant (p.Gly244Trp in mice) re-
sulted in levels comparable to those of the native form
but only partially rescued COX subunit levels (Figure 5A,
upper panel, lane 4), confirming a functional defect.
Expression of C1qbp cDNA encoding the p.Leu275Pro

variant (p.Leu272Pro in mice) did not result in a detectable
C1QBP and was consequently not able to rescue mito-
chondrial COXI or COXIII levels (Figure 5A, upper panel,
lane 5). GFP expression under the internal ribosome entry
site and the C1qbp mRNA level were comparable to those
of the WT (Figures 5A and 5B), suggesting that the low
expression of p.Leu272Pro is due to reduced protein
expression or increased protein turnover.
To validate the consequences on respiration, we per-

formed high-resolution respirometry with C1qbp-deficient
MEFs expressing cDNAs encoding the WT, p.Gly244Trp,
p.Leu272Pro, or an empty vector. Reduced basal and
maximal respiration, proton leakage, and ATP production
were found in cells non-transduced or transduced with
the empty vector (Figures 5C and 5D). Consistent with the
results of the western blot analysis, p.Gly244Trp resulted
in a partial recovery, whereas p.Leu272Pro was in a range
similar to that of the empty vector (Figures 5C and 5D).
In summary, complementation with WT, but not

mutant, C1qbp in C1qbp!/! MEFs restored C1QBP steady-

A

B

Figure 4. BN-PAGE of OXPHOS Com-
plexes
One-dimensional BN-PAGE analysis of
OXPHOS complexes was performed on
mitochondrial lysates isolated from pro-
bands’ (A) skeletal muscle (S1 and S3)
and (B) fibroblasts (S1–S3) and age-
matched control individuals (C1 and C2).
The assembly of OXPHOS complexes was
assessed by western blotting with anti-
bodies against NDUFB8 (CI), SDHA (CII),
UQCRC2 (CIII), COXI (CIV), and ATP5A
(CV). An antibody against complex II sub-
unit SDHA was used as a loading control.
The ATP5A antibody detected two bands:
the fully assembled complex V (F0F1) and
the soluble F1 subunit. The asterisk indi-
cates a longer exposure time for the CV
F1 subunit. All experiments were repeated
at least twice, and representative images
are shown. Number of repeats: (A) n ¼ 4
(S1) and n ¼ 2 (S3); (B) n ¼ 4 (S1) and
n ¼ 2 (S2 and S3).

state level, OXPHOS protein expres-
sion, and enzyme activities.

mtDNA analysis
Given that proband S3 presented
with PEO, which is often associated
with mtDNA rearrangements, ana-
lyses of mtDNA copy number and

multiple mtDNA deletions were performed in all available
muscle and fibroblast cell lines (Table S2). These revealed
that mtDNA copy number was 250% higher in the
muscle of proband S1 and % 600% higher in the liver of
proband S2 than in control cells, but there was no evi-
dence of mtDNA rearrangements (Table S2). Although
the level of mtDNAwas within the normal range inmuscle
samples from probands S3 and S4, long-range PCR and
Southern blotting both revealed evidence of multiple
mtDNA deletions (Figure 6). Concordant with other
investigations of fibroblasts from proband S3, no signifi-
cant finding (borderline) was obtained in this individual’s
cell line.

Discussion

Here, we report four individuals from unrelated families
where biallelic mutations in C1QBP cause a combined res-
piratory-chain enzyme deficiency. All variants are rare with
a MAF < 0.00005 in the ExAC Browser, and no other indi-
vidual in our in-house database of >10,000 WES datasets
carries rare biallelic variants in this gene. The finding of
four individuals with a defect in mitochondrial energy
metabolism (among 2,000 individuals investigated) pre-
sents a genome-wide-significant enrichment of biallelic
C1QBP variants (p < 0.001, Fisher’s exact test) in compari-
son with samples from non-mitochondrial disorders. In
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addition, all variants are predicted to be deleterious by
several prediction programs.
To validate the impact of the rare C1QBP variants at the

functional level, we took advantage of three established re-
sources: biopsy tissues, primary fibroblast cell lines from
three affected individuals, and C1qbp!/! MEFs. Mitochon-
drial localization of C1QBP was shown by immunohisto-

chemical staining in fibroblasts. Immunodecoration using
C1QBP-specific antibodies in muscle-biopsy material ob-
tained from all individuals failed to detect C1QBP, indi-
cating a loss of function. However, when investigating
the probands’ fibroblasts, we detected low but substantial
amounts of C1QBP in all cell lines, most likely reflecting
different expression and turnover rates between muscle
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Figure 5. Complementation Studies Using C1qbp !/! Mouse Fibroblasts
(A) Quantification of C1QBP, COXI, and COXIII levels. Top: WTor C1qbp KOMEFs were transfected with the pcDNA3-C1qbp-IRES-GFP
plasmid for 48 hr. Western blotting on total cell extracts was performed with anti-C1QBP, anti-COXI, anti-COXIII, anti-GFP, and anti-
VDAC antibodies. VDAC was used as the loading control. Bottom: the mean ratios of band densities in transfected MEFs from blots are
shown. Cells transfected with expression constructs for p.Gly244Trp and p.Leu272Pro variants show significantly lower amounts of
mature C1QBP and mitochondrial-DNA-encoded proteins (COXI and COXIII). The results represent the mean 5 SD of three indepen-
dent experiments. ***p < 0.005 versus WT transfectant.
(B) Relative mRNA expression of C1qbp alleles normalized to mouse 18S rRNA by quantitative real-time PCR. The results represent the
mean 5 SD of three independent experiments.
(C and D) Oxygen consumption rate (OCR) profile (C) and histogram of C1qbp KO cells transfected withWTandmutant C1qbp plasmid
(D). The histogram shows the basal respiration rate (basal), ATP production rate (ATP), and maximal respiration rate (maximal) calcu-
lated from OCR profiles. Data show the mean 5 SD of triplicated assays. **p < 0.01 and ***p < 0.005 versus WT transfectant.
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and fibroblasts. These data argue against a loss of function
and for an adverse effect on protein stability of the identi-
fied C1QBP variants; this could lead to depletion of C1QBP
in some tissues with higher turnover rates. In any case, the
data provide additional evidence for the functional rele-
vance of the C1QBP variants.
All individuals showed a severe combined deficiency of

respiratory-chain complexes (I, III, and IV) in muscle or
liver homogenates. These findings are in line with observa-
tions in yeast and mice models, where the deficiency of
the C1QBP orthologs resulted in impairment of mito-
chondrial ATP synthesis or a combined deficiency of respi-
ratory-chain complexes, respectively.16–18 For both the
p.Gly247Trp and p.Leu275Pro variants, this deficiency
could be rescued by expression of human WT C1QBP. We
therefore leveraged the respiratory-chain deficiency in
C1qbp!/! MEFs and employed it to screen for functional
complementation by the human mutations. We tested
two alleles, and whereas one allele only partially rescued
the phenotype of the fibroblasts, the other did not func-
tion at all (Figure 5). With these experiments, we provide
convincing evidence that the identified C1QBP mutations
cause a combined respiratory-chain deficiency. Analogous
to findings in mice, biallelic loss-of-function C1QBP vari-
ants might be embryonically lethal in humans.
Mutations in half of the known mitochondriopathy-

associated genes result in a combined deficiency of respira-
tory-chain enzymes.2 Combined defects are typically due
to deficiencies in mtDNA replication, transcription, or
translation. Experiments on KO mouse and KD human
cells argued for a role of C1QBP in mitochondrial protein
synthesis.16,19 Investigations on biopsy tissue from indi-
viduals with C1QBP variants confirmed this observation.
We found lower levels of various subunits of the respira-
tory chain in these samples than in age-matched control
samples (Figures 3 and 4), whereas RNA expression studies
on one cell line did not reveal any alterations in the level of
mitochondrial transcripts (data not shown). As expected
from earlier complementation studies, a role of C1QBP in
protein synthesis seems to be a conserved function of
C1QBP in mitochondria.
Interestingly, the yeast KO cells additionally showed a

disturbed maintenance of the mitochondrial genome, a

feature that has not been observed in higher eukaryotes
so far but is also not very specific in yeast given that it is
frequently found to be a result of impaired OXPHOS in
these cells.18 Multiple mtDNA deletions could also explain
a combined respiratory-chain deficiency with normal com-
plex II activity. However, multiple deletions were only
detectable in the muscle of two probands (S3 and S4),
bothofwhomhada later onset in either childhoodor adult-
hood. Becausewe foundno evidence of variablemtDNAde-
letions or mtDNA depletion in the early-onset probands S1
and S2, we can be confident that their respiratory-chain
deficiency was not caused by a disturbed maintenance of
the mitochondrial genome. Nevertheless, in humans there
is no evidence that multiple mtDNA deletions appear as a
result of impaired OXPHOS, indicating an additional func-
tion of C1QBP in the maintenance of the human mito-
chondrial genome. Given that all cells investigated so far
are acute KD or embryonic fibroblasts and, in the case of
S1 and S2, are based on biopsies taken in the first week of
life, the accumulation of detectable mtDNA deletions in
C1QBP deficiency is likely to occur over considerable
time. Wang et al. have reported on an interaction between
C1QBP and RECQ4, a helicase suggested to participate in
mtDNA maintenance.35 They describe a RECQ4 mutant
that failed to interact with C1QBP, which led to increases
in mtDNA copy number and mitochondrial dysfunction.
Such scenarios indicate multiple functions of C1QBP in
mitochondria. Indeed, a number of mitochondrial interac-
tion partners of C1QBP have been identified by proteomic
studies.36 They include a number of genes involved in iron-
sulfur biogenesis (BOLA3 [MIM: 614299], LYRM1 [MIM:
614709], LYRM2, LYRM4 [MIM: 613311], and LYRM5) or
OXPHOS subunits (ATP5A1 [MIM: 164360], C17ORF89,
COX6B1 [MIM: 124089], NDUFA4 [MIM: 603833],
NDUFAF4 [MIM: 611776], and NDUFS3 [MIM: 603846]),
as well as factors involved in the maintenance of the
mitochondrial morphology (C2ORF47 [MIM: 617267],
CHCHD2 [MIM: 616244], and CHCHD10 [MIM: 615903])
and the mitochondrial genome (TFAM [MIM: 600438]).
The multiple interaction partners of C1QBP point to a
multifunctional chaperone role of the protein.37

C1QBP defects manifested with a spectrum of symptoms
ranging from infantile lactic acidosis (in probands S1 and

A B Figure 6. Long-Range PCR and Southern
Blot of Individuals with Multiple mtDNA
Deletions and Control Individuals
(A) Long-range PCR of S3.
(B) Southern blot of proband S4. mtDNA
was amplified with two primer pairs, giv-
ing 16,147 bp (F1) and 15,679 (F2) bp frag-
ments. 5 mL of the amplified mtDNA was
loaded onto a 0.7% agarose gel and sepa-
rated at 80 V for 1 hr. Abbreviations are
as follows: S3M, muscle of proband S3;
S3F, fibroblasts of proband S3; S4, muscle
of proband S4; M, marker l/HindIII;
C1–C3: control cells.
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S2) to childhoodmyopathy, PEO, and later peripheral neu-
ropathy (in proband S3) to adult-onset myopathy with
PEO (in proband S4). All individuals presented with major
cardiac symptoms, which resulted in early death in the
neonatal form and were rather stable in individuals with
later presentation. A very recently established cardiomyo-
cyte-specific deletion of C1qbp resulted in contractile
dysfunction, cardiac dilatation, and cardiac fibrosis and
thereby confirmed an important function of C1QBP in
the heart.38 Decreased COXI and COXIII expression
confirmed the mitochondrial dysfunction that resulted
in cardiomyopathy at the age of 2 months and a median
lifespan of approximately 14 months.38

In addition, the two individuals with a late disease onset
presented with PEO and variable mtDNA deletions. The
clinical manifestation of disorders with deletions in the
mitochondrial genome is heterogeneous but often in-
cludes PEO.2 In the group of disorders with multiple
mtDNA deletions, cardiomyopathy is a rare symptom. It
is rarely reported in individuals with variants in POLG
(MIM: 258450)39–41 and TWNK (MIM: 609286)42 and has
been reported in just a single individual with pathogenic
variants inMGME1 (MIM: 615084).43 It is more commonly
associated with autosomal-recessive deficiency of SLC25A4
(cardiomyopathy types of the disease [MIM: 617184 and
615418]), another mtDNA maintenance gene, although
variable mtDNA deletions are usually associated with
dominant pathogenic variants in this gene.
Numerous functions in various cellular organelles have

been reported for C1QBP.16 The clinical manifestation of
our cohort of probands with C1QBP deficiency was mainly
attributed to defects in mitochondrial energy metabolism.
No signs of immunologic dysfunction could be associated
with the complement system.
Given our observations, the main functions of C1QBP

reside within the mitochondrial compartment. How-
ever, the exact mechanism leading to a reduction of
OXPHOS enzymes remains unclear, especially in the
neonatal form.
In summary, we present four individuals with C1QBP

mutations characterized by combined respiratory-chain
deficiency and increased lactate. Disease onset was vari-
able, including intrauterine onset, oligohydramnios, and
neonatal cardiomyopathy leading to early death. Later
onset in childhood or adulthood was associated with exer-
cise intolerance, PEO, and multiple mtDNA deletions.
Cardiomyopathy was found in all forms, which is a rela-
tively unusual presentation in individuals with multiple
mtDNA deletions. Peripheral neuropathy seems to be an
issue; however, the central nervous system seems to be
spared.
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The proliferation of prostate cancer cells is controlled by the androgen receptor
(AR) signaling pathway. However, the function of AR target genes has not been
fully elucidated. In previous studies, we have identified global AR binding sites
and AR target genes in prostate cancer cells. Here, we focused on Claudin 8
(CLDN8), a protein constituting tight junctions in cell membranes. We found one
AR binding site in the promoter region and two functional androgen-responsive
elements in the sequence. Reporter assay revealed that transcriptional activation
of the CLDN8 promoter by androgen is dependent on these androgen-responsive
elements. Furthermore, CLDN8 mRNA is induced by androgen time-dependently
and the induction is blocked by AR inhibitor, suggesting that AR is involved in
the transcriptional activation. In addition, our functional analyses by overexpres-
sion and knockdown of CLDN8 mRNA indicate that CLDN8 promotes prostate can-
cer cell proliferation and migration. Claudin 8 was overexpressed in prostate
cancer clinical samples compared to benign tissues. Furthermore, we found that
CLDN8 regulates intracellular signal transduction and stabilizes the cytoskeleton.
Taken together, these results indicate that CLDN8 functions as an AR downstream
signal to facilitate the progression of prostate cancer. Claudin 8 may be a novel
molecular target for prostate cancer therapy.

T he AR is a main driver in the development and progression
of prostate cancer.(1–3) Androgen receptor belongs to the

nuclear receptor superfamily and functions as a ligand-depen-
dent transcriptional factor. Following androgen stimulation, AR
binds to AREs with co-regulators on the genome and regulates
the transcription of its target genes.(4–7) The majority of pri-
mary prostate cancers are androgen-dependent, and therefore
androgen deprivation therapy is initially effective for inhibiting
the growth of prostate cancer by suppressing AR activity.
Although initial hormone therapy is so effective, prostate can-
cers often obtain resistance to androgen deprivation therapy as
CRPC. Establishment of CRPC is associated with enhanced AR
signaling, hypersensitivity to androgen, intratumoral steroidoge-
nesis, and AR amplifications, mutations, and splicing vari-
ants.(8–16) Thus, identification of AR downstream signaling
events is critical for understanding the progression to CRPC.
Recent analysis using ChIP techniques have shown that the

AR-regulated gene network is deeply involved in the prostate
cancer progression. Global ChIP analyses combined with DNA
microarray (ChIP-chip) or deep sequencing (ChIP-seq)(17–20)

have defined various androgen-regulated genes in the vicinity

of ARBSs with histone modifications, as we previously
reported.(6,21–25)

Recent studies have reported that androgen regulates the
expression of Cldn8 (26,27) in prostate of mice. Claudin 8
belongs to the CLDN superfamily, located in the cell mem-
brane and associated with tight junctions of cell adhesion.(28)

Claudin 8 is associated with several signaling pathways impli-
cated in the epithelial environment and cell proliferation.(29)

Interestingly, previous analyses have reported that CLDN8 is
overexpressed in several human cancer cells and in prostate
cancer.(30,31) However, the functions of CLDN8 and its regula-
tory mechanism by androgen in human prostate cancer cells
have not been well elucidated.
In the present study, we reported the regulatory mechanism of

an androgen-regulated gene, CLDN8 , by AR and its functional
role in prostate cancer cells. By global analysis of ARBSs, we
found an evident ARBS in the promoter region of CLDN8 . We
further clarify the oncogenic mechanisms in prostate cancer by
CLDN8 overexpression and knockdown. Our study presents the
first evidence that CLDN8 is directly regulated by AR and func-
tions to promote prostate cancer cell proliferation and migration.
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Materials and Methods

Cell culture and reagents. Human prostate cancer LNCaP
and VCaP cells were purchased from the ATCC (Manassas,
VA, USA). LNCaP cells were grown in RPMI-1640 supple-
mented with 10% FBS, 50 U/mL penicillin, and 50 lg/mL
streptomycin. VCaP cells were maintained in DMEM supple-
mented with 10% FBS. Dihydrotestosterone (Wako, Tokyo,
Japan) was used for androgen treatment. Before androgen
treatment, these cells were cultured in phenol red-free med-
ium containing 5% charcoal-stripped FBS for 72 h. Anti-
androgen medicine bicalutamide was purchased from Sigma
(St. Louis, MO, USA). Transfection was carried out using X-
tremeGene HP DNA Transfection Reagent (Roche Applied
Science (Basel, Switzerland)), according to the manufac-
turer’s instructions. Small interfering RNA was transfected
using RNAi MAX (Invitrogen, Carlsbad, CA, USA). Anti-
bodies used in the present study were anti-Flag (M2; Sigma),
anti-CLDN8 (183738; Abcam, Cambridge, UK), anti-Akt
(Ser473; 9271), ERK1/2 (9101), total Akt (9272) and total
ERK1/2 (9102; all Cell Signaling Technology, Danvers, MA,
USA).

Quantitative RT-PCR. Total RNA was extracted using ISO-
GEN reagent (Nippon Gene, Toyama, Japan). First-strand
cDNA was synthesized using the PrimeScript RT reagent kit
(Takara Bio, Kyoto, Japan) according to manufacturer’s proto-
col. The primer sequences for CLDN8 and GAPDH are shown
below. The mRNA was quantified by real-time PCR using
SYBR Green PCR mix (Applied Biosystems, Framingham,
MA, USA) and the ABI Prism 7000 system (Applied Biosys-
tems). The evaluation of relative differences of PCR product
amounts among the treatment groups was carried out by the Ct
method, using GAPDH as an internal control. The primer
sequences of CLDN8 were: forward, 50-TCTGCAGTAGGA-
CATAGAAACCCCTAA-30; and reverse, 50-CGTTTAGG
GGTTTCTATGTCCTACTGC-30.

Luciferase assay. Luciferase reporter constructs containing
the CLDN8 promoter region with ARE and ARE mutation
were generated using pGL3 promoter plasmid (Promega, Madi-
son, WI, USA). Cells were plated in 24-well culture plates at a
density of 30 000 cells/well in phenol red-free medium con-
taining 5% charcoal-stripped serum. Cells were transfected
with plasmids using X-tremeGene HP DNA Transfection
Reagent (Roche Applied Science) and, 24 h later, were treated
with DHT or vehicle (0.1% ethanol) for 24 h. Luciferase activ-
ity was determined by the Dual Luciferase Assay Kit (Pro-
mega) according to the manufacturer’s instructions. A Renilla
luciferase reporter Tk-pRL was co-transfected as a control for
evaluating transfection efficiency.

Electrophoresis mobility shift assay. LNCaP cells were incu-
bated with DHT (100 nM) or vehicle in 15-cm dishes for 48 h.
Nuclear extracts were collected by Hypotonic Buffer(20 mM

HEPES [pH 7.9], 10 mM KCl, 1 mM EDTA, 1 mM EGTA,
0.65% NP-40, and 1 mM DTT) and RIPA buffer (25 mM Tris–
HCl [pH 7.6], 150 mM NaCl, 1.0% NP-40, 1.0% sodium deoxy-
cholate, and 0.1% SDS). Oligonucleotides were synthesized for
ARE (1 and 2) and ARE mutation. The oligonucleotide
sequences for CLDN8 ARE and CLDN8 ARE mutations were:
CLDN8 ARE1, TCTGCAGTAGGACATAGAAACCCTAAA;
CLDN8 ARE1 mutation, TCTGCAGTAGGAAATAGAAA
CACTAAA; CLDN8 ARE2, TAAACGCAAGACAATTT
GAACTTTCTT; and CLDN8 ARE2 mutation, TAAACGCAAG
AAAATTTTAACTTTCTT. Electrophoresis mobility shift assay
was carried out using the DIG Gel Shift Kit, 2nd Generation

(Roche Applied Science), according to the manufacturer’s
instructions.

Cell proliferation assay. A total of 3000 cells were seeded in
96-well plates and cultured in RPMI supplemented with 10%
FBS. The MTS assay was carried out using cell titer reagent
(Promega) according to the manufacturer’s instructions. Each
time point was undertaken in quadruplicate, and each experi-
ment was carried out at least three times.

Cell migration assay. The cell migration assay was carried out
using the Cell Culture Insert with an 8.0-lm pore size PET fil-
ter (BD Biosciences, Billerica, MA, USA). Before the assay,
the lower surface of the filter was immersed for 30 min in
10 lg/mL fibronectin (Sigma) diluted with PBS. RPMI-1640
medium containing 10% FBS was added to the lower chamber.
Subsequently, the same number of cells per well were sus-
pended in RPMI-1640 medium containing 10% FBS and added
to the upper chamber. After incubation for 24 h at 37°C in a
humid 5% CO2 atmosphere, the cells on the upper surface of
the filter were completely removed by wiping with cotton
swabs. The cells on the lower surface of the filter were fixed in
methanol for 30 min, washed with PBS, and then incubated
with Giemsa solution (Muto Pure Chemicals, Tokyo, Japan) for
30 s. The cells on the lower surface were counted in at least
five fields at a magnification of 9200 under a microscope.

Small interfering RNA. We purchased negative control siRNA
(Sigma) and siRNAs targeting CLDN8 from Sigma Genosys
Japan (Tokyo, Japan). These two siRNA sequences were:
siCLDN8 #1, 50-GCCAUCCUUGGCAUGAAAUGCACCA-30;
and siCLDN8 #2, 50-UGGAGAGUGUCGGCCUUCAUU
GAAA-30. Cells were transfected with RNA using RNAi MAX
(Life Technologies, Waltham, MA, USA) 48–72 h before each
experiment.

Immunohistochemistry. Immunohistochemical analysis was
carried out using the streptavidin–biotin amplification method
using a peroxidase catalyzed signal amplification system
(Dako, Santa Clara, CA, USA). Catalyzed signal amplification
was carried out according to the manufacturer’s instructions.
The tissue sections were deparaffinized and pretreated by heat-
ing in a microwave oven for antigen retrieval. After blocking
the endogenous peroxidase with 0.3% H2O2, the sections were
incubated in 10% BSA for 30 min. Application of the anti-
CLDN8 antibody was followed by sequential 60-min incuba-
tion. The antigen–antibody complexes were visualized with
DAB solution. Immunohistochemical assessment was evaluated
for the proportion of positive cells to total cells (score 0, none;
score 1, <1/100; score 2, 1/100 to 1/10; score 3, 1/10 to 1/3;
score 4, 1/3 to 2/3; and score 5, >2/3) and the staining inten-
sity (score 0, none; score 1, weak; score 2, moderate; score 3,
strong) of positively stained cells. The total scores of
immunoreactivity (0–8) were obtained as the sum of the pro-
portion of positively stained cells and the stained intensity val-
ues. A total score of 7 or more was evaluated as high
immunoreactivity, and 6 or less was evaluated low immunore-
activity. We obtained 13 prostate cancer tissue samples, which
included benign regions, from biopsies undertaken at Itabashi
Hospital, Nihon University (Tokyo, Japan). The study was
approved by the ethics committee of Nihon University, and
written informed consent was obtained from each patient.

Immunocytochemistry. Twelve-millimeter circular coverslips
(Matsunami, Tokyo, Japan) in 24-well plates were used for
plating cells. After incubation with 4% paraformaldehyde in
PBS for 10 min at room temperature, cells were permeabilized
with 0.5% Triton X-100/PBS for 5 min. After cells were
washed in PBS, blocking with 5% normal goat serum/PBS was
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carried out for 30 min. Cells were reacted with rabbit poly-
clonal anti-CLDN8 antibody and mouse monoclonal anti-Flag
M2 antibody (Sigma) in 5% normal goat serum/PBS at 4°C
overnight. After washing three times with PBS, cells were
reacted with anti-mouse IgG with Alexa Fluor 546 and anti-
rabbit IgG with Alexa Fluor 488 (Thermo Fisher Scientific,
Waltham, MA, USA) in goat serum/PBS for 1 h. Cells were
washed three times with PBS. Nuclei were counterstained with
DAPI. Coverslips were mounted in 10% glycerol. Cells were
visualized using an Olympus confocal laser microscope FV10.
For phalloidin staining (Acti-stain 488 phalloidin; Cytosleleton,
Denver, CO, USA), we treated cells with phalloidin (100 nM)
for 30 min according to the manufacturer’s protocol. We
observed the slide after DAPI staining as described above.

Western blot analysis. Cells were lysed with NP-40 lysis buf-
fer (150 mM NaCl, 1% NP40, and 50 mM Tris–HCl [pH 8.0])
for immunoblotting. Western blot analysis was carried out as
described.(20,23)

Statistical analysis. Statistical differences between the results
of each group and its corresponding control were evaluated
using one-way ANOVA with a Bonferroni post hoc test, Stu-
dent’s t-test, or Wilcoxon’s signed rank test. A P-value < 0.05
was considered to be statistically significant. Statistical proce-
dures were undertaken using GraphPad Prism 5 software
(GraphPad Software, La Jolla, CA, USA) or Excel (Microsoft,
Redmond, WA, USA).

Results

Androgen-regulated CLDN8 identified by ChIP-seq analysis. We
previously screened global AR direct target genes using ChIP-
seq analysis in two AR-positive prostate cancer cells, LNCaP
and VCaP.(32) In the promoter region of the CLDN8 gene, we
identified strong AR bindings and the peak point is located
approximately 154 bp 50-upstream relative to the TSS of
CLDN8 in both cell lines (Fig. 1). In addition, in the distal
enhancer region, several AR binding peaks could be found,
suggesting multiple AR binding regions cooperate to regulate
CLDN8 gene expression.
Next, to examine whether this AR binding region functions

to enhance transcription dependent on AR, we cloned the
ARBS genomic region (!2042 to +500 bp relative to TSS) to
luciferase vector (pGL3-basic vector) and undertook a reporter
assay (Fig. 2a). By luciferase reporter assay, we observed the
transcriptional activation by androgen in the cells transfected
with CLDN8-ARBS luciferase vector (Fig. 2b). These results
indicate the transcriptional induction of CLDN8 by AR bind-
ing in the promoter region.

Transcription of CLDN8 is activated by two important AREs
dependent on AR. We found the genomic fragment of the
CLDN8 promoter region contains two ARE-like sequences. Two
fragments of CLDN8-ARBS with mutation in the ARE
sequences were cloned into pGL3 vector (CLDN8 Mut-Luc #1
and #2) (Fig. 2a). Luciferase activity was evaluated using
LNCaP cells transfected with these reporter vectors in the
absence or presence of DHT treatment for 24 h. In the cells
transfected with CLDN8-Luc construct, we observed increased
transcriptional activity by DHT, whereas in the cells with both
CLDN8 Mut-Luc #1 and #2 constructs we could not (Fig. 2c).
To validate whether this ARE-dependent transcriptional activa-
tion is related to AR association with the ARE sequence, we
undertook EMSA using CLDN8 AREs (ARE#1 and #2) and two
CLDN8 ARE mutation oligonucleotides (Mut ARE#1 and #2).
In this EMSA with LNCaP cell nuclear lysates, we observed that

the CLDN8 ARE sequence (Fig. 2d) forms a complex with pro-
tein in the nuclear lysate androgen-dependently, and this com-
plex formation is inhibited by the competitor (unlabeled)
oligonucleotides. Moreover, Mut AREs did not form androgen-
dependent complexes. These results suggest the importance of
ARE sequences associating with AR to activate transcription.

CLDN8 mRNA is overexpressed in prostate cancer cells. Next,
we investigated the transcriptional regulation of CLDN8 mRNA
levels by androgen and expression in prostate cancer tissues.
We found that CLDN8 mRNA expression was upregulated by
DHT relative to vehicle control time-dependently. These phe-
nomena were inhibited by treatment with anti-androgenic agent,
bicalutamide (Fig. 2e), suggesting this induction is dependent
on AR. We then analyzed CLDN8 expression in prostate cancer
tissues using the Oncomine database of genome-wide expres-
sion profiles of clinical cancer samples (www.oncomine.org) .
In 11 analyses, CLDN8 expression was significantly overex-
pressed in prostate cancer tissues compared with benign tissues.
In none of the analyses in this database was underexpression in
cancers relative to normal tissues observed (Fig. 3a). Moreover,
we carried out immunohistochemical analyses of prostate can-
cer specimens using anti-CLDN8 antibody. Claudin 8 was sig-
nificantly expressed in cancerous tissues compared with normal
tissues (P = 0.0039) (Fig. 3b). These results indicate that
CLDN8 expression is significantly upregulated by AR in pros-
tate cancer and may be involved in the development of cancer.

Claudin 8 functionally promotes prostate cancer cell prolifera-
tion and migration of LNCaP cells. For further analyses, we

Fig. 1. Androgen receptor (AR) binds to the promoter region of
CLDN8 on chromosome (Chr) 21. Identification of AR binding site
(ARBS) in the vicinity of CLDN8 on chromosome 21. LNCaP or VCaP
prostate cancer cells were treated with 10 nM dihydrotestosterone.
ChIP was carried out using AR and histone H3 lysine (K4) antibody for
ChIP-seq analysis.(32) Genomic view of ChIP-seq results in the
CLDN8 gene location is shown using Integrative Genomics Viewer ver-
sion 2.3. Arrows indicate the direction of transcription. Signal ratios
(ChIP/input) are shown on the right.

© 2017 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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established two LNCaP clones stably overexpressing CLDN8
(CLDN8 #1 and #2) (Fig. 4a). We first carried out cell migra-
tion assays to show that the migration of stably CLDN8-

overexpressing cells is enhanced compared with control cells
(Fig. 4b). In addition, the MTS assay showed that CLDN8-
overexpressing cells show a higher cell proliferation rate than

Fig. 2. Androgen-mediated transcriptional
activation dependent on androgen response
element (ARE) sequences. (a) We constructed
luciferase reporter plasmids containing the CLDN8
promoter region. A genomic fragment of CLDN8
promoter region containing two ARE sequences
and the fragment with mutation in each ARE
sequence as shown were cloned into pGL3-vector.
We designated them as CLDN8-Luc and CLDN8 Mut-
Luc #1 and #2. (b) LNCaP prostate cancer cells were
transfected with luciferase vector. Cells were
treated with vehicle or 100 nM dihydrotestosterone
(DHT) for 24 h (n = 3). MMTV luciferase reporter
gene containing ARE sequences was used as a
positive control. pGL3-vector was used as a
negative control. Bar = SD. ***P < 0.001, compared
with vehicle. (c) Luciferase activity of two ARE
sequences in the CLDN8 promoter region is
enhanced by DHT. LNCaP cells were transfected
with each luciferase vector. Cells were treated with
vehicle or 100 nM DHT for 24 h (n = 3).
***P < 0.001, compared with CLDN8-Luc with DHT
treatment. (d) Androgen receptor binds to ARE
sequences. LNCaP cells were treated with 100 nM

DHT or vehicle for 24 h. Nuclear extracts were used
for EMSA. We used the ARE sequences located at
the peaks from ChIP-seq analysis and their mutated
sequences. Unlabeled oligonucleotides were used as
competitors. (e) CLDN8 mRNA is induced by DHT
and repressed by bicalutamide. Left, cells were
treated with 100 nM DHT for the indicated time.
Right, cells were treated with 100 nM DHT. After
12 h of incubation, cells were treated with 1 or
5 lM bicalutamide for 24 h. Expression level of
CLDN8 mRNA was measured by quantitative RT-
PCR. Results are presented as mean and SD.
***P < 0.001, compared with DHT.

Fig. 3. CLDN8 mRNA is induced by androgen and
overexpressed in clinical prostate cancer tissues. (a)
Representative analysis of CLDN8 mRNA expression
in prostate cancer using the Oncomine database.
CLDN8 mRNA levels were increased in prostate
cancer tissue compared to normal prostate tissue.
Bar = log2 median-centered ratio in benign tissue
versus cancer datasets, Oncomine database. (b)
Immunohistochemistry of CLDN8 in prostate cancer
tissues. Left, summary of cases with high or low
CLDN8 expression in both benign and cancerous
(Pca) regions. Representative view of CLDN8 protein
expression in benign regions (middle panel) and
cancerous regions (right panel).
Immunohistochemistry was carried out with anti-
CLDN8 antibody (n = 13). P -value obtained by
Wilcoxon signed rank test. Bar = 50 lm.
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control cells (Fig. 4c). These results revealed that CLDN8 pro-
motes cell migration and proliferation in prostate cancer cells.
Furthermore, we examined the functions of CLDN8 by

silencing endogenous CLDN8 expression using siRNA. We
designed two siRNAs and confirmed that both siRNAs target-
ing CLDN8 reduced the level of endogenous CLDN8 expres-
sion compared with that of control siRNA-transfected cells
(Fig. 5a). Cell migration assays showed that the number of
invaded cells was significantly decreased in LNCaP cells trea-
ted with siCLDN8 compared to those with siControl (Fig. 5b).

We also examined the impact on the growth ability of prostate
cancer cells by inhibiting CLDN8. The MTS assay showed
that knockdown of CLDN8 significantly repressed cell prolifer-
ation (Fig. 5c). These results indicate that CLDN8 may be a
new prostate cancer treatment target.

Claudin 8 regulates intracellular signal transduction and
cytoskeleton stability. We further analyzed the mechanism of
CLDN8 action in pro-proliferative and migration stimulatory
effects. Through a PDZ-binding motif at their C-terminus,
CLDNs directly bind to PDZ domain-containing peripheral
membrane proteins such as ZO-1, -2, and -3. Furthermore, the
C-terminals of ZO1 have a binding affinity to actin filaments
to function as cross-linkers between CLDNs and F-actin.(33)

We speculate that CLDN8 expression in prostate cancer is
required for both the formation of tight junction and cell cyto-
plasmic actin formation. Therefore, we explored whether
CLDN8 is involved in actin distribution or cell shape by
immunofluorescence and analyzed the localization of CLDN8.

Fig. 4. Overexpression of CLDN8 promotes proliferation and migra-
tion. (a) LNCaP prostate cancer cells were transfected with pcDNA3-
CLDN8 or control vector. We established two clones of LNCaP cells
that stably expressed CLDN8 and control clones. Quantitative RT-PCR
was carried out by the Ct method. GAPDH was used as an internal
control. (b) Overexpression of CLDN8 promotes cell migration. A total
of 3000 cells were seeded in a cell culture insert. Migrated cells were
stained with Giemsa. The number of cells in five representative fields
was counted and quantified. Bar = SD. *P < 0.05, compared with vec-
tor controls. (c) CLDN8-overexpressing cells show a higher cell prolifer-
ation rate than control cells. Cell proliferation assay was carried out in
LNCaP cells stably expressing CLDN8 or vector controls by MTS assay.
Bar = SD. *P < 0.05, compared with vector controls.

Fig. 5. Knockdown of CLDN8 reduces growth and migration of
LNCaP prostate cancer cells. (a) Verification of the effect of siRNAs tar-
geting CLDN8 in LNCaP cells. Cells were transfected with control siRNA
(siControl) or siRNAs targeting CLDN8 (siCLDN8 #1 and #2). After 48 h
of incubation, quantitative RT-PCR analysis was undertaken. Results
are presented as the mean and SD. ***P < 0.001, compared with
siControl. (b) Knockdown of CLDN8 inhibits cell migration of prostate
cancer cells. A total of 5000 cells were seeded in a cell culture insert.
Migration assay was carried out in LNCaP cells. Bar = SD. ***P < 0.001,
compared with siControl. (c) Knockdown of CLDN8 cells repress cell
proliferation. LNCaP cells were transfected with siControl or siCLDN8
#1 or #2. MTS assay was carried out to analyze cell proliferation.
Bar = SD. ***P < 0.001, compared with siControl.
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To analyze the specificity of CLDN8 antibody, we overex-
pressed Flag-tagged CLDN8 and transfected with LNCaP cells
to detect exogenous CLDN8 protein. We observed CLDN8
staining in the cell membrane with Flag and CLDN8 without
non-specific staining in other cells (Fig. 6a). We also observed
weak endogenous CLDN8 protein signals in the cell membrane
by CLDN8 antibody (Fig. 6b). Flag-tagged CLDN8 could be
detected by anti-Flag antibody and this band disappeared fol-
lowing siCLDN8 treatment, suggesting the specificity of
siCLDN8 #1 and #2 (Fig. 6c). We then analyzed cell shape by
phalloidin staining, which binds to F-actin filaments. In this
analysis, F-actin was stained densely, particularly in the cell
surface regions of cell–cell connections. However, knockdown
of CLDN8 reduced actin staining and cell–cell adhesion, sug-
gesting the important role of CLDN8 in the formation of tight
junction in prostate cancer cells. In addition, cell shape was
impaired and more rounded types of cells were observed
(Fig. 6d).
Downstream signals of CLDN8 were also investigated. It is

well known that activation of the CLDN family is associated
with the MAPK pathway.(34) In addition, a recent study has
shown reduction of CLDN5, 7, and 18 showed sustained phos-
phorylated Akt and promoted cell proliferation.(35) We then
hypothesized that Akt or MAPK activation is the downstream
target of CLDN8. We treated LNCaP cells with epidermal
growth factor (EGF) and analyzed the downstream activation
of Akt and ERK phosphorylations. Using Western blot analy-
sis, we found that knockdown of CLDN8 inhibits phosphoryla-
tion of both Akt and ERK, indicating the role of CLDN8 in
these downstream signaling (Fig. 6e). Taken together, we con-
sider that both cell shape formation by organizing actin fila-
ment and cell adhesion and intracellular signal transduction,
such as Akt and MAPK, were modulated by CLDN8 upregula-
tion with androgen treatment (Fig. 6f).

Discussion

Our study showed that CLDN8 is an androgen-regulated gene
in AR-positive prostate cancer cells. Furthermore, the present
study indicated that CLDN8 has two functional AREs in an
ARBS located in the promoter region, upstream of the TSS.
Following DHT stimulation, AR certainly binds to this region
and induces transcriptional activity of CLDN8 . In the previous
study of AR ChIP-seq in another cell line (PC3) transfected
with exogenous AR,(27) CLDN8 was also identified as the AR
direct target. The results are in line with the experimental find-
ings obtained in LNCaP cells in our study, validating the
AR-dependent regulation of CLDN8 in prostate cancer.
As the first evidence, we showed that CLDN8 functionally

promotes prostate cancer cell proliferation and migration in
prostate cancer cells. This result was validated by knockdown
of endogenous CLDN8 in LNCaP cells and observed reduced
cell growth and repressed cell migration by CLDN8 silencing.
These phenomena indicated that CLDN8 could be a new thera-
peutic target gene because CLDN8 was dramatically upregu-
lated in human prostate cancer tissues in several clinical
cohorts, including ours. Claudin proteins are four transmem-
brane protein components of tight junction strands.(36) Tight
junctions are mainly constituted of claudins, occludins, and
junction adhesion molecules.(37) Tight junctions create barriers
to some mediators, molecules, solutes, ions, and cytokines. A
limitation of our study is the lack of appropriate antibodies to
detect endogenous CLDN8 protein by Western blotting,
although the antibody we used in immunocytochemistry could
detect overexpressed Flag-CLDN8 specifically in LNCaP cells.
The members of the CLDN superfamily have been identified

as CLDN1–27 in several mammals.(38) The CLDNs are
reported to be aberrantly expressed in several tumors. Both
CLDN3 and CLDN4 are especially overexpressed in primary

Fig. 6. Knockdown of CLDN8 inhibited the
stability of the cytoskeleton in LNCaP cells and
collapsed tight junctions. (a) Overexpressed Flag-
CLDN8 was detected by anti-CLDN8 antibody. Cells
were transfected with Flag-CLDN8 plasmid. After
48 h of incubation, immunocytochemical analysis
was undertaken with anti-Flag and anti-CLDN8
antibody. Bar = 10 lm. (b) Analysis of localization
of endogenous CLDN8 in LNCaP cells detected by
anti-CLDN8 antibody. Bar = 10 lm. (c) Verification
of the effect of siRNAs targeting CLDN8 in LNCaP
cells. Cells were transfected with Flag-CLDN8
plasmid. Next day, control siRNA (siControl) or
siRNAs targeting CLDN8 (siCLDN8 #1 and #2) were
transfected. After 48 h, Western blot analysis was
carried out to detect Flag-CLDN8 expression by
anti-Flag antibody. IB, immunoblot. (d) Confocal
microscopic changes in F-actin cytoskeleton
organization in LNCaP cells. Cells were treated with
siControl or siCLDN8 #1 or #2 for 72 h. Arrows
indicate the collapse of tight junctions and cell
adhesions. Bar = 10 lm. (e) Knockdown of CLDN8
inhibits protein kinase B (Akt) and MAPK activation
in LNCaP cells. Cells were treated with 10 ng/mL
epidermal growth factor (EGF) for 10 min. Western
blot analysis was undertaken to detect
phosphorylated (p-)Akt (Ser473), p-ERK1/2, and
total Akt and ERK1/2. (f) Summary of CLDN8
function in prostate cancer cells. CLDN8 is involved
in cytoskeleton organization by regulating tight
junction stability. In the cellular signal transduction,
CLDN8 positively regulates Akt and MAPK
phosphorylation pathways to promote cell
proliferation or migration.
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human prostate cancer tissues and are associated with cell pro-
liferation.(39) In particularly, CLDN4-targeted therapy using
Clostridium perfringens enterotoxin affected antitumor forma-
tion by inducing cytotoxicity.(40) These results suggest the pos-
sibility of a new cancer therapy targeting CLDN
molecules.(41,42)

Mechanistically, CLDNs have a short cytoplasmic N-termi-
nus, two extracellular loops, and a C-terminal cytoplasmic
domain,(43) forming tight junction strands and thus play a role
as the backbone of the tight junction. The first extracellular
loop, in which there is a wide variation in the position and
number of charged amino acids depending on each CLDN, are
the major determinant of the paracellular charge and size
selectivity by modulating paracellular channels for selective
ions between neighboring cells.(43) The C-terminal cytoplasmic
tail of CLDNs is required for their stability and downstream
targeting. The PDZ-binding motif at their C-terminus binds to
PDZ domain-containing proteins ZO-1, -2, and -3, which link
between CLDNs and F-actin.(33)

In this study, we showed that CLDN8 is involved in actin
filament distribution and cell shape by modulating cell adhe-
sion. Moreover, inhibition of CLDN8 inactivated Akt and
ERK1/2 phosphorylation, indicating both signals were targets
of CLDN8. Thus, our findings indicate that CLDN8 modulates
the intracellular phosphorylation pathway and cell shape with
tight junction formation required for cell proliferation and
migration. However, the precise mechanism that links Akt and
CLDN8 should be investigated in the future. Interestingly,
Meng et al.(26) reported that CLDN8 transcripts were signifi-
cantly decreased following castration, and decreasing CLDN8
results in collapse of the tight junction barrier. Loss of the
tight junction barrier leads to loss of immune privilege, and
induces inflammation and autoimmune response. It is well
known that inflammatory response and immune mechanisms
are closely involved in cancer development and progression.
This androgen-dependent barrier of tight junction systems
composed by CLDN8 may maintain cellular homeostasis and
cytoskeleton organization.
In summary, we identified a novel regulatory mechanism of

CLDN8 by AR. Increased CLDN8 expression promoted

prostate cancer cell proliferation and migration. Furthermore,
siRNA targeting CLDN8 significantly decreased cell growth
and migration. These results suggest that CLDN8 plays a criti-
cal role in prostate cancer progression. In addition, CLDN8
could have the efficacy to be a new therapeutic target. Further
studies investigating CLDN8 molecular function would con-
tribute to the understanding of prostate cancer biology.
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Long-chain acyl-coenzyme A (CoA) synthetase 3 (ACSL3) is an androgen-respon-
sive gene involved in the generation of fatty acyl-CoA esters. ACSL3 is expressed
in both androgen-sensitive and castration-resistant prostate cancer (CRPC). How-
ever, its role in prostate cancer remains elusive. We overexpressed ACSL3 in
androgen-dependent LNCaP cells and examined the downstream effectors of
ACSL3. Furthermore, we examined the role of ACSL3 in the androgen metabolism
of prostate cancer. ACSL3 overexpression led to upregulation of several genes
such as aldo-keto reductase 1C3 (AKR1C3) involved in steroidogenesis, which uti-
lizes adrenal androgen dehydroepiandrosterone sulfate (DHEAS) as substrate,
and downregulated androgen-inactivating enzyme UDP-glucuronosyltransferase
2 (UGT2B). Exposure to DHEAS significantly increased testosterone levels and cell
proliferative response in ACSL3-overexpressing cells when compared to that in
control cells. A public database showed that ACSL3 level was higher in CRPC than
in hormone-sensitive prostate cancer. CRPC cells showed an increased expression
of ACSL3 and an expression pattern of AKR1C3 and UGT2B similar to ACSL3-over-
expressing cells. DHEAS stimulation significantly promoted the proliferation of
CRPC cells when compared to that of LNCaP cells. These findings suggest that
ACSL3 contributes to the growth of CRPC through intratumoral steroidogenesis
(i.e. promoting androgen synthesis from DHEAS and preventing the catabolism
of active androgens).

P rostate cancer is the most hormone-dependent malignant
tumor in men. The androgen and androgen receptor (AR)

signaling pathways play a pivotal role in prostate cancer biol-
ogy. Androgen deprivation therapy (ADT) is the standard treat-
ment for prostate cancer. However, most prostate cancers will
invariably relapse as castration-resistant prostate cancers
(CRPC) after ADT.(1) Notably, AR signaling is still active
after ADT and functions as a driving force for CRPC.(2)

Androgens stimulate the expression of over 20 enzymes
involved in lipogenesis.(3–5) De novo lipogenic enzymes are
overexpressed in prostate cancer by AR signaling and other
oncogenic pathways. Increased lipogenesis contributes to cell
survival and oncogenic transformation in prostate cancer.(3,6–
11) Long-chain acyl-CoA synthetases (ACSL) catalyze the con-
version of free long-chain fatty acids into acyl-CoA esters.
Physiologically, ACSL-mediated acyl-CoA exert diverse cellu-
lar functions, including the regulation of energy and lipid
metabolism and signal transduction.(12–15) ACSL3 is highly
expressed in human lung cancer and is required for survival
and the oncogenic capacity of mutant KRAS lung cancer
cells.(16) ACSL3 suppression impairs tumorigenesis of lung
cancer cells in vivo,(16) and triacsin C, an inhibitor of ACSL1,

3 and 4, induces apoptotic death in lung, colon and brain can-
cer cells in vitro and in vivo.(17) ACSL3 is an androgen-
responsive enzyme and is abundantly expressed in normal
prostate tissue and cancer.(18,19) Although the precise mecha-
nism remains unclear, ACSL3 contributes to CRPC progres-
sion through enhancing intratumoral steroidogenesis.(20)

Intratumoral steroidogenesis is one of the mechanisms
underlying the development of CRPC and leads to AR signal-
ing reactivation.(2,20–28) To date, three major pathways have
been proposed to explain the mechanism of intratumoral
steroidogenesis in CRPC: de novo androgenesis from choles-
terol, dihydrotestosterone (DHT) synthesis from cholesterol by
bypassing testosterone, and conversion of adrenal androgen to
testosterone and DHT.(21,29,30) The last pathway has been sug-
gested to function as the major mechanism for the acquisition
of androgens in prostate cancer after ADT.(27) The circulating
weak adrenal androgen, dehydroepiandrosterone sulfate
(DHEAS), is incorporated by members of the solute carrier
organic anion transporter family, including SLCO1B3 and
SLCO2B1, and is cleaved into DHEA by steroid sulfatase
(STS). DHEA is then metabolized into androgens by several
steroidogenic enzymes such as 3b-hydroxysteroid
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dehydrogenase (HSD) 3B, aldo-keto reductase family member
(AKR) 1C3 and steroid 5a-reductase (SRD5A). Excess intra-
cellular androgen is glucuronide-conjugated and inactivated by
UDP-glucuronosyltransferases (UGT) 2B15 and UGT2B17,
and released into the circulation.
In this manuscript, we show that ACSL3 contributes to intra-

tumoral steroidogenesis by modulating the steroidogenic genes
and to the growth of CRPC. Our data provides the rationale
for a new therapeutic strategy for CRPC.

Materials and Methods

Cell culture and reagents. The AR-positive LNCaP, and AR-
negative DU145 and PC3 prostate cancer cell lines were purchased
from the American Type Culture Collection (ATCC; Manassas,
VA, USA). Castration-resistant derivatives of LNCaP cells
(LTAD) were previously established after long-term androgen
deprivation in our laboratory.(31,32) Short tandem repeat (STR)
analysis was performed to authenticate the cell lines used in the
present study.(31) We performed all studies within 30 passages.
LNCaP cells and DU145 or PC3 cells were grown in Roswell Park
Memorial Institute Medium 1640 or DMEM, respectively, supple-
mented with 10% heat-inactivated FBS and 1% penicillin/strepto-
mycin (both from GIBCO-BRL, Grand Island, NY, USA) in a 5%
CO2 atmosphere at 37°C. Charcoal-stripped FBS was purchased
from Invitrogen (Carlsbad, CA, USA). G418 (Geneticin) was
obtained from GIBCO-BRL (Carlsbad, CA, USA). Cells were
stimulated with DHT (Wako, Osaka, Japan), DHEA or DHEAS
(both from Sigma, St-Louis, MO, USA).

Vector construction and transfection. An N-terminal FLAG-
tagged ACSL3 construct was generated by amplifying the cod-
ing sequence of human ACSL3 by PCR. This fragment was
subcloned into pcDNA3.1(!)/Myc-His B (Invitrogen) with the
FLAG epitope (DYKDDDDK) (pcDNA3.1-FLAG-ACSL3).
Increases in ACSL3 expression were confirmed by real-time
PCR or immunoblotting. To generate LNCaP and DU145 cells
stably overexpressing ACSL3 or vector-control, LNCaP and
DU145 cells were transfected with pcDNA3.1-FLAG-ACSL3
or pcDNA3.1-FLAG, respectively, using the FuGENE HD
transfection reagent (Roche Applied Science, Basel, Switzer-
land). Transfected cells were selected by their ability to grow
in medium containing 400 lg/mL G418, and the two isogenic
cell lines were generated.

RNA interference. ACSL3 knockdown was performed with
two different Stealth siRNA (HSS103535 and HSS176683)
(Invitrogen), and the data shown are from one representative
experiment with ACSL3 siRNA HSS103535, unless otherwise
noted. A negative control siRNA (Invitrogen) was used as a
control. Transfection was performed using Lipofectamine
RNAiMAX (Invitrogen) according to the manufacturer’s proto-
col. The cells were analyzed 72 h after transfection.

Real-time PCR. Total RNA was extracted using ISOGEN
reagent (Nippon Gene, Tokyo, Japan). First-strand cDNA was
generated from total RNA, using SuperScript II Reverse Tran-
scriptase (Invitrogen). Quantitative reverse transcription-PCR
was performed for each sample, using the KAPA SYBR Fast
qPCR Kit (Kapa Biosystems, Woburn, MA, USA) with gene-
specific primers on a StepOnePlus Real-Time PCR system
(Applied Biosystems, Foster city, CA, USA). The relative
amounts of mRNA were calculated following the comparative
CT method, after normalization to b-actin levels. The
sequences of the PCR primers are listed in Table S1. All reac-
tions were performed at least in duplicate. Data are presented
as mean " SD.

Cell proliferation assays. Cells were suspended in charcoal-
stripped FBS with 100 lM DHEAS, as described previ-
ously(33) and seeded in 96-well microplates (5 9 102 cells/
well). Cell proliferation was evaluated using Cell Count
Reagent SF (Nacalai Tesque, Kyoto, Japan).

Cell lysis and immunoblotting. For total cell lysis, the cells
were washed twice with ice-cold PBS and dissolved in Nonidet
P-40 (NP-40) buffer containing 50 mmol/L Tris-HCl (pH 7.5),
150 mmol/L NaCl, 0.5% NP-40, and protease and phosphatase
inhibitors (Nacalai Tesque). The protein concentration of each
lysate was determined using a protein assay reagent kit
(BioRad, Hercules, CA, USA). After sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, the proteins were trans-
ferred to polyvinylidene fluoride membranes (Millipore, Bed-
ford, MA, USA). The membranes were then blocked for
20 min in blocking buffer (Nacalai Tesque) and probed over-
night with primary antibodies for UGT2B (H-300; detection of
UGT2B family members and UGT2A1), KLK3, AR (all from
Santa-Cruz, Biotechnology, Santa Cruz, CA, USA), ACSL3,
AKR1C3, FLAG and b-actin (all from Sigma). After extensive
washing, bound antibodies were visualized using HRP-conju-
gated secondary antibodies and the signal was enhanced by
chemiluminescence (ECL; GE Healthcare, Tokyo, Japan).

Immunofluorescence and lipid staining. Cells were fixed with
4% paraformaldehyde, and lipids were stained using the BOD-
IPY 493/503 lipid probe (Invitrogen). 40,60-DAPI (Invitrogen)
was used for nuclear counterstaining. For immunofluorescence,
after treatment with 0.2% Triton X-100, the cells were blocked
with Protein Block (Dako Cytomation, Carpinteria, CA, USA)
for 10 min at room temperature and then incubated with anti-
ACSL3, anti-FLAG (both from Sigma), anti-calnexin or anti-
COX 4 (3E11; Alexa Fluor 594 conjugate; both from Cell Sig-
naling, Beverly, MA, USA) antibody at 4°C overnight. Cells
were incubated with fluorescein isothiocyanate-conjugated sec-
ondary antibodies (Dako Cytomation) followed by counter-
staining with DAPI. Fluorescence images were obtained using
a confocal laser-scanning microscope, FluoView FV10i (Olym-
pus, Tokyo, Japan).

Immunohistochemistry. Formalin-fixed, paraffin-embedded
prostate cancer tissue microarrays (TMA) were purchased from
Biochain (cat #Z7020091, lot# B507107, Hayward, CA, USA).
Each TMA contains 14 prostate cancer and 8 non-cancerous
lesions in duplicate. Data regarding the tumor grades and clini-
cal stages, which were based on the World Health Organiza-
tion (WHO) recommendations and the TNM system, were
obtained. Immunohistochemistry was performed on these TMA
as described previously,(34,35) using primary antibodies for
ACSL3, AKR1C3 and UGT2B.

Measurement of androgen levels. Cells were cultured in reg-
ular medium in the presence or absence of 100 lM DHEAS or
100 nM DHEA for 24 h, and then harvested together with the
culture medium. Concentrations of testosterone and DHT were
measured by liquid chromatography/electrospray tandem mass
spectrometry (LC-MS/MS; ASKA Pharma Medical, Kawasaki,
Japan), as described previously.(36) Briefly, a suspension com-
posed of a mixture of cells and cultured medium was homoge-
nized using an Ultra-Turrax homogenizer. As internal
standards, 400 pg of 13C3-T and 100 pg of 13C3-DHT were
added to the homogenized suspensions. Steroids were then
extracted using 3 mL of ethyl acetate. The concentration was
standardized by sample weight (pg/g). The lower limit of
quantification was 1 pg/assay for both DHT and testosterone.

Measurement of acyl-CoA and acyl-carnitine levels. Total
lipids from cells were extracted according to a modified Folch
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method, using chloroform/methanol/water (1/2/0.2; v/v/v).(37)

Reversed-phase LC separation was achieved using an
ACQUITY UPLC HSS T3 column (2.1 9 50 mm i.d., Waters
Corporation, Milford, MA, USA) at 45°C. The mobile phase
was prepared by mixing solvents (A) acetonitrile/methanol/wa-
ter (1/1/3; v/v/v) containing 5 mM ammonium formate and (B)
isopropanol containing 5 mM ammonium formate, and the
required composition was produced by mixing these solvents.
The mobile phase was pumped at a flow rate of 300 lL/min.
Acyl-CoA and acyl-carnitine measurements were performed by
multiple reaction monitoring in the positive ion mode, using a
5500 QTRAP mass spectrometer (AB SCIEX, Foster City,
CA, USA) with an Agilent 1290 Infinity LC system (Agilent
Technologies, Loveland, CO, USA).

Statistical analysis. Two-tailed t-test with unequal variance
was performed for continuous variables. Fold changes of
mRNA expression relative to the vehicle control were analyzed
by one-way ANOVA with Dunnett’s post-test. All statistical anal-
yses were performed using JMP for Mac version 10.0.0 (SAS,
Cary, NC, USA). For all analyses, P < 0.05 was considered
statistically significant.

Results

ACSL3 is overexpressed in prostate cancer and is an androgen-
responsive gene. To examine which type of cancer predomi-
nantly expresses ACSL3, tissue distribution of ACSL3 was
assessed using the Oncomine database. ACSL3 expression
was significantly higher in prostate cancer (median; 4.426)
than in other types of malignancies (P = 5.42E-19, fold
change = 2.711; Fig. 1a). Furthermore, ACSL3 expression
was significantly higher in prostate cancer (median; 0.791)
than in the prostate gland (median; 0.161) (P = 1.68E-6, fold
change = 1.502) in several studies (Fig. 1b and Fig. S1a and
S1b). In our immunohistochemistry analysis, ACSL3-positive
staining pattern was cytoplasmic dot-like (Fig. 1c, middle
panel), and was commonly observed in perinuclear regions
of cancer cells (Fig. 1c, lower panel), whereas normal pro-
static epithelium presented very low levels (Fig. 1c, upper
panel). To precisely determine the subcellular localization of
ACSL3, co-immunofluorescence staining for ACSL3 and
markers for the endoplasmic reticulum (ER; calnexin) or
mitochondria (COX-4) was performed in LNCaP cells.
ACSL3 co-localized with both ER (Fig. 1d, upper panels)
and mitochondrial markers (Fig. 1d, middle panels). As
described in the next section, we generated FLAG-tagged
ACSL3-overexpressing LNCaP cells, and exogenous ACSL3
protein was detected using both anti-FLAG and anti-ACSL3
antibodies (Fig. S1c). Lipids in ACSL3-LNCaP cells were
stained with BODIPY, and the results revealed that ACSL3
was also localized on the surface of lipid droplets (Fig. 1d,
lower panels). These results were in agreement with previous
studies.(38)

To determine the expression levels of ACSL isozymes in
prostate cancer cell lines, the mRNA levels of the ACSL iso-
zymes were measured in androgen-dependent LNCaP cells and
androgen-independent DU145 and PC3 cells. We observed that
the ACSL1 and ACSL3 isozymes were dominant in LNCaP
cells, whereas ACSL3 and ACSL4 were dominant in DU145
and PC3 cells. Only the ACSL3 isozyme was responsive to
DHT in LNCaP cells (Fig. 1e), which was in agreement with
previous reports.(3,18,39,40)

Collectively, these results indicate that ACSL3 is a unique
androgen-responsive ACSL isozyme overexpressed in prostate

cancer and localized at the ER, mitochondria and the lipid dro-
plet surface.

ACSL3 overexpression enhances long-chain acyl-CoA produc-
tion. To explore the role of ACSL3 in prostate cancer, we gen-
erated ACSL3-overexpressing LNCaP cells. ACSL3
overexpression was confirmed at the mRNA level by real-time
PCR (Fig. 2a), and at the protein level by immunoblotting
using both anti-FLAG and anti-ACSL3 antibodies (Fig. 2b).
Next, to confirm whether the exogenous ACSL3 is functional,
we measured the acyl-CoA level by mass spectrometry. Specif-
ically, ACSL3 overexpression increased the levels of saturated
or unsaturated C12-C20 fatty acyl-CoA (Fig. 2c). Total acyl-
CoA levels were significantly increased by ACSL3 overexpres-
sion (Fig. 2c, smaller bar graph). In addition, the levels of
acyl-carnitines, which are more stable derivatives than acyl-
CoA, were also increased by ACSL3 overexpression (data not
shown). This indicates that overexpressed ACSL3 is actually
functional and modulates lipid metabolism in LNCaP cells.

ACSL3 overexpression modulates gene expression and pro-
motes testosterone production and cell growth by adrenal andro-
gens. Lipogenic enzymes are involved in intratumoral
steroidogenesis and contribute to CRPC develop-
ment.(20,23,24,41) Therefore, we investigated whether ACSL3
influences intratumoral steroidogenesis. Intriguingly, compared
to that in LNCaP-vector cells, ACSL3 overexpression signifi-
cantly upregulated several steroidogenesis-related genes,
including SLCO1B3, which encodes an uptake transporter of
DHEAS, and AKR1C3 and HSD3B1, both of which encode
enzymes involved in testosterone synthesis (Fig. 3a and
Fig. S2). Meanwhile, ACSL3 overexpression significantly
reduced the expression of SRD5A1, UGT2B15 and UGT2B17
(Fig. 3a and Fig. S2). Upregulation of AKR1C3 and downreg-
ulation of UGT2B by ACSL3 overexpression were also con-
firmed by immunoblotting (Fig. 3c), and a similar relationship
between ACSL3 and AKR1C3 or UGT2B was observed by
immunohistochemistry (Fig. S3). The androgen-responsive
KLK3 protein level was increased without remarkable change
in the AR level (Fig. 3b), suggesting that ACSL3-mediated
AR reactivation is regulated by a post-translational mechanism.
To confirm that ACSL3 regulates the expression of these
genes, we knocked down ACSL3 in LNCaP cells to confirm
that ACSL3 regulates the expression of these genes. AKR1C3
expression was significantly decreased by ACSL3 knockdown,
whereas the expression of both SRD5A1 and UGT2B15 was
significantly increased by ACSL3 knockdown (Fig. 3c). The
gene involved in de novo androgenesis utilizing cholesterol,
such as steroidogenic acute regulatory protein (STAR) and a
cytochrome P-450 family member (CYP11A1), was either
downregulated or remained unchanged (Fig. S4). This suggests
that ACSL3 drives intratumoral steroidogenesis, but not
through cholesterol anabolism. In addition, ACSL3 overexpres-
sion in the AR-negative cell line, DU145, did not affect the
expression of these genes (data not shown). LNCaP cells
exhibited resistance to tunicamycin, an ER stress inducer,
whereas DU145 cells were sensitive to it (Fig. S5a). ACSL3
overexpression conferred resistance to tunicamycin in DU145
cells (Fig. S5b). These findings suggest that ACSL3 may
enhance ER function to confer a survival advantage to cancer
cells, and may drive steroidogenesis in the presence of the
functional AR signaling.
To address whether ACSL3 drives androgen synthesis

through DHEAS, the intracellular testosterone and DHT levels
were compared between LNCaP-vector and LNCaP-ACSL3
cells in the presence or absence of exogenous DHEAS.
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Although testosterone or DHT levels were undetectable in the
absence of DHEAS in both LNCaP-vector and LNCaP-ACSL3
cells, DHEAS stimulation significantly enhanced the produc-
tion of testicular androgen, in particular testosterone, in the
LNCaP-ACSL3 cells relative to that in LNCaP-vector cells
(Fig. 3d).
To assess the effect of DHEAS on cell proliferation, we

compared the growth of LNCaP-vector and LNCaP-ACSL3
cells in the presence or absence of DHEAS. In the absence of
DHEAS, there was no significant difference in proliferation
between LNCaP-vector and LNCaP-ACSL3 cells. However, in
the presence of DHEAS, proliferation of LNCaP-ACSL3 cells
was significantly promoted compared to that of LNCaP-vector
cells (Fig. 3e). Similar results were obtained using DHEA
stimulation instead of DHEAS (data not shown).
These findings suggest that ACSL3 promotes intratumoral

steroidogenesis, utilizing adrenal androgens, DHEAS and
DHEA, and contributes to cancer cell growth.

Expression of steroidogenic genes in castration-resistant pros-
tate cancer cells is similar to that in ACSL3 overexpressing-cells,
and cell growth is promoted by dehydroepiandrosterone sul-
fate. To examine whether ACSL3 is involved in CRPC,
ACSL3 mRNA level in hormone sensitive or na€ıve prostate
cancer and CRPC was assessed using the Oncomine database.
Comprehensive gene expression analysis showed that ACSL3
mRNA level was higher in CRPC than in hormone-sensitive or
na€ıve prostate cancer (Fig. 4a and Fig. S6).(42–44) Next, we
measured the endogenous ACSL levels in both LNCaP and
castration-resistant LTAD cells. ACSL3 was the most abundant
ACSL isozyme in LTAD cells under conditions of androgen
depletion, whereas ACSL3 expression was low in LNCaP cells
under the same conditions (Fig. 4b). Similar to that in ACSL3-
overexpressing cells, the expression levels of SLCO2B1,
SLCO1B3, STS, HSD3B1 and AKR1C3 were higher in LTAD
cells than in parental LNCaP cells, whereas the expression
levels of SRD5A1, UGT2B15 and UGT2B17 were signifi-
cantly lower in LTAD cells than in parental LNCaP cells
(Fig. 4c). In addition, LTAD cells grew significantly faster
than LNCaP cells in the presence of DHEAS (Fig. 4d).
Collectively, these data suggest that ACSL3 contributes to

intratumoral steroidogenesis by stimulating androgen synthesis,
utilizing DHEAS and suppressing androgen inactivation
(Fig. 4e).

Discussion

ACSL3 is overexpressed in both androgen sensitive prostate
cancer and castration-resistant prostate cancer. A previous study
demonstrated that the ACSL3 level is lower in prostate cancer
than in normal tissue.(45) However, a recent meta-analysis
revealed that ACSL3 mRNA levels as well as those of other
lipogenic enzymes were higher in prostate cancer than in

normal prostate tissue.(46) ACSL3 expression is decreased after
ADT in prostate cancer.(20) However, ACSL3 expression
increases again during CRPC progression.(20) This phe-
nomenon is also observed in other lipogenic enzymes and their
transcriptional factors, such as fatty acid synthase (FASN) and
sterol regulatory element-binding protein (SREBP), respec-
tively.(6,47) The expression of these molecules is associated
with prostate cancer aggressiveness.(11,47,48) Thus, ACSL3
could be a useful biological marker of prostate cancer progres-
sion in a clinical setting. ACSL3 immunohistochemical detec-
tion on biopsy specimens could provide information on the
efficacy of ADT. Circulating tumor cells (CTC) are rare cancer
cells that have been shed from primary or metastatic tumors,
and CTC burden is a useful biomarker of treatment response
and overall survival in patients with CRPC.(49) Because AR
expression in CTC is associated with a worse outcome in
patients with CRPC,(50) ACSL3 expression in CTC could also
predict and monitor the progression to CRPC.
Collectively, ACSL3 expression is increased in both hor-

mone-sensitive and refractory prostate cancer and may be uti-
lized as a biomarker for the detection of CRPC.

ACSL3 regulates genes are involved in intratumoral steroidoge-
nesis and contributes to cell growth of castration-resistant pros-
tate cancer. Our study showed that ACSL3 is involved in
intratumoral steroidogenesis in LNCaP cells, but not in DU145
cells. Because DU145 cells express neither AR nor
HSD3B1,(51) the latter of which is the essential enzyme to cat-
alyze both DHEA to androstenedione and androstenediol to
testosterone (Fig. 4e), DU145 cells per se cannot generate ster-
oids. ACSL3 overexpression upregulated the expression of
SLCO1B3, HSD3B1 and AKR1C3, whereas it downregulated
the expression of SRD5A1, UGT2B15 and UGT2B17. A num-
ber of studies support this alteration of gene expression in
aggressive prostate cancer. The levels of DHEAS transporters,
SLCO2B1 and SLCO1B3, are increased in metastatic sites of
prostate cancer, and their polymorphism is associated with
clinical outcome.(52) Testosterone-synthesizing enzymes,
HSD3B1 and AKR1C3, are highly expressed in CRPC.(25,26,28)

The activity of the DHT-synthesizing enzyme, SRD5A, is con-
sistently depressed in lymph node metastasis and primary pros-
tate cancer.(53) Androgen-inactivating enzymes, UGT2B15 and
UGT2B17, are major determinants of AR response in LNCaP
cells, and both reduce the intracellular active androgen.(54,55)

Because ACSL3 overexpression induced the upregulation of
AKR1C3 and downregulation of SRD5A1, ACSL3 overexpres-
sion enhances testosterone production rather than DHT. Intra-
tumoral testosterone levels are higher at metastatic sites than
at primary sites, whereas DHT levels are markedly decreased
in metastatic sites.(2,26,56,57) Moreover, it has been suggested
that testosterone is more crucial than DHT in CRPC.(27,58) Our
data highlighted the significance of testosterone in metastatic
CRPC.

Fig. 1. Long-chain acyl-coenzyme A (CoA) synthetase 3 (ACSL3) is overexpressed in prostate cancer. (a) ACSL3 mRNA expression levels in various
organs were obtained from Bittner Multi-cancer study in the Oncomine database (1911 samples). Statistical analysis was performed by t-test
(P = 5.42E-19, fold-change = 2.711). (b) ACSL3 mRNA levels in the prostate gland (n = 41) and in prostate cancer (n = 62) were obtained from
the study of Lapointe in Oncomine. Statistical analysis was performed by t-test (P = 1.68E-6, fold-change = 1.502). (c) Representative picture of
ACSL3 immunostaining in the prostate gland (upper panel) and in prostate cancer (middle panel). Higher magnification of the indicated area
focused on an ACSL3 immunostaining (lower panel). (d) Upper and middle panels: LNCaP cells were fixed and treated with anti-ACSL3 and anti-
calnexin (endoplasmic reticulum marker; upper panels), or with anti-ACSL3 and anti-COX 4 (mitochondrial marker; middle panels). Lower panels:
LNCaP-ACSL3 cells were treated with anti-FLAG antibody and stained with BODIPY 493/503 for lipids detection (green, BODIPY 493/503; red,
FLAG; and blue, DAPI). Nuclei were stained by DAPI. Immunofluorescence staining was analyzed by confocal microscopy. Scale bar, 10 lm. (e)
mRNA levels of endogenous ACSL isozymes quantified by real-time PCR in LNCaP cells in charcoal-stripped FBS with or without dihydrotestos-
terone, and in DU145 and PC3 cells in regular medium. The data were normalized to that of b-actin, which was used as an internal control. The
asterisk (*) indicates P < 0.05.
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New hormonal agents, abiraterone and enzalutamide, demon-
strated a survival advantage in patients with CRPC. However,
prolonged treatment with abiraterone or enzalutamide induces
intratumoral steroidogenesis due to several mechanisms like
CYP17A1 upregulation,(59,60) the induction of AR and AR
splicing variants,(60) and AKR1C3 activation.(61) Thus, the use
of such new agents against prostate cancer with ACSL3 over-
expression warrants further investigation. We recently reported

that ACSL3 is the major target of the complex between AR
and the AR-interacting partner, Oct1, and that Oct1 inhibition
downregulated ACSL3 expression and impaired CRPC cell
growth.(62) Thus, ACSL3 could be a therapeutic target of
CRPC.
Our data suggest that ACSL3 stimulates intratumoral

steroidogenesis; it preferably utilizes adrenal androgen rather
than cholesterol for androgen synthesis (Fig. 4e). ACSL3
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expression may be upregulated in CRPC cells, allowing them
to grow under low-androgen conditions.

Possible mechanisms of the regulation of steroidogenic genes
by ACSL3. The most significant change in expression in
ACSL3-overexpressing LNCaP cells and CRPC cells was the
upregulation of AKR1C3 and downregulation of UGT2B. The
mechanism underlying this change remains elusive. However,
two molecules may be involved in this change: protein kinase
C (PKC) and hepatocyte nuclear factor-4a (HNF4A). ACSL3-
mediated acyl-CoA bind to acyl-CoA binding protein (ACBP),
which directly regulates a metabolic transcriptional factor,
HNF4A.(12,13) Saturated acyl-CoAs stimulate the transcriptional
activity of HNF4A, whereas unsaturated acyl-CoAs inhibit
it.(14,15,63,64) Thus, HNF4A negatively and positively regulates
target genes, including AKR1C4,(65) UGT2B family,(66) and
other steroidogenic genes such as the SLCO and HSD fam-
ily.(67) We observed that HNF4A overexpression upregulated
AKR1C3 expression and downregulated UGT2B17 expression
in LNCaP cells (data not shown), suggesting that HNF4A can
be a downstream target of ACSL3-mediated acyl-CoA. PKC is
directly or indirectly activated by acyl-CoA(13) and can phos-
phorylate AR at serine 578, leading to AR reactivation.(68,69)

Activation of AR downregulates UGT2B15 and 17 expres-
sion.(70,71) PKC also phosphorylates nuclear factor erythroid-2
related factor 2 (Nrf2), which drives AKR1C3 expression
through binding to an anti-oxidant responsive element.(72,73) In
addition to the gene regulation mediated by acyl-CoA, intracel-
lular acyl-CoA function as detergents in microsomes, and the
high level of acyl-CoA inhibits UGT2B activity.(13,74,75) Alto-
gether, ACSL3-mediated alteration of these steroidogenic
genes may contribute to intratumoral steroidogenesis.

However, the current study was performed using a limited
number of cell lines and the mode of action of acyl-CoA
remains unclear. Confirmation of this hypothesis awaits further
study.
In conclusion, our studies reveal a novel function of andro-

gen-responsive ACSL3 in prostate cancer. The results provide
new insights into the molecular link between increased
de novo lipogenesis and intratumoral steroidogenesis in pros-
tate cancer. Taking into account this positive feedback loop,
ACSL3 might be a novel target for the development of new
treatment strategies for CRPC.
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Although long non-coding RNAs (lncRNAs) have been associated with a variety
of cancers, the interplay between lncRNAs and androgen receptor signaling in
prostate cancer is still unclear. We identified an androgen-dependent lncRNA,
POTEF-AS1 , whose expression was regulated by androgen receptor in two andro-
gen-dependent cells by using directional RNA sequencing analysis. POTEF-AS1
promoted cell growth, repressed genes related to the Toll-like receptor signaling
and apoptosis pathways, and inhibited apoptosis in docetaxel-treated LNCaP
cells. These findings suggest that POTEF-AS1 would play a key role in the pro-
gression of prostate cancer by repressing Toll-like receptor signaling.

L ong non-coding RNAs (lncRNAs) are RNA transcripts that
are more than 200 nt long but have little protein-coding

potential. Evidence suggests that ncRNAs have essential roles
in tumorigenesis and that aberrant expression of lncRNAs in
prostate cancer is associated with disease progression.(1)

Androgen receptor (AR) and its downstream signaling have
a crucial role in the development and progression of both
localized and advanced metastatic prostate cancer.(2–4)

Although high-risk localized prostate cancer is treated with
androgen deprivation therapies in addition to surgery and
radiotherapy, many prostate cancers inevitably escape from
androgen dependence, leading to castration-resistant prostate
cancer (CRPC).(5) Past studies have revealed that elevated AR
expression,(2) activation of AR transcription,(6) and expression
of AR variants(7) were observed in the progression to CRPC,
suggesting the importance of identifying AR downstream sig-
nals and new molecular mechanisms for AR activation to
improve the treatment of CRPC.
In a previous study, we analyzed the global AR transcrip-

tional network by mapping genome-wide transcriptional start
sites regulated by androgen and AR binding sites.(8) We

showed the functional role of an lncRNA located at the anti-
sense (AS) region of the C-terminal binding protein 1
(CTBP1) gene, CTBP1-AS, in promoting castration-resistant
prostate tumor growth by regulating epigenetically cancer-
associated genes.(9) We undertook further comprehensive
study using directional RNA sequencing (RNA-Seq) analysis
in two AR-positive prostate cancer cell lines and CRPC
model cell lines.(10) Then, we found another AR-targeted
lncRNA located at the AS region of suppressor of cytokine
signaling 2 (SOCS2), SOCS2-AS1. SOCS2-AS1 is upregulated
in CRPC model cells. It promotes androgen signaling by reg-
ulating epigenetic function of AR and inhibits apoptosis
induced by docetaxel. These studies revealed the importance
of androgen-regulated AS lncRNAs for prostate cancer pro-
gression.
In the present study, we focused on lncRNAs located in the

AS regions of genes from the NCBI Reference Sequence Data-
base (RefSeq; https://www.ncbi.nlm.nih.gov/refseq/). We then
found another androgen-regulated lncRNA transcribed from
the AS strand of prostate, ovary, testis expressed protein fam-
ily member-F (POTEF) gene and we named it POTEF-AS1.
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POTEF belongs to the POTE gene family, which is primate-
specific and includes 13 paralogs dispersed among eight chro-
mosomes.(11) The POTE proteins were considered to be can-
cer-testis antigens, because they were expressed in many
cancers, but are restricted to only a few normal tissues in the
reproductive system. (12,13) Recently, some studies have sug-
gested a role POTEF in cancer. Mutational data of breast can-
cer patients was analyzed to predict the probability of patient
survival, and POTEF was found among the top driver onco-
genic genes, with a mutation prevalence of over 5%.(14) In
another study, POTEF was identified as a binding partner of
Ricinus communis agglutinin I, which may play a critical role
in triple-negative breast cancer metastasis.(15) In the present
study, we found that POTEF-AS1 was higher in CRPC model
cells compared with parental cells, promoted cell growth, and
repressed several genes related to the Toll-like receptor (TLR)
signaling pathway and associated cytokines, including TLR3,
chemokine (C-X-C motif) ligand 10 (CXCL10) and tumor
necrosis factor (ligand) superfamily, member 10 (TNFSF10).
Our findings suggest that androgen-induced POTEF-AS1 would
play an important role in the progression of prostate cancer by
modulating TLR signaling.

Materials and Methods

Cell lines and reagents. LNCaP and VCaP cells were grown
in RPMI and DMEM, respectively, supplemented with 10%
FBS. Long-term androgen deprived (LTAD) cells were grown
in phenol red-free RPMI medium supplemented with 10%
charcoal–dextran-stripped FBS. For androgen deprivation, cells
were cultured for 3 days in phenol red-free RPMI medium
(Nacalai Tesque, Kyoto, Japan) with 2.5% charcoal–dextran-
stripped FBS. All the cells were maintained at 37°C in 10%
O2 and 5% CO2. LNCaP cells were obtained from ATCC
(Manassas, VA, USA). Short tandem repeat analysis was car-
ried out for the authentication of the cell line. Expression pat-
terns of AR and its variants were checked to verify the
prostate cancer cell lines. Cells were checked for mycoplasma
contamination using a Mycoplasma Detection Kit (JENA Bio-
science, Jena, Germany). 5a-Dihydrotestosterone (DHT) and
bicalutamide were purchased from Sigma (St. Louis, MO,
USA).

Clinical samples. We prepared RNA samples obtained by surg-
eries performed at the University of Tokyo Hospital (Tokyo,
Japan). The Tokyo University ethics committee approved this
study (No. G10044-(2)), and informed consent was obtained
from each patient before surgery. We collected both prostate
cancer tissues and benign prostate tissues from 10 patients by
laser capture microdissection as described previously.(9,16)

RNA sequencing data. RNA sequencing data has been
described(10) and is available in the NCBI’s Gene Expression
Omnibus database (GSE82225; https://www.ncbi.nlm.nih.gov/
geo/). We calculated sequence tag distributions in the AS
regions of RefSeq genes. Gene expression was determined as
the number of reads per kilobase of exon model per million
mapped reads. Integrative Genomics Viewer version 2.2,
(http://igv.org/) was used for visualization.

Quantitative RT-PCR. The RNeasy Kit (Qiagen, Cambridge,
Massachusetts) was used for total RNA isolation. First-strand
cDNA was generated using PrimeScript RT reagent kit
(TaKaRa, Kyoto, Japan). Expression levels were quantified by
quantitative PCR using KAPA SYBR FAST ABI Prism 2X
qPCR Master Mix and ABI StepOne system (Life Technolo-
gies, Cambridge, Massachusetts). Relative mRNA levels were

determined by normalization to GAPDH mRNA level. Primers
used are listed in Table S1.

50/30 Rapid amplification of cDNA ends. The 50/30 RACE was
carried out using a 50/30 RACE kit (Roche Molecular Bio-
chemicals, Sandhofer Strasse, Germany) according to the man-
ufacturer’s instructions. Briefly, cDNA was synthesized using
RNA (2 lg) extracted from LTAD cells treated with 10 nM
DHT for 72 h. First-strand cDNA was generated using Prime-
Script RT reagent kit (TaKaRa). The PCR amplifications were
carried out with specific primers whose locations were deter-
mined by predicting the transcription start site and transcrip-
tion termination sites referring to the RNA-Seq result
(Fig. S1).

siRNA transfection. siRNAs (siPOTEF-AS1 #1 and #2) were
designed using siDirect version 2.0 and purchased from Sigma
Genosys (Redwood City, CA). Cells were transfected with siR-
NAs using Lipofectamine RNAiMax transfection reagent
(Thermo Fisher Scientific, Waltham, MA) at a final concentra-
tion of 20 nM, according to the manufacturer’s protocol.
POTEF-AS1 siRNA sequences are listed in Table S1.

Cell proliferation assay. Cells were cultured in 96-well plates
(2 9 103 cells) the previous day of siRNA transfection. Cell
viability was assessed at different time points using CellTiter 96
AQueous One Solution Cell Proliferation Assay kit (Promega).
Plates were incubated at 37°C for 50–90 min and optical den-
sity was measured at 490 nm using a microplate spectropho-
tometer (Benchmark Plus; Bio-Rad, Richmond, CA, USA).

Microarray analysis. For expression microarrays, a GeneChip
Human Exon 1.0 ST Array (Affymetrix, Santa Clara, CA,
USA) was used according to the manufacturer’s protocol as
described.(9,10) Data analysis was undertaken using the Affy-
metrix Microarray Suite software (Santa Clara, CA). To com-
pare arrays, normalization was performed on data from all
probe sets. GO term and Pathway analysis was carried out
using DAVID.(17) These data are available in the Gene Expres-
sion Omnibus database (GSE92355).

Detection of apoptosis. LNCaP cells (5 9 104) were reverse
transfected with siPOTEF-AS1 (#1 or #2) or si-negative con-
trol and suspended on poly-L-lysine-coated slides placed in
each well of a 24-well plate. After 24 h, cells were treated
with 1 nM docetaxel and cultured for 24–48 h. The TUNEL
assay was carried out using the DeadEnd Fluorometric TUNEL
System (Promega). Briefly, slides were fixed with 4%
paraformaldehyde, permeabilized with 0.2% Triton-X, equili-
brated with buffer, and stained with the reaction mix. The
reaction was stopped with 29 SSC and cells were stained with
1 mg/mL DAPI. Slides were mounted onto glass slides and
positively stained cells were counted with a Fluoview (FV10i)
microscope (Olympus, Tokyo, Japan).

Statistical analysis. Statistical differences (P-values) among
groups were obtained using a two-sided Student’s t-test. All
experiments were carried out at least twice. Cell proliferation
assay was carried out in triplicate. P-values < 0.05 were con-
sidered to be statistically significant. Statistical procedures
were undertaken using Excel (Microsoft, Redmond, WA).

Results

POTEF-AS1 is an androgen-induced lncRNA highly expressed in
CRPC cells. To investigate the relationship between androgen
and the expression of novel lncRNA in prostate cancer, AR-
positive prostate cancer cell lines, LNCaP and VCaP, and their
corresponding castration-resistant cell lines, LTAD and VCaP-
LTAD cell lines,(9) respectively, were treated with 10 nM
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DHT, DHT plus anti-androgen bicalutamide, or DHT plus
siRNA targeting AR (siAR). After 24 h, total RNAs were
extracted for RNA sequencing analysis as described in the pre-
vious study.(10) In the present study, the enrichments of
sequence tags in the AS region of RefSeq genes were calcu-
lated and identified these transcripts as lncRNAs. The
lncRNAs that were upregulated more than 1.5-fold by DHT
treatment, and repressed to <0.75-fold by bicalutamide and
siAR treatment, were identified in both LNCaP and VCaP cell
lines. Ten transcripts were common in both cell lines which
represented lncRNAs transcribed from five different genes
(Fig. 1a,b).
Next, we used quantitative RT-PCR (qRT-PCR) to analyze

the expression of five lncRNAs in both LNCaP and VCaP cell

lines and their corresponding castration-resistant model cell
lines, LTAD and VCaP-LTAD. Out of the five lncRNAs, only
POTEF-AS1 was significantly upregulated in LTAD cells com-
pared to LNCaP cells in the presence of DHT, but not in the
absence of it (Fig. 1c) and highly expressed in VCaP-LTAD
compared to parental VCaP cell line in the presence and
absence of DHT (Fig. 1d). In addition, while its expression
was repressed after 48 h of androgen treatment in LNCaP
cells, it was further induced even after 72 h of androgen stim-
ulation in LTAD cells, showing a different pattern of induction
in CRPC model cells compared to hormone-na€ıve prostate can-
cer cells (Fig. S2a). Interestingly, expression of the sense-
strand gene, POTEF, was significantly lower than POTEF-
AS1, although its induction pattern by androgen in both cell

Fig. 1. Analysis of androgen-induced long non-
coding RNAs in prostate cancer. (a) Venn diagram
showing the number of antisense transcripts of
Reference Sequence (RefSeq) genes detected by
RNA sequencing analysis in prostate cancer cells. (b)
Summary of antisense transcripts regulated by
androgen in the present study. (c, d) Quantitative
RT-PCR analysis of long non-coding RNAs induced
by androgen in LNCaP (c) and VCaP (d) cells (n = 3).
Cells were treated with 100 nM 5a-
dihydrotestosterone (DHT) or ethanol (Et) for 24 h.
RNA expression levels are presented relative to the
value of GAPDH as reference gene. Values
represent mean ! SD. *P < 0.05; **P < 0.01.

Fig. 2. POTEF-AS1 is regulated by androgen in
LNCAP cells. (a) RNA sequencing (RNA-Seq) and
ChIP sequencing (ChIP-Seq) analyses of POTEF-AS1
in LNCaP and VCaP cells treated with 10 nM 5a-
dihydrotestosterone (DHT) or ethanol (Et) for 24 h.
For ChIP-Seq data(18,19) of androgen receptor (AR),
signal ratios compared with input sample are
shown as peaks. (b, c) Quantitative RT-PCR analysis
of POTEF-AS1 levels following 1 lM bicalutamide
(Bic) or DMSO treatment and 10 nM siAR or
negative control siRNA (siNC) transfection,
following Et or 10 nM DHT treatment for 24 h in
LNCaP (b) and VCaP (c) cells (n = 3). AR knockdown
was also confirmed by quantitative RT-PCR analysis.
Values represent mean ! SD. *P < 0.05; **P < 0.01.
(d) POTEF-AS1 expression in clinical samples. P-value
was calculated by Mann–Whitney U -test.

Cancer Sci | March 2017 | vol. 108 | no. 3 | 375 © 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Misawa et al.



lines was similar to that of POTEF-AS1 (Fig. S1b). Thus,
among the five androgen-induced lncRNAs, we focused on
POTEF-AS1 which might be involved in CRPC.
Our previous ChIP-Seq analysis data(18,19) revealed a strong

AR binding site at the promoter region of POTEF-AS1
(Fig. 2a), suggesting that its expression is directly regulated by
AR. In order to validate that POTEF-AS1 is regulated by AR,
we treated LNCaP and VCaP cells with bicalutamide and then
with 10 nM DHT for 24 h. Cells pretreated with bicalutamide
showed lower POTEF-AS1 expression compared to those trea-
ted with vehicle (DMSO) (Fig. 2b,c). Similarly, LNCaP and
VCaP cells transfected with siAR before DHT treatment were
shown to express lower levels of POTEF-AS1 compared to
negative control siRNA (siNC)-transfected cells (Fig. 2b,c).
These experiments showed that POTEF-AS1 induction by
androgen is directly regulated by AR. Furthermore, analysis of
our clinical samples by qRT-PCR revealed that POTEF-AS1
expression is significantly higher in prostate cancer compared
to benign prostate hyperplasia (Fig. 2d). This result suggests
the importance of POTEF-AS1 expression in prostate cancer
development by AR.

POTEF-AS1 regulates the expression of apoptosis and TLR
signaling pathway-related genes. To investigate the role of
POTEF-AS1 in prostate cancer, we designed two siRNAs to
deplete its expression. In order to design these siRNAs, we
searched in Ensembl genome browser (http://asia.ensembl.org/)
and Gencode version 19(20) and Noncode version 4 (http://
www.noncode.org/) annotations of the transcription region of
POTEF-AS1. All of the databases showed a two-exon tran-
script expressed from the opposite strand of POTEF, but we
noticed that its second exon was significantly shorter than our
results obtained by direct RNA-Seq (Figs. 2a,S1). Thus, we
determined the transcription start site and the transcription ter-
mination site by 50/30 RACE. By this experiment, we found
that POTEF-AS1 was transcribed as at least two transcripts of
different lengths, one of 1.2 knt (chr2:130865222-130867939/
hg19) and the other of 1.6 knt (chr2:130865222-130868313/
hg19). Compared to the 578-nt transcript found in the Ensembl
genome browser (AC018804.3-001, ENST00000433507),
POTEF-AS1 was shown to be longer, in line with the results
from RNA-Seq. According to the results obtained by sequenc-
ing analysis, the siRNAs were designed at the second exon of
POTEF-AS1 (Fig. S1), and their knockdown efficiency was
assessed. LNCaP and LTAD cells cultured for 2 days in andro-
gen-deprived medium were transfected with 20 nM siPOTEF-
AS1 (#1, #2, and #3). After 24 h, cells were treated with
10 nM DHT for another 24 h. The qRT-PCR analysis showed
that knockdown efficiency of these siRNAs was approximately
20–50% or more in both cell lines (Figs. 3a,S3a). We then
examined whether POTEF-AS1 regulates POTEF expression
by cis-regulatory mechanism, however, knockdown of POTEF-
AS1 did not significantly affect POTEF mRNA expression in
these cell lines (Fig. S2c). Therefore, we next undertook
microarray analysis to investigate trans-regulatory effects of
POTEF-AS1 in LNCaP cells. We compared the gene expres-
sion profiles in LNCaP cells treated with siPOTEF-AS1 #1 or
siNC. We searched for genes that were downregulated to
<0.75-fold with DHT treatment compared to ethanol-treated
cells in siNC-transfected cells, whose expression was rescued
with siPOTEF-AS1 transfection in DHT-treated cells. Kyoto
Encyclopedia of Genes and Genomes pathway analysis
(Table S2) of these top 100 of these genes using the DAVID
bioinformatics platform(17) indicated an enrichment of genes
involved in the TLR signaling pathway (P = 4.4E-2) such as

TLR3, as well as genes involved in cytokine activity
(P = 1.3E-3) such as CXCL10, also known as IP-10, and
TNFSF10 also known as TRAIL. TLR3 and TNFSF10 expres-
sion was totally repressed in LTAD cells (Fig. 3b). The
expression of these genes increased in LNCaP cells treated
with siPOTEF-AS1 (Figs. 3c,S3b). We also observed de-

Fig. 3. POTEF-AS1 inhibits Toll-like receptor (TLR) signaling and
apoptosis-related genes. (a) Knockdown efficiency of POTEF-AS1 by
siRNA, analyzed by quantitative RT-PCR (n = 3) in LNCaP and LTAD
cells treated with 10 nM 5a-dihydrotestosterone (DHT) or ethanol (Et)
for 18 h. LNCaP and LTAD cells were transfected with 20 nM and
50 nM siRNA, respectively. The value of vehicle and negative control
siRNA (siNC)-treated cells was set to 1. (b) TLR3 and TNFSF10 mRNA
expressions analyzed by quantitative RT-PCR in LNCaP and LTAD cells
treated with Et or 10 nM DHT for 24 h. (c) TLR3 and TNFSF10 mRNA
expression in siPOTEF-AS1 or siNC-transfected LNCaP (20 nM siRNA)
cells for 24 h. Values represent mean ! SD. *P < 0.05; **P < 0.01.
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repression of these signals by siPOTEF-AS1 treatment
(Fig. S3c). These data suggest the role of POTEF-AS1 in
repressing TLR- and apoptosis-related genes in prostate can-
cer.

Knockdown of POTEF-AS1 inhibited prostate cancer cell
growth. It has been suggested that TLR3 signaling, CXCL10,
and TNFSF10 trigger apoptosis and growth arrest of prostate
cancer cells.(21,22) To examine whether POTEF-AS1 depletion
influences cell proliferation, we transfected these siRNAs into
LNCaP and LTAD cells precultured in androgen-deprived
medium for 2 days. Twenty-four hours after transfection, cells
were treated with 10 nM DHT or ethanol; the following day,
cell proliferation changes were measured by MTS cell prolifer-
ation assay. We found that POTEF-AS1 knockdown reduced
cell proliferation in both ethanol- and DHT-treated cells, sug-
gesting that POTEF-AS1 enhances prostate cancer cell growth
(Fig. 4a,b).

Knockdown of POTEF-AS1 promoted apoptosis in docetaxel-
treated prostate cancer cells. Next, to examine whether siPO-
TEF-AS1 triggers apoptosis, we carried out TUNEL assays in
LNCaP and LTAD cells transfected with 20 nM siPOTEF-AS1
or control siRNA and treated with 1 nM docetaxel for 24 or
48 h. Green fluorescence-stained cells, representing cells
undergoing apoptosis, were observed in siPOTEF-AS1 trans-
fected cells, whereas apoptotic cells were not significantly
observed in control cells (Fig. 4c,d), suggesting that POTEF-
AS1 inhibits apoptosis. Taken together, these data suggest that
POTEF-AS1 is involved in growth and survival of CRPC,
probably through TLR signaling and apoptosis pathways.

Discussion

Antisense transcripts, which were initially considered as tran-
scriptional noise, are increasingly being recognized as impor-
tant regulators of gene expression, including cancer.(23) Our
analysis indicated that POTEF-AS1 is an androgen-dependent
transcriptional regulator that affects the gene expression pro-
files in several pathways linked to TLR signaling and apopto-
sis, by targeting TLR3 and TNFSF10. Toll-like receptors are a
family of transmembrane receptors that mediate the production
of cytokines necessary for the development of effective immu-
nity, such as CXCL10.(24) The role of TLR3 in prostate cancer
is controversial. TLR3 mRNA has been detected in prostate
cancer, and high TLR3 expression level was significantly

associated with high probability of recurrence of prostate can-
cer.(25) In LNCaP cells, TLR3 activation by poly(I:C) treatment
upregulated several cytokines, including CXCL10, which may
result in suppression of tumor growth. A recent study in
human prostate cancer cells suggests that TLR3 signaling trig-
gers apoptosis and growth arrest of LNCaP cells partially
through the inactivation of the phosphatidylinositol 3-kinase/
protein kinase B pathway.(21) TNFSF10 is a cytokine that
belongs to a small subset of pro-apoptotic protein ligands in
the TNF superfamily and causes apoptosis primarily in tumor
cells by binding to certain death receptors.(26,27) Therefore, our
results suggest that POTEF-AS1 would inhibit apoptosis by
targeting TLR and apoptosis pathway-related gene expressions.
Further study to examine whether knockdown of these genes
can rescue the apoptosis in POTEF-AS1 knockdown cells is
intriguing to validate the importance of this pathway. More
importantly, de-repression of TLR3 and TNFSF10 by siPO-
TEF-AS1 in LTAD cells was not so evident as in LNCaP cells
in our qRT-PCR analysis (Fig. S3c), suggesting the possibility
that target pathways by POTEF-AS1 are different in CRPC
cells. We consider that microarray analysis in LTAD cells is
necessary to identify such specific signals in CRPC.
In a previous study, we reported that another androgen-regu-

lated lncRNA, SOCS2-AS1, also represses TNFSF10 and
expression of other apoptosis-related genes.(10) Our experimen-
tal results indicated that SOCS2-AS1 modulates AR epigenetic
activity by interacting with AR. In the microarray analysis, we
observed that androgen repression of TLR3 and TNFSF10 was
rescued with siPOTEF-AS1 transfection, which was confirmed
by qRT-PCR analysis. Although further analyses are required
to elucidate its precise mechanism to regulate gene expression
by POTEF-AS1, it is tempting to speculate that POTEF-AS1
may modulate AR activity in combination with SOCS2-AS1
because both TNFSF10 and TLR3 are androgen-regulated
genes. It is important to find the interacting partners of
lncRNA to analyze the molecular mechanism for gene regula-
tion because previous studies, including ours, have revealed
the functions of lncRNAs by showing the interacting proteins
or RNAs.(1,9)

We have used LTAD cells to investigate the biological char-
acteristics of CRPC. In our RNA-Seq study, POTEF-AS1 was
found to be regulated by AR in both LNCaP and VCaP sys-
tems. Although LNCaP cells was mainly used in this study,
further analysis in VCaP cells is necessary to investigate the

Fig. 4. POTEF-AS1 knockdown inhibits cell growth
and increases apoptosis. (a, b) Cell proliferation
(MTS) assay in LNCaP (a) and LTAD (b) cells
transfected with 20 nM siPOTEF-AS1 or negative
control siRNA (siNC) for indicated time points,
following 10 nM 5a-dihydrotestosterone treatment.
(c, d) DAPI (upper panels) and apoptotic cells
detected with 488-nm laser (lower panels) stained
siPOTEF-AS1 (#1 and #2) transfected LNCaP (c) and
LTAD (d) cells treated with 1 nM docetaxel for 24
or 48 h, respectively. Graph represents
quantification of apoptotic cells. Data represent the
average of three different views (n = 3). Values
represent mean ! SD. *P < 0.05; **P < 0.01.
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role of POTEF-AS1 in CRPC because POTEF-AS1 is upregu-
lated in VCaP-LTAD cells compared with parental VCaP cells,
as shown in Figure 1(c). In the LNCaP system, POTEF-AS1 is
upregulated in LTAD cells in the presence of DHT, not in its
absence. However, androgen responsiveness to DHT is
enhanced in LTAD cells, as shown in Figure S2. Upregulation
of gene expression in CRPC is also related with AR hypersen-
sitivity,(2,6) reflecting the important role of AR in CRPC. In
addition, in the absence of androgen by hormone therapy, low
doses of androgen production in intratumor tissues have been
described.(28) Thus, we speculate that the hypersensitivity of
AR to induce POTEF-AS1 by DHT is also important for
CRPC.
In the present study, we investigated AS lncRNAs putatively

induced by AR binding in two AR-positive prostate cancer
cells using directional RNA-Seq methods. POTEF-AS1 knock-
down upregulated genes related to TLR signaling and apopto-
sis pathways, such as TLR3 and TNFSF10, and inhibited cell
growth and apoptosis in docetaxel-treated cells. POTEF-AS1
could play a key role in the development of CRPC by

repressing apoptosis and the TLR signaling pathway and there-
fore it would provide a promising novel strategy for cancer
treatment.
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Fig. S1. Determination of 50- and 30-ends of POTEF-AS1 by the 50/30 RACE method. RNA extracted from LTAD cells treated with 10 nM 5a-
dihydrotestosterone (DHT) for 72 h was used as a template to synthesize cDNA. Short arrows indicate location of primers for RACE PCR amplifi-
cation. Long arrows indicate exon length of the transcribed products determined by sequencing. Short lines indicate location of siPOTEF-AS1 (#1,
#2).

Fig. S2. POTEF-AS1 is induced by androgen in LNCAP cells and is highly expressed in castration-resistant prostate cancer model LTAD cells. (a,
b) Time course analysis of POTEF-AS1 (a) and POTEF mRNA (b) expression levels after androgen (10 nM 5a-dihydrotestosterone, DHT) treat-
ment in LNCaP and LTAD cell lines determined by quantitative RT-PCR (qRT-PCR). (c) POTEF mRNA expression levels after 20 nM siPO-
TEF-AS1 transfection and DHT treatment for 18 h in LNCaP and LTAD cell lines determined by qRT-PCR. RNA expression levels are presented
relative to the value of GAPDH as reference gene. Values represent mean ! SD. *P < 0.05; **P < 0.01.

Fig. S3. Regulation of and tumor necrosis factor (ligand) superfamily, member 10 (TNFSF10) and Toll-like receptor 3 (TLR3) by POTEF-AS1 in
LNCaP and LTAD cells. (a) Knockdown efficiency of POTEF-AS1 by three siRNAs, analyzed by quantitative RT-PCR (n = 3) in LNCaP and
LTAD cells treated with 10 nM 5a-dihydrotestosterone (DHT) or ethanol (Et) for 24 h. Both cell lines were transfected with 20 nM siRNA. (b)
TLR3 and TNFSF10 mRNA expression in siPOTEF-AS1 or negative control siRNA (siNC)-transfected LNCaP (20 nM siRNA) cells for 24 h. (b)
TLR3 and TNFSF10 mRNA expressions in siPOTEF-AS1- or siNC-transfected LTAD (20 nM siRNA) cells for 24 h. Values represent
mean ! SD. *P < 0.05; **P < 0.01.

Table S1. Sequences of PCR primers and siRNAs.

Table S2. Kyoto Encyclopedia of Genes and Genomes pathway analysis of genes repressed with androgen treatment and induced by siPOTEF-
AS1 transfection.

Cancer Sci | March 2017 | vol. 108 | no. 3 | 379 © 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Misawa et al.



Unsolicited Review Article

Long non-coding RNAs and prostate cancer
Aya Misawa,1 Ken-ichi Takayama1,2 and Satoshi Inoue1,2,3

1Department of Anti-Aging Medicine, Graduate School of Medicine, The University of Tokyo, Tokyo; 2Department of Functional Biogerontology, Tokyo
Metropolitan Institute of Gerontology, Tokyo; 3Division of Gene Regulation and Signal Transduction, Research Center for Genomic Medicine, Saitama
Medical University, Saitama, Japan

Key words

Androgen, androgen receptor, castration resistant
prostate cancer, long non-coding RNA, prostate cancer

Correspondence

Satoshi Inoue, Department of Functional Biogerontology,
Tokyo Metropolitan Institute of Gerontology, 35-2 Sakae-
cho, Itabashi-ku, Tokyo 173-0015, Japan.
Tel: 81-3-3964-3241; Fax: 81-3-3579-4776;
E-mail: sinoue@tmig.or.jp

Funding Information
This work was supported by grants of P-DIRECT and
P-CREATE from Ministry of Education, Culture, Sports,
Science and Technology, Japan (SI); by grants (K.T. and
S.I.) from JSPS (numbers 15K15581, 15K15353), Japan; by
a grant from the Program for Promotion of Fundamental
Studies in Health Sciences from the National Institute of
Biomedical Innovation, Japan (S.I.); by Grants-in-Aid (S.I.)
from the Ministry of Health, Labor and Welfare, Japan;
and grants from the Terumo Foundation for Life Sciences
and Arts (K.T.) and the NOVARTIS Foundation for the
Promotion of Science, Japan (K.T.).

Received January 25, 2017; Revised August 7, 2017;
Accepted August 7, 2017

Cancer Sci 108 (2017) 2107–2114

doi: 10.1111/cas.13352

Long non-coding RNAs (lncRNAs) are RNA transcripts larger than 200 nucleotides
that do not code for proteins the aberrant expression of which has been docu-
mented in various types of cancer, including prostate cancer. Lack of appropriate
sensitive and specific biomarkers for prostate cancer has led to overdiagnosis and
overtreatment, making lncRNAs promising novel biomarkers as well as therapeu-
tic targets for the disease. The present review attempts to summarize the current
knowledge of lncRNA expression patterns and mechanisms in prostate cancer,
which contribute to carcinogenesis. In particular, we focused on lncRNAs regu-
lated by androgen receptor and expressed in castration-resistant prostate cancer.

N on-coding RNAs, which are RNA transcripts that do not
code for proteins, can be divided into two major groups:

small ncRNAs between 18 and 200 nt in length, and lncRNAs,
which are larger than 200 nt. miRNAs are evolutionally con-
served and single-stranded small non-protein coding transcripts
of approximately 18–22 nt that post-transcriptionally regulate
gene expression.(1) Aberrant expressions of miRNAs have been
well documented in most types of cancer.(2) Unlike miRNAs,
lncRNAs are able to fold into secondary and tertiary structures
by which they carry out their function(3) Several studies have
shown the importance of lncRNAs as modulators of key cellu-
lar processes not only in normal physiology(4,5) but also in dis-
eases such as cancer, including prostate cancer.(6–8) It is
assumed that many of these transcripts could serve as future
cancer biomarkers.(9)

Prostate cancer is one of the leading causes of cancer mor-
bidity and mortality in developed countries. It is currently
diagnosed based on the measurement of serum PSA, also
known as KLK3, and DRE. Treatment of localized prostate
cancer takes into account clinicopathological factors including

Gleason score, initial PSA level, patient’s age and clinical
tumor stage.(10) Active surveillance may be best for patients
with low-risk disease (i.e. Gleason score of 6 or less), whereas
men with high-risk disease (i.e. Gleason score >7, PSA levels
>20 ng/mL and clinical tumor stage >pT2c, i.e. tumor involv-
ing both prostate lobes) will instead benefit from radical
prostatectomy or radiotherapy.(11) AR and its downstream sig-
naling are fundamental for the development and progression of
both localized and advanced metastatic prostate cancer.(12)

Therefore, nowadays, the recommended therapy for locally
advanced prostate cancer consists of long-term ADT in combi-
nation with radiotherapy. ADT decreases circulating testos-
terone levels to a very low amount (<50 ng/mL), a condition
called chemical castration of men. However, some tumors will
become hormone refractory following ADT, featured by
increasing PSA levels in blood and upregulation of the AR in
cancer cells.(13,14) Over a period of 12–36 months, a disease
state called CRPC evolves in many patients. The ineffective-
ness of conventional ADT in these CRPC is a result of activa-
tion of AR and its downstream pathways.(14) Past studies have
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revealed that elevated AR expression,(15) enhanced AR activ-
ity(16) and development of AR variants(17) are observed in the
progression of CRPC. Therefore, identification of AR down-
stream signals and new molecular mechanisms for AR activa-
tion are important to improve the treatment of advanced
prostate cancer.
LncRNAs are aberrantly expressed in a variety of human

diseases, contributing to pathogenesis or maintaining diseased
conditions.(8) Aberrantly expressed lncRNAs can be indicative
of certain stages of cancer progression, and may predict early
progression or efficiently sustain tumor-related signaling path-
ways.(8) Thus, lncRNAs have the potential to be applicable for
the diagnosis of prostate cancer, as well as being potential cri-
teria in the choice of therapy and potential new therapeutic tar-
gets of CRPC. The present review attempts to summarize the
current knowledge of lncRNA expression patterns in prostate
cancer and the mechanisms that contribute to prostate carcino-
genesis focusing on AR-regulated lncRNAs and lncRNAs
expressed in CRPC (Fig. 1).

LncRNAs and Prostate Cancer

LncRNAs as biomarkers in prostate cancer. PCA3 is one of the
most specific prostate cancer biomarkers, which was originally
discovered in 1999 by differential display analysis of prostate
tissues and cell lines.(18) Its expression was shown to be
60–100-fold higher in more than 95% of prostate tumors com-
pared to adjacent non-neoplastic tissues, and is undetectable in
other tumor types. PCA3 knockdown inhibits AR signaling,
cell growth and viability, suggesting that overexpression of
PCA3 may modulate AR signaling in tumor cells. Knockdown
of PCA3 leads to partial upregulation of epithelial markers
such as E-cadherin, claudin-3 and cytokeratin-18, and down-
regulation of the mesenchymal marker vimentin.(19) PCA3 also
regulates the expression of important cancer-related genes
involved in apoptosis, angiogenesis, signal transduction, cell
adhesion and mitogen-activated kinase kinase 1.(19) In addition,
a working model of PCA3 has been proposed, in which PCA3
acts as a dominant-negative oncogene that downregulates the
unrecognized tumor suppressor Prune Homolog 2 (PRUNE2),
a human homolog of the Drosophila prune gene, through a
process that involves RNA editing by the formation of
PRUNE2/PCA3 double-stranded RNA.(20) Combination of uri-
nary PCA3 and fusion gene TMPRSS2-ERG can increase

specificity in prostate cancer diagnosis compared with serum
PSA, and has the potential to substantially reduce unnecessary
prostate biopsies. (Functions of lncRNAs in prostate cancer
and references are summarized in Table 1 and Fig. 2).
Second chromosome locus-associated with prostate-1

(SChLAP1) is a lncRNA highly expressed in 25% of prostate
cancer.(21) Its expression is more frequent in CRPC and it is
significantly associated with risk of biochemical recurrence,
clinical progression, metastasis and prostate cancer-specific
mortality.(21,22) SChLAP1 interacts with Switch-Sucrose Non-
Fermentable (SWI/SNF) complex for chromatin remodeling,
counteracting the tumor-suppressor effects of SWI/SNF.(21)

Analysis of SChLAP1 expression by ISH showed that this
lncRNA independently predicts biochemical recurrence after
radical prostatectomy.(23) Furthermore, SChLAP1 expression
also correlated with prostate cancer lethal progression, which
makes this lncRNA a useful tissue-based biomarker for identi-
fying PCa patients at higher risk of CRPC progression.(24)

SPRY4 intronic transcript 1 (SPRY4-IT1) is one of the
lncRNAs highly upregulated in PC3 cells and in patient sam-
ples compared to non-malignant prostate epithelial cells and
matched normal prostate tissues.(25) siRNA knockdown of
SPRY4-IT1 inhibited PC3 cellular proliferation and invasion,
and increased apoptosis.(25) SPRY4-IT1 was easily detected in
all prostate cancer samples with different Gleason scores
(6–10) in an RNA chromogenic ISH assay.(25) Prostate cancer
specificity and easy detection with standard clinical staining
procedures of tissue samples makes this lncRNA a useful can-
didate as a diagnostic biomarker.
Metastasis-associated lung adenocarcinoma transcript 1

(MALAT1) is a lncRNA originally found to be overexpressed
in non-small-cell lung cancer tissues with a high risk of metas-
tasis.(26) Recent studies showed that MALAT1 was also overex-
pressed in other human cancers, including breast, pancreas,
colon, prostate, and liver cancers.(27,28) In prostate cancer,
MALAT1 overexpression was associated with indicators of
poor prognosis such as high Gleason score, higher tumor-node-
metastasis stage and serum PSA >20 ng/mL, and its expression
was significantly higher in CRPC than in hormone-sensitive
prostate cancer.(29) In a study comparing the expression of
MALAT1 in urinary samples of biopsy-positive and biopsy-
negative prostate cancer patients, this lncRNA was signifi-
cantly higher in biopsy-positive samples,(30) suggesting that
urinary MALAT1 may be a promising diagnostic biomarker.
Furthermore, using EZH2 antibody-based RNA immunoprecip-
itation coupled with high throughput sequencing analysis, it
was demonstrated that MALAT1 binds to EZH2.(31) It was indi-
cated that MALAT1 plays a crucial role in EZH2-enhanced
migration and invasion in CRPC cell lines, and a positive cor-
relation between MALAT1 and EZH2 has been documented.(31)

Transient receptor potential cation channel, subfamily M,
member 2-antisense transcript (TRPM2-AS) is an antisense
lncRNA transcribed from the opposite strand of the TRPM2
gene that is overexpressed in prostate cancer.(32) High TRPM2-
AS was associated with poor prognosis and in vitro TRPM2-AS
knockdown led to prostate cancer cell apoptosis and activation
of the TRPM2 gene. Microarray analysis was carried out using
PC3 cells which were transfected with an siRNA ablating
TRPM2-AS RNA or control siRNA to analyze the mechanisms
by which TRPM2-AS maintains cell survival in prostate cancer
cells.(33) Results showed that TRPM2-AS coordinates the
expression of a large number of genes involved in controlling
survival, unfolded protein response and cell cycle in prostate
cancer cells. Moreover, targets of existing drugs and treatments

Fig. 1. Several long non-coding RNAs such as HOTAIR, PCGEM1 and
PCA3 interact with androgen receptor (AR) signals for castration-resis-
tant prostate cancer progression. GAS5 , growth arrest-specific-5;
HOTAIR, HOX transcript antisense RNA; PCGEM1, prostate cancer gene
expression marker 1; PRNCR1, prostate cancer noncoding RNA-1.
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were found to be consistently regulated by TRPM2-AS knock-
down. Thus, the essential role of TRPM2-AS as a key regulator
of survival in prostate cancer makes this lncRNA a suitable
therapeutic target for further clinical studies.
Estrogen receptor alpha (ERa) is expressed in prostate can-

cer, independent of AR status and, in CRPC, ERa signaling
constitutes an effective mechanism to bypass the androgen/
AR axis. In a study combining ChIP- and RNA-seq data in
prostate cancer cells, an ERa-specific non-coding transcrip-
tome signature was identified, where the lncRNA, nuclear
enriched abundant 1 (NEAT1), was the most significantly
overexpressed lncRNA in prostate cancer.(34) NEAT1 expres-
sion was associated with prostate cancer progression, and
prostate cancer cells expressing high levels of this lncRNA
were resistant to androgen deprivation or AR antagonists.
NEAT1 is recruited to the promoter regions of target genes
and alters their epigenetic status to favor transcription and
drive oncogenic growth. NEAT1 levels increase after long-
term androgen-deprivation therapies, and its expression is

significantly higher in CRPC compared to hormone-sensitive
prostate cancer, which indicates that ERa-NEAT1 interaction
may promote castration resistance. Elevated NEAT1 levels are
associated with early biochemical recurrence and metastatic
spread, making this lncRNA both a potential therapeutic tar-
get and a reliable prognostic biomarker.

LncRNAs related with AR signaling. Prostate cancer gene
expression marker 1 (PCGEM1) and prostate cancer-asso-
ciated ncRNA transcript 1 (PCAT1) are highly prostate-specific
lncRNAs and considered attractive biomarkers. PCGEM1 was
one of the oncogenic lncRNAs identified in prostate cancer
and regulated by androgen.(35) PCGEM1 is expressed in at
least half of prostate tumors and functional analysis revealed
oncogenic properties such as promotion of cell proliferation
and colony formation.(36) It was demonstrated that PCGEM1
promotes cancer cell proliferation by regulating c-Myc.(37)

PCAT1 is a lncRNA which is expressed highly specifically in
prostate and upregulated in high-grade localized (Gleason
score >7) and metastatic prostate cancer. PCAT1 induces cell

Table 1. LncRNAs implicated in PCa

Expression

in PCa
LncRNAs Role Implications in PCa References

↑ PCA3 Biomarker Enhances AR signaling, cell growth and viability. Regulates the expression of important

cancer-related genes

18–20

↑ SChLAP1 Overexpression is associated with risk of biochemical recurrence, clinical progression,

metastasis and PCa-specific mortality

21,24

↑ SPRY4-IT1 siRNA knockdown inhibits cell proliferation and invasion, and increases apoptosis 25

↑ MALAT1 Overexpression is associated with indicators of poor prognosis. Binds to EZH2 to enhance

migration and invasion

26–31

↑ TRPM2-AS Transcribed from the antisense strand of TRPM2, which is activated with TMPR2-AS

knockdown. Overexpression associated with poor prognosis

32,33

↑ NEAT1 Expression associated with PCa cell progression. Alters the epigenetic status of target

genes to drive oncogenic growth

34

↑ PCGEM1 AR-related Promotes cell proliferation by regulating c-Myc 35,37,46,47

↑ PCAT1 Upregulated in high-grade localized and metastatic PCa. Promotes cell proliferation by

regulating c-Myc. Represses BRCA2

38,39

↑ PCAT6 Predictive of tumor progression by AR signaling. Overexpressed in primary and metastatic

PCa. siRNA-mediated knockdown reduces cell growth

8,40,41

↑ PCAT7

↑ PCAT18 Predictive of tumor progression by AR signaling. Metastatic PCa specific. Induced by AR.

siRNA-mediated knockdown reduces cell growth

8,42

↑ PRNCR1 Associated with prostate cancer susceptibility. siRNA knockdown attenuates cell viability

and AR activity. Could be involved in prostate carcinogenesis through AR

44,45

↑ CTBP1-AS Transcribed from the antisense strand of CTBP1. Promotes castration-resistant prostate

tumor growth by regulating epigenetically cancer-associated genes

46,49

↑ HOTAIR Repressed by androgen and upregulated in CRPC after deprivation therapies. Binds to AR

to prevent its degradation. Overexpression increases cell growth and invasion

58

↑ SOCS2-AS1 Transcribed from the antisense strand of SOCS2. Promotes cell proliferation, migration and

anti-apoptosis.

59

↑ POTEF-AS1 Transcribed from the antisense strand of POTEF. Promotes cell proliferation and anti-

apoptosis

60

↓ GAS5 Tumor

suppressor

Represses AR action and promotes apoptosis. Downregulated in CRPC. Reciprocal

regulation of GAS5 levels and mTOR inhibitor action

62–64

↓ H19 Upregulation of H19 represses cell migration. H19-derived miR-675 targets TGFb1 to

repress cell migration

69

↓ PCAT29 First AR-repressed lncRNA that functions as a tumor suppressor. Low PCAT29 expression

correlated with poor prognostic outcomes. Overexpression suppresses cell growth and

metastasis

43

AR, androgen receptor; BRCA2, breast cancer susceptibility gene 2; CRPC, castration-resistant prostate cancer; CTBP1, C-terminal binding protein
1; EZH2, enhancer of zeste homolog 2; GAS5 , growth arrest-specific 5; lncRNAs, long non-coding RNAs; mTOR, mammalian target of rapamycin;
PCa, prostate cancer; POTEF, prostate, ovary, testis expressed protein family member-F gene; SOCS2, suppressor of cytokine signaling 2; TGF-b1,
transforming growth factor beta 1; TRPM2-AS, transient receptor potential cation channel, subfamily M, member 2-antisense transcript.
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proliferation in vitro and has repressive effects on a broad
range of genes, including the tumor suppressor gene, breast
cancer susceptibility gene 2 (BRCA2).(38) PCAT1 also pro-
motes cell proliferation by interaction with c-Myc by acting as
a decoy for c-Myc-targeting miRNAs.(39) Other PCAT-family
members, PCAT6, PCAT 7, and PCAT 18 were predictive of
tumor progression by modulation of AR signaling.(8,40) Expres-
sions of PCAT6 and PCAT7 were higher in primary and meta-
static prostate cancer, and siRNA-mediated knockdown of
either of them reduced cell growth and soft agar colony forma-
tion in both androgen-dependent LNCaP and -independent
LNCaP sublines.(41) PCAT18 is highly prostate-specific and
expressed especially in metastatic prostate cancer tissues.
Expression level of PCAT18 is regulated by AR signaling.(42)

siRNA-mediated knockdown of PCAT18 also reduced cell
growth. PCAT29 was identified as an AR-repressed lncRNA
that functions as a tumor suppressor.(43) PCAT29 was sup-
pressed by androgen and upregulated by castration in a pros-
tate cancer xenograft model. PCAT29 knockdown significantly
increased proliferation and migration of prostate cancer cells,
whereas PCAT29 overexpression conferred the opposite effect.
In prostate cancer patient specimens, low PCAT29 expression
correlated with poor prognostic outcomes, suggesting that
decrease of this lncRNA may identify a subset of patients at
higher risk for disease recurrence.
Prostate cancer noncoding RNA-1 (PRNCR1) was initially

identified as a novel lncRNA transcribed from 8q24, the geno-
mic locus most significantly associated with prostate cancer
susceptibility found in a genome-wide association study.(44)

Knockdown of PRNCR1 by siRNA attenuated prostate cancer
cell viability and AR transactivation activity, indicating that
PRNCR1 could be involved in prostate carcinogenesis possibly
through AR. In another study, PRNCR1 and PCGEM1 were
found to successively bind to AR and strongly enhance AR-
mediated gene activation programs and proliferation in prostate
cancer cells.(45) Later, it was shown that PCGEM1 and
PRNCR1 do not interact with AR and that neither gene was a
prognostic factor for prostate cancer.(46) A study using AR+/
androgen-dependent prostate cancer xenograft models revealed

that PRNCR1 was scarcely expressed and that PCGEM1
expression was lower in metastatic prostate cancer compared
to primary tumors.(47) Thus, the roles of these lncRNAs in
prostate cancer are still being debated, and further studies are
necessary to elucidate the relation of PCGEM1 and AR, and
its clinical significance.
Our study analyzing a global AR transcriptional network by

mapping genome-wide androgen-regulated TTS using CAGE
and ARBS using ChIP-seq has revealed comprehensive
AR-regulated transcripts from intergenic or AS regions of
genes in prostate cancer cells.(48) Based on this study, a
lncRNA located at the AS region of the C-Terminal Binding
Protein 1 (CTBP1) gene, CTBP1-AS, was found to promote
tumor growth of both hormone-sensitive prostate cancer and
CRPC models by regulating cancer-associated genes epigeneti-
cally.(49) These studies revealed the importance of androgen-
regulated lncRNAs in prostate cancer progression.
HOX Transcript Antisense RNA (HOTAIR) is a well-known

lncRNA found to play important roles in several tumors.(50–57)

In prostate cancer, HOTAIR was reported as a lncRNA
repressed by androgen.(58) It was markedly upregulated in
CRPC after androgen deprivation therapies. HOTAIR was
found to bind to AR protein to block its interaction with E3
ubiquitin ligase Mouse double minute 2 homolog (MDM2),
preventing AR ubiquitination and degradation. HOTAIR over-
expression increased prostate cancer cell growth and invasion.
Consequently, HOTAIR expression was sufficient to induce
androgen-independent AR activation and drive an AR-
mediated transcriptional program in the absence of androgen.
HOTAIR may drive androgen-independent AR activity and
CRPC progression, being a potential therapeutic target.
Our comprehensive analysis of AR-regulated lncRNAs in

two prostate cancer cell lines and CRPC model cells by direc-
tional RNA-seq analysis identified an androgen-regulated
lncRNA, suppressor of cytokine signaling 2-antisense tran-
script 1 (SOCS2-AS1), located at the antisense strand of
SOCS2. Expressions of SOCS2-AS1 and SOCS2 expression
were androgen-dependent and their expression was suppressed
by AR knockdown as well as by an anti-androgen,

Fig. 2. Epigenetic mechanisms of long non-coding
RNAs (lncRNAs) in prostate cancer. Summary of
functional roles of lncRNAs in prostate cancer is
shown. ARE, androgen response element; ARGs,
androgen responsive genes; BRCA2, breast cancer
susceptibility gene 2; CDH1, E-cadherin; CLDN3,
claudin-3; CTBP1-AS, C-terminal binding protein 1
antisense transcript; EMT, epithelial to
mesenchymal transition; HAT, histone acetyl
transferase; HDAC, histone deacetylase; KRT18,
cytokeratin-18; MALAT1, metastasis-associated lung
adenocarcinoma transcript 1; PCAT1, prostate
cancer-associated ncRNA transcript 1; PRC2,
polycomb repressive complex 2; SChLAP1, second
chromosome locus-associated with prostate-1; SWI/
SNF, switch-sucrose non-fermentable; VIM,
vimentin.
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bicalutamide. SOCS2-AS1, which is highly expressed in CRPC
model cells, promoted castration-resistant and androgen-depen-
dent cell growth and inhibited apoptosis. Furthermore, SOCS2-
AS1 promoted androgen signaling by modulating the epigenetic
control for AR target genes including Tumor Necrosis Factor
Superfamily Member 10 (TNFSF10 ), suggesting that SOCS2-
AS1 plays an important role in the development of CRPC by
repressing apoptosis.(59) (Fig. 3.)
We recently identified another AR-dependent lncRNA tran-

scribed from the AS strand of prostate, ovary, testis expressed
protein family member-F gene (POTEF), which was named
POTEF-Antisense transcript-1 (POTEF-AS1).(60) POTEF is
one of the proteins encoded by the POTE family genes, which
are preferentially expressed in prostate, ovary, testis and pla-
centa.(61) POTEF-AS1 promoted cell growth, inhibited apopto-
sis and repressed genes related to TLR signaling and apoptosis
pathways in LNCaP cells, suggesting that POTEF-AS1 would
play a key role in the progression of prostate cancer by
repressing TLR signaling.(60) (Fig. 3.)

LncRNAs as tumor suppressors. Growth arrest-specific 5
(GAS5 ) is a tumor suppressive lncRNA that promotes apopto-
sis and represses AR action by sequestering androgen/AR com-
plex and preventing binding of the complex to target genes.(62)

Its expression level was shown to decline when prostate cancer
cells acquire castrate resistance.(63) Recently, regulation of
GAS5 expression by mTOR inhibitor was found in prostate
cancer cells. Several mTOR inhibitors increased cellular GAS5
expression levels and inhibited cell growth in AR-positive
LNCaP and 22Rv1 cells, whereas silencing of GAS5 in these
cells decreased sensitivity to mTOR inhibitors.(64) In early-
stage prostate cancer, mTOR inhibitors may be used to
increase GAS5 levels to enhance cellular apoptosis.
Genomic imprinting is a form of epigenetic gene regula-

tion that results in expression from a single allele in a par-
ent-of-origin-dependent manner. One of the most extensively
studied imprinting-associated lncRNAs in cancer is Long
Intergenic Non-Protein Coding RNA 8 (H19 ).(65) H19 is
located in an imprinted region of chromosome 11 near the
insulin-like growth factor 2 (IGF2) gene, the former
expressed only from the maternally inherited chromosome,
whereas the latter is expressed only from the paternally
inherited chromosome.(66) H19 was found to be a lncRNA
which plays a critical role in choriocarcinoma(67) and

bladder cancer.(68) However, in metastatic prostate cancer,
H19 has a tumor suppressive role by repressing the effects
of transforming growth factor beta 1 (TGFb1). H19 and
H19 -derived miR-675 were both significantly downregulated
in metastatic prostate cancer cells compared to non-meta-
static prostate cancer cells.(69) Upregulating H19 increased
miR-675 levels and repressed cell migration. In addition,
miR-675 repressed TGFb1 translation by directly binding to
the 30UTR.

Clinical Use of lncRNAs and Limitations

LncRNAs still remain uncharacterized RNA molecules as a
result of their low expression levels, poor conservation, and
high tissue/cell specificity.(70) In prostate cancer diagnosis,
the main priority is identifying novel biomarkers to reliably
distinguish between low-risk and high-risk patients who need
definitive treatment.(71) Although the majority of studies
have focused on the intracellular roles of lncRNAs, there is
an increasing interest in the potential roles of extracellular
circulating lncRNAs. Urinary PCA3 is now widely used as a
biomarker for detection of cancer and has been approved by
the United States Food and Drug Administration.(72) Measur-
ing PCA3 was shown to be superior to serum PSA test and
digital rectal examination in the sensitivity and specificity
for prostate cancer diagnosis.(73,74) However, its utility as a
first-line test or to detect high-grade prostate cancer remains
under investigation.(75) Therefore, other methods for prostate
cancer diagnosis using lncRNAs have been developed, such
as MALAT1-derived (MD) mini-RNA (MD-mini-RNA).(76)

Plasma MD-mini-RNA was found to improve diagnostic
accuracy for predicting the results of prostate biopsy in
patients with high PSA levels (>4 ng/mL). These circulating
lncRNAs have shown promise as non-invasive biomarkers
across a wide spectrum of diseases and altered physiological
states.(77,78) Release of cellular RNA species into circulation
may reflect disease-specific tissue injury and/or remodeling,
or potential intercellular signaling. However, the biological
functions and the mechanisms of circulating lncRNAs have
not been elucidated. Uniform normalization protocol of sam-
ple collection, lncRNAs extraction, endogenous control selec-
tion, quality assessment, and quantitative data analysis has
not been established. To adopt circulating lncRNA into

Fig. 3. Androgen-regulated lncRNAs, SOCS2-AS1
and POTEF-AS1 promote prostate cancer growth.
Androgen-induced SOCS2-AS1 and SOCS2 promote
cell growth. Furthermore, SOCS2-AS1 activates
androgen signaling to enhance cell growth,
migration and anti-apoptosis signals, repressing
genes related to the apoptosis pathway. POTEF-
AS1, represses genes related to Toll-like receptor
(TLR) signaling and apoptosis pathways, promoting
cell growth and inhibiting apoptosis.
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clinical practice, the following aspects should be investi-
gated: normalization of sample preparation such as tempera-
ture, volume and reagents used to extract and store
lncRNAs, selection of reliable endogenous controls, method
to assess the quality of lncRNA and reduction of bias by
increasing the size of the research cohort.

FANTOM Projects to Investigate the Functional Role of
lncRNAs

Recent advances in transcriptomics have improved coverage as
well as detection accuracy of profiled RNA molecules. The
FANTOM project, starting in early 2000, is one of the longest
running collaborative projects in genomics that aims to func-
tionally characterize mammalian genomes.(79,80) FANTOM1
and FANTOM2 generated more than 100 000 mouse full-
length cDNAs that showed that the portion of the genome
encoding proteins is small, whereas the majority of it is
involved in producing non-coding RNAs. FANTOM3 uncov-
ered the promoter landscape of the mammalian genome, allow-
ing precise identification of TSS, and the existence of
antisense transcription, by combining CAGE and full-length
cDNA isolation.(80) FANTOM4 adopted CAGE and 454 Life
Sciences sequencing combined with Illumina microarrays to
study a model of differentiation in human THP-1 (myeloid leu-
kemia) cells, and to define the transcriptional regulatory net-
work based on TSS activity that explained such a timely
process.(79) Within the FANTOM5 project, the consortium pro-
filed nearly 2000 human and 1000 mouse samples, representa-
tive of the majority of cell types and tissues, using CAGE
followed by next-generation single molecule sequencing
(HeliScope).(81,82) A current limitation of FANTOM5, besides
the coverage of species, lies in the approaches taken to explore
RNAs. As the CAGE protocol is designed to capture only the
50-end of capped long RNA molecules, the internal structure of
long RNAs and small regulatory RNAs remains unexplored.
To complement the CAGE profiles, CAGEscan, RNA-seq and
small RNA sequencing data are being analyzed to be added to
the FANTOM web resource, and existing databases and inter-
faces are being upgraded. The consortium is already develop-
ing the sixth FANTOM project which aims to uncover the
function of long non-coding RNAs by high-throughput screen-
ing coupled with CAGE.
FANTOM projects revealed that the human genome is

widely transcribed, producing thousands of lncRNAs. Most
lncRNAs lack typical signatures of selective constraints. Given

their diversity in biogenesis and their low expression and con-
servation levels, the functional relevance of most lncRNAs
remains unclear. Future studies will enable understanding of
lncRNA functions and to identify relevant lncRNA in diseases
including prostate cancer.

Conclusion

The main priority in clinical prostate cancer research is identi-
fying novel biomarkers to reliably distinguish between low-risk
patients and high-risk patients who need definitive treatment.
Strong evidence has been presented about the significance of
lncRNAs in prostate cancer, and the challenge is now to deter-
mine lncRNAs functionally relevant with oncogenic changes.
Although recent studies showed that measuring these tran-
scripts in clinical samples could improve the prediction of
prognosis, identification of more molecular mechanisms that
lead to metastatic prostate cancer would enable us to determine
treatment modalities at the time of diagnosis.
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Abbreviations

ADT androgen deprivation therapy
AR androgen receptor
ARBS androgen receptor binding site
ARE androgen responsive element
AS antisense
CAGE cap analysis of gene expression
ChIP-seq chromatin immunoprecipitation sequencing
CRPC castration-resistant prostate cancer
DRE digital rectal examination
EZH2 enhancer of zeste homolog 2
ISH in situ hybridization
KLK3 kallikrein-related peptidase 3
lncRNAs long non-coding RNAs
miRNAs microRNAs
ncRNAs non-coding RNAs
nt nucleotide
PCA3 prostate cancer antigen 3
PSA prostate-specific antigen
RNA-seq RNA sequencing
TLR Toll-like receptor
TTS transcriptional stat site
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Abstract

The Tax protein of human T-cell leukemia virus type 1 (HTLV-1) is crucial for the develop-

ment of adult T-cell leukemia (ATL), a highly malignant CD4+ T cell neoplasm. Among the

multiple aberrant Tax-induced effects on cellular processes, persistent activation of tran-

scription factor NF-κB, which is activated only transiently upon physiological stimulation, is

essential for leukemogenesis. We and others have shown that Tax induces activation of the

IκB kinase (IKK) complex, which is a critical step in NF-κB activation, by generating Lys63-

linked polyubiquitin chains. However, the molecular mechanism underlying Tax-induced

IKK activation is controversial and not fully understood. Here, we demonstrate that Tax

recruits linear (Met1-linked) ubiquitin chain assembly complex (LUBAC) to the IKK complex

and that Tax fails to induce IKK activation in cells that lack LUBAC activity. Mass spectro-

metric analyses revealed that both Lys63-linked and Met1-linked polyubiquitin chains are

associated with the IKK complex. Furthermore, treatment of the IKK-associated polyubiqui-

tin chains with Met1-linked-chain-specific deubiquitinase (OTULIN) resulted in the reduction

of high molecular weight polyubiquitin chains and the generation of short Lys63-linked ubi-

quitin chains, indicating that Tax can induce the generation of Lys63- and Met1-linked hybrid

polyubiquitin chains. We also demonstrate that Tax induces formation of the active macro-

molecular IKK complex and that the blocking of Tax-induced polyubiquitin chain synthesis

inhibited formation of the macromolecular complex. Taken together, these results lead us to
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propose a novel model in which the hybrid-chain-dependent oligomerization of the IKK com-

plex triggered by Tax leads to trans-autophosphorylation-mediated IKK activation.

Author Summary

NF-κB is a key transcription factor that regulates many physiologically important cellular
processes. However, persistent activation of NF-κB leads to chronic inflammation, auto-
immunity and malignancy. Infection with the human retrovirus HTLV-1 causes adult T-
cell leukemia, and HTLV-1 Tax-mediated persistent NF-κB activation is crucial for leuke-
mogenesis. Therefore, a better understanding of the precise mechanism underlying aber-
rant NF-κB activation is essential to develop new therapeutic approaches. Ubiquitination
is one of the major post-translational modifications that regulate various intracellular sig-
naling pathways. We and others have shown that Tax activates NF-κB through activation
of the IκB kinase (IKK) complex by generating Lys63-linked polyubiquitin chains. How-
ever, the molecular mechanism underlying Tax-induced IKK activation remains less well
understood. Here, we demonstrate precisely how HTLV-1 Tax utilizes the ubiquitin sys-
tem to activate the IKK complex. The IKK complex-associated Lys63/Met1-linked hybrid
polyubiquitin chains are generated through the Tax-mediated recruitment of linear ubi-
quitin chain assembly complex (LUBAC) to the IKK complex. Furthermore, the hybrid
chains are required for the Tax-induced formation of the active macromolecular IKK
complex. Accordingly, we propose a novel model in which Tax triggers Lys63/Met1-
linked hybrid-chain-dependent oligomerization of the IKK complex, leading to trans-
autophosphorylation-mediated IKK activation.

Introduction

Human T-cell leukemia virus type 1 (HTLV-1) is etiologically associated with adult T-cell leu-
kemia (ATL), an aggressive and lethal malignancy of CD4+ T cells, and with HTLV-1-associ-
ated myelopathy/tropical spastic paraparesis (HAM/TSP) [1, 2]. The HTLV-1 provirus
genome encodes a transactivator protein (Tax), which is crucial for viral gene expression and
the onset and development of ATL together with another viral protein, HBZ [3–5]. Tax aber-
rantly activates host cell transcription factors, including nuclear factor-κB (NF-κB), cyclic
AMP response element-binding protein (CREB) and serum responsive factor (SRF), thereby
perturbing transcriptional networks in host cells [6]. Among these factors, accumulating evi-
dence indicates that persistent activation of NF-κB by Tax is crucial for T cell transformation
and ATL development [7–9].

NF-κB plays critical roles in immune responses, inflammation, bone metabolism, cell pro-
liferation and survival [10]. NF-κB is composed of five Rel/NF-κB family members—p50/
p105, p52/p100, RelA, RelB and c-Rel—which form various combinations of homo- and het-
erodimers. NF-κB is sequestered in the cytoplasm with inhibitory proteins of the NF-κB family
(IκBs) or NF-κB precursors. Two distinct pathways lead to activation of NF-κB. The canonical
pathway is activated by cytokines, such as tumor necrosis factor (TNF)-α and interleukin (IL)-
1, whose stimulation leads to activation of the IκB kinase (IKK) complex, which is composed
of the catalytic subunits IKKα and IKKβ and the regulatory subunit NEMO [11]. The IKK
complex then induces phosphorylation and subsequent degradation of IκBα, which allows
the p50/RelA heterodimer to translocate into the nucleus and activate target genes. In the
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noncanonical pathway, stimulation of CD40, receptor activator of NF-κB (RANK) or lympho-
toxin-β receptor results in the activation of IKKα in a NIK-dependent but IKKβ- and NEMO-
independent manner. IKKα then phosphorylates the C-terminal ankyrin repeats of p100,
which forms heterodimers with RelB in the cytoplasm, leading to the proteasome-dependent
selective degradation of the p100 C-terminal end to generate p52 [12]. The resulting p52/RelB
heterodimer translocates into the nucleus and activates target genes. Tax is able to activate
both canonical and noncanonical pathways, which are thought to be coordinately involved in
leukemogenesis [13].

The importance of ubiquitination in the regulation of NF-κB activity is well established
[14]. Ubiquitination is catalyzed by three enzymes in a stepwise fashion [15]. Ubiquitin-acti-
vating enzyme E1 forms a thioester linkage with ubiquitin, and the activated ubiquitin is then
transferred to the E2 ubiquitin-conjugating enzyme. E2 acts as an escort for ubiquitin to the
subsequent enzyme, E3 ligase, which binds to both E2 and the substrate and catalyzes the for-
mation of an isopeptide bond between carboxylic acid at the C-terminal end of ubiquitin and
the epsilon amine of the lysine residue in the substrate. After the addition of a single ubiquitin
to the substrate, more ubiquitin can be repeatedly added to the previously conjugated mole-
cule, thereby yielding a polyubiquitin chain. Ubiquitin itself contains seven lysines (K6, K11,
K27, K29, K33, K48 and K63), each of which can participate in the formation of the ubiquitin
chain, allowing seven linkage types [16]. In addition, ubiquitin can also be attached to the N-
terminus of the proximal ubiquitin to generate a linear ubiquitin chain or Met1-linked ubiqui-
tin chain (M1 chain) [17]. In the TNFR signaling pathway, several types of polyubiquitin
chains cooperatively regulate IKK activation. Upon TNF-α stimulation, TNF receptor-1
recruits the adaptor TRADD, TRAF2/5 and cIAPs. cIAPs have E3 ligase activity and conjugate
Lys11- and Lys63-linked ubiquitin chains (K11 and K63 chains) to RIP1 [18–20]. These polyu-
biquitin chains conjugated to RIP1 act as a scaffold for the formation of an active signaling
complex containing transforming growth factor-β-activated kinase (TAK)-1, TAK1-binding
(TAB) 2/3 and linear ubiquitin chain assembly complex (LUBAC) [21]. LUBAC is composed
of HOIL-1L, HOIP and Sharpin [22, 23]. HOIP is the catalytic subunit while HOIL-1L and
Sharpin are also required for the enzymatic activity of this complex. LUBAC conjugates M1
chains to NEMO [24], which may induce oligomer formation or a conformational change of
NEMO to activate the IKK complex. Although previous studies have shown that Tax binds to
NEMO and induces constitutive activation of the IKK complex in a K63-chain-dependent
manner [25–28], the involvement of other types of polyubiquitin chains in Tax-induced IKK
activation is still controversial [29].

In this study, we show that Tax induces generation of hybrids of K63 and M1 chains by
recruiting LUBAC to the IKK complex, leading to the formation of the active macromolecular
IKK complex. Thus, we propose a previously unidentified mechanism by which K63 and M1
chains cooperate in Tax-induced IKK activation.

Results

Tax-induced activation of the IKK complex requires the generation of
K27, K63 and M1 chains

We previously established a cell-free assay to analyze Tax-induced IKK activation, in which
the addition of recombinant Tax protein purified from E. coli into S-100 cytosolic extracts pre-
pared from the Jurkat human T cell line, HEK293T cell line or mouse embryonic fibroblast
(MEF) cells results in IKK activation [27]. To investigate which types of polyubiquitin linkages
are required for Tax-induced IKK activation, we took advantage of a cell-free assay because
the addition of dominant-negative (DN) ubiquitin mutants containing a single lysine-to-
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arginine substitution (K6R, K11R, K27R, K29R, K33R, K48R and K63R) or N-terminal HA-
tagged ubiquitin results in linkage type-specific blockage of polyubiquitination. Immunoblots
probed with anti-phospho-IKKα/β and phospho-IκBα antibodies revealed that the addition of
K27R, K63R or HA-ubiquitin inhibited Tax-induced IKK activation (Fig 1A), suggesting that
K27, K63 and M1 chains are required for IKK activation by Tax. Addition of K11R or K33R
ubiquitin reproducibly enhanced Tax-induced IKK activation, probably because their addition
could enhance the generation of K27, K63 or M1 chains. Note that phosphorylated IκBα is not
degraded by proteasomes in a cell-free assay (S1 Fig), although the amount of IκBα was slightly
reduced concomitantly with IκBα phosphorylation in some experiments in this paper. This
could be due to the manufacturer-noted preferential binding of the anti-IκBα antibody used
for immunoblotting to the non-phosphorylated form of IκBα. To identify the E2 ubiquitin-
conjugating enzymes involved in Tax-induced IKK activation, a cell-free assay was performed
using cytosolic extracts prepared from HEK293T cells expressing a series of E2 DN mutants,
in which an active Cys residue was substituted with Ala. Expression of the Ubc13 DN mutant
almost completely inhibited IKK activation, whereas other E2 DN mutants did not (Fig 1B). A
cell-free assay using the extract from Ubc13−/− MEFs further confirmed that Ubc13 is required
for Tax-induced IKK activation (Fig 1C), which is consistent with previous reports based on
experiments using intact Ubc13−/− MEFs and a cell-free assay using the extract from Ubc13-k-
nockdown cells [28, 30]. Low-level Tax-induced phosphorylation of IκBα was observed in
Ubc13−/− MEFs, which could be due to residual Ubc13 attributable to incomplete gene disrup-
tion by the Cre/loxP system. The lack of candidate E2 enzymes other than Ubc13 suggests that
several E2 enzymes may redundantly generate K27 and M1 chains or that E2 enzymes not
tested here could be involved. Because it has been reported that RNF8, as an E3 ubiquitin
ligase, is partially involved in the Tax-induced generation of K63 chains [28], we checked
whether other E3 enzymes capable of generating K63 chains are involved [18, 31–33]. Cyto-
solic extracts were prepared from cIAP1/cIAP2-deficient (Birc2−/−/Birc3−/−), TRAF2/TRAF5-
deficient (Traf2−/−/Traf5−/−), TRIM25-deficient (Trim25−/−) and Riplet-deficient (Rnf135−/−)
MEFs [33–36] and were subjected to a cell-free assay. None of the extracts derived from the
mutant cells showed reduced IKK activation (S2 Fig), suggesting that these E3 enzymes are not
involved in Tax-induced IKK activation. In addition, TRAF6, another E3 enzyme, has been
shown to be dispensable in Tax-induced IKK activation but instead can work together with
Ubc13 to generate K63 chains for cytokine-induced IKK activation [27, 37]. We then hypothe-
sized that Tax itself may be an E3 ligase as recently proposed [29], since Tax contains a putative
zinc finger domain at its N-terminus (S3A Fig) [38] and the zinc finger domain may act as a
catalytic domain of E3 ligase as previously shown in the zinc finger of A20 [39]. Some zinc
finger mutants of Tax failed to activate the IKK complex and NF-κB (S3B and S3C Fig), indi-
cating that the zinc finger of Tax is crucial for IKK activation. Although recombinant Tax puri-
fied from either E. coli or Sf9 cells can efficiently activate IKK (S3D Fig), neither of them
induced polyubiquitination in the presence of E2 enzymes including UbcH5c, UbcH7 and
Ubc13/Uev1A under conditions that allow TRAF6 to generate polyubiquitin chains together
with Ubc13/Uev1A (S3E Fig). These results strongly suggest that Tax itself does not possess E3
ligase activity.

Tax requires LUBAC to induce IKK activation

To further confirm the requirement for M1 chains, cytosolic extracts derived from MEFs that
lack each component of LUBAC (the only known E3 ligase complex that catalyzes M1 chain
generation) were tested. Tax failed to induce IKK activation when cytosolic extracts from
HOIL-1L-deficient (Rbck1−/−) MEFs, Sharpin-deficient (cpdm) MEFs or MEFs in which the
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Fig 1. K27, K63 and M1 chains are involved in Tax-induced IKK activation. (A) Jurkat cytosolic extracts
were incubated with recombinant His6-Tax and ATP (2 mM) in the presence of ubiquitin mutants or HA-
ubiquitin (50 μM). The reaction mixtures were analyzed by immunoblotting with the indicated antibodies. (B)
Cytosolic extracts were prepared from HEK293T cells expressing a series of dominant-negative mutants of
the E2 enzyme and subjected to cell-free analyses. (C) Cytosolic extracts were prepared from WT MEFs or
Ubc13fl/fl MEFs expressing Cre and subjected to cell-free analyses with increasing amounts of Tax. The
depicted results are representative of three independent experiments.

doi:10.1371/journal.ppat.1006162.g001
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RING-IBR-RING region (the catalytic center) of HOIP was ablated (HOIPΔlinear) were used
(Fig 2A–2C) [40]. To confirm the requirement for LUBAC for Tax-induced IKK activation in
intact cells, Sharpin-deficient MEFs were infected with a Tax-expressing retrovirus, and subse-
quent phosphorylation of IKK and IκBα was detected by immunoblotting. Tax-induced IKK
activation was significantly reduced in cells that lack LUBAC activity (Fig 2D). Taken together,
these results clearly indicate that LUBAC is crucial for Tax-induced IKK activation.

Tax recruits LUBAC to the IKK complex

To understand how LUBAC is involved in Tax-induced IKK activation, we first investigated
whether LUBAC binds to Tax. When Tax was immunoprecipitated with an anti-Tax antibody
after incubation with Jurkat cytosolic extracts, HOIP and Sharpin were co-immunoprecipi-
tated with Tax (Fig 3A), indicating that Tax interacts with LUBAC. In addition, the Tax
mutant M22, which is incapable of activating NF-κB due to a lack of binding ability to NEMO
[30], also bound to HOIP and Sharpin (Fig 3A), indicating that the binding of Tax to LUBAC
is not mediated by the IKK complex. This result led us to hypothesize that Tax acts as an adap-
tor in the formation of a multi-protein complex composed of LUBAC, Tax and the IKK com-
plex. To test this hypothesis, the IKK complex was immunoprecipitated with an anti-Flag
antibody from cytosolic extracts of Jurkat cells expressing Flag-NEMO. HOIP and Sharpin

Fig 2. LUBAC is required for Tax-induced IKK activation. (A-C) Cytosolic extracts were prepared from
HOIL-1L-deficient (A), Sharpin-deficient (B), HOIPΔlinear (C) and corresponding WT MEFs and subjected to
cell-free analyses. (D) Sharpin-deficient and corresponding WT MEFs were mock-infected or were
transduced with retroviruses expressing Tax. The MEFs were treated with MG132 (10 μM) for 1 h, and cell
lysates were subjected to immunoblotting with the indicated antibodies. The depicted results are
representative of three independent experiments.

doi:10.1371/journal.ppat.1006162.g002
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Fig 3. Tax recruits LUBAC to the IKK complex. (A) Jurkat cytosolic extracts were incubated with recombinant His6-Tax or His6-M22 in
the presence of ATP (2 mM). The reaction mixtures were subjected to immunoprecipitation with an anti-Tax antibody, followed by
immunoblotting with the indicated antibodies. (B) Cytosolic extracts prepared from Jurkat cells expressing Flag-tagged NEMO were
incubated with recombinant His6-Tax or His6-M22 in the presence of ATP (2 mM). The reaction mixtures were subjected to
immunoprecipitation with an anti-Flag antibody, followed by immunoblotting with the indicated antibodies. (C) JPX-9 cells were untreated
or treated with CdCl2 (20 μM) for 18 h. Cell lysates were subjected to immunoprecipitation with an anti-Tax antibody, followed by
immunoblotting with the indicated antibodies. (D) Jurkat cytosolic extracts were incubated with recombinant His6-Tax and ATP (2 mM) in
the presence of ubiquitin mutants or HA-ubiquitin (50 μM). The reaction mixtures were subjected to immunoprecipitation with an anti-Tax
antibody, followed by immunoblotting with the indicated antibodies. (E) Recombinant His6-Tax was incubated with glutathione
sepharose-bound recombinant GST, GST-HOIL-1L, GST-HOIP or GST-Sharpin. His6-Tax bound to GST-tagged protein was analyzed
by immunoblotting with an anti-Tax antibody. Dots denote full-length GST fusion proteins. (F) HEK293T cells were transfected with
expression plasmids encoding HOIL-1L-HA or various C-terminal HA-tagged HOIL-1L mutants together with a Tax expression plasmid.
After 48 h, cell lysates were prepared and subjected to immunoprecipitation with an anti-HA antibody, followed by immunoblotting with an
anti-Tax antibody (upper). A schematic representation of the various mutants of HOIL-1L (lower). (G) HEK293T cells were transfected
with expression plasmids encoding Myc-HOIP or various N-terminal Myc-tagged HOIP mutants together with a Tax expression plasmid.
After 48 h, cell lysates were prepared and subjected to immunoprecipitation with an anti-Myc antibody, followed by immunoblotting with
an anti-Tax antibody (upper). A schematic representation of the various mutants of HOIP (lower). The depicted results are representative
of three independent experiments.

doi:10.1371/journal.ppat.1006162.g003
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were recruited to the IKK complex in the presence of Tax, but M22 failed to recruit LUBAC to
the IKK complex (Fig 3B), indicating that Tax functions as an adaptor to recruit LUBAC to the
IKK complex. We then sought to determine whether Tax also acts as a bridge between LUBAC
and the IKK complex in an intact Jurkat human T cell line. JPX-9, a Jurkat-derived cell line in
which Tax expression is induced by Cd2+ treatment [41], was first cultured in the presence or
absence of Cd2+, and cell lysates were subjected to immunoprecipitation using an anti-Tax
antibody. HOIP and Sharpin were included in the immunoprecipitates only when Tax was
induced (Fig 3C). These results indicate that Tax associates with LUBAC in intact T cells.
Interestingly, the slower-migrating form of HOIP was observed only when the IKK complex
was activated by Tax (Fig 3A). This band shift was due to the phosphorylation of HOIP
because Phos-tag SDS-PAGE analysis identified slower-migrating bands (S4A Fig). Treatment
of lysates with the IKKβ inhibitor TPCA-1 resulted in the disappearance of the slower-migrat-
ing bands in a dose-dependent manner (S4B Fig), suggesting that IKKβ phosphorylates HOIP
during Tax-induced IKK activation. The significance of HOIP phosphorylation in IKK activa-
tion remains to be elucidated.

Given that HOIP binds to K63 chains but not M1 chains [42], we hypothesized that K63
chains are required for the binding of LUBAC to the IKK complex. To test this possibility, we
first investigated whether the addition of DN ubiquitin mutants would inhibit the Tax-medi-
ated binding of LUBAC to the IKK complex. The addition of K63R or HA-tagged ubiquitin
inhibited Tax-induced IKK activation (Fig 1A), whereas the Tax-mediated binding of LUBAC
to the IKK complex was not affected (Fig 3D). These results indicate that K63 and M1 chains
are not required for the binding of Tax to LUBAC and the IKK complex. To determine which
components of LUBAC bind to Tax and also whether the binding is direct, an in vitro binding
assay was performed using purified recombinant proteins. Purified GST-HOIL-1L, GST-Shar-
pin or GST-HOIP was incubated with His6-Tax and subjected to GST pull-down assay.
GST-HOIL-1L and GST-HOIP bound to His6-Tax, whereas GST-Sharpin did not (Fig 3E),
indicating that HOIL-1L and HOIP directly bind to Tax. To elucidate the molecular basis of
the binding of HOIL-1L or HOIP to Tax, a series of deletion mutants of HOIL-1L and those of
HOIP were tested by co-immunoprecipitation assay. HOIL-1L ΔUBL and HOIP ΔRBR failed
to bind to Tax, whereas the other mutants of HOIL-1L and HOIP proteins bound to Tax as
efficiently as the full-length protein (Fig 3F and 3G). These results indicate that HOIL-1L and
HOIP interact directly with Tax through their UBL and RBR domains, respectively.

Tax-induced generation of K63/M1-linked hybrid chains associated with
IKK complex is required for IKK activation

To determine how the Tax-induced generation of polyubiquitin chains leads to IKK activation,
Jurkat cytosolic extracts were incubated in the absence or presence of recombinant Tax, and
the reaction mixtures were then subjected to immunoprecipitation with an anti-NEMO anti-
body. The resulting immunoprecipitates were immunoblotted with either an anti-ubiquitin
(Ub) antibody that can recognize monoubiquitin and any type of polyubiquitin linkages or an
anti-M1 chain-specific antibody. Both antibodies clearly detected smeared bands only when
cytosolic extracts were incubated with Tax (Fig 4A, lane 2), indicating that M1 chains were
associated with the IKK complex in a Tax-dependent manner. To further characterize the IKK
complex-associated ubiquitin chains, the immunocomplexes precipitated with an anti-NEMO
antibody were then treated with the following chain type-specific deubiquitinases (DUBs):
Otubain-1 for K48 chains [43, 44], associated molecule with the SH3 domain of STAM
(AMSH) for K63 chains [42, 45], OTULIN for M1 chains [46], and ubiquitin-specific protease
2 (USP2) for any type of polyubiquitin chain [47]. Otubain-1 treatment did not affect the
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smears detected by the anti-Ub or anti-M1 chain antibody (Fig 4A, lane 3 upper and lower),
indicating that K48 chains were nearly nonexistent in the complex. In contrast, AMSH treat-
ment almost completely abolished the smears detected by the anti-Ub antibody (Fig 4A, lane 4
upper), and OTULIN treatment completely abolished the smears detected by the anti-M1
chain antibody (Fig 4A, lane 5 lower). These results indicated that both K63 and M1 chains
were associated with the IKK complex. These results were further supported by the quantifica-
tion of different ubiquitin chain types associated with the IKK complex via the ubiquitin-
AQUA method using mass spectrometry [48]. While residual amounts of K48 chains were
detected irrespective of the presence of Tax, an approximately 2:1 ratio of K63 to M1 chain

Fig 4. Tax-induced generation of IKK complex-associated K63/M1-linked hybrid chains is required for IKK
activation. (A) Jurkat cytosolic extracts were incubated with recombinant His6-Tax and ATP (2 mM), and the reaction
mixtures were subjected to immunoprecipitation with an anti-NEMO antibody. The immunoprecipitates were left untreated or
were treated with recombinant Otubain-1, AMSH, OTULIN or USP2 and analyzed by immunoblotting with anti-Ub (upper)
and anti-M1 chain-specific (lower) antibodies. (B) Jurkat cytosolic extracts were incubated with or without recombinant His6-
Tax and ATP (2 mM), and the reaction mixtures were subjected to immunoprecipitation with an anti-NEMO antibody. The
immunoprecipitates were analyzed via the ubiquitin-AQUA method. The results are given as the mean ± SD (n = 3). (C) Cell-
free reactions were performed in the presence of ubiquitin mutants or HA-ubiquitin (50 μM). The reaction mixtures were
subjected to immunoprecipitation with an anti-NEMO antibody, followed by immunoblotting with an anti-Ub antibody. (D) Cell-
free reactions were performed in the presence of various DUBs. The depicted results are representative of three independent
experiments.

doi:10.1371/journal.ppat.1006162.g004
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linkages was significantly associated with the IKK complex only when cytosolic extracts were
incubated with Tax (Fig 4B).

Interestingly, when an immunoblot of the AMSH-treated IKK complex was probed with
the anti-M1 chain antibody, extremely high-molecular-weight ubiquitin-containing com-
plexes (EHUCs), which remained at the top of separating gels (arrows in Fig 4A and 4C), were
degraded (Fig 4A, lane 4 lower), indicating that EHUCs are polyubiquitin chains that include
both K63 and M1 linkages in a single chain. This notion was also supported by experiments
showing that Tax failed to generate EHUCs when either the generation of K63 chains or that
of M1 chains was blocked (Fig 4C, lanes 5 and 6). Furthermore, when an immunoblot of the
OTULIN-treated IKK complex was probed with the anti-Ub antibody, the abundance of
EHUCs was found to be significantly reduced while ladders between 17 and 75 kDa appeared
(Fig 4A, lanes 5 and 7 upper, note that the same sample was applied in lanes 5 and 7). Impor-
tantly, among these ladders, four bands (dots in Fig 4A, lanes 5 and 7 upper) migrated almost
identically to the bands corresponding to trimer (Ub3), tetramer (Ub4), pentamer (Ub5) and
hexamer (Ub6) of recombinant K63 chains (arrowheads in Fig 4A, lane 8 upper). These results
clearly indicate that K63/M1-linked hybrid chains are associated with the IKK complex acti-
vated by Tax.

To address whether these IKK complex-associated polyubiquitin chains are required for
Tax-induced IKK activation, cell-free assays were performed in the presence of various DUBs.
AMSH, OTULIN and USP2, but not Otubain-1, inhibited the phosphorylation of IκBα
induced by Tax (Fig 4D), indicating that generation of both K63 and M1 chains is essential for
Tax-induced IKK activation. Therefore, generation of IKK complex-associated K63/M1-linked
hybrid chains is likely to be essential for Tax-induced IKK activation.

K63/M1-linked hybrid chains are required for the formation of the
macromolecular complex of IKK

In the cytokine-induced NF-κB signaling pathway, IKK activation requires the formation of
unanchored K63 chains or NEMO-conjugated M1 chains [24, 49]. To understand the roles of
unanchored and substrate-conjugated (anchored) chains in Tax-induced IKK activation, cell-
free assays were performed in the presence of Isopeptidase T (IsoT), a DUB specific for unan-
chored chains, or the OTU domain of the L protein of Crimean Congo hemorrhagic fever
virus (viral OTU), a DUB specific for substrate-anchored chains. IsoT inhibited the Tax-
induced phosphorylation of IKK and IκBα but not their polyubiquitination-independent
phosphorylation by MEKK1 (Fig 5A). In addition, viral OTU, but not its catalytic inactive
mutant (1A), inhibited the Tax-induced phosphorylation of IKK and IκBα (Fig 5B). These
results indicate that both unanchored and substrate-anchored polyubiquitin chains are
required for Tax-induced IKK activation. Several studies have shown that ubiquitination of
Tax is required for IKK activation [50–52]. Among ten lysine residues present in Tax, ubiquiti-
nation of the C-terminal seven lysines (K4 to K10) are required for Tax-induced IKK activa-
tion in intact cells [50]. To examine whether Tax requires similar ubiquitination for IKK
activation in our cell-free system, recombinant Tax mutants containing lysine-to-arginine
mutations at the three N-terminal lysines (K1-3R) or at the seven C-terminal lysines (K4-10R)
were generated. Both Tax-WT and the K1-3R mutant induced IKK activation equally well,
whereas the K4-10R mutant did not (Fig 5C left). In addition, the K4-10R mutation signifi-
cantly reduced Tax ubiquitination (Fig 5C right). These results strongly suggest that the polyu-
biquitin chains conjugated to Tax belong to the class of substrate-anchored polyubiquitin
chains required for Tax-induced IKK activation.
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Fig 5. Tax induces formation of the macromolecular active IKK complex. (A) Jurkat cytosolic extracts were incubated with recombinant His6-Tax
or His6-MEKK1 together with ATP (2 mM) in the presence or absence of IsoT. (B) Cell-free reactions were performed in the presence of WT viral OTU
or its catalytic inactive mutant 1A. (C) Jurkat cytosolic extracts were incubated with recombinant His6-Tax or its mutants together with ATP (2 mM).
The reaction mixtures were subjected to immunoprecipitation with an anti-Tax antibody, followed by immunoblotting with an anti-Ub antibody. (D)
Cytosolic extracts were prepared from NEMO-deficient MEFs reconstituted with human NEMO or its mutant and were subjected to cell-free analyses.
(E) Cytosolic extracts were prepared from NEMO-deficient MEFs reconstituted with mouse NEMO or its mutants and were subjected to cell-free
analyses. (F) Cell-free reactions were performed, and the reaction mixtures were subjected to Blue native-PAGE, followed by immunoblotting with
anti-NEMO (left) and anti-p-IKKα/β (right) antibodies. The depicted results are representative of three independent experiments.

doi:10.1371/journal.ppat.1006162.g005
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Because LUBAC induces polyubiquitination at K285 and K309 of NEMO in cytokine-
induced IKK activation [24], we next investigated whether these lysine residues are required
for Tax-induced IKK activation. Human NEMO-WT or its mutant (K285R/K309R) was intro-
duced into NEMO-deficient (Ikbkg−/−) MEFs, and cell-free assays were performed. Tax
induced phosphorylation of IKK and IκBα equally well in NEMO-WT- and NEMO (K285R/
K309R)-expressing cytosolic extracts (Fig 5D), indicating that polyubiquitination at K285 and
K309 of NEMO is dispensable for Tax-induced IKK activation. It has been reported that the
binding of NEMO to K63 and M1 chains is required for cytokine-induced IKK activation.
NEMO binds to K63 chains through the C-terminal NZF domain and to M1 chains through
the UBAN domain [53, 54]. To determine the requirement for the binding ability of NEMO to
K63 or M1 chains, cytosolic extracts were prepared from NEMO-deficient MEFs expressing
mouse NEMO-WT, its mutant (R309A/R312A/E313A) lacking the ability to bind to M1 chains
or another NEMO mutant (H406A/C410A) lacking the ability to bind to K63 chains. Tax
failed to induce IKK activation in cytosolic extracts expressing the NEMO (R309A/R312A/
E313A) or NEMO (H406A/C410A) mutant (Fig 5E), indicating that the binding ability of
NEMO to both K63 and M1 chains is required for Tax-induced IKK activation.

Because the ability of NEMO to bind to both K63 and M1 chains and the Tax-induced gen-
eration of the IKK complex-associated K63/M1-linked hybrid chains are required for the acti-
vation of IKK by Tax, we hypothesized that the macromolecular complex of IKK may be
formed through multivalent interactions between polyubiquitin chains and NEMO, facilitating
trans-autophosphorylation between the IKK complexes, thereby inducing IKK activation. To
test this possibility, we performed cell-free assays in the presence or absence of DN ubiquitin
mutants, and the reaction mixtures were subjected to Blue native-PAGE, which can be used to
determine the size and composition of native protein complexes [55], followed by immuno-
blotting. Probing the immunoblots with an anti-NEMO antibody revealed that the NEMO-
containing macromolecular complex (arrowheads in Fig 5F left) was formed only in the pres-
ence of Tax in addition to the regular complex of approximately 600 kDa (dots in Fig 5F),
which is observed as an inactive IKK complex in the absence of Tax. Interestingly, the forma-
tion of the macromolecular complex was abrogated when the extract was incubated with DN
ubiquitin mutants (K27R, K63R, or HA-Ub) that also inhibit Tax-induced IKK activation (Fig
5F left). Furthermore, probing the immunoblots with an anti-p-IKKα/β antibody revealed that
activated IKK was observed only when the macromolecular complex was formed and that acti-
vated IKK was included in the macromolecular complex (Fig 5F right). These results strongly
suggest that polyubiquitination-dependent formation of the macromolecular IKK complex
triggers IKK activation.

LUBAC associates with Tax and is involved in NF-κB activation in HTLV-
1-infected cells

To investigate the physiological significance of LUBAC in HTLV-1-infected cells, we first
checked the interaction between Tax and LUBAC. Lysates prepared from the HTLV-1-
infected human T cell line HUT102, which is derived from a mycosis fungoides patient [56],
were subjected to immunoprecipitation using an anti-Tax or a control antibody. HOIP and
Sharpin were precipitated only when Tax was precipitated by the anti-Tax antibody (Fig 6A).
To further confirm the physiological interaction between Tax and LUBAC, MT-2 or MT-4 cell
lines, T cell lines transformed by co-culture with HTLV-1-producing ATL cells [57, 58], were
used. HOIP and Sharpin were co-precipitated with Tax using an anti-Tax antibody. However,
neither HOIP nor Sharpin were precipitated when Tax was knockdown (Fig 6B). These results
indicate that Tax interacts with endogenous LUBAC in three distinct HTLV-1-infected cell
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Fig 6. LUBAC associates with Tax and is involved in NF-κB activation leading to target gene expression and cell
proliferation in HTLV-1-infected cells. (A) Cell lysates from HUT102 cells were subjected to immunoprecipitation with an
anti-Tax antibody or a control antibody, followed by immunoblotting with the indicated antibodies. (B) MT-2 (left) or MT-4 (right)
cells were infected with control or Tax shRNA expression lentivirus vector. Cell lysates were subjected to immunoprecipitation
with an anti-Tax antibody, followed by immunoblotting with the indicated antibodies. (C) MT-2 (left) or MT-4 (right) cells were
transfected with control or HOIP siRNA. Cell lysates were subjected to immunoblotting with an anti-pIKKα/β antibody. (D) MT-4
cells were transfected with control or HOIP siRNA as described in (C). The expression levels of IL6 (left), IL1 (middle) and
MMP9 (right) were measured by quantitative real-time RT-PCR. The relative expression was calculated by dividing each
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lines. To understand whether LUBAC is involved in IKK activation in HTLV-1-infected cells,
effect of HOIP knockdown on IKK activation was analyzed. Immunoblotting with an anti-
pIKKα/β antibody revealed that HOIP knockdown blocked IKK activation in MT-2 and MT-4
cells (Fig 6C). Consistently, expression levels of the NF-κB target genes were notably reduced
in HOIP-knockdown MT-4 cells (Fig 6D). Moreover, HOIP knockdown significantly sup-
pressed cell proliferation (Fig 6E). Taken together, these results show that LUBAC-mediated
M1 chain formation is required for NF-κB activation leading to target gene expression and cell
proliferation in HTLV-1-infected cells.

Discussion

Extensive studies on the role of Tax in ATL development have demonstrated that Tax is
involved in leukemogenesis largely through its ability to constitutively activate NF-κB [7–9].
It has been known for almost two decades that the binding of Tax to NEMO is required for
IKK activation, but the precise molecular mechanisms by which this binding leads to IKK acti-
vation remain to be elucidated. We and other groups have shown that the Tax-induced genera-
tion of K63 chains is crucial for IKK activation [27, 28, 30]. Furthermore, Ho et al. [28]
recently provided clear evidence that RNF8 acts as an E3 ligase to generate K63 chains for IKK
activation. As an extension of these previous results, we propose a novel molecular model for
Tax-induced IKK activation in which LUBAC, together with unidentified E3 ligases for K63
chains, generate K63/M1-linked hybrid chains to form the active macromolecular Taxisome,
composed of LUBAC, Tax and the active IKK complex, thereby establishing persistent NF-κB
activation (Fig 7). Cell-free experiments allowed us to address the effects of chain type-specific
blocking of polyubiquitin synthesis on critical steps of Tax-induced IKK activation. Several
lines of evidence presented here support our model. 1) In vitro binding and immunoprecipita-
tion experiments revealed that Tax can bind to both the IKK complex and LUBAC to form an
inactive pre-Taxisome without the generation of polyubiquitin chains, whereas activation of
the IKK complex by Tax requires the synthesis of the K27, K63 and M1 chains. 2) Genetic evi-
dence revealed that both Ubc13 (an E2 enzyme for K63 chain synthesis) and each component
of LUBAC (the only E3 enzyme for M1 chain) are crucial for Tax-induced IKK activation. 3)
Mass spectrometric analyses revealed that both K63 and M1 chains are associated with the
IKK complex only in the presence of Tax. 4) Cell-free experiments with chain type-specific
DUBs revealed that K63/M1-linked hybrid chains are associated with the active IKK complex.
5) Tax-induced IKK activation requires the ability of NEMO to bind to both K63 and M1
chains. 6) The formation of the active macromolecular IKK complex (active Taxisome)
requires the synthesis of the K27, K63 and M1 chains. Based on 4), 5) and 6), a single hybrid
chain may bind to multiple NEMO molecules, and a single NEMO may act as a bridge between
the hybrid chains, which may explain why generation of the hybrid chain is required for the
macromolecular IKK complex. Regarding how the formation of the macromolecular complex
leads to IKK activation, there are two potential mechanisms. The first is that the formation of
the macromolecular complex could induce an efficient physical interaction between IKK com-
plexes, so that trans-autophosphorylation between IKK complexes results in full activation of
IKK. The second possible mechanism is that the formation of the macromolecular complex

expression value by that of a control siRNA treatment. (E) MT-2 (left) or MT-4 (right) cells were infected with HOIP shRNA
expression lentivirus vector. The cells were seeded at 1.0×105 cells/well, and cell viability was assessed by trypan blue
exclusion assay (upper). The whole cell lysates were subjected to immunoblotting with an anti-HOIP antibody to confirm the
knockdown of HOIP (lower). The results shown in (D) and (E) are given as the mean ± SD (n = 3). The depicted results are
representative of three independent experiments.

doi:10.1371/journal.ppat.1006162.g006
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could somehow recruit an IKK kinase (IKKK) such as TAK1, which phosphorylates and acti-
vates IKK in response to cytokine stimulation [59]. We previously reported that MAP3Ks,
including MEKK1, MEKK3, NIK, TPL-2 and TAK1, are dispensable for Tax-induced IKK
activation [60]. In addition, our extensive proteomics analysis of the Tax-activated IKK com-
plex failed to identify any IKKK candidates [61], leading us to prefer the trans-autophosphory-
lation model.

In contrast to our model, conflicting results have been reported on the following three
points. The first point is the involvement of IKKK. Yin et al. [62] demonstrated that a domi-
nant negative MEKK1 mutant inhibits IKK activation induced by Tax. Ho et al. [28] and Wu
et al. [63] reported that Tax fails to activate the IKK complex in TAK1-knockdown HeLa cells
or TAK1-knockout MEFs. This discrepancy may due to the experimental conditions including
cell types used. Extensive analysis of the macromolecular complex and genetic and biochemi-
cal experiments in T cells are required to determine the involvement of any IKKK in Tax-
induced IKK activation. The second point concerns the E3 ligase for K63 chain formation.
Wang et al. [29] recently reported that Tax acts as an E3 ubiquitin ligase for IKK activation
through synthesis of mixed-linkage polyubiquitin chains and that K63 chains are dispensable

Fig 7. A model illustrating HTLV-1 Tax-induced IKK activation. Upon HTLV-1 infection, the Tax protein is translated from doubly spliced viral mRNA
expressed from the provirus. Tax is able to bind to NEMO in the IKK complex and to HOIP and HOIL-1L of LUBAC, thereby forming the LUBAC/Tax/IKK
complex, which further binds to the Ubc13/Uev1A E2 complex and unidentified K63 E3 enzymes (X) to generate an inactive “pre-Taxisome”. The K63/
M1-linked hybrid polyubiquitin chains generated by LUBAC and X (K63 E3) interact with NEMO through its M1 chain-interacting UBAN domain and K63
chain-interacting NZF domain. This multivalent interaction between NEMO proteins and the hybrid polyubiquitin chains results in the oligomerization of the
pre-Taxisome to form the macromolecular Taxisome, which allows close interactions between the IKK complexes, leading to the trans-autophosphorylation-
mediated activation of the IKK complex. The K63/M1-linked hybrid polyubiquitin chains may contain recently identified branched chains [65].

doi:10.1371/journal.ppat.1006162.g007
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for Tax-induced IKK activation. However, we show that K63 chains are essential and could
not demonstrate the E3 activity of Tax under any conditions we tested. Further identification
of factors involved in Tax-induced IKK activation may explain these discrepancies. The third
point concerns the subcellular localization of the active Taxisome. Pujari et al. [64] reported
that membrane-associated Cell adhesion molecule 1 (CADM1) functions as a scaffold for Tax
and Ubc13 to activate the IKK complex in intact cells. Since the S-100 fraction used in the cell-
free system does not contain membrane fractions, we believe that Tax can interact with Ubc13
in the absence of CADM1. However, our data do not exclude the possibility that, in the cell
free assay, Tax induces IKK activation without molecules required for subcellular localization
in intact T cells. Precise comparison of IKK activation in the cell-free system with that in intact
cells will explain regulation of Taxisome formation in HTLV-1 infected cells

Inconsistent with our model, the regular complex (dots in Fig 5F), which was inactive in
the absence of Tax, appeared to be activated in the presence of Tax in addition to the macro-
molecular complex. This could occur because the macromolecular complex is unstable, such
that the activated macromolecular complex dissociates into the active regular-size complex, or
because the active macromolecular complex is able to transiently associate with and activate
the regular complex. However, we cannot completely rule out the possibility that the IKK com-
plex can be activated without the formation of the macromolecular complex in the presence of
Tax.

Interestingly, cell-free experiments using IsoT and viral OTU revealed that both unan-
chored and anchored polyubiquitin chains are required for Tax-induced IKK activation.
Although the critical roles of unanchored and anchored polyubiquitin chains in Tax-induced
IKK activation are still controversial, our experiments using Tax KR mutants support the idea
that the polyubiquitin chains conjugated to Tax belong to the class of substrate-anchored poly-
ubiquitin chains required for Tax-induced IKK activation. By taking advantage of specific
DUBs that degrade only one type, we showed for the first time that unanchored and anchored
polyubiquitin chains cooperate in Tax-induced IKK activation.

Although the addition of the DN ubiquitin mutant K27R inhibited IKK activation by Tax,
we did not detect K27 chains associated with the active Taxisome via the ubiquitin-AQUA
method. This may be because an undetectable amount of K27 chains is involved in the genera-
tion of the hybrid chains as their component or because K27 chains act as initial triggers of the
hybrid chains synthesis but are dissociated from the Taxisome afterwards. Further studies are
needed to identify the precise role of K27 chains in Tax-induced IKK activation.

Tax binds to LUBAC through the UBL domain of HOIL-1L and RBR domain of HOIP.
The UBL domain of HOIL-1L is involved in the association with HOIP, while the RBR domain
of HOIP is the catalytic active site [66]. Therefore, the association of Tax with LUBAC may
activate the E3 activity of LUBAC upon HTLV-1 infection, which may be one of the critical
events in the onset of ATL. In accord with this scenario, small compounds that specifically
block the interaction between Tax and HOIL-1L or between Tax and HOIP could be used as
novel therapeutic approaches for ATL and HAM.

Materials and Methods

Plasmids

Human cDNAs encoding dominant-negative mutants of E2 enzymes were generated via PCR
and inserted into the pRK5 vector. pMRX-Cre was obtained from S. Akira (Osaka University).
Expression vectors for HOIL-1L-HA, Myc-HOIP and their deletion mutants were generated
as previously described [66]. Human and mouse cDNAs encoding NEMO and NEMO
mutants were inserted into the retrovirus vector pMXs obtained from T. Kitamura (University
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of Tokyo). Viral OTU cDNA was obtained from A. Garcı́a-Sastre (Icahn School of Medicine at
Mount Sinai). 3xκB-luc was obtained from S. Miyamoto (University of Wisconsin-Madison).
Tax cDNA was obtained from J. Fujisawa (Kansai Medical University). Tax mutants were gen-
erated via PCR and inserted into the pCG vector.

Antibodies

The following antibodies were used: anti-p-IκBα (9246), anti-IκBα (9242), anti-p-IKKα/β
(2697), anti-NEMO (2695) and anti-ubiquitin (3936) (Cell Signaling Technology); anti-GST
(sc-459), anti-Myc (sc-789) and anti-HA probe (sc-805) (Santa Cruz Biotechnology); anti-Flag
M2 (F3165) (Sigma); anti-tubulin (CP06) (Calbiochem); anti-HOIL-1L (NBP-1-88301)
(Novus Biologicals); anti-HOIP (ARP43241) (Aviva Systems Biology); anti-Sharpin (14626-
1-AP) (Proteintech); anti-linear polyubiquitin-specific (AB130) (LifeSensors); and anti-Ubc13
(37–1100) (ThermoFisher Scientific). The anti-Tax antibody was generated as previously
described [67].

Cell culture and transfection

HEK293T cells (purchased from ATCC), Plat-E cells (provided by T. Kitamura) and mouse
embryonic fibroblasts (provided by J. Silke, The Walter and Eliza Hall Institute, or established
by us) were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% heat-inactivated fetal bovine serum (FBS). Jurkat cells (purchased from ATCC), the Jur-
kat-derived cell line JPX-9 cells (provided by K. Ohtani, Kwansei Gakuin University), and
HTLV-1-infected cell line HUT102, MT-2, and MT-4 cells (provided by J. Fujisawa) were
maintained in RPMI1640 supplemented with 10% heat-inactivated FBS. Sf9 cells were main-
tained in Sf900IIISFM (Thermo Fisher Scientific) supplemented with 10% FBS. The transfec-
tion of HEK293T cells was performed by the calcium phosphate method. siRNAs were
transfected using NEPA21 Super Electroporator (NEPAGENE). Control stealth siRNA and
the following stealth siRNAs (Thermo Fisher Scientific) were used: HOIP-1 sense/anti-sense,
50-GGUACUGGCGUGGUGUCAAGUUUAA-30/50-UUAAACUUGACACCACGCCAGUA
CC-30; HOIP-2 sense/anti-sense, 50-CACCACCCUCGAGACUGCCUCUUCU-30/50-AGAAG
AGGCAGUCUCGAGGGUGGUG-30.

Lentiviral infection

For lentivirus production, HEK293T cells were transfected with the self-inactivating lentiviral
vector construct, the packaging construct and the VSV-G- and Rev-expressing construct.
After 48 h of incubation, culture supernatants were collected and centrifuged at 50,000 x g for
1 h at 20˚C to concentrate lentivirus. MT-2 or MT-4 cells were infected with the lentivirus at
400 x g for 2 h at 20˚C. After 48 h, puromycin (Wako) was added to the medium, and puromy-
cin-resistant cell pools were used for further experiments. The following target sequences were
used: Tax-1, 50-GGCCTTCCTCACCAATGTTCC-30; Tax-2, 50-GGCAGATGACAATGACCA
TGA-30; Tax-3, 50-GCCTACATCGTCACGCCCTAC-30; HOIP-1, 50-GCTGCAGCTTTCAGA
ATTTGA-30; HOIP-2, 50-GCACTGCCCATCCTGTAAACA-30; HOIP-3, 50-GCTCCTTTGG
CTTCATATATG-30; Control, 50-GATTTCGAGTCGTCTTAATGT-30.

Retroviral infection

For retrovirus production, Plat-E cells were transfected with pMRX-Cre vector. After 24 h, cul-
ture supernatants were collected, and Ubc13+/+ or Ubc13fl/fl MEFs were incubated with the
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retrovirus containing polybrene (10 μg/ml; Sigma-Aldrich) for 8 h. After 48 h, puromycin was
added to the medium, and puromycin-resistant cell pools were used for further experiments.

Recombinant proteins

His6-Tax, His6-M22, GST-viral OTU (WT) and its catalytic inactive mutant 1A were
expressed in E. coli and purified. His6-TRAF6 and His6-Tax were expressed in Sf9 cells using
the Bac-to-Bac Baculovirus Expression System (Thermo Fisher Scientific) and purified. GST,
GST-HOIL-1L, GST-HOIP and GST-Sharpin were generated using the wheat germ cell-free
protein synthesis system and purified [68]. Ubiquitin (U-100H), ubiquitin mutants (K6R
(UM-K6R), K11R (UM-K11R), K27R (UM-K27R), K29R (UM-K29R), K33R (UM-K33R),
K48R (UM-K48R) and K63R (UM-K63R)), HA-ubiquitin (U-110), IsoT (E-320), Otubain-1
(E-522B), AMSH (E-548B), OTULIN (E-558), USP2 (E-504), His6-UBE1 (E-304), UbcH5c
(E2-627), UbcH7 (E2-640) and His6-Ubc13/Uev1A (E2-664) were purchased from Boston-
Biochem. Recombinant K48- and K63-linked Ub2-Ub7 chains (UC-230, UC-330) were pur-
chased from BostonBiochem. Recombinant M1-linked Ub2-Ub7 chains (BML-UW1010-
0100) were purchased from Enzo Life Sciences.

Cell-free assays

Jurkat cells and MEFs were suspended in hypotonic buffer (10 mM Tris-HCl (pH 7.5), 1.5
mM MgCl2, 10 mM KCl, 0.5 mM dithiothreitol (DTT) and protease inhibitor cocktail
(Roche)) and then lysed with a Dounce homogenizer. Cell debris was removed via ultracentri-
fugation at 100,000 x g for 1 h at 4˚C to prepare the S-100 cytosolic extract. Cytosolic extracts
(10 mg/ml) were incubated with recombinant His6-Tax in ATP buffer (50 mM Tris-HCl (pH
7.5), 5 mM MgCl2, 2 mM ATP, 5 mM NaF, 20 mM β-glycerophosphate, 1 mM Na3VO4, and
protease inhibitor cocktail) in the presence or absence of various recombinant DUBs. After
incubation at 30˚C for 1 h, the reaction mixtures were subjected to immunoblotting or
immunoprecipitation.

Immunoprecipitation and immunoblotting

Cells were lysed in IP buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA, 1 mM
MgCl2, 10 mM NaF, 1% NP-40, 10 mM β-glycerophosphate, 1 mM Na3VO4, 1 mM DTT, 5
mM N-ethylmaleimide (NEM) and protease inhibitor cocktail), followed by centrifugation at
22,000 x g for 15 min at 4˚C to remove the insoluble fraction. For detection of polyubiquitina-
tion of Tax, the reaction mixtures were boiled for 10 min in the presence of 1% SDS to remove
noncovalently attached proteins. The mixtures were then diluted 10-fold in IP buffer to reduce
the SDS concentration to 0.1%. The cell lysates or the cell-free reaction mixtures were subse-
quently incubated with the antibodies plus protein G-sepharose. The immunoprecipitates
were washed five times and subjected to immunoblotting. For immunoblotting, immunopre-
cipitates or cell lysates were separated via SDS-PAGE and transferred to PVDF membranes
(Immobilon P, Millipore). The membranes were then incubated with the primary antibodies.
Immunoreactive proteins were visualized with anti-rabbit or anti-mouse IgG conjugated to
horseradish peroxidase, followed by processing with an ECL detection system.

In vitro binding assay

Glutathione sepharose was incubated with 300 ng of GST, GST-HOIL-1L, GST-HOIP or
GST-Sharpin at 4˚C for 1 h in binding buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1
mM EDTA, 1% Triton X-100, 1 mM DTT, 2.5 mg/ml BSA and protease inhibitor cocktail).
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The beads were then incubated with 500 ng of His6-Tax at 4˚C for 1 h. After incubation, the
beads were washed and subjected to immunoblotting.

In vitro deubiquitination assay

Jurkat cytosolic extracts (10 mg/ml) were incubated with recombinant His6-Tax in ATP buffer.
After incubation at 30˚C for 1 h, the reaction mixtures were subjected to immunoprecipitation
with an anti-NEMO antibody in IP buffer. The immunoprecipitates were washed three times
with IP buffer without NEM and incubated with Otubain-1 (5 μM), AMSH (5 μM), OTULIN
(5 μM) or USP2 (5 μM) at 37˚C for 1 h in DUB buffer (50 mM HEPES-KOH (pH 7.5), 100
mM NaCl, 1 mM MnCl2, 0.01% Brij-35 and 2 mM DTT). After incubation, the reaction mix-
tures were subjected to immunoblotting.

Ubiquitin-AQUA

Jurkat cytosolic extracts (10 mg/ml) were incubated with recombinant His6-Tax in ATP buffer.
After incubation at 30˚C for 1 h, the reaction mixtures were subjected to immunoprecipitation
with an anti-NEMO antibody in IP buffer. The immunoprecipitates were analyzed via the ubi-
quitin-AQUA method as described previously [48]. The immunoprecipitates were separated
through SDS-PAGE, and the gel region above 50 kDa was subjected to in-gel trypsinization.
The extracted peptides were analyzed with a Q Exactive mass spectrometer in targeted MS/MS
mode together with 10 fmol of ubiquitin AQUA peptides.

Blue native polyacrylamide gel electrophoresis (BN-PAGE)

After the cell-free reaction, the reaction mixtures were mixed with NativePAGE Sample Buffer
(Thermo Fisher Scientific). Electrophoresis was performed using NativePAGE Running Buffer
(Thermo Fisher Scientific) containing 0.002% G-250. The gels were soaked in denaturation
buffer (10 mM Tris-HCl (pH 6.8), 1% SDS and 0.006% 2-mercaptoethanol) for 30 min at
60˚C, followed by transfer to PVDF membranes and immunoblotting.

Quantitative real-time reverse transcriptase PCR

The total RNA was isolated from MT-4 cells transfected with control or HOIP siRNA with Tri-
zol reagent (Thermo Fisher Scientific). cDNA was synthesized from 2.0 μg of total RNA with
Prime ScriptII (Takara). Quantitative real-time PCR analysis was performed on CFX Connect
(Bio-Rad). The level of GAPDH expression was used to normalize the data. The following
primers were used: IL-6 sense/anti-sense, 50-CCTGAACCTTCCAAAGATGGC-30/50-TTCAC
CAGGCAAGTCTCCTCA-30; IL-1β sense/anti-sense, 50-TTCGACACATGGGATAACGAG
G-30/50-TTTTTGCTGTGAGTCCCGGAG-30; MMP-9 sense/anti-sense, 50-ATGTACCGCTT
CACTGAGGG-30/50-TCAGGGCGAGGACCATAGAG-30; GAPDH sense/anti-sense, 50-TGC
ACCACCAACTGCTTAGC-30/50-GGCATGGACTGTGGTCATGAG-30.

Luciferase assay

HEK293T cells were transfected with the plasmids encoding wild type or various Tax mutants
together with 20 ng of luciferase reporter (3xκB-luc) and 30 ng of β-actin-β-galactosidase plas-
mid. After 48 h, the luciferase activity was measured using the Luciferase Assay System (Toyo
Ink). β-galactosidase activity was used to normalize the transfection efficiency.
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In vitro ubiquitination assay

The reactions were performed at 37˚C for 1 h in the reaction buffer containing His6-UBE1
(0.1 μM), the indicated E2 (0.2 μM), ubiquitin (25 μM) and His6-TRAF6 or His6-Tax in
the presence of ATP (2 mM). After incubation, the reaction mixtures were analyzed by
immunoblotting.

Phos-tag SDS-PAGE

After cell-free reactions, the reaction mixtures were separated using 6% polyacrylamide gels
containing 20 μM Phos-tag acrylamide (Wako) and 40 μM MnCl2. After electrophoresis, the
gels were washed with transfer buffer containing 10 mM EDTA for 15 min. The gels were fur-
ther washed with transfer buffer without EDTA for 10 min, and the samples were transferred
to PVDF membranes, followed by immunoblotting.

Statistics

Statistically significant differences between mean values were determined using Student’s t-
test (⇤⇤P<0.01, ⇤P<0.05). Data are presented as the means ± SD.

Supporting Information

S1 Fig. Proteasomal degradation of IκBα is not induced in cell-free assay system. Jurkat
cytosolic extracts were incubated with recombinant His6-Tax and ATP (2 mM) in the presence
of MG132 (10 μM). The reaction mixtures were analyzed by immunoblotting with the indi-
cated antibodies.
(TIF)

S2 Fig. cIAP1/2, TRAF2/5, TRIM25 and Riplet are dispensable for Tax-induced IKK acti-
vation. (A-D) Cytosolic extracts were prepared from cIAP1/cIAP2-deficient (A), TRAF2/
TRAF5-deficient (B), TRIM25-deficient (C), Riplet-deficient MEFs (D) and corresponding
WT MEFs and subjected to cell-free analyses. The depicted results are representative of three
independent experiments.
(TIF)

S3 Fig. The zinc finger of Tax is crucial for IKK activation, while Tax does not act as an E3
ubiquitin ligase to generate K63 chains. (A) A schematic representation of the various Tax
mutants used in (B) and (C). (B) HEK293T cells were transfected with expression plasmids
encoding Tax or various Tax mutants. After 60 h, the cells were treated with MG132 (20 μM)
for 2 h, and the cell lysates were subjected to immunoblotting with the indicated antibodies.
(C) HEK293T cells were transfected with plasmids encoding Tax or various Tax mutants
together with a 3xκB-luc reporter. After 48 h, luciferase activity was measured. The results are
given as the mean ±S.D. (n = 3). (D) Jurkat cytosolic extracts were incubated with recombinant
His6-Tax purified from Sf9 cells or E. coli in the presence of ATP (2 mM). The reaction mix-
tures were analyzed by immunoblotting with the indicated antibodies. His6-Tax from Sf9 is
larger than that from E. coli due to the difference in the length of linker sequence between His-
tag and Tax protein. (E) Recombinant His6-Tax purified from Sf9 cells or E. coli (left) or His6-
TRAF6 (right) was incubated with UBE1 (E1; 0.1 μM), the indicated E2 (0.2 μM) and ubiquitin
(25 μM) in the presence of ATP (2mM). The reaction mixtures were analyzed by immunoblot-
ting with an anti-Ub antibody. The depicted results are representative of three independent
experiments.
(TIF)
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S4 Fig. HOIP becomes phosphorylated by IKKβ during Tax-induced IKK activation. (A)
Jurkat cytosolic extracts were incubated with recombinant His6-Tax and ATP (2 mM) in the
presence of DN ubiquitin mutants or HA-ubiquitin (50 μM). The reaction mixtures were sepa-
rated via Phos-tag SDS-PAGE, followed by immunoblotting with an anti-HOIP antibody. (B)
Jurkat cytosolic extracts were incubated with recombinant His6-Tax and ATP (2 mM) in the
absence or presence of increasing amounts of the IKKβ inhibitor TPCA-1 (1.0, 3.0 or 10 μM).
The reaction mixtures were separated via regular SDS-PAGE. Dots denote the phosphorylated
form of HOIP. The depicted results are representative of three independent experiments.
(TIF)
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We conducted a genome-wide association study (GWAS) on the outcome of anti-VEGF treatment for 
exudative age-related macular degeneration (AMD) in a prospective cohort. Four hundred and sixty-
one treatment-naïve AMD patients were recruited at 13 clinical centers and all patients were treated 
with 3 monthly injections of ranibizumab followed by pro re nata regimen treatment for one year. 
Genomic DNA was collected from all patients for a 2-stage GWAS on achieving dry macula after the 
initial treatment, the requirement for an additional treatment, and visual acuity changes during the 
12-month observation period. In addition, we evaluated 9 single-nucleotide polymorphisms (SNPs) 
in 8 previously reported AMD-related genes for their associations with treatment outcome. The 
discovery stage with 256 patients evaluated 8,480,849 SNPs, but no SNPs showed genome-wide level 
significance in association with treatment outcomes. Although SNPs with P-values of <5 × 10−6 were 
evaluated in replication samples of 205 patients, no SNP was significantly associated with treatment 
outcomes. Among AMD-susceptibility genes, rs10490924 in ARMS2/HTRA1 was significantly associated 
with additional treatment requirement in the discovery stage (P = 0.0023), and pooled analysis with the 
replication stage further confirmed this association (P = 0.0013). ARMS2/HTRA1 polymorphism might 
be able to predict the frequency of injection after initial ranibizumab treatment.

Age-related macular degeneration (AMD) is one of the most common causes of severe visual impairment in 
the world. Anti-vascular endothelial growth factor (VEGF) treatment has considerably improved treatment out-
comes for exudative AMD. However, long-term treatment outcomes are not always favorable1–3. Although con-
tinuous monthly injection of anti-VEGF treatment can improve visual acuity and maintain the improved visual 
acuity in most cases, it can cause retinal pigment epithelium (RPE) atrophy and visual loss4–6. Pro ne nata (PRN) 
regimen aims to follow-up cases without treatment until recurrence of the exudative change after successful 
initial treatment and perform additional treatment for the recurrence. Strict monthly follow-up and prompt addi-
tional treatment for recurrence are indispensable for maintaining improved visual acuity and delaying additional 
treatment can cause damage to retinal cells and visual loss. To prevent the delay of additional treatment and to 
pre-empt the laborious procedure of monthly follow-up for both patients and physicians, proactive treatment 
regimens, such as the treat-and-extend (TAE) regimen, has become a widely used strategy. In proactive treatment 
regimens, continuous treatment is given to eyes with dried maculae after initial treatments. Although the effects 
of anti-VEGF drugs on dry maculae have not been thoroughly evaluated, redundant treatment might cause RPE 
atrophy and visual loss4–6. Because one-third to one-fourth of patients with AMD were reported to not require 
additional treatment after initial treatment to maintain dry maculae over one year7, 8, a proactive treatment regi-
men should be avoided for such patients.

Genetic information would be useful for choosing the best treatment strategy for individual patients. Many 
studies have been conducted to investigate genetic associations of treatment response with anti-VEGF treatment 
or photodynamic therapy for AMD. Several studies with candidate gene approaches have demonstrated positive 
associations of AMD-related genes with treatment outcome9–13. However, more studies have reported no associ-
ations between AMD-related genes and treatment outcomes14–24. So far, genome-wide association study (GWAS) 
has rarely been conducted to find genes associated with treatment responses for AMD, although GWASs might be 
useful for identifying non-AMD-related genes associated with treatment responses, which could help determine 
the best treatment strategy for individual patients to enable personalized medicine.

The odds ratio of a genetic polymorphism must be much higher or much lower than 1.0 to be useful in pre-
dicting an effective treatment strategy. In addition, when single-nucleotide polymorphisms (SNPs) are used 
for personalized medicine, SNPs with relatively high minor allele frequencies are useful because more patients 
with the minor allele would be predicted to have the different treatment outcome. We conducted the ANGEL 
(ANalysis of GEnotypes associated with the treatment effects of Lucentis for age-related macular degeneration) 
study in Japan to perform a GWAS on the outcome of anti-VEGF treatment in a prospective cohort.

Results
Between September 2011 and December 2014, we enrolled 461 patients at 13 clinical centers in Japan. We tested 
256 samples from patients enrolled in this study between September 2011 and October 2012 for the discovery 
stage, and the remaining 205 patient samples for the replication stage. The fixed dataset for the discovery stage 
consisted of 8,480,849 SNPs from 255 individuals. The discovery samples consisted of 178 male patients and 78 
female patients, while the replication samples consisted of 135 male patients and 70 female patients (P = 0.42). 
The average age was 73.6 ± 7.9 years old in the discovery stage and 74.5 ± 7.7 years old in the replication stage 
(P = 0.11). Four participants did not complete the loading treatment and 8 participants dropped out of the study 
during the PRN period among the discovery samples, and 1 participant did not complete the loading treatment 
and 13 participants dropped out from the study during the PRN period among the replication samples.

Visual acuity changes of AMD eyes treated with ranibizumab are shown in Fig. 1. The discovery group and 
replication group showed similar visual acuity changes. Dry maculae after the loading treatment, defined as an 
absence of intra- or sub-retinal fluid upon SD-OCT examination, was attained in 191 eyes (75.8%) in the discov-
ery group and 149 eyes (73.4%) in the replication group (P = 0.59). The number of additional treatments during 
the PRN follow-up period after the loading treatment was 1.98 ± 1.90 in the discovery group and 2.25 ± 2.28 in 
the replication group (P = 0.27).

When the genetic association with dry macula achievement after the loading treatment was evaluated for the 
discovery stage, no SNP showed a significant association with a genome-wide level P-value (Figure S1A). Since 1 
SNP (rs35028047) on chromosome 18 showed a P-value of < 5 × 10−6 with an MAF > 0.1 (Table S1), rs35028047 
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was evaluated in the replication analysis. However, rs35028047 did not significantly associate with dry maculae 
(P = 0.21) in the 205 replication samples, and the odds ratio suggested an opposite effect compared to the results 
obtained in the discovery stage (Table S2). In addition to rs35028047, 9 SNPs in 8 genetic regions, previously 
reported to be associated with AMD, were evaluated in association with dry maculae in the discovery stage. None 
of these SNPs were significantly associated with dry maculae (Table S3).

Because data from previous studies suggested that one-third to one-fourth of patients with AMD do not 
require additional treatment for one year after 3 monthly loading treatments with ranibizumab7, 8, genetic asso-
ciations with the necessity for additional treatment within one year were investigated. For this analysis, eyes were 
divided into 2 groups: eyes that had received additional treatment and those without additional treatment during 
the PRN period. In the discovery stage, no SNPs showed genome-wide level significant associations with the 
requirement for additional treatment (Figure S1B). Since 1 SNP at nucleotide position 96,157,509 in chromo-
some 6 showed a P-value of < 5 × 10−6 and an MAF > 0.1 (Table S1), this SNP was evaluated in the replication 
samples. However, our designed probe for this SNP did not work in the TaqMan method. Thus, rs6924709 in 
the same LD block was chosen for analysis. In the discovery stage, rs6924709 showed a P-value of 4.90 × 10−6, 
but rs6924709 did not show a significant association with the need for additional treatment (P = 0.066) in the 
replication analysis, and the odds ratio suggested an opposite effect occurred between the discovery and rep-
lication stages (Table S4). When analyzing the 9 SNPs within the 8 AMD-susceptibility genes, rs10490924 in 
ARMS2/HTRA1 showed a significant association with the additional treatment requirement in the discovery 
stage (P = 0.0023, Table 1). Although replication analysis did not show a statistically significant P-value for the 
association between rs10490924 and additional treatment (P = 0.14), the odds ratio showed the same direction 
as did the discovery stage, suggesting that the P-value did not reach statistical significance owing to the small 
sample size, and pooled analysis of the discovery- and replication-stage data showed a strong association between 
rs10490924 and additional treatment necessity (P = 0.0013, Table 2). The odds ratio suggested that having one G 
allele lowered the necessity for additional treatment to the 63% level.

We also evaluated genetic associations with visual acuity changes during the 12-month period. In the discov-
ery stage, no SNP showed a genome-wide level significant association with visual acuity changes (Figure S1C), 
but 4 SNPs showed a P-value > 5 × 10−6 and an MAF > 0.1, including SNPs at nucleotide positions 3,120,081 on 
chromosome 1, 171,318,452 on chromosome 3 (rs202164786), 42,770,836 on chromosome 20, and 51,172,460 on 
chromosome 22 (Table S1). In the replication analysis, no SNPs except for rs202164786 showed a significant asso-
ciation (P > 0.19, Table S5), although rs202164786 could not be examined by our designed probe. Thus, rs9881788 
in the same LD block in the PLD1 gene was evaluated for an association with visual acuity changes. In both the 
discovery and replication stages, however, rs9881788 did not show a significant association (P > 0.63, Table S6). 
During the analysis of the 9 SNPs within the 8 AMD-susceptibility genes, rs943080 in VEGFA showed a signif-
icant association with visual acuity changes (P = 0.031, Table 3). However, rs943080 showed an opposite effect 
with respect to visual acuity (P = 0.0065) in the replication stage, and pooled analysis revealed a non-significant 
association (P = 0.86, Table 4).

Discusson
Genetic associations with AMD treatment outcomes have been investigated in many studies because they can 
potentially enable personalized AMD therapy. However, most studies were retrospective studies based on candi-
date genes. In our prospective study performed collaboratively by 13 institutes in Japan, we conducted GWAS on 
genetic associations with treatment outcomes of anti-VEGF treatment for AMD, but did not find any SNPs with a 
genome-wide level of significance. To utilize genetic information for personalized medicine, a given SNP should 
have greatly significant odds ratio because subtle difference are not practical for use making clinical treatment 
decisions. Furthermore, SNPs with a low MAF are not widely useful considering that the treatment outcome 

Figure 1. Visual acuity changes during 12 months of ranibizumab treatment in the discovery group (N = 256) 
and replication group (N = 205). Error bars indicate standard errors of the means.
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prediction can be applied only patients with the minor allele. In GWASs, a sample size of 250 (as in the present 
study) should be sufficiently large to discover candidate SNPs with a MAF of 0.2 and an odds ratio of 1.5–2.0. Our 
negative GWAS results for the treatment outcome suggested that single no SNP has enough power to support 
personalized medicine for patients with AMD.

Although the P-value did not reach the genome-wide significance level, ARMS/HTRA1 rs10490924 might be 
useful for predicting whether patients need additional treatment after the initial loading treatment with ranibi-
zumab. When a patient has one G allele in rs10490924, the necessity of additional treatment was predicted to 
decrease to the 63% level. Because data from previous studies suggested that one-third to one-fourth of patients 
with AMD do not need additional treatment for one year after loading treatment with ranibizumab7, 8, it should 
be worthwhile to predict the requirement for additional treatment for each patient. However, previous genetic 
studies did not focus primarily on the additional treatment requirement. Further genetic studies on additional 
treatment might enable the prediction of which patients will not need additional treatment after loading treat-
ment. Because redundant anti-VEGF treatment might cause RPE atrophy and poor visual prognosis in patients 
with AMD6, such patients should not receive additional treatment after the initial loading injections.

In contrast to the additional treatment requirement, ARMS2/HTRA1 genotype information was not 
found to be useful for predicting visual outcome or the achievement of dry maculae after the initial treat-
ment. Previous studies have evaluated associations between SNPs in ARMS2/HTRA1 and visual outcome after 
anti-VEGF treatment. Although some reports showed significant associations25–32, many studies denied such  
associations9, 19, 21–24, 33–39. In the present study, rs10490924 was not significantly associated with visual acuity 
changes during the 1-year treatment period when analyzing 255 samples. ARMS2/HTRA1 lacked sufficient power 
to predict visual outcomes in personalized medicine for AMD. Previous investigators also examined associations 
between SNPs in ARMS2/HTRA1 and the response to ant-VEGF treatment by SD-OCT. The results of most 
studies did not support their associations7, 21, 24, 27, 28, 30, 32, 33, 36, 40–42, while 1 report showed that rs10490924 was 
significantly associated with the achievement of dry maculae after 3 monthly injections of an anti-VEGF drug37. 
Collectively, previous data and the findings of this study indicate that ARMS2/HTRA1 is not useful for predicting 
anatomic outcomes after anti-VEGF treatment for AMD.

Further evaluation of VEGFA might be useful for predicting visual outcomes after anti-VEGF treatment for 
AMD. In the discovery stage of the present study, the T allele in rs943080 was significantly associated with a 
better visual outcome while it showed significant association to worse visual outcome (odds ratio = 1.08, 95% 
confidence interval = 1.02–1.39) in the replication stage. Zhao et al. also showed that the T allele of rs943080 
was significantly associated with poor visual outcome after anti-VEGF treatment for AMD43. Although another 
study denied such an association33 and other SNPs in VEGFA were shown not to be associated with the response 
to anti-VEGF treatment22, 44, 45, several studies have reported significant associations between VEGFA SNPs and 
the response to anti-VEGF treatment13, 25, 26, 31, 36, 46, 47. Because the rs943080 SNP affects the VEGFA-expression 
level48, associations between rs943080 and treatment outcome should be further examined.

Recently, the TAE regimen has been widely used to treat AMD with anti-VEGF drugs. However, some 
patients should receive redundant injections when treated with the TAE regimen, which can be circumvented 

Gene SNP 1/2
Additional treatment 
(−) (11/12/22)

Additional treatment 
( + ) (11/12/22) OR (95% CI) P OR (95% CI)* P*

ARMS2/HTRA1 rs10490924 G/T 27/25/21 26/72/69 0.501 (0.201–0.338) 0.00053 0.549 (0.323–0.807) 0.0023
CFH rs800292 A/G 10/27/36 12/79/76 0.939 (0.619–1.426) 0.77 0.989 (0.641–1.526) 0.96

rs1410996 A/G 10/33/30 16/82/69 0.909 (0.606–1.365) 0.65 0.980 (0.634–1.515) 0.93
CETP rs3764261 A/C 1/27/45 8/47/112 0.938 (0.574–1.532) 0.80 0.859 (0.517–1.429) 0.56
C2/CFB rs547154 T/G 0/9/64 0/13/154 0.617 (0.258–1.476) 0.27 0.713 (0.283–1.797) 0.47
CFI rs4698775 G/T 5/28/40 9/60/98 0.866 (0.553–1.356) 0.53 0.919 (0.579–1.457) 0.72
TGFBR1 rs334353 G/T 14/34/25 38/77/52 1.145 (0.774–1.696) 0.50 1.216 (0.817–1.809) 0.33
APOE rs4420638 G/A 0/10/60 0/32/130 1.441 (0.689–3.015) 0.33 1.381 (0.626–3.044) 0.41
VEGFA rs943080 C/T 9/35/29 14/76/77 0.793 (0.527–1.195) 0.27 0.791 (0.533–1.292) 0.29

Table 1. Associations of 9 single-nucleotide polymorphisms in 8 age-related macular degeneration 
susceptibility genes with an additional treatment requirement after 3 monthly injections of ranibizumab in 
the discovery stage. *Adjusted for age and sex, SNP: single-nucleotide polymorphism, OR: odds ratio, CI: 
confidence interval.

Stage 1/2
Additional treatment 
(−) (11/12/22)

Additional treatment 
( + ) (11/12/22) OR (95% CI) P OR (95% CI)* P*

Discovery stage G/T 27/25/21 26/72/69 0.50 (0.20–0.34) 0.00053 0.55 (0.32–0.81) 0.0023
Replication stage G/T 15/27/15 22/57/50 0.64 (0.41–1.00) 0.051 0.72 (0.46–1.12) 0.14
Pooled analysis G/T 42/52/36 48/129/119 0.57 (0.42–0.76) 0.00014 0.63 (0.47–0.83) 0.0013

Table 2. Replication and pooled analysis of the association between ARMS2/HTRA1 rs10490924 and additional 
treatment requirement after 3 monthly injections of ranibizumab. *Adjusted for age and sex, OR: odds ratio, CI: 
confidence interval.
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by accurately predicting who will not need continuous treatment after the loading injections. Although no single 
SNP may have sufficient power to predict treatment outcomes, analysis of several SNPs in combination could be 
useful for personalized AMD medicine.

The limitations of this study are its small sample size and its short-term follow-up period. A GWAS with a 
larger sample size might find SNPs with lower MAFs and subtle ORs associated with the outcome of anti-VEGF 
treatment for neovascular AMD. Although no single SNP with a low MAF and subtle odds ratio was identified 
that could be useful for personalized-medicine, the combination of such SNPs could potentially be useful. Recent 
studies have shown that the long-term visual outcome of anti-VEGF treatment is not favorable in patients with 
AMD1, 49. Predicting which patients can maintain improved visual function after anti-VEGF treatment would 
reveal who should be intensely monitored for additional treatment after the initial loading treatment.

In conclusion, we performed a multi-center prospective study to identify genes associated with the treatment 
outcome after anti-VEGF treatment for AMD. Although no SNP showed a genome-wide level of significance, 
ARMS2/HTRA1 might be useful for predicting the requirement for additional treatment after 3 monthly injec-
tions of ranibizumab. Further investigation would help increase the accuracy of predicting treatment outcomes 
in personalized medicine for AMD.

Methods
Patients enrolled in the Study. The eligibility criteria included being 50 years of age or older and the pres-
ence of treatment-naïve neovascular AMD (1 eye per patient) as evidenced leakage in fluorescein angiography 
(FA) and fluid or hemorrhaging within or below the macula during spectral-domain optical coherence tomog-
raphy (SD-OCT) examination, with a best-corrected Snellen visual acuity (VA) equivalent of 20/400 to 20/40 at 
baseline. Exclusion criteria included any previous treatment for choroidal neovascularization (CNV), vitrectomy, 
and intraocular lens suture fixation, as well as the presence of angioid streaks, myopic CNV, and vitelliform mac-
ular dystrophy. Institutional Review Board/Ethics Committee approval of any relevant details in this study was 
obtained at each clinical center; Kyoto University Graduate School and Faculty of Medicine, Ethics Committee, 
Saitama Medical University Hospital Ethics Committee, Ethics Committee of Kobe University Graduate School 
of Medicine, Fukushima Medical University School of Medicine, Ethics Committee, The University of Tokyo 
Graduate School of Medicine and Faculty of Medicine, Ethics Committee, Ethics Committee of Seirei Hamamatsu 
General Hospital, University of Yamanashi Faculty of Medicine Ethics Committee, Gunma University School of 
Medicine Ethics Committee, Kansai Medical University Medical Ethics Committee, Ohtsuka Eye Hospital Ethics 
Committee, Miyata Ophthalmic Hospital Ethics Committee, Osaka University Research Ethics Committee, 
Shimane University Faculty of Medicine Medical Ethics commitee. All study conduct adhered to the tenets of the 
Declaration of Helsinki. Each patient gave written informed consent for participation in the study.

Before loading treatment, each patient underwent a comprehensive ophthalmologic examination, including 
measurement of best-corrected VA and intraocular pressure, indirect ophthalmoscopy, slit-lamp biomicroscopy 
with a contact lens, color fundus photography, SD-OCT examination, fundus autofluorescence, and fluorescein 
and indocyanine green angiography. Best-corrected VA was measured using a Landolt chart and converted to a 
logarithm of the minimal angle of resolution (LogMAR) for statistical analysis.

Gene SNP BETA (95% CI) P BETA (95% CI)* P*
ARMS2/HTRA1 rs10490924 −0.012 (−0.057–0.034) 0.62 −0.013 (−0.058–0.033) 0.58
CFH rs800292 −0.007 (−0.061–0.047) 0.80 −0.009 (−0.063–0.044) 0.74

rs1410996 −0.011 (0.064–0.041) 0.68 −0.017 (−0.069–0.036) 0.54
CETP rs3764261 −0.004 (−0.066–0.058) 0.89 0.004 (−0.058–0.065) 0.90
C2/CFB rs547154 −0.080 (−0.198–0.039) 0.19 −0.094 (−0.213–0.025) 0.12
CFI rs4698775 −0.033 (−0.090–0.024) 0.25 −0.039 (−0.095–0.018) 0.18
TGFBR1 rs334353 0.029 (−0.018–0.076) 0.23 0.024 (−0.023–0.071) 0.33
APOE rs4420638 −0.050 (−0.141–0.040) 0.25 −0.045 (−0.135–0.044) 0.25
VEGFA rs943080 0.062 (0.009–0.114) 0.022 0.058 (0.006–0.110) 0.031

Table 3. Associations of 9 single nucleotide polymorphisms in 8 age-related macular degeneration 
susceptibility genes with visual acuity change during 12 months of ranibizumab treatment in the discovery 
stage. *Adjusted for age and sex, SNP: single nucleotide polymorphism, OR: odds ratio, CI: confidence interval.

Stage BETA (95% CI) P BETA (95% CI)* P*
Discovery stage 0.06 (0.01–0.11) 0.022 0.06 (0.01–0.11) 0.031
Replication stage −0.06 (−0.11– −0.001) 0.047 −0.08 (−0.13– −0.02) 0.0065
Pooled analysis 0.01 (−0.03–0.05) 0.62 0.00 (−0.04–0.03) 0.86

Table 4. Replication and pooled analysis of the association of VEGFA rs943080 with visual acuity changes 
during 12 months of ranibizumab treatment. *Adjusted for age and sex, CI: confidence interval.
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Treatment. All patients underwent 3 courses of monthly injections of 0.5 mg ranibizumab (Lucentis; 
Novartis, Bülach, Switzerland) and were monitored monthly afterwards for one year. At every scheduled visit, 
the best-corrected VA was measured, and slit-lamp biomicroscopy and SD-OCT examination was performed. 
Re-treatment of each patient was performed if any of the following changes were observed by the evaluating 
physician during the first year of the study: 1) VA loss of at least 0.1 LogMAR VA with SD-OCT evidence of fluid 
in the macula, 2) an increase in SD-OCT central retinal thickness of at least 100 µm more than the least thickness 
observed during the study, 3) new macular hemorrhaging, 4) a new area of classic CNV observed when the eval-
uating physician performed FA based on suspicion of new classic CNV, or 5) evidence of persistent fluid upon 
SD-OCT examination 1 month after the previous injection.

Genotyping. Genotyping was performed with all patients. Genomic DNA was prepared from leukocytes 
of peripheral blood with a QuickGene-610L DNA extraction kit (Fujifilm, Tokyo, Japan). During the discovery 
stage, genome-wide genotyping was performed using the HumanOmni2.5–8 BeadChip Kit (Illumina Inc., San 
Diego, CA). To ensure high-quality genotype data, a series of quality control filters were applied to the raw data, 
including a MAF cutoff of >0.01 and genotyping success rate of >95%. Genome-wide imputation was performed 
using the Michigan Imputation Server (https://imputationserver.sph.umich.edu/index.html) with ASN popula-
tion haplotypes from the 1000 Genomes project (phase 3) as reference sequences. Series of quality-control filters 
were applied again to the post-imputed dataset, including a MAF cutoff of >0.01, a genotyping success rate of 
>90%, and an individual call rate of >90%. Quality control was performed using PLINK (version 1.07; http://
pngu.mgh.harvard.edu/~purcell/plink; accessed April 11, 2015). During the replication stage, samples were geno-
typed using TaqMan SNP assays with the ABI PRISM 7700 system (Applied Biosystems Inc., Foster City, CA). We 
did not consider deviations in genotype distributions from the Hardy–Weinberg equilibrium because all samples 
were from patients with AMD.

Statistical Analysis. During the discovery stage, associations of the genotypic distribution of each SNP with 
the response to the loading treatment (assessed by SD-OCT or the requirement of additional treatment after the 
loading treatment) were examined by logistic regression analysis, assuming an additive effect of the per minor 
allele with adjustment for age and sex. Associations of the genotypic distribution of each SNP with the VA change 
after 12 months were examined using quantitative trait-locus analysis with a linear regression model, assuming an 
additive effect of the per minor allele with adjustment for age and sex. During the discovery stage, genome-wide 
significance was defined as P < 5 × 10−8. Single nucleotide polymorphism with P values < 5 × 10−6 and an MAF of 
>0.1 were selected as candidates for the replication stage, and differences were considered statistically significant 
at P < 0.05 thereafter. SNAP software (http://www.broadinstitute.org/mpg/snap/ldsearch.php; accessed April 11, 
2015) was used to infer linkage disequilibrium (LD) at the targeted regions. The coordinates presented were from 
the National Center for Biotechnology Information Build 37 (http://www.ncbi.nlm.nih.gov; accessed April 11, 
2015; available in the public domain from the National Center for Biotechnology Information, Bethesda, MD).

The rates of dry macular achievement were compared with Fisher’s exact test, and the numbers of ranibizumab 
injections were compared with an unpaired-t test between the discovery and replication samples. Differences 
were considered statistically significant at P < 0.05. The datasets generated during and/or analysed during the 
current study are available from the corresponding author on reasonable request.
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Smad9 is a new type of transcriptional
regulator in bone morphogenetic protein
signaling
S. Tsukamoto1, T. Mizuta1, M. Fujimoto1, S. Ohte1, K. Osawa1, A. Miyamoto1, K. Yoneyama1, E. Murata2,

A. Machiya1, E. Jimi3, S. Kokabu1,4 & T. Katagiri1

1Division of Pathophysiology, Research Center for Genomic Medicine, Saitama Medical University, 1397-1 Yamane, Hidaka-shi,
Saitama 350-1241, Japan, 2School of Medical Technology and Health, Faculty of Health and Medical Care, Saitama Medical
University, 1397-1 Yamane, Hidaka-shi, Saitama 350-1241, Japan, 3Division of Molecular Signaling and Biochemistry,
Department of Health Promotion, Kyushu Dental University, 2-6-1 Manazuru, Kokurakita-ku, Kitakyushu-shi, Fukuoka 803-8580,
Japan, 4Department of Oral and Maxillofacial Surgery, Faculty of Medicine, Saitama Medical University, 38 Morohongo,
Moroyama-machi, Iruma-gun, Saitama 350-0495, Japan.

Smad1, Smad5 and Smad9 (also known as Smad8) are activated by phosphorylation by bone morphogenetic
protein (BMP)-bound type I receptor kinases. We examined the role of Smad1, Smad5, and Smad9 by
creating constitutively active forms (SmadDVD). Transcriptional activity of Smad9DVD was lower than that of
Smad1DVD or Smad5DVD, even though all three SmadDVDs associated with Smad4 and bound to the target
DNA. The linker region of Smad9 was sufficient to reduce transcriptional activity. Smad9 expression was
increased by the activation of BMP signaling, similar to that of inhibitory Smads (I-Smads), and Smad9
reduced BMP activity. In contrast to I-Smads, however, Smad9 did not inhibit the type I receptor kinase and
suppressed the constitutively active Smad1DVD. Smad9 formed complexes with Smad1 and bound to DNA
but suppressed the transcription of the target gene. Taken together, our findings suggest that Smad9 is a new
type of transcriptional regulator in BMP signaling.

B
one morphogenetic proteins (BMPs) are the largest subfamily of the transforming growth factor-b(TGF-b)
family, which also includes growth and differentiation factors (GDFs) and activin. These proteins have
multiple functions that are associated with growth, differentiation and cell death during embryonic

development1,2. The implantation of demineralized bone matrix or BMPs in skeletal muscle induces heterotopic
bone formation in vertebrates3. This osteogenic activity is found in some BMPs and GDFs but not in TGF-bs,
activin or other growth factors4,5. The in vitro treatment of myoblasts with osteogenic BMPs inhibits myogenic
maturation and induces the differentiation of myoblasts into cells expressing typical markers of mature osteo-
blasts, including alkaline phosphatase (ALP), parathyroid hormone receptor and osteocalcin6. In contrast, non-
osteogenic members of the TGF-bfamily do not induce these phenotypic osteoblast markers in myoblast cultures
in vitro, although non-osteogenic family members inhibit myogenesis6. Thus, osteogenic BMPs activate specific
intracellular signaling pathways in target cells.

The intracellular signaling of TGF-b family members, including BMPs, is transduced by two types of trans-
membrane serine/threonine receptor kinases7,8. Type II receptors phosphorylate the intracellular domain of type I
receptors to activate receptor kinases, thereby activating downstream signaling pathways7,8. Substitution muta-
tions at the phosphorylation sites of type I receptors constitutively activate receptor kinases9. The overexpression
of a constitutively activated form of type I BMP receptors (such as ALK2, BMPR-IA and BMPR-IB) induces the
osteoblastic differentiation of myoblasts in cell culture in the absence of BMPs10,11. Fibrodysplasia ossificans
progressiva (FOP) is a rare genetic disorder that is characterized by heterotopic bone formation in skeletal muscle
similar to the effects of BMP implantation12,13. Our group and others have demonstrated that the ALK2 mutations
in patients with FOP are natural gain-of-function mutants of type I BMP receptors14–17. A kinase inhibitor of BMP
type I receptors, LDN-193189, suppresses artificial bone formation in soft tissues in mice expressing constitu-
tively activated ALK218. These findings suggest that the substrates and downstream effectors of BMP type I
receptors are critical for the bone-inducing activity of BMPs.

Smad proteins (Smads 1 through 9) are transcriptional regulators that are important for intracellular TGF-b
family signaling19–21. Smads are classified into 3 subgroups (R-Smad, Co-Smad and I-Smad) based on their
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structures and biochemical functions20,22–24. Smads have conserved
N-terminal MH1 and C-terminal MH2 domains that are
connected by a linker region25. Type I receptors phosphorylate
R-Smads at the C-terminal serine-valine-serine (SVS) or
serine-methionine-serine (SMS) motifs of the MH2 domains26.
Osteogenic BMPs induce the phosphorylation of Smad1, Smad5,
and Smad9 (also known as Smad8), whereas, non-osteogenic
members of the TGF-b family induce the phosphorylation of
Smad2 and Smad320,27. I-Smads, Smad6 and Smad7, bind to type
I receptors and inhibit receptor kinase activity28–31. The expression
of I-Smad mRNAs is increased in response to ligand stimulation,
indicating that these mRNAs form negative feedback loops in the
intracellular signaling among the TGF-b family32. Smad6 has been
shown to interact with co-repressors, such as Hoxc-8 and CtBP, to
inhibit BMP induced transcription activity33,34. Phosphorylated R-
Smads form complexes with Smad4, a Co-Smad, and bind to the
responsive element to regulate the transcription of target genes20.
The Id1, Id2 and Id3 genes are typical early-response genes in
BMP signaling and have a conserved GGCGCC sequence in their
59 upstream BMP-responsive elements (BREs) that is required for
Smad binding35–40. We identified a novel BMP-responsive non-
coding RNA called BMP-inducible transcript-1 (Bit-1) by utilizing
the conserved BMP-responsive elements among the Id genes, sug-
gesting that the GGCGCC sequence is important for the BMP-
induced transcription40.

The specific role of each R-Smad on BMP activity remains unclear
because the activation of a type I receptor simultaneously activates all
the Smad and/or non-Smad signaling pathways24,41. We reported a
constitutively active mutant of Smad1, Smad1DVD, in which the C-
terminal SVS motif is mutated to an aspartic acid-valine-aspartic
acid (DVD) sequence42. Smad1DVD is recognized by an antibody that
is specific for phosphorylated Smad1, Smad5 and Smad9 and acti-
vates BMP-induced biological events in vivo and in vitro in the
absence of BMPs42. This constitutively active mutation allowed us
to examine the specific role of Smad1 on BMP activity in the absence
of the activation of the other signaling pathways. We used this strat-
egy to examine the influence of Smad5 and Smad9 on BMP activity.
We found that Smad9 was less active than Smad1 and Smad5 and
that this lower activity depended on a deletion and a unique sequence
in the linker region of Smad9. Moreover, Smad9 inhibited BMP
signaling in cell culture similar to I-Smads. However, in contrast to
I-Smads, Smad9 did not inhibit the phosphorylation of R-Smads by
type I receptors. Smad9 formed complexes with BMP-regulated R-
Smads and bound to the BRE but suppressed the transcriptional
activity in a dominant negative manner. Thus, the inhibition of tran-
scription is a previously uncharacterized role for Smad9 in BMP
signaling.

Results
Construction and characterization of the constitutively active
forms of R-Smads. We reported that the overexpression of
Smad1DVD under the control of the cytomegalovirus (CMV)
promoter in the pFLAG-CMV2 vector induces the ligand-
independent activation of BMP signaling, such as the induction of
alkaline phosphatase (ALP) activity in C2C12 mouse myoblast
cells42. The abundance of FLAG-Smad1DVD and ALP activity were
greater in the C2C12 cells that were transfected with Smad1DVD in the
pcDEF3 vector, which contains an elongation factor-1 promoter,
compared to those transfected with pFLAG-CMV2 (Supplemental
Fig. 1A and 1B). This increased signal-to-noise ratio enabled the
identification of potentially weak activation. Therefore, we used
the pcDEF3 vector.

We examined the effects of inhibitors on the BMP activity that is
induced by a constitutively active BMPR-IA receptor or Smad1DVD in
C2C12 cells. In contrast to the constitutively active BMPR-IA, the
activity of Smad1DVD was almost unchanged, even in the presence of

receptor inhibitors, including LDN-193189 (Supplemental Fig. 1C)
and Smad6 (Supplemental Fig. 1D). However, the overexpression of
a major component of NF-kB, p65, which inhibits the DNA binding
of the Smad complex to a BRE43, suppressed the activity of the con-
stitutively active BMPR-IA and Smad1DVD (Supplemental Fig. 1E).
These data confirm our previous finding that Smad1DVD acts as a
constitutively active Smad1 in BMP signaling42.

To determine the role of each R-Smad in BMP signaling, we intro-
duced serine-to-aspartate mutations in the residues that were homo-
logous to the C-terminal SVS motif in Smad1 in other R-Smads,
including Smad5, Smad9, Smad2 and Smad3. The overexpression
of Smad1DVD, Smad5DVD, and Smad9DVD, but not Smad2DMD or
Smad3DVD, in C2C12 cells increased the activity of two independent
BMP-specific luciferase reporters, Id1WT4F-luc (Fig. 1A) and
BIT1WT4F-luc (Fig. 1B), relative to that of the cells that were trans-
fected with the empty vector or the corresponding wild-type Smad.
The overexpression of the DVD forms of Smad1, Smad5, and Smad9
induced a typical marker of osteoblastic differentiation of C2C12
cells, ALP activity (Fig. 1C). These activities were lower with
Smad9DVD than with Smad1DVD or Smad5DVD, even under similar
abundance conditions (Supplemental Fig. 2). As we previously
reported for Smad1DVD 42, a specific antibody against phosphorylated
Smad1, Smad5 and Smad9 recognized Smad1DVD, Smad5DVD and
Smad9DVD (Fig. 1D), suggesting that the C-terminal structures of
these proteins mimic the conformational changes in the Smad pro-
teins that were activated through phosphorylation.

Transcriptional activity of Smad9 is weaker than that of Smad1 and
Smad5 despite having a greater DNA-binding activity. Because
Smad9 showed lower activities than Smad1 or Smad5, we examined
the biochemical characteristics of Smad9. The abundance of Smad9
was lower than that of Smad1 (Fig. 2A, bottom panel). However, more
endogenous Smad4 was co-immunoprecipitated with FLAG-Smad9
than with FLAG-Smad1 from lysates of human embryonic kidney
(HEK) 293 cells that were exposed to BMP-4 (Fig. 2A and 2B).
FLAG-Smad9DVD coprecipitated more endogenous Smad4 than did
FLAG-Smad1DVD and FLAG-Smad5DVD (Fig. 2C). A specific
antibody against Smad4 coprecipitated more endogenous Smad9
than endogenous Smad1 and Smad5 (Fig. 2E). The co-expression of
Myc-Smad4 increased the transcriptional activity of Smad1DVD,
Smad5DVD, and Smad9DVD, but that of Smad9DVD was significantly
lower (Fig. 2D). We further examined the DNA-binding capacity of
Smad9 in a DNA pull-down assay using a BRE in the Id1 gene.
Although the abundance of FLAG-Smad9 was less than that of
FLAG-Smad1, more Smad9 than Smad1 bound to the BRE
(Fig. 2F). Endogenous Smad9 also bound to the BRE in response to
BMP-4 stimulation (Fig. 2G). The binding of both endogenous and
FLAG-tagged Smad9 and Smad1 to the BRE was sequence-specific, as
these proteins did not bind to the mutant sequence in which the
Smad-binding GGCGCC core was substituted with TTTGCC
(Fig. 2F and 2G).

The linker region of Smad9 suppresses the transcriptional activity
of Smads. We constructed a series of chimeric Smad proteins in
which the MH1 domain, linker region and MH2 domain of one
Smad protein was replaced with those of another Smad protein.
The overexpression of the chimeric Smad proteins in which the
MH1 (Smad9-1-1DVD) or MH2 (Smad1-1-9DVD) domains in Smad1
were replaced with those from Smad9 resulted in an equivalent or
increased activation of the Id1WT4F-luc reporter compared to that
of Smad1DVD (Fig. 3A and 3B), suggesting that the MH1 domain of
Smad9 has a higher DNA-binding affinity than that of Smad1. In
contrast, Smad1-9-1DVD, which had the Smad9 linker region in
Smad1DVD, exhibited a significantly reduced ability to activate the
reporter, similar to Smad9DVD (Fig. 3A and 3B). We generated
similar results with the overexpression of the chimeric Smads that
were created using the domains of Smad5DVD and Smad9DVD (Fig. 3C
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and 3D), suggesting that the linker region of Smad9 suppressed its
ability to activate BMP signaling.

Although Smad9, Smad1 and Smad5 share greater than 91%
amino acid sequence similarity in the MH1 and MH2 domains, the
linker regions share less than 40% similarity, including a deletion at
the C-terminal portion of the linker in Smad9 compared to Smad1
and Smad5 (Supplemental Fig. 3). Thus, we inserted the sequence
from this region of Smad1 [Smad9DVD 1 S1L] or Smad5 [Smad9DVD

1 S5L] into Smad9DVD and found that the overexpression of either
construct induced ALP activity (Fig. 3E and 3F) and activated the
BMP reporter (Supplemental Fig. 4) to a similar degree as Smad1DVD

and Smad5DVD. The PPAY motif in the linker region of Smad1 is
recognized by E3 ubiquitin ligases, and this motif is not present in
Smad944. However, Smad9DVD 1 S1L(AAAY), in which the PPAY
motif has been substituted with the sequence AAAY, exhibited sim-
ilar activity to Smad9DVD 1 S1L (Fig. 3E and 3F), suggesting that the
PPAY motif is not involved in Smad9 activity.

Smad9 mRNA is increased by BMP-4 stimulation similar to Smad6
mRNA. Transcription-dependent feedback loops are often involved
in the regulation of signal transduction pathways, including BMP
signaling32. We found that the expression of Smad9 increased in
C2C12 myoblasts, C3H10T1/2 fibroblasts, MC3T3-E1 osteoblastic
cells, 3T3-L1 adipocytes, and primary calvarial osteoblasts that were
exposed to BMP-4 (Fig. 4A). The expression of Smad9 mRNA, similar
to Smad6 but not Smad1, Smad5, or Smad4, increased within one hour
of BMP-4 stimulation in C2C12 cells (Fig. 4B). This increase was
blocked by adding LDN-193189, a kinase inhibitor of BMP
receptors, to the cell culture medium (Fig. 4C). In contrast, Smad7

but not Smad9 increased in the cells that were exposed to TGF-b1
(Fig. 4D), suggesting that Smad9 is induced by BMP-specific
intracellular signaling. A BMP-induced increase in Smad9 protein
levels was observed in C3H10T1/2 cells 24 h after stimulation
(Fig. 4E). Furthermore, the increase in Smad9 mRNA levels was not
blocked by pretreatment with cycloheximide, suggesting that Smad9 is
an early response gene in the BMP-Smad axis (Supplemental Fig. 5).
In addition, the abundance of Smad9 mRNA sharply decreased
between E7.0 and E11.0 of developing mouse embryos, similar to
Smad6 and Smad7 but not Smad1, Smad5 or Smad4 (Fig. 4F).

Smad9 inhibits BMP signaling. Our data suggest that Smad9 may
act as an I-Smad similar to Smad6 and Smad7. Therefore, we tested
whether the overexpression of wild-type Smad9 could inhibit the
upstream activation of BMP signaling. As expected, the
overexpression of Smad6 or Smad7 inhibited the BMP-specific
Id1WT4F-luc activity that was induced by BMP-4 stimulation
(Fig. 5A) or by the overexpression of a constitutively active form of
BMPR-IA (Fig. 5B). Similarly, the overexpression of Smad9
suppressed the BMP activity that was induced by BMP-4 (Fig. 5A)
or the constitutively active BMPR-IA (Fig. 5B). Overexpression of
Smad9 suppressed the expression of endogenous Osterix mRNA
induced by the constitutively active BMPR-IA, and these results
were similar to those observed with Smad6 (Supplemental Fig. 6).

We examined the effect of siRNA knockdown of endogenous
Smad9 on BMP activity. The transfection of two independent
siRNAs against Smad9 in C2C12 cells that were exposed to BMP-4
decreased Smad9 mRNA (Fig. 5C) and increased ALP activity
(Fig. 5D).

Figure 1 | Biological activities of the wild-type and DVD/DMD forms of R-Smads. (A–C) The BMP-specific luciferase reporter activity using Id1WT4F-
luc (A) and BIT1-WT4F-luc (B) reporters and the ALP activity (C) were determined in C2C12 cells transiently overexpressing the wild-type
(open bars) and DVD/DMD form (solid bars) of each R-Smad. The data are expressed as the mean 6 SD (N 5 3). *, p , 0.05; **, p , 0.01. (D) Western
blot analysis of the whole-cell extracts that were prepared from the C2C12 cells that were transfected with the wild-type (W) and DVD forms (D) of Smad1
(S1), Smad5 (S5) and Smad9 (S9). The asterisks indicate non-specific bands.
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Figure 2 | Smad9 forms a complex with Smad4 and binds to the target DNA. (A and B) Co-immunoprecipitation of FLAG-Smad1 and FLAG-Smad9
with endogenous Smad4. FLAG-Smad1 and FLAG-Smad9 were transiently overexpressed in HEK293 cells, and whole-cell extracts were prepared from
the cells that were stimulated with or without 50 ng/ml BMP-4 for 1 h. The precipitates obtained with an antibody against the FLAG tag were analyzed by
Western blot analysis using an antibody against Smad4. The arrows indicate the positions of Smad1 (S1), Smad9 (S9) and Smad4 (S4). The data are
representative of N 5 4 blots. The blots in A are quantified in B. (C) Co-immunoprecipitation of endogenous Smad4 with FLAG-Smad1DVD, FLAG-
Smad5DVD and FLAG-Smad9DVD. The precipitates obtained with an antibody against the FLAG tag were analyzed by Western blot analysis using an
antibody against Smad4. The arrows indicate the positions of Smad1 (S1), Smad5 (S5), Smad9 (S9) and Smad4 (S4). (D) BMP-specific luciferase assay in
C2C12 cells co-expressing FLAG-tagged Smad1DVD, Smad5DVD and Smad9DVD in the absence (open bars) or presence (solid bars) of Myc-Smad4. The data
are expressed as the mean 1 SD (N 5 3). **, p , 0.01. (E) Co-immunoprecipitation of endogenous Smad4 with endogenous Smad1, Smad5 and Smad9.
The precipitates obtained with an antibody against Smad4 were analyzed by Western blot analysis using an antibody against phosphorylated Smad1,
Smad5 and Smad9. The arrows indicate the positions of Smad1 and Smad5 (S1/5), Smad9 (S9) and Smad4 (S4). (F) DNA pull-down assay of Smad1 and
Smad9. Whole-cell extracts were prepared from BMP-4-stimulated (50 ng/ml for 1 h) HEK293 cells overexpressing FLAG-Smad1 (S1) or FLAG-Smad9
(S9). The extracts that were incubated with biotinylated wild-type (WT) and mutant (Mut) BRE were analyzed by Western blot using antibodies against
the FLAG tag and Smad4. (G) DNA pull-down assay of endogenous Smad1, Smad5 and Smad9. Whole-cell extracts were prepared from BMP-4-
stimulated (50 ng/ml for 1 h) 10T1/2 cells. The extracts that were incubated with a biotinylated wild-type (WT) and mutant (Mut) BRE were analyzed by
Western blot using an antibody against phosphorylated Smad1, Smad5 and Smad9.
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Smad9 functioned as an inhibitor of the BMP-specific Id1WT4F-
luc activity similar to Smad6 and Smad7. In contrast to Smad6 and
Smad7, however, Smad9 was phosphorylated and did not inhibit the

phosphorylation of Smad1 that was induced by the constitutively
active BMPR-IA receptor (Fig. 5E). These results suggest that
Smad9 suppressed BMP activity via a novel molecular mechanism.

Figure 3 | The linker regions of Smad1, Smad5 and Smad9 regulate transcriptional activity. Transcriptional activity analysis of chimeric SmadDVD in
C2C12 cells. Chimeras were constructed by replacing the MH1, linker or MH2 domains between the DVD forms of Smad1 and Smad9 (A and B),
as well as by replacing the linker regions between the DVD forms of Smad1, Smad5 and Smad9 (C and D). Id1WT4F-luc was co-transfected with each
chimeric Smad in C2C12 cells. The data are expressed as the mean 6 SD (N 5 3). **, p , 0.01. The Western blots were performed using antibodies against
the FLAG tag and tubulin. (E and F) The insertion of a C-terminal region of the Smad1 or Smad5 linker to Smad9DVD restored the osteoblastic
differentiation-inducing activity in C2C12 cells. The data are expressed as the mean 6 SD (N 5 3). **, p , 0.01. The Western blots were performed using
antibodies against the FLAG tag and tubulin.
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Smad9 acts as a dominant negative Smad for Smad1. We examined
the effects of Smad9 on the BMP activity that was induced by
Smad1DVD. The overexpression of either R-Smads (Smad1 and
Smad5) or I-Smads (Smad6 and Smad7) inhibited the BMP-
specific Id1WT4F-luc reporter activity that was induced by
Smad1DVD (Fig. 6A). However, Smad9 significantly suppressed the
reporter activity in the presence of Smad1DVD (Fig. 6A), suggesting

that Smad9 functions downstream of the phosphorylation of R-
Smads to inhibit BMP signaling.

To examine the molecular mechanisms of suppression by Smad9,
we investigated whether Smad9 inhibited the ability of Smad1 to bind
to a BRE in a DNA pull-down assay. More Smad9 bound to the BRE,
even though the amount of Smad9 protein was lower than Smad1
(Fig. 6B). The amount of bound Smad9 was not decreased in Smad4-

Figure 4 | The expression of Smad9 mRNA is increased by BMP signaling. (A) Smad9 mRNA expression was increased in various types of cells. The
indicated cells were stimulated with (closed bars) or without (open bars) 50 ng/ml BMP-4 for 24 h. The data are expressed as the mean 6 SD (N 5 8).
*, p , 0.05. [Wilcoxon’s signed rank test] (B and C) Time course changes in the mRNA levels of Smad1, Smad5, Smad9, Smad6, Smad7 and
Smad4 in C2C12 cells that were stimulated with 50 ng/ml BMP-4 in the absence (B) and presence (C) of 100 nM LDN-193189. The mRNA levels were
determined by qRT-PCR. The data are expressed as the mean 6 SD (N 5 3). (D) Time course changes in the mRNA levels of Smad2, Smad3, Smad9,
Smad6, Smad7 and Smad4 in C2C12 cells that were stimulated with 10 ng/ml TGF-b1. The data are expressed as the mean 6 SD (N 5 3).
(E) BMP-4-induced increases in Smad9 protein. C3H10T1/2 cells were treated for 12 h and 24 h with 50 ng/ml of BMP-4 or 10 ng/ml of TGF-b1. Whole
cell lysates were analyzed via Western blot using an antiserum against Smad9. (F) Changes in the mRNA levels of Smad1, Smad5, Smad9, Smad6 Smad7
and Smad4 during mouse development. The total RNA of whole mouse embryos at E7, E11, E15 and E17 was analyzed by qRT-PCR. The data are
expressed as the mean 6 SD (N 5 3).
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knockdown HEK293T cells, suggesting that the DNA-binding activ-
ity of Smad9 does not require Smad4 (Supplemental Fig. 7). The
amounts of bound Smad9 and Smad1 were unchanged in the cells
expressing both Smad9 and Smad1 simultaneously (Fig. 6B), sug-
gesting that these proteins did not inhibit the DNA binding of each
other.

We assessed whether Smad9 formed a complex with Smad1. We
found that FLAG-Smad9 co-immunoprecipitated with Myc-Smad1
to a greater degree than FLAG-Smad1, even in Smad4-knockdown
HEK293 cells (Fig. 6C). Endogenous Smad9 formed complexes with
endogenous Smad1 or FLAG-Smad1 in BMP-4-stimulated cells
(Fig. 6D). We examined the DNA-binding capacity of the Smad9-
Smad1 complex. We co-immunoprecipitated FLAG-Smad9 and
Myc-Smad1 from cell lysates using beads that were crosslinked with
an antibody against the FLAG tag, eluted the complexes with an
excess amount of FLAG peptide, and then applied the eluents to a

DNA pull-down assay using the BRE. Myc-Smad1 co-precipitated
with the BRE in the presence of FLAG-Smad9 in HEK293 cells that
were exposed to BMP-4 and decreased in the cells that were exposed
to both BMP-4 and LDN-193189 (Fig. 6E), suggesting that the
Smad9-Smad1 complex was formed and bound to the BRE in res-
ponse to BMP signaling.

Discussion
In this study, we found that Smad9 is distinct from other Smads. The
constitutively active form of Smad9 exhibited less activity than the
BMP-regulated R-Smads, namely Smad1 and Smad5, even though
more Smad9 associated with Smad4 and bound to the BRE.
Moreover, we found several common characteristics among Smad9
and I-Smads, especially Smad6; 1) their transcription increased in
response to BMP stimulation; 2) their mRNA levels sharply
decreased during early embryonic development; 3) and they inhib-

Figure 5 | Smad9 represses BMP activity without inhibiting the phosphorylation levels of Smad1. (A) The effects of Smad1 (S1), Smad5 (S5), Smad9
(S9), Smad6 (S6) and Smad7 (S7) on the BMP-specific luciferase activity that was induced by BMP-4 in C2C12 cells. The data are expressed as the
mean 6 SD (N 5 3). **, p , 0.01. (B) The effects of Smad1 (S1), Smad5 (S5), Smad9 (S9), Smad6 (S6) and Smad7 (S7) on the BMP-specific luciferase
activity that was induced by constitutively active BMPR-IA (c.a.BMPR-IA) in C2C12 cells. The data are expressed as the mean 1 SD (N 5 3). **, p , 0.01.
(C and D) Effects of scrambled (si-Scr) and Smad9 siRNAs (si-Smad9; #1 and #2) on the Smad9 mRNA levels (C) and ALP activity (D) in the presence of
50 ng/ml BMP-4. The data are expressed as the mean 6 SD (N 5 3). **, p , 0.01. (E) Effects of Smad9 (S9), Smad6 (S6) and Smad7 (S7) on the
phosphorylation levels of Smad1. The C2C12 cells were transfected with V5-tagged constitutively active BMPR-IA (c.a.BMPR-IA-V5), FLAG-tagged
Smad1, FLAG-tagged Smad9, Myc-tagged Smad6 or Myc-tagged Smad7. Whole-cell lysates were analyzed by Western blot using an antibody against
phosphorylated Smad1, Smad5 and Smad9 (P-Smads).
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Figure 6 | Smad9 represses BMP activity by acting as a dominant negative Smad of Smad1. (A) The effects of Smad1 (S1), Smad5 (S5), Smad9 (S9),
Smad6 (S6) and Smad7 (S7) on the BMP-specific Id1WT4F-luc reporter activity that was induced by Smad1DVD in C2C12 cells. The data are
expressed as the mean 6 SD (N 5 3). **, p , 0.01. Protein levels were analyzed via Western blots using antibodies against FLAG-tag and Myc-tag. (B) The
DNA-binding activity of Smad1 and Smad9 in response to BMP-4 stimulation. HEK293 cells overexpressing FLAG-tagged Smad1 (S1) and/or Smad9
(S9) were stimulated with 50 ng/ml BMP-4 for 1 h. Whole-cell extracts were precipitated by a biotinylated BRE and analyzed by Western blot using
antibodies against the FLAG tag and Smad4. (C) Interaction between Smad1 and Smad9 in HEK293 cells. Myc-tagged Smad1 was co-expressed with
FLAG-tagged Smad1 (S1) or Smad9 (S9) in parental or Smad4-knockdown HEK293 cells and stimulated with BMP-4. Whole-cell lysates were analyzed
via a co-immunoprecipitation assay followed by Western blot analysis. (D) Interaction between Smad1 and endogenous Smad9 in 10T1/2 cells. Whole-
cell lysates that were prepared from 10T1/2 cells with or without the overexpression of FLAG-Smad1 were co-immunoprecipitated with a control IgG or a
specific antibody against Smad1 or the FLAG tag, followed by Western blot analysis using an antibody against phosphorylated Smad1, Smad5 and Smad9.
(E) The DNA-binding activity of the Smad1-Smad9 complex. A Smad1-Smad9 complex was prepared from HEK293 cells overexpressing Myc-tagged
Smad1 and FLAG-tagged Smad9 that were stimulated with BMP-4 in the absence or presence of LDN-193189. The complex was analyzed via a DNA pull-
down assay using a BRE followed by Western blot analysis using antibodies against the Myc-tag and the FLAG tag.
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ited the BMP activity that was induced via type I receptors. These
findings suggest that Smad9 shares biochemical characteristics with
both BMP-regulated R-Smads and I-Smads. However, Smad9 and
I-Smads exhibited distinct molecular mechanisms in the inhibition
of BMP activity. I-Smads inhibit BMP activity by blocking the phos-
phorylation of R-Smads via direct interaction with type I recep-
tors28–31. Smad9 inhibited BMP activity without inhibiting the
phosphorylation of R-Smads by BMP type I receptors. We found
that Smad9 suppressed the transcription of a target gene via a novel
mechanism. Because Smad9 itself exhibited less transcriptional activ-
ity, even though it bound to the BRE, the hetero-oligomeric com-
plexes that formed with Smad1 or Smad5 would reduce the
transcriptional activity in a dominant negative manner. Because
Smad9 mRNA increased within 1 h of BMP stimulation, this novel
type of inhibition may act as part of the negative feedback loop to
regulate the fine-tuning of BMP signaling (Fig. 7). Taken together,
our findings suggest that Smad9 is a new type of transcriptional
repressor of BMP signaling that shares several biochemical charac-
teristics with both BMP-regulated R-Smads and I-Smads but still has
its own unique functions (Fig. 7). Further studies are required to
elucidate the physiological role of Smad9 in BMP signaling.

Establishing the constitutively activated forms of Smads allowed
us to examine the molecular mechanism of the low activity of Smad9.
By constructing a series of chimeric Smad proteins, we found that the
lower transcriptional activity of Smad9 was due to the shorter linker
region compared to the regions of Smad1 and Smad5. The linker
region of Smad9 inhibited the transcriptional activity of Smad1 and
Smad5. The insertion of the fragment from the C-terminal linker
region of Smad1 or Smad5 restored the transcriptional activity of
Smad9. To examine the function of this fragment in the linker region,
we deleted the short region from the Smad1 linker and analyzed its
activity. Unexpectedly, the Smad1 containing the deletion still
showed transcriptional activity in the BMP-specific reporter assay
using Id1WT4F-luc (Supplemental Fig. 8), suggesting that the
remaining portion of the linker region of Smad9 negatively affected
BMP signaling. The linker region of Smad6 interacts with CtBP, a
transcriptional co-repressor34. Indeed, the linker region of Smad9
shares less than 40% homology with that of Smad1 and Smad5.
Smad9, but not Smad1, interacts with ANA, which is a co-repressor
in the TOB/BTG family that decreases the bone-inducing activity of
BMP-2 in mice45. Because more Smad9 interacted with Smad4,
Smad1 and the BRE, the short linker likely allows Smad9 to interact
with other molecules, including co-activators, co-repressors, and
target DNAs. The insertion of a fragment to the C-terminal region
of the Smad9 linker may disrupt these interactions. Although mouse

Smad9 is only a short form, the human genome has a short form and
a long form of Smad9, Smad9b and Smad9a, respectively46. Their
linker regions share less than 51% homology with that of human
Smad1 (Supplemental Fig. 9). Human Smad9aDVD and Smad9bDVD

had significantly lower transcriptional activity of Id1WT4F-luc
(Supplemental Fig. 10), supporting our hypothesis that the Smad9
linker region negatively affects BMP signaling. Additional studies are
needed to elucidate the molecular mechanisms of the linker-depend-
ent regulation of the transcriptional activities of Smad1, Smad5 and
Smad9.

In conclusion, we found that although Smad9 shares common
structures with positive effectors of BMP signaling, namely Smad1
and Smad5, it represses intracellular BMP signaling as a dominant
negative Smad. Thus, Smad9 is a new type of transcriptional regu-
lator in BMP signaling.

Experimental Procedures
Plasmids. A constitutively active form of Smad1, Smad1DVD, in
pFLAG-CMV2 has been previously reported42. The wild-type and
the DVD or DMD (only Smad2) forms of the mouse Smad1,
Smad2, Smad3, Smad5, Smad9, Smad4, Smad6, Smad7 (Smad4,
Smad6 and Smad7 were wild-type only), and human Smad1,
Smad9a (long form), Smad9b (short form) cDNAs except for the
start codon (ATG), were amplified from a cDNA pool that was
prepared from C2C12 cells and qPCR Human Reference Total
RNA (Clontech, Palo Alto, CA), respectively, by standard RT-PCR
using reverse primers containing wild-type, DMD or the DVD-
mutated sequences (Supplemental Table 1) and inserted into
pcDEF3 downstream of the FLAG-tag or Myc-tag sequence47.
Chimeric Smads with the structures that are described in the text
and figures were constructed by ligating DNA fragments encoding
each domain of the Smad in-frame into pcDEF3. Each Smad was
divided into an MH1 domain, linker region and MH2 domain as
follows (the numbers indicate the amino acid positions): Smad1, 2–
132, 133–264 and 265–465; Smad5, 2–133, 134–264 and 265–465;
and Smad9, 2–136, 137–227 and 228–428, respectively. The linker
regions of Smad1(218–264) and Smad5(217–264) were inserted
downstream of the linker of Smad9DVD to obtain Smad9DVD 1 S1L
and Smad9DVD 1 S5L, respectively. The linker region of human
Smad1(218–264) was deleted in S1DLCDVD. The final constructs
were confirmed by DNA sequencing. The expression plasmids for
p65 and constitutively active BMPR-IA were previously described16,43.
For the BMP-specific luciferase assay, Id1WT4F-luc35 or BIT1WT4F-
luc40 was co-transfected with phRL-SV40 (Promega, Madison, WI).

Cell culture, transfection, luciferase assay and ALP assay. Mouse
C2C12 myoblasts were cultured as previously described6. The cells
were inoculated at 1.5 3 104 cells/cm2 in 96-well plates 1 day before
transfection. After overnight culture, the cells were transfected with
200 ng of plasmid DNA using 0.5 ml of Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA) following the manufacturer’s instructions,
and the culture medium was changed after 2.5 h35. The luciferase
assay was performed on day 1 using the Dual-Glo Luciferase Assay
System (Promega), and the data are expressed as the luciferase
activity of firefly relative to that of Renilla15,35. The ALP activity was
determined on day 3 using p-nitrophenylphosphate as the substrate
as previously described48. For the siRNA-mediated knockdown
experiments, a scrambled control (si-Scr) (Invitrogen), two inde-
pendent Smad9-specific (si-Smad9) siRNAs (#1: GGGCUUCUCUC
AAAUGUAAACAGAA, and #2: GGCACAUUGGAAAGGGUG-
UGGAUUU) (Invitrogen) or Smad4-specific (si-Smad4) siRNA42

were transfected using the Lipofectamine RNAi Max reagent
(Invitrogen) according to the manufacturer’s instructions.

Co-immunoprecipitation, DNA pull-down and Western blot
analysis. Western blot analysis was performed as previously

Figure 7 | A schema of our proposed mechanism of Smad9 action in BMP
signaling.
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described16,42. In brief, whole cell extracts were prepared using lysis
buffer (10 mM Tris-HCl, pH 7.8, 1% Triton X-100 and protease
inhibitor cocktail; Nacalai Tesque, Kyoto, Japan), separated using
sodium dodecyl sulfate-containing polyacrylamide gel electro-
phoresis and transferred to polyvinylidene difluoride membranes.

For co-immunoprecipitation assays, the cell extracts were incu-
bated with magnet beads that were conjugated to an antibody against
the FLAG tag (Sigma-Aldrich, St. Louis, MO) for 12 h at 4uC. The
FLAG-epitope-containing complex was precipitated using a magnet
and eluted by adding FLAG peptide (Sigma-Aldrich).

For the DNA pull-down assays, whole cell extracts were incubated
for 30 min on ice with biotinylated DNA of wild-type or mutant
BMP-responsive element (BRE), which was prepared from
Id1WT4F-luc or Id1MutB4F-luc35, respectively, by standard PCR
using a set of biotinylated primers49. The DNA-protein complex
was precipitated using streptavidin-conjugated magnet beads
(Dynabeads M-280 streptavidin; Invitrogen) and applied to
Western blot analysis as described above.

The following antibodies were used in these experiments: mouse
monoclonal antibody against the FLAG tag (clone M2, Sigma-
Aldrich), mouse monoclonal antibody against Smad4 (Cell
Signaling Technology, Beverly, MA), mouse monoclonal antibody
against the V5-tag (clone V5005; Nacalai Tesque), rabbit polyclonal
antibody against the Myc-tag (Cell Signaling Technology), rabbit
polyclonal antibody against phosphorylated Smad1, Smad5 and
Smad9 (Cell Signaling Technology), and rabbit polyclonal antibody
againsta-tubulin (Cell Signaling Technology) and rabbit normal IgG
(Cell Signaling Technology). The target proteins were detected using
a horseradish peroxidase-conjugated antibody against mouse or rab-
bit IgG (Jackson ImmunoResearch Laboratories, West Grove, PA).
Chemiluminescence was detected by a ChemiDoc XRS1 System
(Bio-Rad, Hercules, CA).

Rabbit antiserum against mouse Smad9 was produced by regularly
injecting a rabbit with a peptide corresponding to the mouse Smad9
linker region (a.a. 153–167).

Reverse transcription-polymerase chain reaction and quantitative RT-
PCR. Total RNA was prepared using a NucleoSpin RNA kit (Macherey-
Nagel, Düren, Germany) and reverse-transcribed with Superscript III
(Invitrogen) according to the manufacturer’s instructions. The PCR
assays were performed with GoTaq DNA polymerase (Promega) with
the listed primer sets (Supplemental Table 1). Quantitative RT-PCR
(qRT-PCR) was performed using SYBR Premix Ex Taq (TaKaRa,
Shiga, Japan) with a Thermal Cycler Dice TP800 (TaKaRa). The total
RNA of mouse embryos was purchased from Clontech Laboratories
(Mountain View, CA). The primers that were used are listed in
Supplemental Table 1. The data are expressed as the relative expression
levels compared to those of Atp5f1 as a control49.

Statistical analysis. Comparisons were made using an unpaired
ANOVA with Tukey-Kramer post-hoc test and Wilcoxon’s signed
rank test. The results are shown as the mean 6 S.D. The statistical
significance is indicated as follows: *, p , 0.05 and **, p , 0.01.
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Development of a mouse monoclonal antibody
for the detection of asymmetric dimethylarginine
of Translocated in LipoSarcoma/FUsed in Sarcoma
and its application in analyzing methylated TLS
Kenta Fujimoto and Riki Kurokawa*

Abstract

Background: RNA-binding protein Translocated in LipoSarcoma/FUsed Sarcoma (TLS/FUS) is one of causative
genes for familial amyotrophic lateral sclerosis (ALS). We previously identified that TLS was associated with protein
arginine methyltransferase 1 (PRMT1), and four arginine residues within TLS (R216, R218, R242 and R394) were
consistently dimethylated. Protein arginine methylation is involved in various cellular events such as signal
transduction, transcriptional regulation and protein-protein interactions.

Results: To understand the biological role of arginine methylation of RNA-binding protein, we prepared and
characterized a mouse monoclonal antibody against asymmetric dimethylarginine of TLS. By cloning and screening,
one stable hybridoma cell clone (2B12) producing anti-asymmetric dimethylated TLS on R216 and R218 antibody
was established. The monoclonal antibody 2B12 is specific for the asymmetrically dimethylated arginine peptide
and does not react with the same peptide sequence containing unmodified and symmetrically dimethylated
arginine residues by dot-blot analysis. 2B12 was also validated GST tagged TLS with PRMT1 by in vitro arginine
methylation assays. Since methylated TLS in HeLa cells and mouse and human brain protein extracts was
immunoprecipitated with 2B12, we performed RNA-binding protein immunoprecipitation assays using HeLa cell
lysate and this antibody. We demonstrated that the long noncoding RNA (lncRNA) transcribed from cyclin D1
promoter binds methylated TLS.

Conclusions: A monoclonal antibody that is capable of detecting the methylarginine status of TLS will facilitate the
molecular and cellular analysis of transcriptional regulation by lncRNA through methylated TLS, and can be used as
a favorable tool for clinical diagnosis of ALS caused by TLS dysregulation.

Keywords: TLS/FUS, Arginine methylation, RNA-binding protein, Long noncoding RNA, Monoclonal antibody

Background
Translocated in LipoSarcoma/FUsed in Sarcoma (TLS/
FUS) was originally identified in malignant liposarcoma as
a part of the chimeric fusion protein TLS-CHOP [1]. Re-
cently, it was reported that TLS is one of causative genes
for familial amyotrophic lateral sclerosis (ALS) [2,3]. TLS
is also implicated in various cellular programs such as
transcription, RNA processing and DNA repair [4]. We

have demonstrated that the long noncoding RNAs
(lncRNAs) transcribed from the cyclin D1 (CCND1) pro-
moter (promoter-associated noncoding RNAs: pncRNAs)
bind TLS and inhibit the histone acetyltransferase activities
to repress the transcription of CCND1 gene [5]. Recent
studies reveal that lncRNAs regulate the transcription of
target genes [6]. The precise mechanisms of transcriptional
regulation by lncRNAs, however, are still unclear.
Arginine methylation is one of posttranslational modifica-

tions, and accomplished by protein arginine methyltransfer-
ases (PRMTs). Arginine residues can be monomethylated
or dimethylated, and dimethylation can be both symmetric
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(me2s) and asymmetric (me2a). Asymmetric dimethylargi-
nine (aDMA) is catalyzed by the type I class of PRMTs
(PRMT1, 3, 4, 6 and 8), and symmetric dimethylarginine
(sDMA) is catalyzed by the type II class (PRMT5 and 7). In
regarding to histone arginine modification, H4R3me2a and
H4R3me2s are basically linked to transcriptional activation
and repression, respectively [7,8]. We have shown that TLS
is associated with PRMT1, and four arginine residues
within TLS (R216, R218, R242 and R394) are constitutively
dimethylated [9]. However, the functional role of arginine
methylation of RNA-binding proteins still needs to be stud-
ied. RNA-binding proteins often contain glysine-arginine-
rich motifs and are considered substrates for PRMTs. In
fact, FMRP, EWS, which are also related with diseases, are
dimethylated [10,11]. Therefore, it is believed that methyla-
tion of RNA-binding proteins could influence RNA-protein
and/or protein-protein interactions.
ALS is a fatal neurodegenerative disease caused by de-

generation of motor neurons. Identification of several
mutations in the TLS gene from ALS patients suggested
that disruption of RNA metabolism might be one of key
events in ALS pathogenesis. Interestingly, natural arginine
mutation (R216C), one of methylated arginine we identi-
fied, of TLS from ALS patients was reported [12]. More-
over, it was an interesting report that the RNA-binding
ability of TLS is essential for the neurodegenerative pheno-
type in vivo of mutant TLS although it was unclear
whether direct contact with RNA or through interactions
with other RNA-binding proteins [13]. Taken together,
these findings suggest that arginine methylation of TLS
might play an important role in the lncRNA-dependent
transcriptional regulation and the disruption of RNA bind-
ing could be implicated in the pathogenesis of ALS.
In this study, we attempt to establish hybridoma cell

lines that can stably produce anti-methylated TLS mono-
clonal antibodies. Here we show one monoclonal antibody
(2B12) can specifically recognize arginine-methylation of
TLS. Our generated antibody could detect selectively the
asymmetrically dimethylated TLS by western blotting.
Moreover, 2B12 was suitable for RNA-binding protein im-
munoprecipitation (RIP) assays to show the interplay be-
tween lncRNA and methylated TLS.

Results
Generation of asymmetric dimethylarginine-specific
antibody and antibody specificity
We have recently demonstrated that PRMT1 asymmet-
rically methylates TLS/FUS on arginine (R) residues [9].
Using mass spectrometry, we identified which residues
of TLS are methylated in vivo [9]. To investigate the bio-
logical role of methylated TLS, we attempted to develop
mouse monoclonal antibodies that specifically recog-
nized TLS symmetrically or asymmetrically dimethylated
on R216 and R218. We prepared TLS peptides that were

contained unmodified, symmetrically modified (me2s),
or asymmetrically modified arginines (me2a) at R216
and R218 (Figure 1A). Unmodified peptide was used for
producing polyclonal antibody in rabbits, and the anti-
serum was obtained (hereafter referred as A1). Modified
peptides were used for immunization of mice, and hybrid-
oma clones were screened by enzyme-linked immuno-
sorbent assay (ELISA). We obtained a few positive clones.
The purified antibody (hereafter referred as 2B12) was se-
lected for further analysis. To access antibody specificity,
we tested 2B12 using synthetic peptides by dot-blot ana-
lysis. As shown in Figure 1B, A1 reacts with all of synthe-
sized peptides equally. In contrast, the monoclonal
antibody 2B12 specifically recognizes the asymmetric-
ally methylated peptide and does not react with the
same peptide sequence containing unmodified and sym-
metrically dimethylated arginine residues by dot-blot
analysis (Figure 1C), confirming the specificity of 2B12
for asymmetric arginine methylation of TLS. Unfortu-
nately we were not able to obtain a monoclonal anti-
body for detecting R216/R218me2s in this study.

In vitro methylation of TLS
To validate whether 2B12 can detect methylated TLS,
we performed in vitro methylation assays by incubating
GST tagged TLS (GST-TLS) with protein arginine meth-
yltransferase 1 (PRMT1) as we reported previously [9].

A

CGGRGRGGSG
CGGRme2aGRme2aGGSG
CGGRme2sGRme2sGGSG

216  218

Antibody type

Rabbit polyclonal antibody
Mouse monoclonal antibody

Antigen Antibody name

A1
2B12

B

WB; A1

Non

me2a

me2s

C

WB; 2B12

Non

me2a

me2s

Figure 1 The monoclonal antibody specificity tested by
dot-blot analysis. (A) Summary of peptide sequences. Three TLS
peptides containing either no modification (Non) or R216/R218me2a
(me2a) or R216/R218me2s (me2s) were synthesized. TLS peptide
containing no modification was used for producing polyclonal
antibody in rabbit, and TLS peptides containing R216/R218me2a or
R216/R218me2s were used for the immunization of mice and
hydridoma development. (B and C) Antibody specificity was tested
by dot-blot analysis. Diluted peptides (B; 0.2, 1, 5 ng, C; 20, 100,
500 ng) were blotted onto the nitrocellulose membrane and the
dot-blotted membranes were incubated with a rabbit polyclonal
antibody A1 (B) or a mouse monoclonal antibody 2B12 (C). Note
that A1 reacted equally with TLS peptides either no modification or
symmetrical or asymmetrical dimethylation, and 2B12 recognized
only TLS peptide containing asymmetrical dimethylated arginines.
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Western blotting using 2B12 was performed, and the
signal was detected in GST-TLS methylated by PRMT1 in
the presence of S-adenosyl methionine (SAM) (Figure 2).
No signal was observed in the absence of methylation (i.e.
without SAM) (Figure 2). Interestingly, the interaction be-
tween TLS and PRMT1 was enhanced by the methylation
of TLS (Figure 2). These results suggest that 2B12 specific-
ally reacts with TLS methylated by PRMT1 (i.e. asymmet-
rical dimethylation), and methylation of TLS may effect
protein-protein interactions.

TLS is arginine methylated in HeLa cells
To examine whether 2B12 can detect methylated TLS
in vivo, we carried out immunoprecipitation (IP) experi-
ments on HeLa cells. We should note that TLS was not
immunoprecipitated with a rabbit polyclonal antibody
A1 (data not shown). Thus, we used a rabbit polyclonal
anti-TLS antibody commercially available. To verify the
specificity of 2B12, HeLa cells were treated with a meth-
yltransferase inhibitor adenosine-2’,3’-dialdehyde (AdOx)
(3 μM) for 24 hours. Reduced recognition of TLS by
2B12 was observed for the AdOx-treated cell extracts,
indicating that the treatment significantly reduced TLS
methylation and 2B12 specifically recognized methylated
TLS (Figure 3A). Somehow unmethylated TLS was
immunoprecipitated with TLS polyclonal antibody effi-
ciently although the expression levels of TLS were al-
most same between control and AdOx-treated cells
(Figure 3A). We also assessed if 2B12 could immunopre-
cipitate methylated TLS in vivo. To test cross reactivity

of 2B12, peptide inhibition assays were done. Cell ex-
tracts were immunoprecipitated with 2B12 in the pres-
ence of competing peptides used for immunization as
shown in Figure 1A, and the presence of TLS was re-
vealed using an anti-TLS polyclonal antibody. The immu-
noprecipitation of 2B12 was clearly inhibited by the excess
of R216/R218me2a peptide in a dose-dependent manner,
not by other peptides (Figure 3B and Additional file 1), in-
dicating that a monoclonal antibody 2B12 specifically
immunoprecipitated asymmetrically dimethylated TLS.
These results suggest that 2B12 can be valuable to identify
and investigate methylated TLS in vivo.

Assessment of antibody suitability for
immunoprecipitation and RIP assays
The antibody for detecting methylated TLS may be a
valuable tool for analyzing the ALS pathogenesis caused
by TLS dysregulation using IP and the function of TLS
methylation in vivo using RNA-binding protein immuno-
precipitation (RIP) assays. We have shown that TLS binds
the lncRNAs transcribed from CCND1 promoter (CCND1

GST-TLS

PRMT1
SAM

WB; GST

WB; 2B12

WB; PRMT1

Figure 2 In vitro methylation of the recombinant GST-TLS.
GST-TLS was in vitro methylated using PRMT1 in the presence or
absence of SAM (20 μM). Reaction products were analyzed by
SDS-PAGE followed by western blotting with the indicated antibodies:
anti-GST (top), 2B12 (middle), and anti-PRMT1 (bottom). Note that 2B12
specifically reacts with TLS methylated by PRMT1 only in the presence
of SAM, and methylated TLS strongly associates with PRMT1.

AdOx

Input
(10%)

- +

TLS pAb 
(Abcam)
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Figure 3 Detection of in vivo methylation of TLS. (A)
Endogenous TLS is methylated in HeLa cells. Cell extracts from HeLa
treated or not with 3 μM of the general methylation inhibitor AdOx
for 24 h were used for immunoprecipitations. The extracts were
immunoprecipitated with rabbit normal IgG or rabbit polyclonal anti-TLS
antibody. The immunoprecipitated TLS were analyzed by western
blotting with 2B12 or mouse monoclonal anti-TLS antibody. The input
lane shows 10% of the protein used in each immunoprecipitation. Note
that TLS methylation was inhibited by AdOx, and 2B12 specifically
recognized methylated TLS. (B) Immunoprecipitation of endogenous
methylated TLS from HeLa cell extracts was performed with 2B12 in the
presence or absence of competing peptides used for immunization.
Bound methylated TLS was eluted with SDS sample buffer resolved by
SDS-PAGE, and analyzed by western blotting with rabbit polyclonal
anti-TLS antibody.
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pncRNAs) [5]. The importance of arginine methylation
of TLS for RNA-protein interactions needs to be studied.
RIP assay is a powerful technique for studying RNA-
binding proteins and their RNA partners. We demon-
strated the specificity of 2B12 in Figures 1, 2 and 3. Thus,
we carried out IP assays using mouse and human brain
samples. 2B12 was able to specifically precipitate methyl-
ated TLS from mouse and human brain extracts (Figure 4).
We further examined RIP assays using 2B12 for detecting
the interplay between methylated TLS and lncRNA. RIP
was conducted using HeLa cell lysate and either 2B12
or normal mouse IgG. Purified RNA was then analyzed
by RT-PCR using the specific primers for the D region
of CCND1 pncRNA (CCND1-pncRNA-D). As shown in
Figure 5, PCR product was observed in the input and not
in the normal mouse IgG RIP. CCND1-pncRNA-D could
be detected in 2B12 RIP by RT-PCR, suggesting that
CCND1-pncRNA-D binds methylated TLS in vivo.

Discussion/conclusions
We previously demonstrated that CCND1 pncRNAs bind
to TLS and inhibit the histone acetyltransferase activities
to repress the transcription of CCND1 gene [5]. We also
identified that four arginine residues within TLS (R216,
R218, R242 and R394) were consistently dimethylated by a
mass spectrometry [9]. These results suggest that arginine
methylation of TLS could have an important role for the
transcriptional regulation by lncRNA.
In this study, we attempted to establish hybridoma cell

lines that can stably produce anti-methylated TLS mono-
clonal antibodies by hybridoma technique. By cloning and
screening, one mouse monoclonal antibody specific to
dimethylated TLS on R216 and R218 was obtained and
the hybridoma cell line was named as 2B12. The charac-
teristic of 2B12 was confirmed by dot-blot and western
blot analyses (Figures 1 and 2). Methylated TLS is more
associated with PRMT1 by in vitro methylation assays
(Figure 2), suggesting that arginine-methylation of TLS
might affect protein-protein interactions. Recently, many

proteins have been reported to contain both sDMA and
aDMA [14,15]. It will be possible that TLS is also modified
by the symmetric and asymmetric methylations on the
same arginine residues. Since we did not obtain monoclo-
nal antibodies against symmetrically dimethylated TLS,
further studies will be required to solve this point.
TLS was originally identified as a fusion protein TLS-

CHOP in myxoid liposarcoma [1]. More recently, TLS at-
tracts attention because it was found to be a causative gene
for the familial ALS [2,3]. More than a dozen mutations
were reported in amino acids sequence of TLS [16,17]. It is
interesting to note that R216, one of dimethylated arginine
we identified, is the site of a naturally occurring mutation
associated with ALS [12]. Thus, the posttranslational
modification of TLS might be implicated in the pathogen-
esis of ALS. Since 2B12 was suitable to precipitate methyl-
ated TLS in mouse and human brain samples (Figure 4),
2B12 can be a favorable tool for clinical diagnosis of ALS
and will gain insight into the pathogenesis of ALS caused
by arginine mutations of TLS.
We also verified whether our antibody could be used

for RIP assays. CCND1-pncRNA-D binds methylated
TLS in vivo by RIP using 2B12 (Figure 5), suggesting
that arginine-methylation of TLS can affect RNA-protein
interactions. The antibody for detecting asymmetrical
arginine-specific methylation of TLS can be a valuable
tool for analyzing the function of TLS methylation
in vivo. Further study using 2B12 will uncover the

BA

2B12   IgG
Input
(10%)

WB: anti-TLS pAb

2B12   IgG
Input
(10%)

WB: anti-TLS pAb

Mouse Brain Human Brain

Figure 4 2B12 is suitable for immunoprecipitation analysis.
2B12 was used to immunoprecipitate methylated TLS in the total
cell lysate from mouse brain (A) and human brain (B). Bound
methylated TLS was eluted with SDS sample buffer resolved by
SDS-PAGE, and analyzed by western blotting with rabbit polyclonal
anti-TLS antibody. The input lane shows 10% of the protein used in
each immunoprecipitation.

Input IgG 2B12 Water

CCND1-pncRNA-D
M

Figure 5 Methylated TLS binds CCND1-pncRNA-D. RIP lysate
from HeLa cells were immunoprecipitated using either 2B12 or a
normal mouse IgG as a negative control. RNA associated with
methylated TLS was purified, and validated by RT-PCR using the
specific primers for CCND1-pncRNA-D. The PCR prodcuts were ran
on an agarose gel to detect the presence of CCND1-pncRNA-D. The
“input” omits the immunoprecipitation step, “IgG” used an IgG
antibody for the immunoprecipitation, “2B12” used a 2B12 antibody
to pull down methylated TLS, and “water” lane served as a negative
control for the PCR reaction. The expected size of PCR product for
CCND1-pncRNA-D could be detected in 2B12 RIP. PCR product was
observed in the 10% input and not in the normal mouse IgG RIP.
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mechanism of transcriptional regulation by lncRNA via
RNA-binding protein TLS.

Methods
Antibodies and reagents
Rabbit anti-TLS/FUS antibody (ab70381) was purchased
from Abcam. Mouse monoclonal anti-TLS antibody
(611384) was purchased from BD Biosciences. Rabbit
anti-GST antibody (Z5; sc-459) was purchased from
Santa Cruz Biotechnology. Rabbit anti-PRMT1 antibody
(A33) was purchased from Cell Signaling technology.
Adenosine dialdehyde (Adox, Sigma) was dissolved in
DMSO. Total protein lysate from mouse brain (8–10
weeks) and human brain (66 years old) were obtained
from BioChain Institute Inc (Newark, CA, USA).

Peptide synthesis and antibody preparation
Unmethylated and methylated forms of peptides derived
from TLS/FUS were obtained from Scrum Inc, (Tokyo,
Japan). The sequences of the peptides were identical
except for the presence of symmetric or asymmetric
dimethylated arginine in peptide (See Figure 1A).
Rabbit polyclonal antibody against TLS peptide contain-

ing no modification (named as A1) was produced in
Scrum Inc. The mouse monoclonal antibodies against
TLS peptides containing either R216/R218me2s or R216/
R218me2a were produced in ITM Co. Ltd. (Nagano,
Japan). After the immunization and hydridoma develop-
ment, cells were screened by enzyme-linked immunosorb-
ent assay. One specific antibody against R216/R218me2a
(hybridoma clone; 2B12) was obtained and characterized.

In vitro methylation assay
In vitro methylation reactions were performed as described
previously [9]. Briefly, GST tagged TLS were incubated
with bacterially expressed Strep-tagged PRMT1 lysate in
the presence or absence of SAM (Sigma) for 1 h at 30°C.
Methylation reactions were quenched by the addition of
SDS sample buffer, heated at 100°C for 2 min, and sepa-
rated on SDS-PAGE followed by western blotting analysis.

Dot-blot and western blot analyses
For the dot-blot analysis, one μl of diluted peptide in ster-
ile water was blotted onto the nitrocellulose membrane
(Bio-Rad) and dried. The membrane was then blocked
with freshly prepared PBS containing 5% non-fat milk for
1 h at room temperature with constant agitation. The
membrane was incubated with the primary antibodies
diluted in 1% freshly prepared PBS-milk solution for 1 h
at room temperature. After incubating the membrane with
the secondary antibody (anti-mouse HRP-conjugated IgG,
Dako or anti-rabbit HRP-conjugated IgG, Cell Signaling
technology). Chemiluminescent detection was performed
using SuperSignal West Pico substrate (Thermo Scientific).

For western blotting analysis, samples were separated by
SDS-PAGE and the proteins were transferred to a nitrocel-
lulose membrane. The membrane was then blocked similar
to that used in the dot-blot analysis as mentioned above.

Cell culture
HeLa cells were maintained at 37°C in Dulbecco’s modified
Eagle’s medium (DMEM, Nacalai tesque, Tokyo, Japan)
supplemented with 10% fetal bovine serum (Nichirei Biosci-
ences Inc). HeLa cells were treated with AdOx (Sigma) for
24 hours. Cells were lysed in RIPA buffer, and cell lysates
were used for immunoprecipitation experiments.

Immunoprecipitation
Cell extracts from HeLa, mouse brain and human brain
were incubated with appropriate antibodies as indicated.
Antibodies against methylated TLS or normal IgG were in-
cubated with Protein G magnetic Dynabeads (Life tech-
nologies) for 10 min at RT with gentle rotation. The cell
extract was added to the mix and incubated for 10 min at
RT with gentle rotation. Beads were collected and washed
three times with WCE buffer, eluted by adding SDS-sample
buffer. For peptide competition assays, cell extracts were in-
cubated in the presence or absence of competing peptide
with magnetic Dynabeads Protein G. The eluted samples
were analyzed by SDS-PAGE and western blotting.

RNA-binding protein immunoprecipitation assay
To determine whether methylated TLS interacts with
lncRNA, 2B12 was used to pull down methylated TLS, and
then bound RNA was purified and detected the expression
of lncRNA from CCND1 promoter by RT-PCR using spe-
cific primers as published [5]. Magna RIP™ RNA-binding
protein Immunoprecipitation kit (Millipore) was used for
RIP procedures according to the manufacture’s protocol.
The precipitated RNA was subject to cDNA synthesis. The
presence of CCND1-pncRNA-D in the cDNA samples was
detected using PCR primers previously used [5].

Additional file

Additional file 1: Immunoprecipitation of endogenous methylated
TLS from HeLa cell extracts was performed with 2B12 in the
presence or absence of competing peptides (No; 100 ng, me2a; 25,
50, 100 ng, me2s; 100 ng). Bound methylated TLS was eluted with
SDS sample buffer resolved by SDS-PAGE, and analyzed by western
blotting with rabbit polyclonal anti-TLS antibody. Note that the
immunoprecipitation of 2B12 was inhibited by the excess of R216/
R218me2a peptide in a dose-dependent manner, not by other peptides.

Abbreviations
TLS: Translocated in LipoSarcoma; FUS: FUsed Sarcoma; CCND1: Cyclin D1;
lncRNA: Long noncoding RNA; pncRNA: Promoter-associated ncRNA;
RIP: RNA-binding protein immunoprecipitation; PRMT: Protein arginine
methyltransferase; ALS: Amyotrophic lateral sclerosis; AdOx: Adenosine-2’,3’-
dialdehyde; SAM: S-adenosyl methionine.
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CCL2 enhances pluripotency of human
induced pluripotent stem cells by
activating hypoxia related genes
Yuki Hasegawa1,2, Dave Tang1,2, Naoko Takahashi1,2, Yoshihide Hayashizaki1,3, Alistair R. R. Forrest1,2, the
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Kanagawa, 230-0045 Japan, 3RIKEN Preventive Medicine and Diagnosis Innovation Program, 2-1 Hirosawa, Wako-shi, Saitama,
551-0198 Japan.

Standard culture of human induced pluripotent stem cells (hiPSCs) requires basic Fibroblast Growth Factor
(bFGF) to maintain the pluripotent state, whereas hiPSC more closely resemble epiblast stem cells than true
naı̈ve state ES which requires LIF to maintain pluripotency. Here we show that chemokine (C-C motif)
ligand 2 (CCL2) enhances the expression of pluripotent marker genes through the phosphorylation of the
signal transducer and activator of transcription 3 (STAT3) protein. Moreover, comparison of
transcriptomes between hiPSCs cultured with CCL2 versus with bFGF, we found that CCL2 activates
hypoxia related genes, suggesting that CCL2 enhanced pluripotency by inducing a hypoxic-like response.
Further, we show that hiPSCs cultured with CCL2 can differentiate at a higher efficiency than culturing with
just bFGF and we show CCL2 can be used in feeder-free conditions. Taken together, our finding indicates
the novel functions of CCL2 in enhancing its pluripotency in hiPSCs.

I
nduced pluripotent stem cell (iPSCs) reprogramming holds great promise in providing donor matched cells
for regenerative medicine and for generating cell and animal models for studying specific genetic diseases. The
technology allows us to derive pluripotent stem cells from mature and specialized cells, which can then be

differentiated into various cell types1–3. Providing fully competent iPSCs for differentiation into any desired target
cell is required for clinical usage, therefore, it is critically important to establish and maintain high quality iPSCs.

Recently it was discovered that in rodents, pluripotent stem cells may be classified into two distinct states: the
ES-like or ‘‘naive’’ pluripotent state and the post implantation epiblast-like (EpiSC-like) or the ‘‘primed’’ state of
pluripotency4. In mouse, ES-like pluripotent stem cells are distinguished from other pluripotent stem cells by self-
renewal in response to LIF signaling and MEK/GSK3 inhibition (LIF/2i conditions) and by two active X chromo-
somes in female cells5–8. Epiblast stem cells (EpiSCs) depend on the FGF4 signaling pathway and are independent
of LIF signaling. EpiSCs can differentiate in vitro into the three germ layers similar to ES cells, and are therefore
considered as pluripotent, however, EpiSCs largely do not contribute to chimera formation and are thus not
considered totipotent9.

Human iPSCs and embryonic stem cells (ESCs) are considered to exhibit the characteristics of EpiSCs like
cells7,9. When comparing human and mouse ESCs/iPSCs, there are differences in cell morphology, lower effi-
ciency of attachment of the cells after the passaging, X chromosome inactivation (XCI) and different require-
ments are necessary for cell culture maintenance (FGF/ACTIVIN in human versus LIF/STAT in mouse). Hanna
et al., have recently published the first evidence for a novel ‘‘naı̈ve’’ pluripotent state in humans that corresponds
and shares defining features with mouse naı̈ve ESCs10 although the human naı̈ve state can be maintained only for
limited passages before the cells differentiate10. These differences place human ESCs/iPSCs to a state closer to the
mouse EpiSCs rather than to mouse ESCs10, which can affect the efficiency of differentiation into desired target
cells11.

Somatic stem cells reside in niches, and environmental changes, such as temperature, extracellular matrix
proteins, stromal cell contacts, and oxygen tension, have a great influence on stem cell function and differenti-
ation. For example, Tomoda et al. have recently reported that culturing conditions can influence the X chro-
mosome inactivation status in hiPSC12,13. X-chromosome reactivation (XaXa), a characteristic of naı̈ve
pluripotent state cells, rarely occurs during the reprogramming of human female somatic cells to induced
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pluripotent stem cells. Furthermore, mammalian embryonic epi-
blasts reside in a physiologically hypoxic environment, and culturing
ESCs in a hypoxic environment is known to prevent differentiation
of human ESCs and enhance generation of human and mouse iPS
colonies14–16. The importance of hypoxia is further highlighted by a
study by Lengner et al., where they showed that hypoxia drives
human embryonic stem cells into a pre-X inactivation state by the
repression of XIST genes17. In addition, Mathieu et al. have shown
that hypoxia can drive committed cells back to a stem cell-like state16.

The cultivation of hiPSCs commonly relies on the use of feeder
cells from mouse embryonic fibroblasts (MEF), which provide a
milieu of factors into the media to help maintain their undifferenti-
ated state. This dependence on feeder cells increases the potential for
xeno-contamination, as such they are not suitable for clinical use18.
In order to bring hiPSCs onto the clinical stage, we sought to identify
new culturing conditions that would support hiPSCs in a higher
pluripotent state and allow for feeder-free culture on matrices such
as laminin511/52119. Human iPSCs secrete laminin 511/521, one of
the most important functional basement membrane components,
and they can be maintained on human laminin 511 and 521 in
defined culture conditions. However, large-scale production of puri-
fied or recombinant laminin 511 and 521 is difficult and expensive.

Previously, we demonstrated that a chemokine, known as Ccl2,
enhanced the pluripotency of mouse iPSCs/ESCs by up-regulating
Klf4, Nanog and Tbx3 via the activation of the LIF-STAT3 pathway20.
In this current study we extended our work on Ccl2 and mouse iPSCs
to human iPSCs. Here we report the conserved role of CCL2 in
enhancing the pluripotency of human iPSCs. We demonstrate the
up-regulation of pluripotent markers KLF4, NANOG, ZFP42 and
DPPA3 via CCL2. We performed Cap Analysis Gene Expression
(CAGE), a transcriptome profiling technique, on libraries cultured
with and without CCL2 and observed a consistent up-regulation of
hypoxia related genes, suggesting that CCL2 induces a hypoxic-like
response in hiPSCs. Lastly, we demonstrate that CCL2 can support
hiPSCs cultured together with LIF in the absence of feeder cells and
bFGF. These data demonstrate that CCL2 is able to influence plur-
ipotency and improves the culturing of hiPSCs.

Results
CCL2 enhances expression of pluripotent genes in hiPSCs
possibly through JAK/STAT3 pathway. Human ESCs derived
from blastocysts and human iPSCs are usually cultured in bFGF-
containing medium, and LIF alone is insufficient to maintain
pluripotency21. The maintenance of pluripotency in human iPSCs
requires the TGFbeta/activin/nodal signaling pathway22 and not the
LIF pathway, whereas mouse iPSCs/ESCs depend on the JAK/STAT3
signaling pathway (Fig. 1a). To observe the effect of CCL2 on human
iPSCs (hiPSCs), we compared more than 20 passages on feeder cells
hiPSCs cultured with CCL2 (CCL2_hiPSCs) with hiPSCs cultured in
standard bFGF conditions (bFGF_hiPSCs).

We have previously demonstrated that culturing mouse iPSCs
with Ccl2 and LIF enhanced the expression of the pluripotency mar-
ker genes Klf4, Tbx3, and Nanog via a CCR2 and phosphorylated
STAT3 dependent pathway20. We examined the expression level of
key transcription factors of human iPSCs cultured on bFGF and
CCL2. Quantitative RT-PCR showed higher expression of
NANOG, KLF4, ZFP42 and DPPA3 in CCL2 treated hiPSCs com-
pared to those cultured with bFGF (Fig. 1b). The up-regulation of
these and other pluripotent marker genes was also confirmed among
multiple human iPS cell lines although the level of up-regulation
varied between lines (Supplementary Fig. 1S).

Previously in mouse, we failed to see an up-regulation of Zfp42 and
Dppa3 with Ccl2, however, in human iPSCs we observed a significant
up-regulation under CCL2 culturing conditions. ZFP42 is involved
in the reprogramming of X-chromosome inactivation during the
acquisition of pluripotency, and DPPA3 and KLF4 are known to be

expressed at higher levels in mouse ES cells when compared to mouse
EpiSCs10. In addition, we examined whether bFGF is necessary for
the activation of down-stream transcription factors in hiPSCs cul-
tured with CCL2. When tested in combination, hiPSCs cultured with
CCL2 but without bFGF showed significantly higher expression of
pluripotent marker genes compared to hiPSCs cultured with bFGF
with CCL2 (Fig. 1c).

As we have previously demonstrated in mouse that CCL2 activates
the JAK/STAT3 pathway, we examined the effect of CCL2 in human
iPSCs. Examining the JAK/STAT3, AKT and PI3K pathways in
hiPSC cultured with CCL2 on feeder cells by immunoblotting, we
observed a 7-fold increase in phospho-Stat3 levels in CCL2_hiPSCs
compared to bFGF_hiPSCs (Fig. 1d). Phosphorylation of STAT3 in
hiPSCs cultured with bFGF was barely observed. In addition, we
observed repression of SMAD4 expression which is a gene activated
by TGFb/ACTIVIN/Nodal and bFGF signaling pathways was
observed when CCL2 and/or LIF are cultured with or without
bFGF (Fig. 1e). This is of interest as it has been shown that over-
activation of JAK/STAT3 is sufficient to efficiently induce the con-
version of EpiSCs into naive pluripotent cells in mouse23, and thus
may be a key factor in pushing hiPSCs towards a higher pluripotent
state.

Transcriptome analysis reveals that CCL2 enhances hypoxia
related genes. To further elucidate the downstream effects of
CCL2, we performed Cap Analysis Gene Expression (CAGE) on
RNA extracted from hiPSCs cultured with bFGF and hiPSCs
cultured with CCL2 (Supplementary Table S1). Briefly, CAGE
captures the 59 end of RNA molecules as a short tag24 and the
number of sequenced tags directly reflects the expression level of
RNA molecules. CAGE reads are clustered into CAGE tag clusters
(Supplementary Table S2), which usually lie at the 59 end of
annotated gene models, thus associating tag clusters to genes
(Fig. 2a). Using edgeR, a Bioconductor package for performing
differential expression analysis on digital gene expression data25,
we identified 219 and 119 genes (Supplementary Table S3)
significantly up and down-regulated in cells cultured with CCL2,
respectively (Fig. 2b). We examined enriched gene ontology (GO)
terms for the up-regulated genes (Supplementary Table S4) and
observed GO terms associated with transcription factor activity,
development, and board organismal terms (Fig. 2c). Enriched gene
ontology terms for down-regulated genes (Supplementary Table S5)
included a large range of GO terms associated with lipoproteins and
lipids, metabolic processes and response to stimulus (Fig. 2d),
suggesting an adjustment in the metabolism of the cells.

One of the most significantly up-regulated gene (FDR 5
2.106 e209) was endothelial PAS domain protein1 (EPAS1), which
is also known as hypoxia-inducible factor alpha 2. This gene is a
known transcription factor involved in the induction of oxygen regu-
lated genes. On the contrary, the most significantly down-regulated
gene (FDR 5 1.522625 e266) was alpha-fetoprotein (AFP), which is a
major plasma protein produced by the yolk sac and liver during fetal
life and is repressed under hypoxic conditions in human hepatoma
cells26. Together with the observation of the enriched GO terms,
response to oxygen-containing compound and cellular response to
oxygen-containing compound (Fig. 2d), we wanted to ascertain
whether CCL2 was inducing a hypoxic response.

It has been reported that hypoxia enhances the generation and
maintenance of induced pluripotent stem cells14–16, which perhaps
was one way CCL2 enhanced pluripotency. We obtained a list of 15
GO terms related to hypoxia and extracted 225 Entrez genes assoc-
iated with these GO terms (Supplementary Table S6). We ranked the
expression of these genes by the false discovery rate obtained from
the differential expression analysis performed on the two conditions.
Examining the top 17 genes, we found that a majority of genes related
to hypoxia were up-regulated when cultured with CCL2 (Fig. 2e).
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While the first 6 genes, were statistically significant (FDR , 0.05), the
remaining 11 were not due to the variance among the replicates. As
such, we performed qRT-PCR and validated most of the expression
patterns between the two conditions (Supplementary Fig. S3). We
observed the up-regulation of CCL2, which has been reported to be
up-regulated under hypoxic conditions27 and reported to induce the
JAK/STAT pathway via the phosphorylation of STAT328, corrob-
orating with observations above.

Lastly, we compared our list of 219 up-regulated genes to a list of
hypoxia-induced genes (see methods) measured using a technology
very similar to CAGE called oligo-capping29,30, and found a signifi-
cant overlap of 45 genes (exact binomial test, p-value 5 0.016,
Supplementary Table S7). Overall our CAGE analysis suggests that
CCL2 triggered a transcriptional up-regulation of genes related to
hypoxia.

CCL2 drives human iPSCs into higher pluripotent state. One of
the signatures of blastocyst-like (ground) or naı̈ve state iPSCs is the
phosphorylation of STAT331, which was observed with the addition
of CCL2. Naı̈ve state hESCs, which rely on LIF signaling, also
displayed high levels of pStat310. Another signature of naı̈ve state is
X chromosome reactivation and it has been reported that human
iPSCs cultured under hypoxia show decreased XIST expression17. We

quantified the expression of XIST and other X-linked genes by qRT-
PCR to examine the X chromosome status.

We observed significantly lower XIST expression in our CCL2
cultured hiPSCs compared to the bFGF-cultured cells (Fig. 3a) and
conversely, the antisense regulator of the XIST gene, TSIX showed 2.7
fold more expression in CCL2 treated conditions (Fig. 3a). In addi-
tion, we compared expression levels of 11 X-linked genes, reported to
undergo X chromosome inactivation by qRT-PCR with 10 out of 11
genes still showing modestly higher expression in CCL2 treated
hiPSCs (Fig. 3b).

These observations are in agreement with our observation in
Fig. 1b that ZFP42 is up-regulated. ZFP42 is required for efficient
elongation of TSIX and binds the DXPas34 enhancer within the TSIX
promoter. ZFP42 is known to be involved in ES cell self-renewal;
mouse ZFP42 is expressed in ES cells but is more heterogeneous in
EpiSC7.

In addition, several cell adhesion genes were up-regulated in
CCL2_hiPSCs including HAPLN1, MEGF10, COL12, and SDK2 in
CCL2_hiPSCs confirmed by qRT-PCR (Fig. 3c). Cell adhesion is
essential for embryonic development. We observed that higher num-
ber of colonies attached with hiPSCs cultured with CCL2 after pas-
saging when compared with bFGF. To quantify this observation, we
tallied colony numbers formed after 48 hours of passaging the same

Figure 1 | CCL2 enhances the expression of pluripotent genes via the phosphorylation of STAT3. (a): Signal pathway diagrams for mouse ES/iPSCs and
human ES/iPSCs. (b): Quantitative RT-PCR of four key pluripotent genes in human iPSC cultured with bFGF (white bars) and with CCL2 (black bars).
Asterisks (*) denote significant p-values (Student’s t-test indicate, p-value , 0.05) and error bars denote standard deviations n 5 3. (c): Quantitative
RT-PCR for pluripotent marker genes on human iPSCs cultured with bFGF, CCL2 without bFGF and without bFGF and LIF. Asterisks (*) denote
significant p-values (Student’s t-test indicate, p-value , 0.05) and error bars indicate standard deviations for n 5 3. All primer sequences used in this
study are listed in Supplementary Table S8. (d): Immuno-blots of whole cell extracts from CCL2 or bFGF cultured human iPSCs were subjected to
immuno-blotting against antibodies for STAT3, phosphorylated STAT3, and GAPDH(left). Ratio of phosphorylated/total STAT3 estimated from the
immune-blots. Full length gels and blots are included in the supplementary information (Supplementary Fig. S2). P-values using Student’s t-test indicate
a highly significant difference (p-value , 0.01, n 5 3) in STAT3 phosphorylation levels between bFGF and CCL2 conditions (right). (e): Quantitative RT-
PCR for Smad4 on human iPSCs cultured on feeder cells with adding either bFGF or CCL2 together with and without LIF. Error bars indicate standard
deviations for n 5 3.
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Figure 2 | Cap Analysis Gene Expression reveals the up-regulation of hypoxia related genes and the down-regulation of genes associated with lipids and
lipoproteins. (a): A genome browser representation of CAGE reads from 5 different libraries mapping mainly to the 59 end of the EPAS1 gene. The red line
at the chromosome ideogram shows the current position and the scale displays the chromosome coordinates. A CAGE tag cluster is formed by aggregating
CAGE reads that lie in close proximity to each other. (b): MA plot showing the expression differences between bFGF and CCL2 CAGE libraries. On the x-
axis is the expression strength of a gene (on log2 scale) and on the y-axis is the fold change between the two conditions. A positive fold change indicates an
up-regulated gene in the CCL2 library and a negative fold change indicates down-regulation. Red dots indicate genes that are differentially expressed
between the two conditions with statistical significance. Genes related to lipid metabolism are down-regulated and genes related to cell adhesion and
hypoxia are up-regulated. The black lines indicate a fold change of 1/2 2. (c and d): Enriched gene ontology terms are displayed as TreeMaps, where each
rectangle is a single cluster representative of closely related gene ontology (GO) terms. These representatives are further grouped into ‘‘superclusters’’ of
loosely related terms and have the same arbitrarily chosen color. (c) The list of GO terms over-represented in the list of up-regulated genes and (d) the list
of GO terms over-represented in the list of down-regulated genes in the CCL2 libraries. (e): Heatmap showing the expression strength of 17 hypoxia
related genes ranked by the p-value and subsequent false discovery rate calculated by the differential gene expression analysis. Each row shows the
normalized expression pattern (Z-Score) for that particular gene in the 2 bFGF and 3 CCL2 CAGE libraries.
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number of hiPSCs cultured with bFGF and CCL2. In comparison
with cells cultured in the standard bFGF condition, hiPSCs cultured
with CCL2 attached better, had a higher cell survival rate and had
double the number of colonies at 48 hours (Data not shown). This
result can be explained by up-regulation of a significant numbers of
cell adhesion molecules.

Human iPSCs cultured with CCL2 enhance differentiation ability.
We next examined the relative differentiation ability of CCL2_
hiPSCs and bFGF_hiPSCs. Spontaneous differentiation was used
to compare the two conditions: First, embryoid bodies (EBs) were
formed by using HEMA-coated dishes with EB formation medium
for 10 days, then EB were plated onto the gelatin-coated dishes and

Figure 3 | CCL2 reactivates X chromosome and enhances differentiation ability. (a): Quantitative RT-PCR of XIST and TSIX genes in human iPSC
cultured with bFGF (white bars) and with CCL2 (black bars). Asterisks (*) denote significant p-values (Student’s t-test p-value , 0.05) and error bars
denote standard deviations for n 5 3. (b): Quantitative RT-PCR on additional X-linked genes related to X chromosome inactivation on bFGF_hiPSCs
and CCL2_hiPSCs. Asterisks (*) denote significant p-values (Student’s t-test p-value , 0.05) and error bars indicate standard deviations for n 5 3.
(c): Quantitative RT-PCR on human iPSC cultured with bFGF (white bars) and with CCL2 (black bars) for a panel of genes related to cell adhesion.
Asterisks (*) denote significant p-values (Student’s t-test p-value , 0.05) and error bars indicate standard deviations for n 5 3. (d): The number of EBs
formed from same cell numbers of human iPSC cultured with bFGF (white bars) and with CCL2 (black bars). Asterisks (*) denote significant p-values
(Student’s t-test p-value , 0.05) and error bars indicate standard deviations for n 5 3. (d): Immunostaining and flow cytometry analysis with a
cardiomyocyte marker, Desmin (i), and a neuronal marker, Nestin (ii) and on spontaneously differentiated embryoid bodies derived from iPSC cultured
with bFGF and with CCL2. The red color represents both Desmin and Nestin and blue represents nuclei staining. The lower panels show FACS analysis on
Desmin positive cells and Nestin positive cells of human iPSCs cultured with bFGF and with CCL2. Plotted graphs for replicate data of FACS analysis are
shown in Supplementary Figure S4.
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medium was changed every other day for 14 days. CCL2 treated
hiPSCs formed more EBs than the hiPSCs cultured with bFGF
(Fig. 3d). The differentiated cells were then stained with the
cardiomyocyte marker, Desmin and the neuronal marker, Nestin.
FACS analysis showed that spontaneous differentiation of
CCL2_hiPSCs resulted in significantly more Desmin positive and
Nestin positive cells compared to those from the bFGF_hiPSCs
(Fig. 3d). These results suggest CCL2 treated hiPSCs are more
competent to differentiate into different lineages.

Human iPSCs cultured on CCL2 protein bead coated dishes can
maintain their pluripotency without feeder-cells. Since hiPSCs
cultured with CCL2 on feeder cells showed higher pluripotency
with higher adhesion, we tested whether CCL2 allows hiPSCs to
culture in feeder-free condition.

Traditionally, human iPSCs/ESCs require feeder cells for main-
taining pluripotency and proliferation. Using feeder cells reduces the
clinical potential of hiPSCs due to batch-to-batch variation in the
feeders and time-consuming preparation processes. To address this,
several feeder-free culture methods have been developed32,33 which
typically require matrigel (or other ECM component) coated dishes.

Testing various strategies for feeder free culture with CCL2 we
report that human iPSCs can be cultured on gelatin-coated dishes
by adding CCL2 and LIF into the medium. 24 hours after passaging
the cells onto feeder-free gelatin-coated dishes, hiPSCs cultured in
the presence of CCL2 and LIF attach to the plate while control cells
passaged into media containing bFGF do not. After 6 days of cultur-
ing, cells cultured with CCL2 and LIF showed significant prolifera-
tion (data not shown). In order to make feeder-free condition more
efficient and easier, we made CCL2 protein beads34, to provide a
sustained release of CCL2, similar to commercially available LIF
protein beads (Fig. 4a). H1 tagged CCL2 can be immobilized on virus
derived polyhedral. This can be used in conjunction with gelatin-
coated dishes to release CCL2 constantly for two weeks without the
need for daily medium change. We find that the combination of LIF
and CCL2 protein beads could support the proliferation of human
iPSCs without feeder cells (Fig. 4b).

Immunostaining with the pluripotent markers; Tra1-60 and
SSEA4, confirmed that the resulting colonies were still iPSCs
(Fig. 4b). In addition qRT-PCR confirmed CCL2 cultured feeder-
free hiPSCs express equivalent or higher levels of pluripotency genes
compared to bFGF cultured feeder dependent hiPSCs (Fig. 4c).

Finally, we examined whether LIF was necessary to maintain plur-
ipotency in the feeder-free condition. Culturing hiPS with the immo-
bilized CCL2 beads only showed attachment of colonies but the
colonies were more differentiated (Fig. 4b), indicating a small
amount of LIF is still required to keep the pluripotency.

Discussion
Our previous work on mouse induced pluripotent stem cells
(miPSCs) identified Ccl2 as an inducer of the key transcription factor
genes for pluripotency, Klf4, Nanog, Sox2, and Tbx3, via the activa-
tion of the Stat3-pathway. Furthermore, it has been demonstrated
that Ccl2 can increase the efficiency of miPSCs generation from
mouse fibroblasts by roughly 12 fold35. In the current study, we
showed that CCL2 also promotes pluripotency of human iPSCs
and importantly appears to push them into a stabler state by activ-
ating STAT3 pathway. We have shown that CCL2 treated human
iPSCs show a higher colony attachment, up-regulate key markers of
pluripotency, differentiate at higher efficiency and show indication of
X chromosome reactivation.

The transcriptome profiling of hiPSCs cultured on CCL2 versus
bFGF suggested that CCL2 is able to induce a hypoxic response.
We found a significant overlap with our list of up-regulated genes
by CCL2 with a list of genes up-regulated in a colon cancer cell line
(DLD-1) cultured under hypoxic conditions30. In addition to this,

we examined the expression of a panel of genes associated to hypoxia
and found an overall up-regulation of these genes (Fig. 2e), which we
verified by qRT-PCR (Supplementary Fig. S3). In particular, the
endothelial PAS domain-containing protein 1 (EPAS1), also known
as hypoxia-inducible factor 2 alpha (HIF2A), was one of the most
statistically significant up-regulated genes in response to CCL2.
HIF2A works in tandem with HIF1A as a transcription factor and
along with hypoxic conditions, is required for the normal develop-
ment of the heart36. Corroborating with this, was the observation of a
large enrichment of gene ontology (GO) terms involved with heart
development for genes up-regulated by CCL2 (Supplementary Table
S4). On the contrary, we observed a large enrichment of GO terms
associated with cholesterol and lipid metabolism (Supplementary
Table S5) with genes down-regulated with CCL2. The down-regu-
lation of genes related to metabolism may promote the reduction of
oxygen consumption and it has been reported that hypoxia sup-
presses cholesterol synthesis37.

It also has been reported that CCL2 is directly up-regulated by
hypoxia-induced transcription27 and CCL2 is one of only two che-
mokines under the direct transcriptional control of HIF-1 regu-
lation38. Thus, the induction of HIF2A by CCL2 may activate a
hypoxic response in the hiPSCs. The enhancement in pluripotency
and differentiation ability by CCL2 may be explained by the obser-
vation that hypoxia enhances the generation of induced pluripotent
stem cells14. The role of hypoxia is well appreciated for the mainten-
ance of undifferentiated states of embryonic, hematopoietic,
mesenchymal, and neural stem cell phenotypes39. It is also known
that hypoxia is a hallmark of rapidly proliferating tumors and has
been suggested to be a characteristic of the embryonic and adult stem
cell niche39. Some of the molecular pathways that have been shown to
mediate these hypoxia-induced responses, such as HIF1A and Notch
signaling, appear to be active in both embryonic and neoplastic plur-
ipotent stem cells39. Furthermore, hypoxia also enhances formation
of embryoid bodies of human embryonic stem cells40, in line with our
observation that CCL2 treated hiPSCs formed more EBs than the
hiPSCs cultured with bFGF (Fig. 3d). Therefore a hypoxic condition
may trigger a similar signaling cascade and transcriptional program
in cells to promote stemness.

We have also demonstrated the conserved role of CCL2 in activ-
ating the STAT3 pathway in hiPSCs. Recently, it was found that the
activation of JAK/STAT3 is a limiting component for the induction of
naı̈ve pluripotency and can promote reprogramming EpiSCs to naı̈ve
pluripotency23,31. Another key characteristic of naı̈ve pluripotent state
cells is X-chromosome reactivation (XaXa). The XIST non-coding
RNA is primarily involved in X-chromosome inactivation and we
found that hiPSCs cultured with CCL2 showed a significant reduction
in the XIST expression compared to hiPSCs cultured with bFGF
(Fig. 3a). The TSIX antisense gene, which acts in cis to repress the
transcription of XIST was also found to be significantly over-expressed
in CCL2 hiPSCs (Fig. 3a). Together with STAT3 activation and XaXa
status, CCL2 may push hiPSCs into a much more naı̈ve state.

Our initial work on miPSCs cultured on feeder cells and in feeder-
free (LIF-treated) conditions identified Ccl2 as significantly over-
expressed in miPSCs cultured on feeder cells. Continuing this work
on hiPSCs has revealed the same activation of the STAT3-pathway
and the induction of key transcription factor genes for pluripotency.
The higher pluripotency state of hiPSCs cultured with CCL2 directly
resulted in a higher number of colony attachment (Data not shown)
and spontaneous differentiation ability (Fig. 3d, e). More impor-
tantly, we could culture human iPSCs without the use of feeder cells
but by coating the culture dish with gelatin solution on protein beads
that constantly secrete CCL2 (Fig. 4a). One of the risks associated
with using feeder cells to culture hiPSCs is the cross contamination
with viruses and other unwanted material. Thus the ability to culture
hiPSCs in a feeder-free environment has important implications for
therapeutic and research use.
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Methods
Cell culturing. The human iPSC line iPS-201B-7 was purchased from RIKEN BRC.
Additional cell lines, hi25-4 (derived from human cord blood), hi76-2 (derived from
T cells), hi6 (derived from fibroblast) were kindly distributed by Dr.Koseki’s
laboratory in RIKEN Center for Integrative Medical Sciences.

Cells were cultured on mitomycin C (Sigma Aldrich) treated SNL76/7 cells
(ECACC, Porton Down, UK) in the Primate pluripotent stem cells media from
ReproCell (RCHEMD 001) containing 4 ng/ml basic Fibro Growth Factor (bFGF).
The cells were passaged in small clumps after treatment to remove feeder cells with
CTK solution, containing 0.025% trypsin, 0.1 mM collagenase IV, 0.1 mM CaCl2
and 20% Knockout serum replacement (KSR) (Invitrogen, Carlsbad, CA) every 3–5

Figure 4 | Feeder-free culturing of human iPSCs with CCL2 and LIF maintains pluripotency. (a): Diagram of protein beads: Schematic representation
of the preparation of CCL2 polyhedra. The immobilization signal derived from the VP3 region of the Bombyx mori cytoplasmic polyhedrosis virus
(BmCPV) was introduced at the C terminus of CCL2. The fusion protein is then co-expressed with BmCPV polyhedrin and incorporated into the
resulting polyhedral, which is coated on a dish together with gelatin solution. (b): Fluorescence images of immunostained human iPSCs cultured on CCL2
and LIF protein beads coated dish: Cells stained with TRA1-60 (green) (i) and SSEA4 (red) (ii). The bright field image of cells cultured on CCL2 protein
beads only, LIF beads only, and Gelatin solution only showed that the cells were unable to attach or failed to maintain pluripotency (iii). (c): Quantitative
RT-PCR was performed on a range of pluripotency genes on bFGF_hiPSCs with feeder cells (black bars) and CCL2_iPSCs cultured without feeder cells
(white bars).

www.nature.com/scientificreports

SCIENTIFIC REPORTS | 4 : 5228 | DOI: 10.1038/srep05228 7



days. Recombinant CCL2 (WAKO, Osaka, Japan) was added into culture medium
with concentration of 10 ng/ml for culturing of human iPS cells. CCL2 was added
into the medium everyday when the medium was changed.

Quantitative RT-PCR. RNAs for quantitative real time-polymerase chain reaction
(qRT-PCR) were extracted from cells after removing feeder cells with CTK solution.
Reverse transcription for total RNA was performed using the PrimeScript RT-PCR kit
(TAKARA BIO, Otsu, Shiga, Japan) and quantitative PCR (qPCR) was done in 10 ve
reaction mixtures with SYBR Premix EX Taq (TAKARA BIO) on an ABI 7500 Fast
RT-PCR system (Applied BioSystems, Calrsbad, CA). The thermal cycling consisted
of 40 cycles of 94uC for 5 seconds and 62.5uC for 20 seconds. The relative amount of
each target gene mRNA in each sample was calculated by normalization to
glyceraldehyde 3-phosphate dehydrogenease (GAPDH) mRNA using the 2-DDCT
method41.

The sequences of qRT-PCR primers used in this study are shown in Supplementary
Table S8.

Immuno-blotting. Cells were washed with phosphate-buffered saline and harvested
in 100 ml mammalian protein extraction reagent lysis buffer. Samples were
homogenized by passing through 26-gauge needles for 10 times and centrifuged at
13,000 rpm for 5minutes at 4uC to prepare the supernatant. The protein
concentration was determined by BCA protein assay (Thermo Scientific, Rockford,
IL). Total protein (10 mg) was subjected to 4%–12% Bis-Tris Novex Gel
electrophoresis and electroblotted onto nitrocellulose membranes. The membranes
were probed sequentially with anti-p-Stat3 (Cell Signaling Technology (CST),
Danvers, MA), anti-Stat3 (CST), anti-p-Akt (CST), anti-Akt (CST), p-Erk1/2
(Promega, Madison, WI), Erk1/2 (CST, #9102), and anti-GAPDH (Santa cruz
Biotechnology Inc. Santa Cruz, CA). Blots were incubated with horseradish
peroxidase-coupled anti-rabbit IgG or anti-mouse IgG and developed with ECL plus
(GE Healthcare). Membranes were stripped between probing by incubation for
15minutes at room temperature with 1X ReBlot Plus Strong Antibody Stripping
Solution (Millipore, Billerica, MA). Chemiluminescence was recorded with a Fuji
LAS-3000 luminescent image analyzer.

Differentiation of hiPSCs. For EB formation, FGF_iPSCs and CCL2_iPSCs were
harvested after treating with Y27632 (10 mM) for one hour. The clumps of cells were
then transferred into 2-hudroxyethyl methacrylate (HEMA)-coated dishes for 6 days
in differentiation medium (knock-out DMEM containing 20% knockout serum
replacement, 2-b-mercaptoethanol, L-glutamine, penicillin-streptomycin, and non-
essential amino acids). EBs were plated onto gelatin coated tissue culture dishes at
very low density in DMEM medium with 20% animal serum. Medium was replaced
every two days. 7 days after, the EB was plated onto the gelatin-coated dish and
changed medium every other day for 14 days.

Flow cytometry. For detection of DESMIN and NESTIN, adherent cells were washed
twice in PBS and then incubated fro 20 minutes at 37uC in 0.5% trypsin. Cells were
dissociated by gentle pipetting and resuspended at approximately 0.1–1 3 105 cells
per milliliter in PBS 1 3% normal goat serum (NGS). Cells were incubated for 40
minutes at 4uC with fluorescein-conjugated antibody to DESMIN (Millipore) and
NESTIN (Millipore) or corresponding isotype control. Stained cells were analyzed for
surface marker expression using FACSCalibur (BD Biosciences, San Jose, CA).

Transcriptome analysis. 5 mg of pooled RNAs was isolated from hiPSCs cultured
with bFGF and hiPSCs cultured with CCL2. Cap Analysis Gene Expression (CAGE)
libraries were prepared and sequenced on the HeliScope Genetic Analysis System
(Helicos Biosciences) as previously described42. The raw sequencing data is available
at http://fantom.gsc.riken.jp/5/. Raw reads containing base-order addition artifacts
and other low quality reads were removed using the SMS filter program (Helicos
Biosciences). In addition, reads shorter than 20-nt and longer than 70-nt were
removed from further analysis. Reads were mapped to the human genome (hg19)
using Delve (T. Lassmann in preparation), a high-throughput short read sequence
alignment tool that can recognize sequencing biases or increased error rates in
homopolymer stretches. We analyzed 14,905,756 CAGE reads from 5 libraries that
could be mapped with a mapping quality of 10 or higher (Supplementary table S1).

All analyses were performed using R version 3.0.2, using the R Bioconductor
(version 2.13) packages CAGEr (1.4.1) for CAGE tag clustering, edgeR (3.4.0) for
differential expression, biomaRt (2.18.0) for obtaining Entrez gene models,
GenomicFeatures (1.14.2) and GenomicRanges (1.14.3) for genome annotation and
GOstats (2.28.0) for gene ontology (GO) enrichment. Enriched GO terms were
summarized using the web tool REViGO43. Tag clusters falling within 1/2 200 bp of
the 59 end of Entrez Gene models were annotated as the gene it overlapped.

An applied oligo-capping method29, similar to CAGE, was used to observe gene
expression changes in a colon cancer cell line (DLD-1) cultured in normoxic and
hypoxic conditions30. Briefly, the method selectively replaces the cap structure of
mRNA with a synthetic oligo and oligo-cap cDNA libraries are massively sequenced.
Their analysis analyzed 13,140 genes and identified 2,690 hypoxia-induced RefSeq
genes (corresponding to 1,903 Entrez Genes) with at least two tag per million
expression and a fold change greater than 1.5. We overlapped their list of hypoxia-
induced Entrez Genes with our list and found an overlap of 45 genes. Using an exact
binomial test, (number of successes 5 45, number of trials 5 219, and probability of
success 1903/13140), the probability of the overlap was 0.01586.

We used the Benjamini-Hochberg procedure for controlling the false discovery
rate and p-values less than 0.05 were deemed as statistically significant for all analyses.
R analyses are publicly available at https://github.com/davetang/ccl2.
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Abstract

Vitamin K is a fat-soluble vitamin that plays important roles in blood coagulation and bone metabolism. One of its functions
is as a co-factor for c-glutamyl carboxylase (Ggcx). Conventional knockout of Ggcx causes death shortly after birth in
homozygous mice. We created Ggcx-floxed mice by inserting loxP sequences at the sites flanking exon 6 of Ggcx. By mating
these mice with albumin-Cre mice, we generated Ggcx-deficient mice specifically in hepatocytes (GgcxDliver/Dliver mice). In
contrast to conventional Ggcx knockout mice, GgcxDliver/Dliver mice had very low activity of Ggcx in the liver and survived
several weeks after birth. Furthermore, compared with heterozygous mice (Ggcx+/Dliver), GgcxDliver/Dliver mice had shorter life
spans. GgcxDliver/Dliver mice displayed bleeding diathesis, which was accompanied by decreased activity of coagulation
factors II and IX. Ggcx-floxed mice can prove useful in examining Ggcx functions in vivo.
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Introduction

Vitamin K is a fat-soluble vitamin, which is involved in blood
coagulation and bone metabolism. One of the major functions of
vitamin K is its role as a co-factor for c-glutamyl carboxylase
(Ggcx) [1]. Ggcx is responsible for the posttranslational modifica-
tion of glutamic acid (Glu) residues into c-carboxyglutamic acid
(Gla) by its carboxylase activity. Hitherto, 19 kinds of Gla proteins
have been found, that is, coagulation factors II, VII, IX, and X;
protein C, protein S, and protein Z [2]; osteocalcin [3];
nephrocalcin [4]; matrix Gla protein [5]; growth arrest specific-6
(Gas6) [6]; periostin [7]; bIg-H3 [7]; proline-rich Gla protein 1
and 2 [8]; transmembrane Gla protein 3 and 4 [9]; upper zone of
growth plate and cartilage matrix associated protein (UCMA; also
called Gla-rich protein, GRP) [10]; and Ggcx itself, which was also
shown to be c-carboxylated [11]. Considering the various
expression sites and functions of these Gla proteins, it is indicated
that vitamin K is involved in many physiological and pathological
processes by activating Ggcx.

On the other hand, we have previously demonstrated c-
carboxylation-independent vitamin K function, in which vitamin
K is involved in the transcriptional regulation of nuclear receptor
SXR/PXR [12]. We reported that SXR/PXR-dependent vitamin
K functions are actually involved in the biological process in
osteoblasts [13] and hepatocellular carcinoma cells [14].

To fully understand the function of vitamin K, it is vital to
separate Ggcx-dependent and SXR/PXR-dependent vitamin K

functions. Analysis of Ggcx knockout mice would be useful in
examining Ggcx-dependent vitamin K functions in each tissue;
however, this attempt has been hampered by the fact that Ggcx
knockout mice die between embryonic day 9.5 and 18, and the few
that survive to term die shortly after birth [15]. To overcome this
limitation, we generated Ggcx-floxed mice that enabled organ
specific deficiency of Ggcx when bred with transgenic Cre mice
that showed organ-specific expression of Cre recombinase. Here,
we report a phenotype with liver-specific deficiency of Ggcx.

Materials And Methods

Ethics Statement
This study was carried out in strict accordance with the consent

of the Animal Care and Use Committees of Osaka University and
Saitama Medical University. The protocol was approved by the
Committee on the Ethics of Animal Experiments of the University
of Osaka (Protocol Number: 2003G004) and Saitama Medical
University (Protocol Number: 797).

Targeting Vector Construction
A targeting vector was constructed using pNT1.1 containing

two loxP sequences, a phosphoglycerate kinase (pgk)-neomycin
selectable marker cassette (neomycin cassette), and a herpes
simplex virus thymidine kinase gene. A mouse 129 strain l
genomic library (Stratagene) was purchased and digested with
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NotI. Genomic fragments were subcloned into pBluescript SK(+).
The 59 homology arm of the construct was derived from an
Asp718/HindIII genomic fragment containing intron 4, exon 5,
and intron 5 of Ggcx. This fragment was subcloned into pBluescript
SK(+) and then inserted into the 59 region of pNT1.1 between the
NotI and SalI sites. The 39 homology arm of the construct was
derived from a genomic fragment containing intron 6, exon 7, and
intron 7 of Ggcx. This fragment was amplified with primers 59-
GCTTAATTAAATGCATATAAGACAAGCACC-39 and 59-
ATGGTACCTAGGAAAGCAGGAAGAAG-39 and inserted in-
to the 39 region of pNT1.1 at the PacI and Asp718 sites. The
genomic region containing exon 6 was amplified with primers
59-AAGCTTGCAGGTGATTCTCC-39 and 59-ATGCATAAA-
ACAGAAAAAGTGAGCAAGCC-39; it was then inserted into
pNT1.1 at a BamHI site between the 59-loxP site and neomycin
cassette. This resulted in a targeting vector with a neomycin
cassette between exon 6 and 7 and a thymidine kinase gene
located downstream of the 39 homology region. The targeting
construct was linearized with NotI and electroporated into D3 ES
cells [16].

Generation of Ggcxflox/flox mice
Colonies of ES cells carrying the recombinant allele were

screened using 150 mg/ml of G418 and negatively selected using
2 mM gancyclovir. Selected cells were amplified and genomic
DNA was screened by Southern blot analysis. The ES cell lines
carrying the recombinant allele were subsequently used to
generate chimeras by injection into 129/Sv blastocysts. The
chimeric mice were mated with wild type C57BL/6N mice. The
F1 agouti offspring were analyzed for homologous recombination
by Southern blotting and PCR analysis. The F1 offspring were
backcrossed to C57BL/6N mice for more than eight generations
to generate Ggcxflox/+ mice with a C57BL/6N genetic background.
Ggcxflox/+ mice were intercrossed to generate Ggcxflox/flox mice
containing homozygous recombinant alleles.

Generation of hepatocyte-specific Ggcx-deficient mice
C57BL6/J mice containing transgenic constructs of mouse

albumin enhancer/promoter and Cre recombinase modified to
include a nuclear localization sequence (Alb-Cre) were purchased
from the Jackson Laboratory. ROSA26-LacZ reporter mice were
also obtained from the Jackson Laboratory. Hepatocyte-specific
expression of Cre recombinase was confirmed by mating Alb-Cre
mice with ROSA26-LacZ mice and assessing the b-galactosidase
activity of the expressed LacZ gene, which is expected to be
detected in cells expressing functional Cre recombinase. To
generate hepatocyte-specific Ggcx-deficient mice (GgcxDliver/Dliver),
Alb-Cre mice were mated with Ggcxflox/flox mice and F1 offspring
were subsequently intercrossed.

Southern blotting
EcoRI digested genomic DNA—derived from ES cells or tail

specimens—was electrophoresed through a 0.6% agarose gel,
transferred to a Hybond N+ membrane (Amersham Bioscience),
and hybridized with the 32P-labeled 164-bp sequence
(ACAGCTTTCTTGATGCTGCTGGACATTCCCCAGGAAC-
GCGGCCTTAGCTCCCTGGACCGAAAATACTTGGATGG-
GCTGGATGTGTGCCGTTTCCCCTTGCTGGATGCCTT-
GCGCCCACTGCCACTGGACTGGATGTATCTTGTCTAC-
ACCATCATGTTTCTGGG) in exon 3 of the Ggcx gene.

Genotyping
Genomic DNA derived from tail specimens was used as the

template for PCR analysis. Tail cut was done before 3 weeks old or
immediately after the mice died. The Cre recombinase gene was
detected by amplifying a 654-bp fragment within the Cre gene with
primers 59-CCTGGAAAATGCTTCTGTCCGTTTGCC-39
and 59-GAGTTGATAGCTGGCTGGTGGCAGATG-39. The
loxP sequence was detected by amplifying the Ggcx sequence with
primers 59-AACTTAGGGAGTTGGTTCTCTTTCACTT-39
and 59-AATCCAATACACCCAAGGTCTTATTCAT-39 in in-
tron 5, containing loxP and linker sequences, to yield a 454-bp
fragment from the loxP-containing allele and 407-bp fragment
from the wild type allele. Deletion of exon 6 in the liver was
confirmed with primers 59- CGTGTACTTCATCGCGGGTG-
39 within exon 6 and 59-TCTGTATCCGGCTGAACGGG-39
within intron 6. DNA samples derived from liver, spleen, kidney
and heart of both GgcxDliver/Dliver mice and control Ggcx+/+ mice.
The DNA samples of same concentration (3 ng/ml) were used as
templates for PCR analysis.

Animal experiments
Mice were housed in a temperature-controlled room (22uC)

with a 12-h light/dark schedule, had free access to water, and were
fed standard laboratory chow. When mice were sacrificed,
anesthesia with an intraperitoneal injection of 2.5% avertin was
employed to minimize suffering of animals. Exsanguination was
done following anesthesia to ensure death.

Ggcx activity assay
FLEEL was purchased from Bachem (Philadelphia, PA). La-

phosphatidylcholine (type VE) and CHAPS were obtained from
Sigma Aldrich Japan (Tokyo, Japan). Vitamin K2 (menaquinone-
4) was obtained from Eisai Co., Ltd. (Tokyo, Japan). The peptide
ProFIX19, which contains the sequence AVFLDHENAN-
KILNRPKRY, was synthesized by Genenet Co., Ltd. (Fukuoka,
Japan). NaH14CO3 (specific activity, 58 mCi/mmol) was obtained
from Amersham Biosciences Corp. (NJ).

Six-week old mice were anesthetized with an intraperitoneal
injection of 2.5% avertin and the livers were excised for
measurement of Ggcx activity. Mice were euthanized by
exsanguination following liver excision. The Ggcx activity was
measured as previously described [17]. The amount of 14CO2

incorporated into exogenous substrates was measured in reaction
mixtures of 125 ml containing substrate (3.6 mM FLEEL), 222 mM
reduced vitamin K (vitamin KH2), 16 mM propeptide ProFIX19,
1.4 mM NaH14CO3 (5 mCi), 25 mM MOPS (pH 7.0), 500 mM
NaCl, 0.16% (w/v) phosphatidylcholine, 0.16% (w/v) CHAPS,
8 mM DTT, and 0.8 M ammonium sulfate, unless stated
otherwise. All of the assay components, except for the microsomal
fraction, were prepared as master mixes. 14CO2 incorporation into
peptide substrates (after an incubation period of over 30 min) was
assayed using a scintillation counter. All assays were performed in
quadruplicate.

Coagulation factor activity assay
Blood was collected from 6-week-old mice under anesthesia

with an intraperitoneal injection of 2.5% avertin. Collected blood
was immediately combined with one-tenth volume of 110 mM
sodium citrate. Plasma was isolated by centrifugation for 15 min at
25006g. The obtained plasma was analyzed with an automated
blood coagulation analyzer (STA Compact, Roche, Basel,
Switzerland) to determine factor II and IX activity using
prothrombin (factor II) or factor IX-deficient plasma.

Phenotype of Liver-Specific Ggcx-Deficient Mice
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Bleeding test
Four-week-old mice were anesthetized with an intraperitoneal

injection of 2.5% avertin. Their tails were cut to yield the same
wound diameters. To evaluate bleeding time, filter paper was
applied to the edge of the wound every minute, taking care not to
dislodge the clot.

Hematological examination
Two ml of blood was collected from 6-week-old mice under

anesthesia with an intraperitoneal injection of 2.5% avertin.
Collected blood was mixed with anti-coagulants (1 mg of EDTA-
2K and 20 ml of 3% EDTA-3K). The number of platelets was
measured using the Advia 120 (Bayer, Dublin, Ireland).

Life span analysis
To evaluate lifespan, mice were kept with their littermates. Male

and female mice were kept in separate cages without mating. They
were kept until either natural death, or evidence of impending
mortality necessitating euthanasia, such as unresponsiveness to
touch, slow respiration, coldness to touch, a hunched up position
with matted fur. Condition of the mice was monitored every two
days.

Statistical analysis
Data are expressed as mean 6 SEM. Differences between the

mean values were analyzed using the unpaired Student’s t-test.
Survival rates were plotted using the Kaplan-Meier method.
Survival differences between the groups were analyzed using the
log-rank test, for which p-values were adjusted by the Bonferroni
method.

Results

Generation of hepatocyte-specific Ggcx-deficient mice
The mouse c-glutamyl carboxylase (Ggcx) gene consists of 15

exons (Figure 1A). To disrupt the Ggcx gene, the targeting vector
was designed to flank exon 6 with two loxP sequences, and a
frameshift was generated by excision with Cre recombinase
(Figure 1A). Insertion of loxP sequences by homologous recombi-
nation was confirmed with Southern blotting analysis (Figure 1B).
To delete the Ggcx gene in the liver alone, albumin-Cre (Alb-Cre)
transgenic mice were used. The cre recombinase gene is under the
control of the albumin promoter, which is active only in
hepatocytes from E16.5 embryos [18] and the full activity was
exhibited at 2 months after birth [19]. To confirm the specificity of
recombination, the Alb-Cre mice were crossed with ROSA26-
LacZ mice, which contain a reporter gene in which b-galactosi-
dase is expressed in any tissue, and expression is dependent on
Cre-mediated recombination. b-galactosidase activity was detected
in the hepatocytes of offspring born from the mating of Alb-Cre
with ROSA26-LacZ mice (Figure 2A); these offspring also showed
Cre-recombinase activity in hepatocytes. Alb-Cre mice were then
mated with Ggcx-floxed mice (Ggcxflox/flox) and the resulting F1

offspring were intercrossed. To examine the genotypes of the F2

offspring, the Cre recombinase gene and the loxP-containing
region of the Ggcx gene were amplified by PCR using genomic
DNA prepared from tail samples. Some mice that expressed Cre
recombinase and carried homozygous floxed alleles were consid-
ered to be liver-specific Ggcx-deficient mice (GgcxDliver/Dliver mice)
(Figure 2B). They were born alive and survived for at least
several weeks. To confirm the ablation of Ggcx in the livers of
GgcxDliver/Dliver mice, genomic DNA was extracted from liver
and other organs (spleen, kidney and heart) from 6-week old
GgcxDliver/Dliver mice and control Ggcx+/+ mice. Decreased intensity

of PCR products from exon 6 was observed in only livers of
GgcxDliver/Dliver mice (Figure 2C). Next, vitamin K-dependent Ggcx
activity was measured in the livers of 6-week old GgcxDliver/Dliver

mice and control littermates (Ggcx+/+ mice). Ggcx activity was
significantly decreased in the livers of GgcxDliver/Dliver mice
(Figure 2D). There was no significant difference in Ggcx activity
between male and female GgcxDliver/Dliver mice.

Bleeding diathesis in GgcxDliver/Dliver mice
To examine the effect of decreased Ggcx activity in the livers of

GgcxDliver/Dliver mice, the activities of vitamin K-dependent coagu-
lation factors were examined. Activities of factors II and IX were
significantly decreased in GgcxDliver/Dliver mice, compared with
control (Ggcx+/+) mice (Figure 3A). Decreased activity of vitamin
K-dependent coagulation factor caused bleeding diathesis in
GgcxDliver/Dliver mice. Wild-type mice ceased bleeding within 10
minutes of tail incision, while GgcxDliver/Dliver mice continued to
bleed for more than 30 minutes (Figure 3B). The platelet count
was not significantly different between wild type mice and
GgcxDliver/Dliver mice (Figure 3C), suggesting the longer bleeding
time in GgcxDliver/Dliver mice was due to defective secondary
coagulation.

Shorter life span of GgcxDliver/Dliver mice
As a result of bleeding diathesis, injury and pregnancy caused

fatal bleeding in GgcxDliver/Dliver mice. In 9-week-old GgcxDliver/Dliver

mice, massive subcutaneous bleeding was observed even before
death. Dissection of pregnant GgcxDliver/Dliver mice just after death
revealed uterine as well as vaginal bleeding. Next, we evaluated
the life span of GgcxDliver/Dliver mice by keeping them separately
without mating. Male GgcxDliver/Dliver mice began to die from day 27
after birth, and all GgcxDliver/Dliver male mice died within 80 days
after birth (Figure 4). Female GgcxDliver/Dliver mice began to die from
day 39 after birth and 7 out of 11 (63.6%) survived longer than
100 days, unless they became pregnant (Figure 4). None of the
control heterozygous littermates (Ggcx+/Dliver mice) died within the
100 days of the observation period. The shorter life span of male
GgcxDliver/Dliver mice was statistically significant compared with male
heterozygous littermates. The cause of death seemed to be anemia
secondary to bleeding, since subcutaneous bleeding was observed
in some GgcxDliver/Dliver mice before death. Interestingly, female
GgcxDliver/Dliver mice survived significantly longer than male
GgcxDliver/Dliver mice.

Discussion

Mediation of post-transcriptional modification of substrate
proteins by Ggcx is one of the major functions of vitamin K. So
far, 19 proteins are known to be substrates of Ggcx and are
expressed throughout body, indicating various physiological
functions of vitamin K.

In the present study, we showed that liver-specific deficiency of
Ggcx caused bleeding diathesis and short life span. We consider
the massive bleeding in subcutaneous tissue or body cavity is a
direct cause of death since we observed massive subcutaneous
bleeding in most of the dead mice. It is also possible that local
bleeding in vital organs such as brain can cause death due to
bleeding diathesis.

Short life span of liver-specific Ggcx-deficient mice in the
present study along with the clinical presentation of vitamin K
deficiency indicate the relative importance of hepatic coagulation
factors among Ggcx substrates. Coagulation factors II, VII, IX,
and X are known to be vitamin K dependent. Therefore, we
considered the decreased activity of these coagulation factors to be

Phenotype of Liver-Specific Ggcx-Deficient Mice
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responsible for the Ggcx-deficient phenotype. Interestingly,
although the activity of factors II and IX was decreased in
GgcxDliver/Dliver mice, they live much longer than those with a
systemic lack of Ggcx. Most mice systemically lacking Ggcx die
between embryonic day 9.5 and 18, and the few that survive to
term die shortly after birth [15]. Among mice in which genes for
vitamin K-dependent coagulation factors had been knocked out,
factor II-deficient mice [20] and factor X-deficient mice [21] are
partial embryonic lethal. In factor II-deficient fetuses, abnormal
phenotypes such as pale yolk sac membrane, empty blood vessels,
enlarged pericardial sacs, and distended hearts were observed,
which appeared from embryonic day 9.5 to 12.5. In factor X-
deficient mice, some fetuses began to die of massive bleeding from
embryonic day 11.5 to 12.5, but the blood vessels and yolk sacs of
these mice were normal. Considering the phenotypes of factor II-
deficient and factor X-deficient mice, it can be inferred that the
embryonic lethal phenotype of systemic Ggcx-deficient mice is
likely due to abnormalities that developed at midgestation. In the
present study, we used an albumin promoter to regulate Cre
transcription. The albumin promoter is activated around em-
bryonic day 16.5 [18]; therefore, Ggcx exists in the liver of
GgcxDliver/Dliver mice until embryonic day 16.5. This will contribute
to a difference between liver-specific and systemic Ggcx-deficient
mice, the latter lack Ggcx from the beginning of embryogenesis.
Another possible reason that contributes to the difference between
these Ggcx-deficient mice is incomplete ablation of Ggcx in
GgcxDliver/Dliver mice. We detected slight residual GGCX activity in
the liver of GgcxDliver/Dliver mice (Figure 2D) and factors II and IX
activities were also detectable in the blood of GgcxDliver/Dliver mice
(Figure 3A). In another report using Alb-Cre mice, complete
ablation of target gene was observed in 2 months after birth [19].
Thus, it is assumed that residual Ggcx activity can also remain for
several weeks after birth. These slight residual activities may have
been vital for the survival of GgcxDliver/Dliver mice.

Both factor VII-deficient mice [22] and factor IX-deficient mice
[23] displayed bleeding diathesis. The factor IX-deficient mice
showed swollen extremities and extensive hemorrhagic lesions
following mechanical trauma, although they survived for at least
several weeks. In contrast, the factor VII-deficient mice survived to
term and followed a normal Mendelian inheritance pattern.
However, most of them died perinatally owing to intra-abdominal
hemorrhage within 24 hours, and the remaining neonates died
from intracranial hemorrhage in 24 days. Considering the
aggressive bleeding of factor VII-deficient mice, the residual
acitivity of Ggcx in GgcxDliver/Dliver mice may contribute to the
survival. Furthermore, Ggcx activity before embryonic day 16.5
may have some preventive effect against postnatal bleeding.

In regard to the phenotypes of conditional deficiency of
coagulation factors, factor VII-insufficient mice at the 0.7%
expression level compared with wild-type mice could survive to
adulthood despite displaying severely downregulated overall
thrombin production and caridiac fibrosis at a young adult age
[24]. Induction of prothrombin ablation in adulthood using Mx1-
Cre caused fatal hemorrhagic events particularly in heart and
brain [25]. Liver-specific Ggcx-deficient mice in the present study
exhibit a longer life span in comparison with that of prothrombin
deletion in adult mice, because the amount of coagulation factors
in Ggcx-deficient mice are substantially decreased but even
sufficient to survive for several weeks after birth. In comparison
with factor VII-insufficient mice, however, it is assumed that
severe insufficiency of multiple coagulation factors occurred in
liver-specific Ggcx-deficient mice simultaneously.

It is intriguing that mice lacking fibrinogen, the final effector of
the coagulation cascade, displayed similar phenotypes to those
seen in GgcxDliver/Dliver mice [26]. They suffered from spontaneous
abdominal hemorrhage, but long term survival was possible. In
fibrinogen-deficient mice, pregnant female ones died from vaginal
hemorrhage, which was also observed in GgcxDliver/Dliver mice.

Figure 1. Cre-recombinase-mediated tissue-specific excision of Ggcx. A, Strategy for homologous recombination. Targeting vector was
designed to flank exon 6 of the Ggcx gene, and frame shift was generated by excision with Cre recombinase. Two loxP sequences (triangles) were
inserted into introns 5 and 6. Neomycin cassette and EcoRI site were inserted into intron 6. B, Southern blot analysis of tail DNA. Homologous
recombinant allele generated a 7.4-kb fragment by EcoRI digestion. A representative figure is shown.
doi:10.1371/journal.pone.0088643.g001
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In this study, we observed longer life spans of female
GgcxDliver/Dliver mice compared with male GgcxDliver/Dliver mice.
Notably, this sexual dimorphism of life span was also observed
in fibrinogen-deficient mice [26], although the difference was
smaller than that of GgcxDliver/Dliver mice. Considering activities of
Ggcx in the livers of GgcxDliver/Dliver mice were not significantly
different between male and female (Figure 2D), this sexual
dimorphism may be owing to the difference in aggressiveness of
behavior between males and females. Typically, males are more
aggressive than females [27], which causing males more suscep-
tible to injury. Another explanation for the sexual dimorphism of

life span is the procoagulant activity of female sex hormone,
estrogen. Clinically estrogen administration as oral contraceptives
or hormone replacement therapy is known to be associated with
higher risk of venous thrombosis [28]. In experiment using rats,
estrogen was shown to prevent decline of prothrombin caused by
vitamin K deficiency [29]. This report suggests higher concentra-
tion of estrogen in female mice may ameliorate bleeding diathesis
due to Ggcx deficiency which is pathologically similar with vitamin
K deficiency.

Interestingly, we observed higher activities of Ggcx as well as
vitamin K-dependent coagulation factors in wild type male mice

Figure 2. Liver-specific ablation of Ggcx gene. A, The albumin promoter is active only in hepatocytes. Alb-Cre or wild type (WT) mice were
mated with ROSA26-LacZ mice. Livers were obtained postnatally from mice and stained with X-gal. b-galactosidase activity was detected in the
hepatocytes of the mouse born from mating of Alb-Cre and ROSA26-LacZ mice (right panel). Liver of the mouse born from wild type was shown as a
negative control (left panel). Representative figures are shown for each group. B, Genotyping using genomic tail DNA. Expected bands from Cre
recombinase, loxP sequence (floxed allele), and wild type allele are shown. In mouse #2, #4 and #5, both alleles were replaced with loxP containing
recombinant alleles, with at least one copy of Cre recombinase. A representative result is shown. C, Liver-specific ablation of Ggcx gene was
confirmed with PCR analysis. DNA samples derived from liver, spleen, kidney and heart of 6-month week old GgcxDliver/Dliver mice (4 male mice and 4
female mice) and control Ggcx+/+ mice (4 male mice and 4 female mice) were used as templates. D, Activity of Ggcx in the liver-specific Ggcx-deficient
mice. Microsome was prepared from the livers of 6-week old GgcxDliver/Dliver mice and control Ggcx+/+ mice of both sexes. The activity of Ggcx was
measured by 14CO2 incorporated into exogenous substrate in the presence of reduced vitamin K (222 mM). Bars represent the mean value 6 SEM
(n = 4). Differences between the mean values were analyzed using the unpaired Student’s t-test. **P,0.01.
doi:10.1371/journal.pone.0088643.g002
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than in wild type female mice (Figure 2D and 3A). In the study by
Wong et al. [30], some of the procoagulant factor activity levels
were higher in male mice than in female mice and were growth
hormone-dependent. In the study by Kundu et al., factor IX

activity might be higher in one-month-aged male mice compared
with one-month-aged females [31]. Since growth hormone has
been known to contribute to sexual dimorphism in liver protein
expression [32], it is assumed that the hormone will also exert
difference in Ggcx activity.

In human, two missense mutations of GGCX gene were reported
to cause hereditary bleeding disorder due to low activity of vitamin
K-dependent coagulation factors [33,34]. In our study about 60%
of female GgcxDliver/Dliver mice survived longer than 100 days
indicated small portion of residual Ggcx activity detected in the
liver of GgcxDliver/Dliver mice is sufficient to survive unless they got
injured or pregnant. This is compatible with the clinical
observation that patients with decreased carboxylase activity live
several years before diagnosis [33,34].

In the current study, we successfully generated mice exhibiting
liver-specific insufficiency of Ggcx activity. Because systemic Ggcx
knockout mice do not live long after birth, our animal model
enables to show the phenotype of liver-specific Ggcx deficiency for
the first time and also will open up the possibility to evaluate in
extra-hepatic organ-specific Ggcx activities using Cre recombinase
driven by proper organ-specific promoters. Recently, several
clinical and epidemiological studies have suggested extrahepatic
actions of vitamin K. Its fracture-prevention effect has been
proven in clinical studies [35,36], and vitamin K2 is used as a drug
for osteoporosis treatment in several Asian countries. In epidemi-
ological studies, low serum concentration of vitamin K was
reported to be correlated with osteoarthritis [37], dementia [38],
and coronary artery disease [39,40]. Moreover, a biosynthetic
enzyme of menaquinone, which is an active form of vitamin K,
was found to be expressed in extrahepatic organs [41]. These
discoveries along with the many Ggcx substrates expressed
throughout the body, suggest the extrahepatic function of Ggcx
is worth investigating. The Ggcx-floxed mice we created in this
study would be useful in clarifying vitamin K action in the whole
body.

Acknowledgments

We are grateful to A. Kawai, M. Tanaka, Y Esaki, and T. Tanaka for their
technical assistance.

Figure 3. Bleeding diathesis in GgcxDliver/Dliver mice. A, Decreased
activity of coagulation factor in GgcxDliver/Dliver mice. Activities of factors
II and IX were significantly decreased in GgcxDliver/Dliver mice compared
with wild type (Ggcx+/+) mice. Bars represent the mean value 6 SEM
(n = 8). Differences between the mean values were analyzed using the
unpaired Student’s t-test. ***P,0.001. B, Prolonged bleeding time in
GgcxDliver/Dliver mice. Tail bleeding time was measured by a filter paper
method. GgcxDliver/Dliver mice continued bleeding for more than 30 min.
Gray triangle: 0 min; Black triangle: 10 min. A representative figure is
shown. C. Platelet counts of GgcxDliver/Dliver mice. Hematological
examination of male GgcxDliver/Dliver mice (n = 6), female GgcxDliver/Dliver

mice (n = 12), male wild type mice (n = 10), and female wild type mice
(n = 10) was performed. The platelet count was not significantly
different between wild type mice and GgcxDliver/Dliver mice. Bars
represent the mean value 6 SEM. NS: not significant.
doi:10.1371/journal.pone.0088643.g003

Figure 4. Shorter life span of GgcxDliver/Dliver mice. Cumulative life
spans of male GgcxDliver/Dliver mice (n = 10), female GgcxDliver/Dliver mice
(n = 11), male heterozygous littermates (Ggcx+/Dliver mice) (n = 12), and
female heterozygous littermates (Ggcx+/Dliver mice) (n = 12) were
calculated by the Kaplan-Meier method and compared using the log-
rank test. P-values were adjusted by the Bonferroni method. Life span of
male GgcxDliver/Dliver mice was significantly shorter (P,0.001) compared
with that of heterozygous mice. The life spans of female GgcxDliver/Dliver

mice were significantly longer than those of male GgcxDliver/Dliver mice
(P = 0.044).
doi:10.1371/journal.pone.0088643.g004
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Abstract

Objective: Growing evidence suggests that neurodegenerative diseases are asso-
ciated with metabolic disorders, but the mechanisms are still unclear. Better
comprehension of this issue might provide a new strategy for treatment of neuro-
degenerative diseases. We investigated possible roles of adiponectin (APN), the
antidiabetes protein, in the pathogenesis of a-synucleinopathies. Methods:
Using biochemical and histological methods, we investigated autopsy brain of
a-synucleinopathies including Parkinson’s disease (PD) and dementia with
Lewy bodies (DLB), and analyzed the effects of APN in cellular and in mouse
models of a-synucleinopathies. Results: We observed that APN is localized in
Lewy bodies derived from a-synucleinopathies, such as Parkinson’s disease and
dementia with Lewy bodies. In neuronal cells expressing a-synuclein (aS),
aggregation of aS was suppressed by treatment with recombinant APN in an
AdipoRI-AMP kinase pathway-dependent manner. Concomitantly, phosphory-
lation and release of aS were significantly decreased by APN, suggesting that
APN may be antineurodegenerative. In transgenic mice expressing aS, both his-
topathology and movement disorder were significantly improved by intranasal
treatment with globular APN when the treatment was initiated in the early
stage of the disease. In a mouse model, reduced levels of guanosine and inosine
monophosphates, both of which are potential stimulators of aggregation of aS,
might partly contribute to suppression of aggregation of aS by APN. Interpre-
tation: Taken together, APN may suppress neurodegeneration through modifi-
cation of the metabolic pathway, and could possess a therapeutic potential
against a-synucleinopathies.

Introduction

In our aged/superaged societies, there is an urgent need for
the discovery of therapy against neurodegenerative diseases,

while there are so far no effective ways available. Evidence
has been accumulating to suggest that neurodegenerative
diseases, including Alzheimer’s disease (AD) and Parkin-
son’s disease (PD), have aspects of lifestyle disorders. For

ª 2014 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and
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instance, it had been known that some lifestyle interven-
tions, such as exercise and low calorie diet, were beneficial
for neurodegenerative diseases.1 Furthermore, epidemiologi-
cal studies have shown that increased risk of neurodegenera-
tive diseases is associated with metabolic disorders that may
develop in adulthood.2 In particular, type II diabetes mellitus
is a risk factor for AD2–4 and for other neurodegenerative dis-
eases, such as PD5, 6 and Huntington’s disease.7 In this con-
text, it is of note that adiponectin (APN), an antidiabetes
factor, may be systematically increased in AD8 and PD9

patients, as well as in female centenarians.10 APN is an adipo-
cytic protein that is structurally homologous to collagen VIII
and X and complement C1q, and has many biological
actions, including glucose utilization, insulin sensitization,
and antiinflammatory properties.11 The APN signaling path-
way has been described as an “exercise mimetic” that may be
is protective against metabolic disorders, including type II
diabetes, atherosclerosis, and obesity.12 However, little is
known about the effect of APN against neurodegeneration
in vivo, although in vitro APN protects neuroblastoma cells
against neurotoxins, such as 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine13 and ß-amyloid.14 The protective
properties of APN are may be ideal for neurodegenerative
diseases that currently have no curable treatments, and thus
the main objective of this study was to determine whether
APN is protective against a-synucleinopathies such as PD.

Materials and Methods

Use of autopsy brains was approved by the Human Ethics
Committee of Fukushimura Hospital and Tokyo Metro-
politan Institute of Medical Science, and the family of
each subject provided informed consent for the postmor-
tem analysis. All animal procedures were approved and
conducted in accordance with Animal Ethics Review
Committee regulations of the Tokyo Metropolitan Insti-
tute of Medical Science.

Reagents

Recombinant human APN (full-length APN or gAPN)
(ProSpec, East Brunswick, NJ) was used for cells and
transgenic mice experiments. SB203580 (Promega, Madi-
son, WI) and compound C (Calbiochem, San Diego, CA)
were applied to cell cultures at the indicated concentra-
tions. Unless otherwise noted, all other chemicals were
obtained from Sigma (St. Louis, MO).

Antibodies

The following primary antibodies were used in the study:
polyclonal anti-C-terminal APN antibody (Novus Biologicals,
Littleton, CO), anti-N-terminal APN antibody (Abcam,

Cambridge, UK), anti-AdipoR1 (C-14) antibody (Santa
Cruz Biotechnology, Santa Cruz, CA), anti-alix (Cell Sig-
naling, Beverly, MA), anti-aS (Cell Signaling) and mono-
clonal anti-aS (syn-1; BD Biosciences, Franklin Lakes, NJ),
anti-paS (Wako Pure Chemical Industries, Osaka, Japan),
anti-flottilin-1 (BD Biosciences), and anti-ß-actin (Sigma)
antibodies. The secondary antibodies were Alexa Fluor 488-
conjugated antirabbit antibody and Alexa Fluor 594-conju-
gated antimouse antibody (Invitrogen, Carlsbad, CA).

Autopsy brains

Sporadic PD (Yahr stage II), sporadic DLB, and age-
matched controls were used in the study. Diagnoses of PD
and DLB were based on previously described criteria15 and
were ultimately confirmed by autopsy. The postmortem
interval was less than 2 h in each case. The substantia nigra
of PD brains and the cingulate cortex of DLB brains were
fixed in 4% paraformaldehyde. Brain samples were then
embedded in paraffin and sectioned into 4-lm slides. Sec-
tions were then deparaffinized and analyzed by H&E stain-
ing or immunostaining. Alternatively, brain samples were
frozen at !80°C until later use for immunoblotting.

Cell cultures

B103 rat neuroblastoma cells expressing aS were routinely
cultured as previously described.16 Typically, cells were incu-
bated under serum-free conditions for 2 h and were treated
with rec. APN (5 lg/mL: this concentration was decided,
based on the previous publications17,18 or phosphate buffer
saline (PBS) for an additional 18 h). Cells were then har-
vested and fractionated into tris-buffered saline (TBS), 1%
sodium dodecyl sulfate (SDS), and 70% formic acid (FA)
fractions.16 In some experiments, cells were dissolved in lysis
buffer: 1% Nonidet P-40, 50 mmol/L HEPES, 150 mmol/L
NaCl, 10% glycerol, 1.5 mmol/L MgCl2, 1 mmol/L ethylene
glycol tetraacetic acid (EGTA), and 100 mmol/L sodium
fluoride-containing protease inhibitor mixture (Nacalai Tes-
que, Tokyo, Japan). For the analysis of conditioned medium
(CM), the CM samples were collected from the cell mono-
layer and centrifuged at 10,000g for 30 min to remove cell
debris. Alternatively, exosome fractions were semipurified
from the CM using a Total Exosome isolation kit (Invitro-
gen). For siRNA experiments, siRNA targeting rat AdipoR1
or a nontarget control (Santa Cruz Biotechnology) was trans-
fected using Lipofectamine 2000 (Invitrogen).

Immunological procedures

Immunohistochemistry, immunofluorescence, and immu-
noblotting were performed as described elsewhere19 with
minor modifications.
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Animal experiments

Transgenic mice expressing wild-type human aS under the
control of the Thy-1 promoter were used.20There were no
differences in serum APN levels between mice expressing
aS at 2–3 months and controls (data not shown), and tests
for glucose in urine were negative in both groups (data not
shown). These mice were previously shown to have accu-
mulation and aggregation of aS in the frontal cortex and
limbic system, with accompanying motor deficits.20 Geno-
mic DNA was extracted and analyzed as previously
described.19 The control mice were littermates of the same
age and mixed gender. Typically, the aS tg mice (male at
3 months of age) were intranasally treated with gAPN every
3 days for 2 months. Alternatively, mice at 5 months of
age were intranasally treated with gAPN every 3 days for
1 month. When performing nasal administration, a trans-
mucosal absorption enhancer (10 lL of PBS containing
5 mg/mL poly-L-arginine hydrochloride, molecular mass
>70,000)21 was administered nasally. Thirty minutes later,
the mice were nasally treated with gAPN (10 lL of PBS
containing 0.1 mg/mL of gAPN) or PBS alone. After behav-
ioral tests at the indicated time points, the mice were ana-
lyzed histologically and biochemically. During the
experimental period (~8 months old, male), the levels of
activation of astrocytes and microglia were too low to be
detected in the brains of the aS tg mice15 (not shown).

Motor behavioral analyses

The motor behavioral analyses were performed under
blind conditions. A rotarod test was performed for 3-, 4-,
and 5-month-old mice, as previously described.19 Assess-
ment of motor functions was supplemented by a beam
walking test, as previously described22 with modifications.
Briefly, a 90-cm beam with a flat surface of 12- or 5-mm
width was set 50 cm above a table. A black box was
placed at the end of the beam as a finishing point. The
starting point was identified by the light of a lamp.
Groups of mice had a training day of five trials on the
12-mm beam and five trials on the 5-mm beam. On the
test day, the time to cross the 5-mm beam was measured
and the number of paw slips that occurred during this
process was recorded.

Metabolome analysis

Sample preparations were performed according to the
manufacturer’s instructions (Human Metabolome Tech-
nologies, Inc., Tsuruoka, Japan). Approximately 50 mg of
mice brain (frozen at !80°C) was plunged into 1500 lL
of 50% acetonitrile/Milli-Q water containing internal
standards at 0°C to inactivate enzymes. The tissue was

homogenized thrice at 1500 rpm for 120 s using a tissue
homogenizer (Microsmash MS100R; Tomy Digital Biol-
ogy Co., Tokyo, Japan) and then the homogenate was
centrifuged at 2300g and 4°C for 5 min. Subsequently,
800 lL of the upper aqueous layer was filtered centrifu-
gally through a Millipore 5-kDa cutoff filter at 9100g and
4°C for 120 min to remove proteins. The filtrate was con-
centrated centrifugally and resuspended in 50 lL of Milli-
Q water for capillary electrophoresis/mass spectrometry
(CE/MS) analysis. Metabolome measurements were car-
ried out at Human Metabolome Technology Inc.

In vitro aggregation assay

Recombinant human aS was produced in E.coli and an
aggregation assay in the cell-free system was performed as
previously described.23 Aggregation of aS (0.2 lmol/L in
20 lL sodium buffer, pH 7.0) was induced at high tem-
perature (65°C, 18 h) in the presence of various reagents.

Statistical methods

Differences between groups were evaluated by Student’s
t-test or one-way ANOVA followed by a Tukey post hoc
test. For metabolome analysis, results are expressed as
mean " SD. All other results are expressed as
mean " SEM.

Results

Immunostaining of APN in human brains in
cases of a-synucleinopathies

To determine whether APN is involved in the pathogenesis
of a-synucleinopathies, we analyzed postmortem brains of
cases of PD and dementia with Lewy bodies (DLB) histo-
logically (Fig. 1). Immunohistochemistry occasionally
showed anti-APN-positive immunoreactivities in Lewy
bodies (Fig. 1C and F, G–I), which were weaker than those
of S129-phosphorylated a-synuclein (paS), the hallmark of
a-synucleinopathies24 (Fig. 1B and E). Indeed, double-
immunofluorescence studies revealed that the immuno-
reactivity of APN colocalized with that of paS in the majority
(~80%) of brainstem Lewy bodies in PD (Fig. 1J–l) and to
a lesser extent (~10%) in neocortical Lewy bodies in DLB
(Fig. 1M–O). It is possible that APN in the Lewy bodies
might be derived from adipose tissues. An alternative, but
not mutually exclusive, possibility is that small amounts of
APN locally expressed in the brain might be increased
under neurodegenerative conditions. In either case, it is
unlikely that APN is directly involved in aggregation of a-
synuclein (aS) because anti-APN immunoreactivity was
negative in both Lewy neurites and pale bodies, the
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precursors of mature Lewy bodies25 (Fig. S1A). However,
an indirect role cannot be ruled out from these data.

Immunoblot analysis of APN in human
brains in cases of a-synucleinopathies

To determine whether APN is aggregated in Lewy bodies,
we analyzed the APN concentrations in DLB and non-

DLB brains. The immunoreactive of APN was signifi-
cantly increased in the SDS fraction from DLB brains
than those of non-DLB brains. However, little APN was
detected in FA fractions using immunoblot analysis (Fig.
S1B and C). Thus, one possibility is that APN might be
sequestered by aS into Lewy bodies, which corresponds to
the increased APN level in the SDS fraction of DLB
brains.

Figure 1. Immunostaining of APN in human brains in cases of a-synucleinopathies. Substantia nigra of PD brains (A–C, G–I, J–L) and cingulate

cortex of DLB brains (D–F, M–O) were analyzed by hematoxylin and eosin (H&E) staining (A and D) and immunohistochemistry using anti-C-

terminal APN (C, F, G, J) or anti-N-terminal APN (H), or anti-paS (B, E, K). (I) The immunoreactivity of anti-C-terminal APN disappeared by

preabsorption with rec. APN. Double immunofluorescence studies (J–L, M–O) showed that APN was immunopositive in the paS-positive Lewy

bodies (16 of 21 in 4 PD brains and 8 of 84 in 6 DLB brains, respectively, denoted by arrowheads). APN, adiponectin; PD, Parkinson’s disease;

DLB, dementia with Lewy bodies.
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APN ameliorates neurodegeneration in a
cell model for a-synucleinopathies

To investigate the effect of APN, we incubate the cellular
model of a-synucleinopathy with recombinant APN.
Despite the uncertainties in the autopsy brain samples,
APN clearly suppressed neurodegeneration in B103 neuro-
blastoma cells stably expressing aS (Fig. 2). Aggregation of
aS was significantly reduced by treatment with recombi-
nant APN, as assessed by immunoblot analysis of aS
accumulated in FA-extractable fractions (Fig. 2A). Mecha-
nistically, the AdipoRI26-AMP kinase (AMPK) pathway
may be important because suppression of aS aggregation
by APN was abolished by siRNA knockdown of AdipoRI
expression (Fig. 2B), as well as by pharmacological inhibi-
tion of AMPK but not of P38 (Fig. 2C). AdipoRI is widely
expressed in nonneuronal and neuronal tissues/cells,11,17,27

as well as the current cell model of a-synucleinopathies
(Fig. 2B). APN has been shown to stimulate phosphoryla-
tion of several signaling molecules, such as AMPK, P38,
and GSK-3 (Fig. S2A), while GSK-3b was situated down-
stream of P38 (Fig. S2B). Consistent with a notion that
APN might be antineurodegenerative in cell cultures, the
level of paS24 was significantly decreased by APN treatment
in an AdipoRI-dependent manner (Fig. 2D–F). Moreover,
the level of aS released into the CM was significantly
reduced by APN, with a clear decrease in exosome-associ-
ated release of aS28 (Fig. 2G). As exosome might play a
critical role for the cell-to-cell transmission of the aS oligo-
mers,29 our finding provides a view that APN might be
suppressive on the propagation of the aS pathology.
Finally, APN modestly stimulated the activity of protea-
somes, but not that of lysosomes (Fig. S2C and D). A fur-
ther study showed that APN was neuroprotective. Cell
viability was significantly recovered in the presence of APN
when cells were treated with various types of neurotoxins
that may mimic neurotoxicities in PD, including an endo-
plasmic reticulum stressor, a mitochondrial toxin, and a
proteasome inhibitor (Fig. S2E). In the present experimen-
tal setting, APN had little effects on mitochondria based on
the mitochondrial complex I activity (Fig. S2F) and mRNA
levels for PPAR-c co-activator-1 (PGC-1) a and cyto-
chrome C (Fig. S2G). However, given the central role of
mitochondria in the pathogenesis of PD,30 further
improvements of the experimental system might allow
detection of a positive effect of APN on mitochondria.

APN ameliorates neurodegeneration in a
mouse model for a-synucleinopathies

On the basis of the findings in the autopsy brains and cell-
based study, we wished to investigate the effect of APN on
a-synucleinopathies in vivo. For this purpose, recombi-

nant globular domain of APN (gAPN), a physiological
product of C-terminal APN,11 was administered intrana-
sally to tg mice expressing aS (Fig. 3). We used gAPN not
simply because gAPN is shorter than full length of APN
but because suppressive effect of gAPN on the aggregation
of aS in cell cultures was comparable to that of full length
of APN (Fig. S3A). Furthermore, intranasally injected
FLAG-tagged gAPN was shown to reach various areas of
the brain in mice (Fig. S3B and C). Indeed, such a nonin-
vasive delivery of therapeutics directly to the brain has
been considered for many reagents, including insulin
treatment for dementia.31 With this background, the APN
nasal treatment was initiated in the aS tg mice at
3 months of age without severe movement disorder
(Fig. 3, male, n = 8–9). Compared to the mice that did
not receive gAPN, the mice at 5 months of age that
received gAPN had significantly improved weight loss
(Fig. 3A) and retarded the progression of movement dis-
ability, as assessed by a rotarod test (Fig. 3B), followed by
an examination by beam walking assay (Fig. 3C). In addi-
tion to the behavior analyses, aS pathology was remark-
ably ameliorated in the mice treated with gAPN compared
to the mice that received vehicle injection as evaluated by
immunohistochemistry; accumulation of paS was reduced
in both cortex and olfactory bulb, while aS-positive glob-
ule formation in thalamus was remarkably suppressed
(Fig. 3D). Furthermore, these results were confirmed by
immunoblot analysis showing that accumulation of aS in
the FA-extractable fractions of the cortex of the aS tg mice
brain was remarkably suppressed by treatment with gAPN
(Fig. 3E). During the experimental periods, the activation
of glial cells, including astrocytes and microglia, was not
extensive as to be quantified (not shown). In contrast to
the current protocol of experiment, movement disorder
was little improved when the intranasal treatment of APN
was initiated in the aS tg mice at 5 months of age which
had severer movement disorders compared to the mice at
3 months of age (not shown). Taken together, these
results suggest that intranasal gAPN protects against neu-
rodegeneration in the early stage in the aS tg mouse.

APN downregulates the purine
monophosphate in a mouse model of
a-synucleinopathies: one possible mechanism

The mechanism through which APN ameliorates aS
pathology is obscure. To determine whether the antineu-
rodegenerative properties of APN were associated with
certain metabolic changes in vivo, brain extracts of aS tg
mice were analyzed by CE/MS. The results showed that
among the various metabolites affected by APN, there
were significant decreases in purine monophosphates,
including guanosine monophosphate (GMP) and inosine
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Figure 2. APN ameliorates neurodegeneration in a cell model of a-synucleinopathies. B103 neuroblastoma cells expressing human aS or empty

vector were treated with rec. APN (5lg/ml) or PBS. Cells were fractionated into TBS-, SDS-, and FA-extractable fractions)16 (A–C) and analyzed by

immunoblotting using anti-aS. Uncropped blots of (a) are presented in Figure S4. In (C), cells were pretransfected with siRNA of AdipoRI or

nontarget (control), while in (C) cells were preincubated with a p38 inhibitor SB203580 (1 lmol/L) or a AMPK inhibitor compound C (1 lmol/L).

In (D–F), phosphorylation of aS was evaluated by immunoblotting (D and F) or immunofluoresence (E) using anti-paS or anti-aS. In (E),

representative image of double immunofluorescence showed that colocalization of paS with aS was reduced by APN. In (F), cells were

pretransfected with siRNA for AdipoRI or nontarget. In (G), the suppressive effect of APN on release of aS in the conditioned medium (CM) was

evaluated, while exosomes were semipurified from the CM and analyzed for aS and two exosome markers: alix and flotillin-1. The intensities of

the immunoreactivities of aS were quantified (A: all fractions, B and C: FA fraction, mean " SEM, n = 3–5, n.s; not significant, *P < 0.05,

**P < 0.01). In (F) and (G), the intensities of paS versus those of aS, and the intensities of aS in the CM were quantified, respectively

(mean " SEM, n = 5, *P < 0.05). APN, adiponectin; FA, formic acid; AMPK, AMP kinase.
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monophosphate (IMP) (Fig. 4A). As both GMP and IMP
specifically stimulated aggregation of aS under cell-free
conditions (Fig. 4C and D), it is possible that a decrease
in these purine monophosphates might partly contribute
to suppression of aggregation of aS by APN. Recently, it
has been shown that progression of PD is inversely corre-
lated with serum urate levels and the frequency of gout.32

Although the present results were not directly linked to
this important issue, our results did augment the notion
that metabolism and/or catabolism of nucleic acids may
play an important role for the regulation of the aggrega-
tion of aS in the pathogenesis of a-synucleinopathies.

Discussion

As far as we know, this study is the first to show that
APN may negatively regulate the pathogenesis of a-synuc-
leinopathies in an animal model. The protective roles of
APN have recently been implicated in a wide range of
diseases, including cancer,33 osteoporosis,34 and chronic

pulmonary obstructive disease.35 Notably, the protective
actions of APN may occur beyond the brain–blood bar-
rier, as APN has been shown to be protective against
cerebral ischemia36 and depression37 in the rodent ner-
vous system. Taken together, these results suggest that a-
synucleinopathies can be regarded as systemic diseases in
terms of APN protection. In this context, it is reasonable
to speculate that decreases in systemic APN in pathologi-
cal conditions such as diabetes and other lifestyle disor-
ders may result in a loss of protective function of APN,
leading to deterioration of a variety of systemic diseases,
including a-synucleinopathies.
Our study shows that intranasal treatment with a short

peptide derived from APN (e.g., gAPN) may suppress dis-
ease progression in mice models of a-synucleinopathies.
Given that APN is systemically involved in protection in
various tissues and organs, it is likely that reinforcement
of APN in human brain would not be associated with
severe side effects. Thus, our noninvasive treatment using
gAPN could be a candidate for therapy for a-synucleinop-
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athies. Basic understanding of APN has markedly pro-
gressed in diabetes, with the recognition that expression
and activity of APN are enhanced by stimulation of per-
oxisome proliferator-activated receptor c.11,12 Further-
more, osmotin, a plant protein that is a ligand for the
yeast homolog of AdipoR (PHO36), has been shown to
activate AdipoR signaling in C2C12 myocytes.11 More-
over, it was also recently shown that both the features of
diabetes and shortened life span observed in genetically
obese db/db mice fed a high-fat diet were significantly
improved by treatment with small molecules that act as
AdipoR agonists.38 It is possible that these developments
in diabetes might also be applicable in therapy for neuro-
degenerative diseases. Thus, future studies are warranted
to examine the therapeutic potential of APN for a-synuc-
leinopathies and possibly for other neurodegenerative dis-
eases.
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Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Additional characterization of APN in human
brains in cases of a-synucleinopathies. (A) Immunostain-
ing of APN in human brains in cases of a-synucleinopa-
thies. Pale bodies (upper panels, thin arrows) and Lewy
neurites (lower panels, thick arrows) derived from the
substantia nigra of PD brains were identified by H&E
staining and immunohistochemistry using anti-paS,
respectively. Double immunofluorescence using anti-C-
terminal APN and anti-paS failed to detect immunoreac-
tivities of APN in pale bodies or in Lewy neurites. (B)
Immunoblot analysis of APN in human brains in cases of
a-synucleinopathies. 293T cells were transfected with
pCEP4-APN or pCEP4 alone and harvested after 48 h.
The transfected cells and brain samples (from the cingu-
late cortex of DLB brains) were dissolved with lysis buffer
(1% Nonidet P-40, 50 mmol/L HEPES, 150 mmol/L
NaCl, 10% glycerol, 1.5 mmol/L MgCl2, 1 mmol/L EGTA,
100 mmol/L sodium fluoride-containing protease inhibi-
tor mixture), and total extracts were analyzed by
immunoblotting using anti-C-terminal APN. The immu-
noreactivity of the APN monomer (30 kDa) was aug-
mented by heating (95°C, 5 min) under reducing
conditions. Transfection of the APN expression vector
was performed as previously described.16 (C) Comparison
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of expression levels of APN between a-synucleinopathies
and controls. Immunoreactivities of the APN monomer
(30 kDa) in SDS-soluble extracts of DLB brains (cingulate
cortex) were significantly higher than those in extracts
from non-DLB control brains (cingulate cortex). How-
ever, there were no differences in AdipoR1 and Adi-
poR226 between DLB and control brains, and
immunoreactivities of APN, AdipoR1, and AdipoR2 were
not observed in FA fractions, in contrast to the extensive
aggregation of aS in DLB brains. Intensities of APN were
quantified relative to those of actin (mean " SEM, n = 7,
**P < 0.01, n.d., not detected).
Figure S2. Effects of APN on B103 neuroblastoma cells
expressing aS. (A and B) Effects of APN on signaling
molecules. Cells expressing aS and vector-transfected cells
were incubated under serum-free conditions for 2 h, fol-
lowed by treatment with APN (5 µg/mL) under serum-
free conditions for the indicated times. (A) Expression
and phosphorylation of signaling molecules, including
P38, AMPK, and GSK-3, were assessed by immunoblot-
ting with antibodies against pP38, AMPK, pAMPK,
pGSK-3 (all from Cell Signaling), P38, and GSK-3 (all
from BD). (B) Phosphorylation of GSK-3 was inhibited
in the presence of SB203580 (1 µmol/L), but not with
compound C (1 µmol/L), indicating that GSK-3 may be
situated downstream of p38, but not of AMPK. (C) APN
protects against neurotoxicities by chemical reagents. Cells
expressing aS were incubated with various neurotoxic
reagents, including tunicamycin (1 µg/mL), rotenone
(100 nmol/L), and lactacystin (1 µmol/L), under serum-
free conditions in the presence or absence of APN (5 µg/
mL) for 48 h. Cell viability was evaluated by measure-
ment of LDH release16 (mean " SEM, n = 4–6,
*P < 0.05). (D and E) Effects of APN on proteasome and
lysosome. Cells expressing aS and vector-transfected cells
were incubated with APN (5 µg/mL) for 18 h under
serum-free conditions. Proteasome (D) and lysosome (E)
activities were measured as described in the Supplemental
Methods. APN weakly but significantly increased protea-
some activity, but had little effect on lysosome activity
(mean " SEM, n = 5–6, *P < 0.05). (F and G) Effects of
APN on mitochondria. Cells expressing aS and vector-
transfected cells were incubated with APN (5 µg/mL) for
18 h under serum-free conditions. (F) Mitochondrial
activity was measured by mitochondrial complex I activity
assay as described in the Supplemental Methods

(mean " SEM, n = 6). Cells expressing aS cells were
incubated with APN for 3 h under serum-free conditions.
(G) mRNA level of peroxisome proliferator-activated
receptor c coactivator a (PGC1-a) and cytochrome c was
evaluated by qPCR (mean " SEM, n = 4).
Figure S3. Preparatory studies for intranasal delivery of
gAPN into mice brain. (A) gAPN treatment suppresses
aggregation of aS in a cell model of a-synucleinopathies.
To determine whether gAPN inhibits aggregation of aS,
cells expressing human aS were incubated under serum-
free conditions with rec. gAPN (5 µg/mL) or rec. full-
length APN (5 µg/mL) for 18 h. Cells were harvested and
cell extracts were fractionated and immunoblotted using
anti-aS. The intensities of aS were quantified relative to
those of actin (mean " SEM, n = 4, *P < 0.05). (B)
gAPN treatment stimulated phosphorylation of signaling
molecules in a cell model of a-synucleinopathies. To
determine whether gAPN stimulates the phosphorylation
of signaling molecules such as APN, cells expressing aS
were incubated under serum-free conditions for 2 h, fol-
lowed by treatment with gAPN (5 µg/mL) or APN (5 µg/
mL) under serum-free conditions for 30 min. Expression
and phosphorylation of signaling molecules, including
P38 and AMPK, were assessed by immunoblotting with
antibodies against P38, pP38, AMPK, pAMPK, and actin.
(C and D) Intranasally injected gAPN reaches various
regions of mice brains. aS tg or wild-type mice were
intranasally treated with gAPN (C) (1 mg/mL, 10 µL
PBS), FLAG-gAPN (D) (1 mg/mL, 10 µL PBS), or PBS
alone. Mice brains were analyzed by immunohistochemis-
try using anti-C-terminal APN (C) and immunoblotting
using anti-FLAG antibody and anti-actin (D). Representa-
tive figures of olfactory bulb and cortex are shown in (C).
Insets are shown to show at higher magnification for the
olfactory bulb and cortex. Brain extracts (D) were pre-
pared from olfactory bulb, frontal cortex, striatum, hind
cortex, hippocampus, thalamus, hypothalamus, and brain-
stem, and evaluated by immunoblotting using anti-FLAG
antibody and antiactin.
Figure S4. Full scans of immunoblot data. Uncropped
image of Figure 2(A). A representative immunoblots of
TBS, SDS, and FA-extractable fractions using anti-aS
antibody. All the intensities of aS using TBS, SDS, and
FA-extractable fraction were quantified similarly as
Figure 2(A).19 *Nonspecific bands.
Data S1. Supplementary Methods.
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Phenotypic differences of patients with fibrodysplasia
ossificans progressive due to p.Arg258Ser variants of ACVR1
Yasuo Nakahara1, Ryuyo Suzuki2, Takenobu Katagiri3,4, Junya Toguchida5,6,7 and Nobuhiko Haga1

Fibrodysplasia ossificans progressiva (FOP) is a rare, congenital disorder caused by heterozygous mutation of the bone
morphogenetic protein type I receptor ACVR1. Various forms of atypical FOP have recently been identified, and a recurrent mutation,
ACVR1 (p.Arg258Ser) was reported. We encountered a 17-year-old Japanese female patient with sporadic occurrence of FOP. At the
age of 7 years, radiological examination revealed progressive heterotopic ossification and cervical spine malformations. Although
great toe malformation was not observed, we diagnosed her as having FOP. Then, ACVR1 was analyzed and a recurrent mutation of
p.Arg258Ser was identified. We noticed that there may be phenotypic differences between c.774G4T and c.774G4C, which lead to
the same amino-acid change, p.Arg258Ser. Genotype–phenotype correlation was discussed with the review of the previous reports.

Human Genome Variation (2015) 2, 15055; doi:10.1038/hgv.2015.55; published online 10 December 2015

INTRODUCTION
Fibrodysplasia ossificans progressiva (FOP, MIM#135100,
http://www.omim.org/) is a rare hereditary disease caused by a
heterozygous mutation in the type I activin receptor (ACVR1) gene
that encodes a bone morphogenetic protein receptor. This disease
leads to heterotopic ossification in the muscle tissue and the
surrounding fascia, tendons and ligaments throughout the body.1

The allele exhibits variable expressivity and has complete
penetrance. However, most patients have low reproductive
fitness, and most cases are identified in spontaneous mutations
of a gamete from either one of the healthy parents. There is no
racial, geographic or gender predisposition; the worldwide
prevalence is approximately one in every two million people.1,2

FOP is diagnosed when clinical symptoms and mutational
analysis is confirmed. Ninety-seven percent of patients worldwide
have classic FOP, which is defined by the presence of two
classic clinical features: characteristic malformations of the great
toes and onset of soft tissue flare-ups leading to progressive
heterotopic ossification.
Because of the systemic heterotopic ossification, the

pathological progression is associated with a restricted range of
motion (ROM) affecting most joints. The ossification progression
varies among individuals. Heterotopic ossification around the
joints of the extremities causes extra-articular ankylosis, resulting
in restricted activities of daily living, particularly difficulty in
walking. Furthermore, some patients present with respiratory
difficulties caused by heterotopic ossification in the spinal column
and thorax. Progression of this condition reduces life expectancy.
As previously mentioned, although many reports have

documented sporadic cases of FOP, familial cases due to
autosomal dominant inheritance have also been reported. Linkage
analysis of 32 sporadic and five familial FOP patients revealed a
mutation (p.Arg206His) in the ACVR1 gene that was common to
both sporadic and familial cases (classic FOP). To date, 11 point

mutations have been identified in the ACVR1 gene.1–15 Among
them, a recurrent mutation, NM_001105.4: p.Arg258Ser, was
reported in the same kinase domain as the mutation reported
in 2010 (p.Gly356Asp).14,15 Herein we report the results and
analysis of the third patient with ACVR1 (p.Arg258Ser) caused by
c.774G4T mutation.

MATERIALS AND METHODS
The patient was a 17-year old female. No other individuals in her family,
including siblings, had FOP symptoms. The patient exhibited normal
development and no notable restriction of ROM of her joints or trunk from
birth until 7 years of age. At the age of 7 years, the patient fell from a swing
and was examined by her local physician. X-ray imaging indicated fusion in
her cervical vertebrae. Thereafter, the patient’s ROM in the shoulders and
elbows gradually worsened. Biopsy of the cervical lesion was performed;
however, no ossification was found. At the age of 14 years, the patient was
examined by her local physician because of obvious body movement
difficulties. Computed tomography scans revealed heterotopic ossification
around the paraspinal muscles and bilateral shoulder and hip joints. The
patient was referred to our institution at the age of 15 years and 2 months.
At 17 years of age, the most recent findings were oral restriction (22mm)
and no evidence of scoliosis. In the upper extremities, restricted shoulder
flexion (20/5°) and external rotation (40/5°) and ankyloses of the elbow
joints were observed. Joint movements distal to the wrists were not
affected. In the lower extremities, contracture of the right hip in external
rotation and of the left hip in internal rotation resulted in a so-called
‘windblown deformity’. Restriction of ROM was also evident in the knees
(85–110/70–110°) and ankle joint dorsiflexion (20/5°). The toes were
generally short, without obvious great toe malformation. X-rays revealed
no spinal deformity; however, there was heterotopic ossification of the
bilateral paraspinal muscles (Figure 1a); morphological changes in the
cervical vertebrae (bony fusion of the posterior elements (Figure 1b));
shortening of the first metacarpal bone (Figure 1c); overall shortening of
the second to fifth toes (Figure 1d); and heterotopic ossification of the
bilateral shoulder, elbow and hip joints (Figure 1e).
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Written informed consent was obtained from the patient and her
family for gene analysis and preparation of this report. The Ethical
Committee of The University of Tokyo approved this study. Genetic
diagnosis was performed at the Project of Clinical and Basic Research for
FOP at Saitama Medical University. All exons of ACVR1 were amplified by a
standard PCR method using Pfx platinum DNA polymerase (Invitrogen,
Carlsbad, CA, USA). The PCR product that was purified by a Microcon-100
column (Takara Bio Shiga, Japan) was directly sequenced using an ABI3500
Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).

RESULTS
Analysis was performed to verify the ACVR1 (p.Arg206His)
mutation; however, it was not identified. All exons of ACVR1
were then examined, leading to the identification of the ACVR1
(c.774G4T; p.Arg258Ser) mutation in exon 5 of ACVR1 (Figure 2),
which is the same mutation reported by Ratbi et al. and
Eresen-Yazıcıoğlu et al.

DISCUSSION
We report the clinical and radiological findings of the patient
with FOP due to a recurrent mutations of ACVR1, c774G4T

Figure 1. (a): Bilateral heterotopic ossification in the paraspinal muscles (arrow). No scoliosis is observed. (b): Bony fusion of the posterior
elements of the cervical vertebrae (left image: X-ray, right image: 3D-CT). (c): Slight shortening of the first metacarpal bones. (d): Overall
shortening of toes. No malformation of the great toes was observed. (e): Heterotopic ossification of the right hip joint (arrow), windblown
deformity and diffuse osteopenia. 3D-CT, three-dimensional computed tomography.

Figure 2. (a) The c.774G4T mutation of ACVR1. Analysis by
direct sequence identified the ACVR1 (c.774G4T) heterozygous
mutation in exon 5 of ACVR1. (b) Genomic conservation among
species.
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(p.Arg258Ser). Characteristic findings of the classic FOP include
great toe malformation from the time of birth and progressive
heterotopic ossification of the muscle and the surrounding tissue
until ~ 10 years of age. However, reports of an FOP variant without
great toe malformation have recently appeared.6,9,12,16

There have been two previous reports of patients with
p.Arg258Ser caused by c.774G4T, but neither had great toe
malformation. Ratbi et al.14 reported a patient due to c.774G4T
(p.Arg258Ser), whose onset of heterotopic ossification at 8 years of
age, and other signs included short first metatarsals and exostosis
of different sizes involving the dorsal and lumbar vertebrae, distal
segment of the left femur and proximal segment of the left tibia
that were observed in the X-rays. Eresen-Yazıcıoğlu et al.15

reported the same mutation, c.774G4T (p.Arg258Ser), in a patient
with FOP, whose onset of heterotopic ossification occurred at 10
years of age, and ROM was restricted in the temporomandibular,
shoulder, elbow and knee joints. X-rays revealed kyphosis of the
thoracic vertebrae and lumbar lordosis, and thinning of the scalp
hair was also observed. Both two patients did not have great toe
malformation.
Bocciardi et al.9 reported additional two unrelated patients with

FOP, who had a same amino-acid alteration (p.Arg258Ser) but
a different nucleotide alteration of c.774G4C.9 Phynotypic
difference between c.774G4T and c.774G4C is the presence of
great toe malformation. Great toe malformation was not observed
in any patients with c.774G4T while it was not a common factor
in patients with c.774G4C as one of two patients in fact had
malformation of the great toes. The patient (FOP12) had no
great toe deformity, and onset of ectopic ossification was
observed at the age of 4 years because of painful swelling in
the vertebral region, and the patient (FOP12) did not experience
another flare-up until the age of 18 years. On the other hand, the
patient (FOP17) had great toe malformation, and the onset of
heterotopic ossification was at 14 years of age.
Clinical manifestations of the patients with FOP due to

p.Arg258Ser of ACVR1 were summarized in Table 1 together
with those of the patients due to the common ACVR1 mutation
(p.Arg206His). The clinical features of the present patient resemble

those reported by Ratbi et al. and Eresen-Yazıcıoğlu et al. in that
there was no great toe malformation, and the clinical course
demonstrated a somewhat delayed onset compared with classic
FOP. The difference included no obvious spinal deformity and
overall shortening of the toes, and no ossification was observed in
the biopsy that was performed at the site of swelling. We believe
that the lack of obvious spinal deformity was due to the late onset
of heterotopic ossification and because the ossification was
relatively symmetrical. The observation that ossification did not
occur after the biopsy is an important difference between this
variant and classic FOP. However, the progression of decreased
activities of daily living after onset was comparatively faster than
those in previous reports.
Patients with c.774G4T and c.774G4C lead to the same

amino-acid change p.Arg258Ser. It has been known that the
mutation which result in same amino-acid change is insignificant
to phenotypic differences because such changes in DNA would
not alter the composition of the proteins encoded by genes. But
recently, there have been reports that in some cases it can still
result in altered function because synonymous mutations can alter
protein folding.17,18

Meanwhile, comparison of phenotypic difference among five
patients is too few to support the hypothesis of the genotype–
phenotype correlation. Therefore, possibility of other factors
including environmental factors and other genomic modifiers
must also be taken into consideration.
In FOP, the clinical symptoms, mutations and mechanism of

onset are gradually being discovered. Moreover, it has become
evident that the location of mutation differentiates the clinical
symptoms from typical to atypical FOP features. This report is
extremely significant in terms of providing new evidence of
symptoms experienced by patients with c.774G4T who present
with clinical findings that are different from those of c.774G4C
but in whom mutation occurs in the same amino acid.
Accumulating data on novel mutations is important for evaluating
pathology, establishing treatments, and contributing to clarify
in vivo mechanisms of p.Arg258Ser and its relationship with other
mutation types in future studies.

Table 1. Comparison of the six patients diagnosed with an ACVR1 (c.617G4A) mutation at our institution and the patients diagnosed with the ACVR1
(c.774G4T) or ACVR1 (c.774G4C) mutation

Classic FOP This patient Ratbi et al. Eresen-Yazıcıoğlu et al. Bocciardi et al.

ACVR1 mutation c.617G4A c.774G4T c.774G4T c.774G4T c.774G4C
Codon change p.Arg206His p.Arg258Ser p.ArgR258Ser p.Arg258Ser p.Arg258Ser
Gender 4 males, 2 females female male male 2 females
Age of onset (year) 0–11 7 8 10 4, 14

Classic FOP feature
Malformations of great toe 6/6 − − − 1/2
Progressive HO 6/6 + + + 2/2

Common features in classic FOP
Proximal medial tibial exostoses 5/6 − + * *
Cervical spine malformations 6/6 + * * *
Short broad femoral necks 6/6 − * * *
Thumb malformations (short first metacarpal) 5/6 + + * *
Conductive hearing impairment 1/6 − − * *

Additional features
Little finger camptodactyly − − − * *
Short toes − + − * *
Absent DIP joints in toes − − − * *
Thin scalp hair 1/6 − − + *

Reference Patients at our institution Ratbi et al.14 Eresen-Yazıcıoğlu et al.15 Bocciardi et al.9

Abbreviations: ACVR1, activin receptor 1; DIP, distal interphalangeal; FOP, fibrodysplasia ossificans progressiva; HO, heterotopic ossification; − , absent;
+, present; *, no description.
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Abstract
Steroid and xenobiotic receptor (SXR) and its murine ortholog, pregnane X receptor (PXR),
are nuclear receptors that are expressed at high levels in the liver and the intestine where
they function as xenobiotic sensors that induce expression of genes involved in detoxifica-
tion and drug excretion. Recent evidence showed that SXR and PXR are also expressed in
bone tissue where they mediate bone metabolism. Here we report that systemic deletion of
PXR results in aging-dependent wearing of articular cartilage of knee joints. Histomorpho-
metrical analysis showed remarkable reduction of width and an enlarged gap between fem-
oral and tibial articular cartilage in PXR knockout mice. We hypothesized that genes
induced by SXR in chondrocytes have a protective effect on articular cartilage and identified
Fam20a (family with sequence similarity 20a) as an SXR-dependent gene induced by the
known SXR ligands, rifampicin and vitamin K2. Lastly, we demonstrated the biological sig-
nificance of Fam20a expression in chondrocytes by evaluating osteoarthritis-related gene
expression of primary articular chondrocytes. Consistent with epidemiological findings, our
results indicate that SXR/PXR protects against aging-dependent wearing of articular carti-
lage and that ligands for SXR/PXR have potential role in preventing osteoarthritis caused
by aging.

Introduction
Steroid and xenobiotic receptor (SXR) and its murine ortholog pregnane X receptor (PXR)
(also known as PAR and NR1I2) are nuclear receptors that are mainly expressed in the liver
and intestine where they regulate transcription of drug metabolizing enzymes and transporters
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[1,2]. These receptors have been shown to be activated by various endogenous and dietary sub-
stances, pharmaceutical agents, and xenobiotic compounds [3].

In addition to its function as a xenobiotic sensor, we found that SXR/PXR plays important
roles in bone tissue [4]. Expression of SXR/PXR was detected in osteoblasts [5], and systemic
ablation of PXR caused osteopenia and consequent mechanical fragility [6], indicating a bone
protective function for SXR/PXR. We previously reported that the fat soluble vitamin K2 acti-
vated SXR/PXR and elicited SXR/PXR-dependent biological functions in bone [5,7]. In clinical
studies, administration of vitamin K2 was shown to prevent bone fracture [8,9], which led to
the approval of vitamin K2 as a drug for osteoporosis in eastern Asian countries.

Some epidemiological studies have implied that vitamin K is related to another skeletal dis-
ease, osteoarthritis. In both North America and Japan, low vitamin K intake was shown to be
related to the prevalence of osteoarthritis [10–12]. Based on these studies, we hypothesized that
SXR/PXR-mediated vitamin K signaling exerts protective effects on articular cartilage and
bone tissue and decided to evaluate the articular cartilage in PXR knockout mice.

In this study, we characterized the histomorphometrical phenotypes of PXR knockout mice
to understand the roles of SXR/PXR in the cartilage tissue. Our results demonstrated that loss
of SXR/PXR caused wearing of articular cartilage of knee joints in aged mice. We also found a
candidate gene mediating the cartilage-protective effect of SXR/PXR by analysis of SXR-depen-
dent ligand-induced genes in a murine chondrocytic cell line.

Materials and Methods
Ethics Statement
This study was carried out in strict accordance with the consent of the Animal Care and Use
Committees of University of California, Irvine. The protocol was approved by the Animal Care
and Use Committees of University of California, Irvine (Protocol Number: 2003–2487) and
the Animal Experimentation Committee of the University of Tokyo (Protocol Number: P09-
001).

Animal experiments
The generation of PXR knockout (PXRKO) mice has previously been described [13]. The
PXRKO mice were maintained in the 129/Sv background. The animals were housed in a tem-
perature-controlled room (22°C) with a daily light/dark schedule of 12 h. The animals had free
access to water and were fed a standard laboratory chow. Age-matched 129/Sv wild-type mice
were used as controls and maintained under the same conditions. When mice were sacrificed,
anesthesia with isoflurane inhalation or an intraperitoneal injection of 2.5% avertin was em-
ployed to minimize suffering of animals. Cervical dislocation was done following anesthesia to
ensure death.

Cartilage histomorphometry
The legs were fixed with 70% ethanol and soft tissues were removed. Cartilage histomorphome-
try was performed on undecalcified sections with the Villanueva Bone Stain [14].

Cell culture and infection with adenovirus vectors
Primary culture of articular chondrocytes was performed as previously described [15]. Cos7
cells were purchased from ATCC (Manassas, VA, USA) and grown in Dulbecco's modified
Eagle medium (DMEM) with 10% fetal calf serum (FCS) at 37°C under 5% CO2. ATDC5 cells
were purchased from RIKEN Cell Bank (Tsukuba, Japan). ATDC5 cells were maintained in
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medium consisting of a 1:1 mixture of DMEM and Ham's F-12 (Invitrogen) supplemented
with 10% FCS, at 37°C under 5% CO2. When ATDC5 cells were treated with SXR ligands, they
were cultured in phenol red-free DMEM with 5% charcoal/dextran-treated FCS from 24 h
prior to rifampicin (Nacalai Tesque, Kyoto, Japan), MK-4 (gifted by Eisai Co., Ltd., Tokyo,
Japan), or vehicle (0.1% ethanol) treatment. Recombinant adenoviruses were generated using
the Adenovirus Expression Vector Kit (Takara Bio, Otsu, Japan) and used at a multiplicity of
infection (MOI) of 40–100 according to the manufacturer's protocol.

Microarray and cluster analysis
Total RNA was extracted from the cells using the ToTALLY RNA Kit (Ambion, Austin, TX).
Profiling of mRNA was performed on Affymetrix Mouse Gene 1.0 ST arrays (Affymetrix Inc.,
Santa Clara, USA) according to the Gene Chip labeling assay manual version 4. Hierarchical
clustering of gene expression was performed using Cluster 3.0 software [16], and the heat map
was created using Java Treeview version 1.1.6 [17].

Quantitative real-time polymerase chain reaction analysis
Total RNA was isolated using the TOTALLY RNA kit (Ambion). First-strand cDNAwas gener-
ated by using PrimeScript RT reagent Kit (Takara Bio, Otsu, Japan). mRNA levels were quanti-
fied by real-time polymerase chain reaction (PCR) using SYBR Green PCRmaster mix (Applied
Biosystems, Foster City, CA, USA) and a 7500 Fast Real-Time PCR system (Applied Biosystems).
Relative differences in the amount of the PCR products between the treatment groups were eval-
uated using GAPDH as an internal control. The primer sequences for PCR amplification were as
follows: PXR Forward, 50-TCATGTCCGATGCCGCTGTG-30; PXR Reverse, 50-AGGCGGTGG
AGCCTCAATCT-30; Fam20a Forward, 50-CCGCAGACTCCAGATCATCC-30; Fam20a Re-
verse, 50-GTCTGGAGCCGAACGTTGTG-30; GAPDH Forward, 50-TGGCATGGCCTTCCG
TGTTC-30; GAPDH Reverse, 50-CAGATGCCTGCTTCACCACC-30, Col2a1 Forward, 50-G
CTGGCAGCTGTCTGCAGAA-30; Col2a1 Reverse, 50-CGCAGAGGACATTCCCAGTG-30;
aggrecan Forward, 50-GGTCTTTGTGACTCTGAGGG-30; aggrecan Reverse, 50-AGTAG
CAGGGGATGGTGAGG-30; ADAMTS5 Forward, 50-AAACACGGGAGCGAGGCCAT-30;
ADAMTS5 Reverse, 50-AGGTAGCCCACTTTGCCACC-30, Mmp-13 Forward, 50-TGG
ACTCCCTGTTGGTCCCT-30, Mmp-13 Reverse, 50-TCCCGCAAGAGTCGCAGGAT-30.

Luciferase assay
Three copies of putative PXR responsive element or mutated PXR responsive element were in-
serted into tk-luc vector [18] by annealing complimentary oligonucleotides containing cohe-
sive BamHI and HindII sites at both ends. Oligonucleotides used are as follows: 5’-AGC
TTTGACCTTGCCCTGACCCCCATCCCGGGAAATGACCTTGCCCTGACCCCCATCCC
GGGAAATGACCTTGCCCTGACCCG-3’ and 5’-GATCCGGGTCAGGGCAAGGTC
ATTTCCCGGGATGGGGGTCAGGGCAAGGTCATTTCCCGGGATGGGGGTCAGGGC
AAGGTCAA-3’ for PXR responsive element, 5’-AGCTTTGCTGTTGCCCTGCTGCCC
ATCCCGGGAAATGCTGTTGCCCTGCTGCCCATCCCGGGAAATGCTGTTGCCCTGC
TGCG-3’ and 5’-GATCCGCAGCAGGGCAACAGCATTTCCCGGGATGGGCAGCAGGGC
AACAGCATTTCCCGGGATGGGCAGCAGGGCAACAGCAA-3’ for mutated PXR respon-
sive element. Cos7 cells were transfected with pCDG SXR or PXR plasmid [1], tk-luc PXR re-
sponsive element or mutated PXR responsive element, and CMX-β-galactosidase control
plasmid using Opti-MEM (Life technologies, Carlsbad, CA, USA) and Lipofectamine 2000
(Life technologies). The cells were stimulated with indicated ligands for 24 h, and assayed for
luciferase and β-galactosidase activity. Luciferase activity was measured as relative light units
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generated by catalyzing luciferin, then normalized by optical density of ortho-nitrophenol gen-
erated from ortho-nitrophenyl-β-D-galactopyranoside (ONPG) catalyzed by β-galactosidase.

Small interfering RNA
Small interfering RNA for Fam20a (sense strand, GCCAAGUGUCCGUACAUGUGC; anti-
sense strand, ACAUGUACGGACACUUGGCGA) and control siRNA (NC; negative control)
were purchased from RNAi Inc. (Tokyo, Japan). SiRNA (4 pmol) was transfected into primary
articular chondrocytes (5 × 104 cells/well on 24-well plates) isolated from C57BL6/J mice using
0.5 μl of siPORT NeoFX transfection agent (Ambion) using the reverse transfection method ac-
cording to the manufacturer’s instructions.

Statistical analysis
Data are expressed as mean ± SEM. Differences between mean values were analyzed using un-
paired Student’s t-test unless otherwise noted. One-way analysis of variance was used with
Dunnett’s test for multiple comparisons.

Results
Age-dependent wearing of articular cartilage in PXR knockout mice
To examine the effects of PXR on the articular cartilage, we utilized PXR knockout (PXRKO)
mice. We evaluated the knee joints of relatively old 8-month-old and 13-month-old female
PXRKO mice and female wild-type (WT) mice of the same age (Fig. 1). Histomorphometrical

Fig 1. Wearing of articular cartilage of the knee joint in PXR knockout mouse.Representative
microscopic image of articular cartilage of 8-month-old and 13-month-old wild-type and PXR knockout mice
are shown. Arrowheads indicate lateral articular cartilage of the tibia.

doi:10.1371/journal.pone.0119177.g001
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analysis of the lateral articular cartilage of the tibia revealed that the cartilage width of 8-
month-old and 13-month-old PXRKOmice was significantly decreased compared with that of
WT mice (Fig. 2A). The gap between the femoral and tibial lateral articular cartilage was signif-
icantly increased in 8-month-old and 13-month-old PXRKO mice relative to that of WT mice
(Fig. 2B). These phenotypes are similar to those of osteoarthritis seen in elderly people. We
then examined when this osteoarthritis-like phenotype develops in PXRKO mice. We evaluat-
ed the width of the lateral articular cartilage of the tibia in 4-month-old female PXRKO mice
andWT mice. In contrast to aged mice, 4-month-old PXRKO mice displayed no significant
differences in the width of the lateral articular cartilage compared with control mice (Fig. 2A).
Compared with WTmice, the thickness of the articular cartilage of PXRKO mice did not in-
crease between 4 months and 8 months, and it began to show wear between 8 months and 13
months. These results indicate that wearing of cartilage in PXRKO mice is an age-dependent
pathological process similar to human osteoarthritis, although the damage in the surface of the
cartilages was milder than expected considering their decreased width.

SXR-dependent induction of Fam20a by SXR ligands
We previously demonstrated that SXR is expressed in human primary chondrocytes at almost
the same levels as in human primary osteoblasts [19]. Therefore, we hypothesized that SXR/
PXR expressed in chondrocytes has a physiological role in maintaining articular cartilage and
used the murine chondrocytic cell line ATDC5 for our initial investigations. Because ATDC5
cells express low amounts of endogenous PXR, we overexpressed human SXR in ATDC5 cells
using an adenovirus vector. These cells were stimulated with the SXR ligands rifampicin, vita-
min K2, or vehicle (ethanol) for 24 h. Gene expression was analyzed using microarrays, and hi-
erarchical clustering analysis was performed. Clusters including SXR-dependent ligand-
induced genes are shown in Fig. 3A and S1 Table. Among several candidate genes, induction of
Fam20a (family with sequence similarity 20a) was validated by quantitative RT-PCR (Fig. 3B).

Fig 2. Age-dependent wearing of articular cartilage of the knee joint. (A) Width of lateral articular cartilage of the tibia in 4-month-old wild type (WT; n = 8)
and PXR knockout (KO; n = 8) mice, 8 month-old wild type (WT; n = 6) and PXR knockout (KO; n = 6) mice, and 13 month-old wild type (WT; n = 5) and PXR
knockout (KO; n = 4) mice is shown. (B) Gap between femoral and tibial articular cartilage of 8-month-old wild-type (WT; n = 6) and PXR knockout (KO; n = 6)
mice and 13 month-old wild-type (WT; n = 5) and PXR knockout (KO; n = 4) mice are shown. **P< 0.01.

doi:10.1371/journal.pone.0119177.g002
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Fig 3. SXR-dependent induction of Fam20a by SXR ligands. (A) ATDC5 cells were infected with adeno-SXR or adeno-DsRed and cultured in phenol red-
free DMEMwith charcoal/dextran-treated FCS (5%) containing rifampicin (RIF) (10 μM), vitamin K2 (VK) (10 μM), or ethanol (Et). Total RNA was extracted
and gene expression was analyzed by microarray followed by hierarchical cluster analysis. A heat-map visualization of clusters including SXR-dependent
ligand-induced genes is shown. Red grids indicate high expression and green grids indicate low expression. (B) SXR-dependent induction of Fam20a was
validated by quantitative real-time PCR. Expression of GAPDH was used as an internal control. ***P< 0.001 in Dunnett’s test with adeno-SXR-infected
ethanol-treated cells as a control. (C) Expression of Fam20a was decreased in primary articular chondrocytes derived from PXR knockout mice. Primary
chondrocytes were purified from the femoral and knee joints of newborn PXR knockout mice and wild type mice. ***P< 0.001.

doi:10.1371/journal.pone.0119177.g003
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A lower amount of Fam20a expression was detected in primary articular chondrocytes derived
from PXR knockout mice compared with chondrocytes from wild-type mice (Fig. 3C), further
supporting the SXR/PXR-dependent induction of Fam20a. We found a consensus SXR/PXR
responsive element motif, variant direct repeat 5 [1], on the anti-sense strand in the first intron
of both human and murine Fam20a genes (Fig. 4A). Transient transfection assays were

Fig 4. Consensus SXR/PXR responsive element motifs in the first introns of SXR and PXR genes. (A) Consensus SXR/PXR responsive element
motifs, variant direct repeat 5, were identified in the first intron of both murine PXR gene (chromosome 11) and human SXR gene (chromosome 17). The bold
letters indicate consensus SXR/PXR binding motif. (B) Generation of reporter plasmid containing three copies of PXR responsive element (PXRE) and
PXRE with mutation (PXREmut). Underlined letters indicate mutated nucleotides. (C) Cos7 cells were transfected with PXR or SXR expression vector and
reporter plasmid containing murine PXR responsive element or mutated PXR responsive element, and β-galactosidase expression vector (β-gal). The cells
were then treated with indicated concentrations of PXR agonist pregnane-16α-carbonitrile (PCN) or SXR agonist rifampicin (RIF) or vehicles: DMSO for PCN
and ethanol (Et) for RIF. Data are shown as relative light units (R.L.U.) normalized by β-galactosidase activity. ** P< 0.01, ***P< 0.001 in Dunnett’s test
with vehicle treated group as a control.

doi:10.1371/journal.pone.0119177.g004
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performed using luciferase reporters containing three copies of the putative responsive element
or three copies of a mutated element (Fig. 4B). Both the PXR agonist, pregnane-16α-carboni-
trile (PCN), and the SXR agonist, rifampicin, increased the reporter gene activity in experi-
ments using the wild-type element whereas they elicited no activity of the mutated element
(Fig. 4C). This result indicated Fam20a is a primary responsive gene of SXR/PXR.

Physiological role of Fam20a in chondrocytes
Fam20a is a secreted protein expressed in hematopoietic cells, lung, liver [20], and teeth [21];
however, its role in chondrocytes is unknown. To investigate the role of Fam20a in chondro-
cytes, expression of Fam20a in primary articular chondrocytes derived fromWT C57BL6/J
mice was knocked down using siRNA (Fig. 5A). Among the components comprising the extra-
cellular matrix of articular cartilage, expression of Col2a1 was significantly decreased in
Fam20a knocked-down cells, whereas expression of aggrecan was not changed (Fig. 5B). We
also evaluated expression of proteinases responsible for articular cartilage degradation [22,23],
ADAMTS5 (a disintegrin and metalloproteinase with thrombospondin motifs 5) and Mmp-13
(matrix metalloproteinase 13). Fam20 knockdown did not change expression of mRNAs en-
coding these proteases (Fig. 5B); therefore, we infer that Fam20a affects extracellular matrix
biosynthesis in chondrocytes rather extracellular matrix degradation.

Discussion
Here we showed that female PXR knockout mice display aging-dependent wearing of articular
cartilage. These results indicate that SXR/PXR signaling has protective roles in cartilage tissue.
We previously reported that SXR/PXR has protective roles in bone tissue [6,7]. It is interesting
to note that SXR/PXR signaling thus affects both of the important components of skeletal

Fig 5. Physiological role of Fam20a in chondrocytes. (A) Expression of Fam20a was knocked down using siRNA (siFam) in primary murine articular
chondrocytes. The effect of the siRNA was evaluated by comparison with primary murine chondrocytes transfected with scrambled-sequence siRNA as a
negative control (NC). Expression of Fam20a was analyzed by quantitative real-time PCR. Expression of GAPDHwas used as an internal control. ***P<
0.001. (B) Analysis of osteoarthritis-related genes in Fam20a knocked-down cells. Expression of Col2a1 and aggrecan was measured as major proteins
comprising the extracellular matrix of articular chondrocytes. Expression of ADAMTS5 and Mmp-13 was measured as major enzymes that degrade the
extracellular matrix. Expression of GAPDHwas used as an internal control. A significant decrease of Col2a1 expression was observed in Fam20a knocked-
down chondrocytes. *P< 0.05.

doi:10.1371/journal.pone.0119177.g005
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tissue, bone and cartilage. Since our analysis is based on only female data, future studies would
be needed to address whether the results are also applicable in male mice.

The width of articular cartilage could be influenced by formation of cartilage matrix, its deg-
radation, and accumulation of physical damage. In our experiment, differences in cartilage
width between PXR knockout mice and wild type mice were not evident until 8 months of age.
This indicates a possible contribution of cumulative damage over time to this phenotype. It
may also be possible that decreased production of cartilage matrix becomes more evident in
aged PXRKO mice. We noticed that damage in the surface of the cartilage was milder than ex-
pected considering the decreased width of the cartilage in PXRKO mice and that the lesion is
not identical to typical osteoarthritis. This may be because we are only observing age-related
changes without interventions that cause joint instability such as ligament cutting.

SXR/PXR is expressed in human and murine primary chondrocytes; therefore, we hypothe-
sized that SXR/PXR might have a physiological role in chondrocytes. We performed microar-
ray analysis using ATDC5 cells overexpressing SXR and identified several candidate SXR
responsive genes using hierarchical cluster analysis. The candidate genes were evaluated by
quantitative real-time PCR; Fam20a was most strongly induced by both SXR agonists tested—
rifampicin and vitamin K2. We found a consensus SXR/PXR responsive element motif in the
first intron of both human and murine Fam20a genes and showed Fam20a is a primary respon-
sive gene using reporter assays testing the identified SXR/PXR responsive element. Decreased
expression of Fam20a in primary chondrocytes from PXRKO mice further supports our identi-
fication of Fam20a as an SXR responsive gene in chondrocyte. We note that these primary
chondrocytes are derived from cartilage of newly born pups which do not reflect damaged car-
tilage in aged mice; thus, loss of Fam20a expression precedes the cartilage wearing phenotype.
To understand the critical stage when expression of Fam20a is important for cartilage protec-
tion, further evaluation of Fam20a expression in both developing and aged pathological carti-
lage will be the subject of a future study.

Fam20a is a secreted protein that was originally described in hematopoietic cells [20]. Muta-
tions in human FAM20A were shown to cause amelogenesis imperfecta and gingival hyperpla-
sia [21]. Fam20a knockout mice were recently reported to have defects in the enamel layer of
their teeth and ectopic calcification in arteries throughout their body [24]. Although the phe-
notypes of articular cartilage were not reported in humans or mice, Fam20a may be related to
regulation of the extracellular matrix. Interestingly, Fam20b, which belongs to the same family
as Fam20a, was shown to be expressed in chondrocytes in zebrafish and to play important
roles in endochondral ossification [25]. Although no role for Fam20b in articular chondrocytes
has yet been reported, these lines of evidence suggest that Fam20 family proteins also have
some functions in the articular cartilage. We also noted decreased expression of Col2a1 in
Fam20a knock-down chondrocytes. Since Fam20a is a secreted protein, it is conceivable that it
regulates signaling from the extracellular matrix and affects cartilage turnover. We did not ob-
serve SXR-dependent induction of Fam20b or Fam20c in our microarray experiment, suggest-
ing that SXR regulates only Fam20a among Fam20 family genes.

We previously showed that vitamin K2 functions as an agonist of SXR/PXR [5], indepen-
dently of the previously known function of vitamin K as a co-factor for gamma carboxylation
of substrate proteins [4]. The results of the current study suggest that activation of SXR/PXR is
one of the mechanisms underlying the cartilage-protective effective of vitamin K shown by sev-
eral epidemiological studies [10–12]. However, we cannot exclude the possibility that vitamin
K activity mediated by gamma carboxylation of substrate proteins also plays role in articular
cartilage. MGP (matrix gla protein) is a well-known substrate of gamma carboxylase in carti-
lage tissue [26]. Because MGP knockout mice die before the age of three months as a result of
aortic rupture [26], the role of MGP in articular cartilage in aged mice remains unknown.
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As in bone tissues, uncoupled turnover was shown to cause osteoarthritis based on serum
levels of N-propeptide of type IIA procollagen (PIIANP) and urinary excretion of C-terminal
crosslinking telopeptide of type II collagen (CTX-II) as cartilage specific turnover markers
[27]. Considering the cartilage-protective effect shown in epidemiological studies and our re-
sults indicating that SXR/PXR signaling affects type II collagen synthesis, we can expect a ther-
apeutic effect for at least some SXR agonists in osteoarthritis. However, to the best of our
knowledge, the only randomized controlled study to date failed to show a therapeutic effect of
vitamin K for treatment of patients with osteoarthritis [28]. That study was performed for
three years, which might have been be too short an interval to affect cartilage turnover, or a
more potent SXR/PXR agonist may be required to modify cartilage turnover in osteoarthritis.
It is also possible that vitamin K has a disease-modifying effect, not in established osteoarthritis
but rather in the developing phase when a preventive role can be still expected.

In conclusion, we show here for the first time that PXRKO mice displayed an osteoarthritis-
like phenotype by performing histomorphometrical analyses of the articular cartilage. We
identified Fam20a as a novel SXR/PXR responsive gene that is a candidate regulator of turn-
over in cartilage tissue. Although the clinical value of SXR agonists including vitamin K in oste-
oarthritis remains to be determined, our findings could help in the development of novel
preventive and/or therapeutic strategies for osteoarthritis.

Supporting Information
S1 Table. Signal intensities of microarray data from the cluster including SXR-dependent
ligand-induced genes.
(DOCX)
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Abstract 
Background: Translocated in LipoSarcoma (TLS, also known as FUsed in Sarcoma) is an RNA/DNA binding protein 
whose mutation cause amyotrophic lateral sclerosis. In previous study, we demonstrated that TLS binds to long 
noncoding RNA, promoter-associated ncRNA-D (pncRNA-D), transcribed from the 5′ upstream region of cyclin D1 
(CCND1), and inhibits the expression of CCND1.

Results: In order to elucidate the binding specificity between TLS and pncRNA-D, we divided pncRNA-D into seven 
fragments and examined the binding with full-length TLS, TLS–RGG2–zinc finger–RGG3, and TLS–RGG3 by RNA 
pull down assay. As a result, TLS was able to bind to all the seven fragments, but the fragments containing reported 
recognition motifs (GGUG and GGU) tend to bind more solidly. The full-length TLS and TLS–RGG2–zinc finger–RGG3 
showed a similar interaction with pncRNA-D, but the binding specificity of TLS–RGG3 was lower compared to the full-
length TLS and TLS–RGG2–zinc finger–RGG3. Mutation in GGUG and GGU motifs dramatically decreased the binding, 
and unexpectedly, we could only detect weak interaction with the RNA sequence with stem loop structure.

Conclusion: The binding of TLS and pncRNA-D was affected by the presence of GGUG and GGU sequences, and the 
C terminal domains of TLS function in the interaction with pncRNA-D.

Keywords: TLS/FUS, Long noncoding RNA, pncRNA
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Background
Translocated in LipoSarcoma [TLS, also known as FUsed 
in Sarcoma (FUS)] is an RNA/DNA binding protein 
whose mutation causes amyotrophic lateral sclerosis 
(ALS). Mutations in TLS, especially those at the C ter-
minus of TLS, disrupt TLS transportation to the nucleus, 
and result in ALS [1–3]. In previous study, we demon-
strated that long noncoding RNAs (lncRNAs) transcribed 
from the 5′ upstream region of cyclin D1 (CCND1), and 
these lncRNA are expected to bind to TLS and inhibits 

the histone acetyltransferase activity of CBP/p300 at the 
CCND1 promoter. This interaction subsequently inhibits 
the expression of CCND1 [4]. During this mechanism, 
binding between the lncRNA, promoter-associated non-
coding RNA (pncRNA), and TLS changes the structure 
of TLS and allows it to interact with CBP/p300. There-
fore, understanding the binding mechanism between 
TLS and pncRNA is an important issue in regulation of 
gene expression programs in eukaryotic cells.

Recent studies revealed that lncRNAs are mainly 
involved in gene silencing, but their mechanisms are not 
fully understood, especially for the binding between the 
lncRNA and the RNA binding proteins. Various lncRNAs 
have been reported to bind to RNA binding proteins [5]. 
One of the well-described lncRNA, Xist, binds to RNA 
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binding protein SHARP to inhibit the expression of tar-
get genes [6]. Several reports revealed that TLS could 
also interact with thousands of RNAs including lncRNAs 
[7, 8].

TLS consists of SYGQ-rich domain, RNA recognition 
motif (RRM), zinc finger domain, and three RGG repeat 
domains. TLS binds to numerous number of RNAs, 
which are involved in cell cycle, RNA splicing, cellular 
response to stress and DNA repair, and so on [9]. RRM 
domain is usually expected to function in the binding 
between RNA, but whether RRM domain of TLS func-
tions in the binding with RNAs is controversial [10–13]. 
According to our binding assay, pncRNA showed a strong 
binding to the C terminal domains of TLS but not to the 
N-terminal and RRM domains. Therefore, we examined 
the precise binding between lncRNA and the C terminal 
domains (RGG2–zinc finger–RGG3 domains and RGG3 
domain) of TLS in this study.

There are several TLS recognition motifs reported 
by different groups, such as GGUG, GGU, GUGG, and 
CGCGC-motifs in RNAs [14–16], but its binding tends 
to be remarkably flexible. Wang et al. reported that TLS 
bind to RNA in the length dependent manner, and the 
mutation in the known binding motifs did not show a 
dramatic decrease in the binding [13], supporting the low 
specificity of the RNA binding of TLS.

In this study, we focused on one of the lncRNAs tran-
scribed from the promoter region of CCND1, pncRNA-
D, since it showed the highest expression level among the 
pncRNAs. We determined the full-length of pncRNA-D, 
and examined in which sequence TLS binds to by divid-
ing pncRNA-D into seven fragments. We demonstrated 
that TLS strongly binds to 5′ and the 3′ ends of pncRNA-
D, but could bind to fragments which do not contain any 
of the known binding motifs. Furthermore, we showed 
that the RGG2–zinc finger–RGG3 domains at the C ter-
minal of TLS function in the interaction with pncRNA-D. 
In addition, the mutation in GGUG or GGU sequences 
dramatically decreased the binding between pncRNA-D 
and TLS.

Results
TLS bound strongly to the 5′ and the 3′ end of pncRNA-D
Among the lncRNAs expressed from the promoter 
region of CCND1, pncRNA-D showed the highest 
expression level in the previous study [4]. Therefore, we 
performed 5′ and 3′ RACE to determine the full-length 
of pncRNA-D. As a result, we found that pncRNA-D 
was a polyadenylated lncRNA with the length of 602 nt 
with single exon (Fig. 1a and Additional file 1: Figure S1). 
Then we examined if there were any open reading frames 
(ORFs) by ORF finder (http://www.ncbi.nlm.nih.gov/
gorf/gorf.html). We detected three ORFs with length of 

10–50 amino acids, but could not find any known protein 
domains in any of the expected short peptides (data not 
shown).

Since TLS is expected to bind to RNA with GGUG, 
GGU, GUGG, and CGCGC-motifs [14–16], we searched 
for these motifs in the 602 nt pncRNA-D, and found 
five GGUGs and five GGUs (excluding GGU in GGUG 
motif ) at the positions indicated in Fig. 1a, but there was 
no CGCGC sequence. Next, we examined the binding 
between TLS and fragmented pncRNA-Ds. We divided 
pncRNA-D into seven fragments, and generated bioti-
nylated RNA oligonucleotides. The result of binding 
assay indicated that full-length TLS protein were likely 
to interact with all the fragments investigated (Fig. 1b), 
though it showed a slight difference in the intensity of 
the binding. TLS bound strongly to the 5′ and 3′ end 
fragments of pncRNA-D, where GGUG and GGU 
sequences exist, but we have to note that TLS also bound 
to fragments 3 and 4 which do not have GGUG or GGU 
sequences, although the binding was weaker compared 
to other fragments.

We next examined more precise binding between TLS 
and fragments 1 and 7, since they showed stable interac-
tion with TLS. Fragments 1 and 7 were shortened to 31 nt 
(fragment 1–1) and 53 nt (fragment 7–1) around GGUG 
sequences, respectively, and the result of binding assay 
demonstrated fragments 1–1 and 7–1 could still bind 
to TLS (Fig. 1c). The binding between TLS and random 
RNA oligonucleotide was also examined, but we only 
detected marginal interaction compared to pncRNA-D 
fragment 1–1 (Additional file 1: Figure S2).

The secondary structure of the fragment 1–1 determined 
by NMR
We were interested in the fragment 1–1 (pncRNA-D 
nucleotides 32–62), since it showed the strong bind-
ing with TLS, and the in silico analysis implicated that 
the fragment 1–1 form stem loop structure (Fig.  2a) 
To determine the secondary structure of the fragment 
1–1, NMR analysis was performed. Figure 2b shows the 
imino–imino and imino–amino/base proton regions 
of a NOESY spectrum of the fragment 1–1. The obser-
vation of a strong cross peak between two resonances 
at 10.6  ppm and 11.8  ppm (Fig.  2b, left) indicates the 
presence of a G:U base pair. The proton resonance at 
13.3 ppm gave strong cross peaks to two amino protons 
(Fig.  2b, right), which indicates that the 13.3  ppm reso-
nance is an imino proton one of G involved in a G:C base 
pair. The proton resonance at 13.9  ppm gave a strong 
cross peak to AH2 (Fig.  2b, right), which indicates that 
the 13.9  ppm resonance is an imino proton one of U 
involved in an A:U base pair. A cross peak between 11.8 
and 13.3  ppm resonances and one between 13.3 and 
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13.9 ppm resonances indicates the presence of consecu-
tive G:U, G:C and A:U base pairs for the fragment 1–1 
[17, 18].

Then, the fragment 1–1 was divided into two frag-
ments, the 5′ end (pncRNA-D nucleotides 32–44) and 
the 3′ end of the fragment 1–1 (pncRNA-D nucleotides 
44–62, Fig. 2e top table). The imino proton spectrum of 
the 3′ end of the fragment 1–1 turned out to be almost 

identical to that of the fragment 1–1 (Fig.  2c), which 
indicates that the consecutive three base pairs found for 
the fragment 1–1 are formed in a 3′-region of the frag-
ment 1–1 and that basically no base pair is formed in a 
5′-region of the fragment 1–1. Figure 2d shows two possi-
ble secondary structures of the fragment 1–1 that involve 
the consecutive three base pairs. The imino proton spec-
trum of the G49A mutant of the 3′ end of the fragment 
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Fig. 1 The binding between full-length TLS and fragmented pncRNA-Ds. a The position of pncRNA-D and CCND1. The fragmented pncRNA-Ds are 
shown at the bottom. Black and white boxes indicate GGUG and GGU sequence, respectively. Since fragment 3 and 4 did not contain any GGUG 
or GGU motifs, we considered them as a negative control. b and c Western blot analysis were conducted with HeLa nuclear extract (NE). Seven 
fragmented pncRNA-Ds (b) and shortened fragment 1 and 7 (c) were incubated with HeLa NE, and the affinity between TLS and each fragment was 
examined by RNA pull down assay. Five and ten percent of the protein used for RNA pull down assays were loaded as input N = 5
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a

b c

d e

Fig. 2 The binding between full-length TLS and the fragment 1–1. a Computational analysis predicting the secondary structure of pncRNA-D by 
CentroidFold (http://www.ncrna.org/centroidfold/). The position of the fragment 1–1 is shown in red box. b Imino-imino (left) and imino-amino/
base (right) proton regions of a NOESY spectrum with a mixing time of 300 ms, the assignments of imino protons being indicated. Cross peaks to 
two amino protons and H2 are boxed, respectively. c 1D imino proton spectra of the fragment 1–1, the 3′ end of the fragment 1–1, G49A mutant of 
the 3′ end of the fragment 1–1 and G46A mutant of the 3′ end of the fragment 1–1, respectively, from top to bottom. d The two possible second-
ary structures of the fragment 1–1, the upper one being concluded as a right one. e Western blot analysis were performed to detect the binding 
between 5′ and 3′ ends of the fragment 1–1. Ten percent of the protein used for RNA pull down assay was loaded as input N = 5

http://www.ncrna.org/centroidfold/
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1–1 is similar to that of the 3′ end of the fragment 1–1, 
while almost no imino proton resonance is observed 
for the G46A mutant (Fig. 2c). This revealed that G49 is 
not critical for the formation of the secondary structure, 
while G46 is indispensable for the formation of the sec-
ondary structure. Thus, it is concluded that the fragment 
1–1 formed the secondary structure shown in the upper 
of Fig. 2d.

We were interested in which end of the fragment 1–1 
interacts with TLS, and performed the binding assay. 
Unexpectedly, TLS bound to the 5′ end of the fragment 
1–1 and not to the 3′ end, which formed the stem loop 
structure (Fig. 2e, bottom). Taken together, TLS is likely 
to recognize the sequence of RNA rather than the sec-
ondary structure when binding the fragment 1–1.

The C terminal zinc finger domain enhanced the specificity 
of the binding between TLS and pncRNA-D
Next we investigated the binding of truncated TLS frag-
ments. We generated the GST-tagged TLS-1 to -5 as in 
Fig.  3a, and performed RNA pull down assay with full 
length pncRNA-D (602 nt), and pncRNA-D fragment 1 
and 7, which showed an effective binding with full-length 
TLS (Fig. 1b). As a result, TLS-4 (TLS amino acids 373–
526, containing RGG2, zinc finger, and RGG3 domains) 
and -5 (TLS amino acids 449–526, containing RGG3 
domain) were able to bind to the RNAs examined. On the 
other hand, we observed merely slight binding of TLS-1 
to the RNA oligonucleotides, and did not detect any sig-
nificant binding of TLS- 2 or -3 (Fig. 3b).

We then investigated the binding of TLS-4 and -5 with 
RNAs examined in Fig. 1b. TLS-4 bound firmly to the 5′ 
end (fragment 1) and the 3′ end (fragment 7) of pncRNA-
D, but slightly bound to fragments 3, 4 or 5 (Fig. 3c, top). 
TLS-5 was able to bind to all the RNA fragments, but 
its specificity decreased compared to full-length TLS 
and TLS-4 (Fig.  3c, bottom). We further examined the 
binding of TLS-4 and -5 to short pncRNA-D sequences 
(Fig.  3d). Both TLS-4 and -5 could bind specifically to 
the fragment 1–1, 7–1, and the 5′ end of the fragment 
1–1, but bound slightly to the 3′ end of the fragment 1–1. 
These data suggest that TLS binds to pncRNA-D mainly 
through RGG domains, and zinc finger domain increased 
the specificity of the binding.

The titration experiments with NMR revealed that TLS-5 
interacts with a 5′-region of the fragment 1–1 more 
intensively than a 3′-region
Since the TLS showed a higher affinity to the 5′ end of 
the fragment 1–1 compared to the 3′ end of the frag-
ment 1–1, which formed the stem loop structure, we 
further examined their binding with NMR analysis. In 
a course of the gradual addition of the fragment 1–1 to 

15N-labeled TLS-5, 1H–15N HSQC correlation peaks 
of TLS-5 almost disappeared due to line broadening 
of each correlation peak at the 1:0.5 molar ratio, then, 
the correlation peaks re-appeared when the fragment 
1–1 was further added (Fig.  4a). This kind of spectral 
change is typically observed when protein (TLS-5 in 
this case) in free and protein in complex with RNA (the 
fragment 1–1 in this case) undergoes the intermediate 
exchange regime in an NMR chemical shift time scale. 
Thus, the interaction of TLS-5 with the fragment 1–1 is 
clearly detected by NMR. The similar spectral change 
was observed when the 5′ end of the fragment 1–1 was 
gradually added (Fig. 4b). In this case, however, the dis-
appearance occurred at the 1:1 molar ratio. The line 
broadening due to the intermediate exchange regime 
is known to be most remarkable when a half amount 
of protein is in a free form and another half amount of 
protein is in a complex form. In the case of the fragment 
1–1, this situation was satisfied when the molar ratio 
was 1:0.5, while in the case of the 5′ end of the fragment 
1–1, further addition of the 5′ end of the fragment 1–1 
(the molar ratio of 1:1) was needed to reach this situa-
tion. This indicates that the 5′ end of the fragment 1–1 
binds to TLS-5 less strongly than the fragment 1–1.

In a course of the gradual addition of the 3′ end of the 
fragment 1–1, in contrast, disappearance of correlation 
peaks did not occur, but gradual change of the positions 
of correlation peaks was observed (Fig.  4c). This kind 
of spectral change is typically observed when protein 
(TLS-5 in this case) in free and protein in complex with 
RNA (the 3′ end of the fragment 1–1 in this case) under-
goes the fast exchange regime in an NMR chemical shift 
time scale. Usually, the affinity of the complex is lower 
for the fast exchange regime than for the intermediate 
exchange regime. Thus, it is suggested that the 3′ end of 
the fragment 1–1 binds to TLS-5 less strongly than the 5′ 
end of the fragment 1–1. The spectral change in a course 
of the gradual addition of U13 was similar to that of the 
3′ end of the fragment 1–1 (Fig. 4d).

The dissociation constant of the TLS-5: the 3′ end of 
the fragment 1–1 complex was determined on the basis 
of the curve fitting on the gradual change of the positions 
of correlation peaks in a course of the gradual addition of 
the 3′ end of the fragment 1–1 (Additional file 1: Figure 
S3). The dissociation constant of 3.5 ± 1.9 × 10−6 M was 
obtained. The dissociation constant of the TLS-5: U13 
complex was estimated in the same way to be roughly 
2 × 10−5 M, although a precise value was difficult to be 
deduced due to weaker affinity. In a case of intermedi-
ate exchange regime, the dissociation constant cannot 
be obtained by curve fitting. As mentioned above, how-
ever, the affinity of the complex is usually lower for the 
fast exchange regime than for the intermediate exchange 
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regime, probably at least by ca. 10 times. Thus, the dis-
sociation constant of the TLS-5: the 5′ end of the frag-
ment 1–1 complex was supposed to be approximately 
3.5  ×  10−7 M or even smaller. Finally, the dissociation 

constant of the TLS-5: the fragment 1–1 complex was 
supposed to be smaller than around 3.5  ×  10−7 M. In 
summary, TLS-5 interacts with the 5′-region of the frag-
ment 1–1 more firmly than a 3′-region.

SYGQ-Rich RGG1 RRM ZF RGG3RGG2 TLS/FUS
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1 373 449 526
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Fig. 3 The binding between truncated TLS and pncRNA-D. a The domain structure of TLS. GST tag was attached to the 5′ end of the truncated 
TLS-1 to -5. RGG RGG repeat domain, RRM RNA recognition motif, ZF zinc finger domain. b The interaction between TLS-1 and -5 and pncRNA-D 
with different length was examined by RNA pull down assay. N = 3. c Binding of TLS-4 (top) and -5 (bottom) with fragmented pncRNA-D were exam-
ined by RNA pull down assay followed by western blot analysis. Purified TLS-4 and TLS-5 were incubated with pncRNA-D fragments, and the signals 
were detected with anti-GST antibody. N = 5. d The binding between the fragments 1–1, 7–1, the 5′ end and the 3′ end of fragment 1–1 with TLS-4 
or TLS-5 were examined by RNA pull down assay as in (b) and (c). N = 4. In all the experiments, 10 % of the protein used for RNA pull down assay 
was loaded as input
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Fig. 4 NMR titration experiments for TLS-5 with the fragment 1–1, the 5′ end of the fragment 1–1, the 3′ end of the fragment 1–1 and U13. a and 
b 1H–15N HSQC spectra of TLS-5 with either the fragment 1–1 (a), the 5′ end of the fragment 1–1 (b), the 3′ end of the fragment 1–1 (c) or U13 (d), 
with the molar ratios of 1:0, 1:0.5, 1:1.0, 1:1.5 and 1:2.0, respectively
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The mutation of GGUG and GGU sequences dramatically 
decreased the binding
Finally, we examined the effect of the mutation of GGUG 
and GGU into CCUC and CCU, respectively, in the short 
RNA sequences on the TLS binding. The fragment 1–1 
had GGU and GGUG sequence at the positions indicated 
in Fig.  5a, left. Therefore, we generated two mutated 
fragments in the fragment 1–1 (m1 and m2), and one 
for the 5′ end of the fragment 1–1 (m3) as listed in the 
table (Fig. 5a, right). As a result, each mutation dramati-
cally reduced the binding of full-length TLS, TLS-4, and 
TLS-5 (Fig. 5b). Interestingly, the mutated fragments had 
a different effect in the binding. The m2 mutation (GGU 
to CCU at the 5′ end) decreased the interaction more 
effectively than the m1 mutation (GGUG to CCUC at the 
3′ end) of the fragment 1–1. This data supports the fact 
that TLS preferentially binds to the 5′ end of the frag-
ment 1–1 (Figs. 2e and 3d).

Discussion/Conclusion
Significant percentages of the human genome have been 
shown to be transcribed into RNAs, while most of them 

are supposed to be lncRNAs. Therefore, it is increasing 
impact on assigning functions to these lncRNA. How-
ever, relatively small numbers of reports have been show-
ing biological functions of lncRNAs because of lacking 
full-length sequence and structural data of lncRNAs. In 
this study, we have determined the exact RNA sequence 
of pncRNA-D and deduced specific secondary struc-
tures with NMR analysis. These data present support-
ive information which boosts whole area of the lncRNA 
investigations.

There are several experimental techniques employed 
to detect the protein–RNA interactions, such as electro-
phoretic mobility shift assay (EMSA), FISH assay, and 
RNA pull-down assay [13, 19, 20]. In the previous study, 
we employed EMSA [4], because it is commonly used 
technology to detect RNA binding to proteins. However, 
we encountered some difficulties, for instances, insta-
bility of detection of signals, and handling of relatively 
higher exposure to radioactivity of 32P-probes. There-
fore, we have developed the RNA pull down assay using 
biotinylated RNA oligonucleotides with TLS. The assay 
presents more reproducible data than one with EMSA. 
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m2 GUUAAGAGCCUACGGUGGUUUGAUGACACUG
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′

Fig. 5 The effect of the mutation (GGUG to CCUC; GGU to CCU) on the binding of the fragment 1–1 and TLS. a The position of GGU and GGUG 
where mutation was induced in the fragment 1–1 is shown in black box (left), and the RNA sequences are listed in the table (right). Sequence of the 
5′ end of the fragment 1–1 is underlined. b The binding between mutated fragments and full-length TLS, TLS-4, and TLS-5 was examined by RNA 
pull down assay N = 3. Ten percent of the protein used for RNA pull down assay was loaded as input
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Another option for detection of RNA in cells is FISH 
assay. FISH assay is not applicable to our experiments 
since the expression level of pncRNA-D was under the 
detection level with it.

TLS preferentially bound the 5′ and 3′ regions (frag-
ments 1, 2 and 6, 7) of the seven fragments over the full-
length pncRNA-Ds, although certain levels of binding 
were detected in the middle fragments (fragments 3, 4, 
and 5) (Figs. 1b and 3b). The both edges of the pncRNA-
D have the GGUG and GGU motifs and the middle 
fragments does not possess them, suggesting that these 
motifs could confer the binding preference for TLS. Actu-
ally, the mutational experiments using the RNA oligonu-
cleotides of pncRNA-D (nucleotides 32–62: the fragment 
1–1) with the GGUG and GGU motifs confirm that they 
have crucial roles in the binding to TLS in biochemi-
cal environments (Fig.  5b). In silico analysis predicted 
that the 3′ end of the fragment 1–1 forms the stem loop 
structure. The NMR analysis confirmed that the 3′ end of 
the fragment 1–1 forms the stem loop structure (Fig. 2) 
and the 5′ end does not form any stable structure indi-
cating the 5′ end as natively unfolded status. It has been 
reported that TLS preferentially bind to the stem loop 
structure [7, 14]. Contrast to previous reports, our exper-
iments demonstrated that TLS bound to the 5′ end of the 
fragment 1–1, bearing natively unfolded status instead of 
the 3′ end, which forms the stem loop structure.

Comparing the binding of RGG3 domain of TLS (TLS-
5) to the fragment 1–1 and just the 5′ end of the frag-
ment 1–1 with the NMR analysis, the whole fragment 
1–1 (pncRNA-D nucleotide 32–62) turned out to have 
more solid binding than the 5′ end of the fragment 1–1 
(pncRNA-D nucleotide 32–44) (Fig.  4). On the other 
hand, the RNA pull down assay (Fig.  3d) showed that 
TLS-5 bound more firmly to the 5′ end of the fragment 
1–1 than the 3′ end. In addition, presence of the 3′ end of 
the fragment 1–1 (pncRNA-D nucleotide 44–62) reduced 
the interaction between TLS-5 and the fragment 1–1 
(Fig.  5b, comparing the binding between m2 and m3). 
This discrepancy of these two results might be caused 
from the difference in experimental conditions between 
the NMR analysis and the RNA pull down assay. How-
ever, our preliminary RNA pull down experiments incu-
bating the nuclear extract of HeLa cells with both 5′ and 
the 3′ ends of the fragment 1–1 indicated that both edges 
captured certain numbers of proteins (data not shown). 
These data indicate that the 3′ end of the fragment 1–1 
might play a regulatory role on the interaction between 
the RNA and TLS.

The interaction of full-length TLS and TLS-4 with 
seven fragments of pncRNA-D showed a similar pro-
file (Figs. 1b and 3b). On the other hand, the binding of 
TLS-5 to these RNA fragments was more labile and the 

specificity tends to be lower compared to the full-length 
TLS and TLS-4. These data demonstrate that the RGG2–
zinc finger–RGG3 domain (TLS-4) is mainly involved in 
the binding with pncRNA-D, and the zinc finger domain 
enhances the specificity and the intensity of the binding. 
Indeed, the zinc finger domain could enhance the pro-
tein–RNA interaction [21, 22].

TLS has been found to accommodate more than 30,000 
RNA species (data not shown). Our binding experiments 
in this study indicated that some RNA molecules have 
high specificity and others have low specificity, inspiring 
that TLS binds to RNA in a different molecular mecha-
nism. In this study we identified some RNA sequences 
bound to TLS with high specificity (for example, at the 
fragments 1 and 7), other RNA sequences bound to TLS 
with low specificity (at the fragments 3 and 4), inspir-
ing that TLS binds to these two categories of RNA frag-
ments through distinctive surface(s) of the molecule. 
For another example, the Thomas Cech group reported 
that TLS binds to RNAs without any identified recog-
nition motifs (such as GGUG), and mutations in those 
motifs slightly decrease the related bindings [13]. These 
are a category of the RNA binding with low specificity. 
Contrarily, our experiments in this study have shown a 
distinctive category of the RNA binding, the highly spe-
cific binding of TLS to pncRNA-D through characteristic 
motifs like GGUG and GGU (Fig. 5). Taken together, we 
present that distinct specificities of the RNA binding of 
TLS functions in cells, suggesting that they should play 
each specific role in supporting biological events each in 
development and homeostasis programs of eukaryotes.

Methods
Cell culture and nuclear extract preparation
Hela cells were cultured as previously described [23]. For 
nuclear extract preparation, HeLa cells were cultured 
in 15  cm dishes. HeLa cells were washed with PBS and 
collected in 5  ml phosphate buffered saline (PBS), and 
centrifuged at 800×g for 5  min. Supernatant was dis-
carded and the cells were resuspended in 2.5 ml of Hypo-
tonic buffer (10  mM HEPES, 1.5  mM MgCl2, 10  mM 
KCL, 0.5  mM DTT, 0.2  mM PMSF), and centrifuged at 
1100×g  rpm for 1  min. After removing all the super-
natant, the cells were resuspended in 10  ml Hypotonic 
buffer, and kept on ice for 10 min. The cells were homog-
enized with digital homogenizer (1500 rpm, 10 min with 
gentle up and down), and the samples were centrifuged 
at 1100×g for 20 min (precipitation is nuclei). The nuclei 
were resuspended in High salt buffer (20  mM HEPES, 
1.5 mM MgCl2, 0.6 M NaCl, 0.2 mM EDTA, 25 % Glyc-
erol, 0.5  mM DTT, 0.2  mM PMSF), and rotated for 
30 min in 4 °C. The sample was centrifuged at 20,000×g 
for 30  min, and the supernatant was collected and 
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dialyzed in dialysis buffer (20 mM HEPES, 0.1 M NaCl, 
0.2  mM EDTA, 20  % Glycerol, 0.5  mM DTT, 0.2  mM 
PMSF) for 18 h.

5′ and 3′ RACE
5′ and 3′ RACE were performed using 5′-Full RACE 
Core Set (TaKaRa) and 3′-Full RACE Core Set 
(TaKaRa) according to the manufacturer’s protocols. 
The primers used in 5′ RACE were 5′ end-phospho-
rylated RT Primer: P-GGACTGAATTCGTG, 1st PCR  
primers: S1:GTTTAATTGATAATTGTTCTG and A1:CG 
AGTGTACTGATCTGAT, 2nd PCR primers: S2:AT 
TATGCCGGCTCCTGCCAG and A2:CGATAGGTGTT 
CGTGGTTAC. Primers used in 3′ RACE were Reverse  
transcription primer; oligo(dT)-containing Adapter  
Primer: GGCCACGCGTCGACTAGTACTTTTTTTTT 
TTTTTTTT, 1st PCR primers: Gene-Specific Primer 1 
(GSP 1): TTTTTCTATCAGTTTTCTTTGAGCTTTT 
AC, Abridged Universal Amplification Primer 1(AUAP 
1): GGCCACGCGTCGACTAGTAC, 2nd PCR primers: 
GSP2: GAGGGTACGGTGGTTTGATGACACTGAAC, 
AUAP2: GGCCACGCGTCGACTAG, and 3rd PCR prim-
ers: AUAP2 and GSP3: GCACCAAAGAGACAGAACC 
TGTAATTTTAAAAACTGTG.

Overexpression of GST–TLS-4
GST–TLS-4 were overexpressed and purified as pre-
viously described [24]. Briefly, the ORF of TLS-4 was 
inserted into pGEX-KG vector, and transfected into 
Y1090. The expression of GST–TLS-4 were induced by 
IPTG, and the protein were purified with Glutathione 
beads. The purified GST–TLS-4 proteins were used for 
RNA binding assay.

RNA pull down assay
Biotinylated RNAs (fragmented pncRNA-Ds, mutated 
the fragment 1–1 and the 5′ end of fragment 1–1) were 
purchased from Integrated DNA Technologies MBL. 
Dynabeads-M280 was washed with PBS/0.02 % tween 20, 
and resuspended with whole cell extract (WCE) buffer 
containing tRNA (1 μg/μl) and RNase Inhibitor (4 U/μl). 
20 pmol RNA oligonucleotides were added to the beads, 
and incubated for 15 min at room temperature with rota-
tion. After 15 min of rotation, 100 μl of HeLa cell nuclear 
extract (to detect full-length TLS) or 3 μg of GST–TLS-4 
or -5 were added and incubated for 1 h at 4 °C with rota-
tion. The beads were washed with 1 ml WCE buffer for 
four times, and resuspended in 2× sodium dodecyl sul-
fate (SDS) sample buffer (0.25  M Tris–HCl pH 6.8, 4  % 
SDS, 10 % 2-mercaptoethanol, 20 % glycerol). The sam-
ples were boiled at 100 °C for 3 min, and the dynabeads 
were removed by a magnetic stand. The supernatants 
were used for western blot analysis.

Western blot analysis
Western blot analysis was performed as previously 
described [23]. Briefly, the membranes were incubated 
with anti-TLS (BD bioscience, 611385) or anti-GST 
antibody (Santa Cruz sc-459) for 1  h at room tempera-
ture. Then the membranes were washed with PBST for 
5 min, four times, and incubated with anti-mouse HRP-
conjugated IgG (Dako, P0161) or anti-rabbit HRP-con-
jugated HRP (Cell signaling, 70745). All the antibodies 
were diluted by 1 % skim milk to 1:2000. The signals were 
detected with SuperSignal West Pico substrate (Thermo 
Scientific).

RNA
The fragment 1–1 [r(GUUAAGAGGGUACGGU
GGUUUGAUGACACUG)], the 5′ end of the frag-
ment 1–1 [r(GUUAAGAGGGUAC)], the 3′ end of the 
fragment 1–1 [r(CGGUGGUUUGAUGACACUG)], 
G46A mutant of the 3′ end of the fragment 1–1 
[r(CGAUGGUUUGAUGACACUG)], G49A mutant 
of the 3′ end of the fragment 1–1 [r(CGGUGAUUUG 
AUGACACUG)] and U13 [r(UUUUUUUUUUUUU)] 
were synthesized, purified by HPLC and desalted by  
FASMAC Co., Ltd and Japan Bio Services Co., Ltd.

Expression and purification of 15N-labelled TLS-5
The plasmid containing TLS-5 fused to GST was a gener-
ous gift from Dr. Takanori Oyoshi (Shizuoka University). 
The expression and purification of GST–TLS-5 basically 
followed the reported protocol [24] except for using min-
imal medium (M9) containing 1  g/1L 15N-ammonium 
chloride to obtain 15N-labeled protein [25]. To improve 
the purity, cation exchange chromatography was also 
used in purification. The purified protein was dialyzed 
against titration buffer, 10 mM sodium phosphate buffer 
(pH 6.5) containing 100  mM NaCl, 1  mM MgCl2 and 
0.01  mM 2,2-dimethylsilapentane-5-sulfonic acid (DSS), 
and concentrated with Amicon Ultra (MWCO 3500, 
Millipore).

NMR spectroscopy
For the analysis of the secondary structure, the frag-
ment 1–1, the 5′ end of the fragment 1–1, the 3′ end 
of the fragment 1–1, G46A mutant of the 3′ end of the 
fragment 1–1, and G49A mutant of the 3′ end of the 
fragment 1–1 were dissolved, respectively, in ca. 10 mM 
potassium phosphate buffer (pH 6.2) containing 10 mM 
KCl and 0.01  mM DSS. For the titration experiments, 
the fragment 1–1, the 5′ end of the fragment 1–1, the 3′ 
end of the fragment 1–1 and U13 were dissolved, respec-
tively, in the titration buffer described above. Each RNA 
was added step by step to a 15N-labeled TLS-5 solution 
with molar ratios of 1:0, 1:0.5, 1:1.0, 1:1.5 and 1:2.0. NMR 
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spectra were recorded with a Bruker AVANCE III HD 
600 spectrometers equipped with a cryogenic probe with 
a Z-gradient at 5 °C. Chemical shift was calibrated with a 
DSS resonance. NMR data were processed and analyzed 
using TopSpin/XWIN-NMR (Bruker), NMRPipe [26] and 
Sparky (http://www.cgl.ucsf.edu/home/sparky/).

Abbreviation
ALS: amyotrophic lateral sclerosis; CCND1: cyclin D1; EMSA: electrophoretic 
mobility shift assay; FISH: fluorescence in situ hybridization; FUS: FUsed in 
Sarcoma; HRP: horseradish peroxidase; lncRNA: long noncoding RNA; NMR: 
nuclear magnetic resonance; PBS: phosphate buffered saline; pncRNA: pro-
moter-associated ncRNA; RRM: RNA recognition motif; SDS: sodium dodecyl 
sulfate; TLS: Translocated in LipoSarcoma; WCE: whole cell extract.
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Loss of miR-542-3p enhances 
IGFBP-1 expression in decidualizing 
human endometrial stromal cells
Hideno Tochigi1,2, Takeshi Kajihara1, Yosuke Mizuno2, Yumi Mizuno1, Shunsuke Tamaru1,2, 
Yoshimasa Kamei1, Yasushi Okazaki2,3, Jan J Brosens4,5 & Osamu Ishihara1

Endometrial decidualization represents an essential step for the successful implantation of the 
embryo; however, the molecular mechanism behind this differentiation process remains unclear. 
This study aimed to identify novel microRNAs (miRNAs) involved in the regulation of decidual gene 
expression in human endometrial stromal cells (HESCs). An in vitro analysis of primary undifferentiated 
and decidualizing HESCs was conducted. HESCs were isolated from hysterectomy specimens from 
normally cycling premenopausal women with uterine fibroids, who were not on hormonal treatment 
at the time of surgery. Primary HESCs were expanded in culture and decidualized with 8-bromo-cyclic 
adenosine monophosphate and medroxyprogesterone acetate. Microarray analysis identified six 
miRNAs differentially expressed in response to decidualization of HESCs. All but one miRNA were 
downregulated upon decidualization, including miR-542-3p. We demonstrated that miR-542-3p 
overexpression inhibits the induction of major decidual marker genes, including IGFBP1, WNT4 and 
PRL. In addition, miR-542-3p overexpression inhibited the morphological transformation of HESCs in 
response to deciduogenic cues. A luciferase reporter assay confirmed that the 3′-untranslated region of 
IGFBP1 mRNA is targeted by miR-542-3p. The results suggest that miR-542-3p plays an important role 
in endometrial decidualization by regulating the expression of major decidual marker genes.

Initiation of pregnancy represents the successful combination of two independent processes, i.e. embryo develop-
ment and endometrial differentiation. Decidualization denotes the morphological and biochemical transforma-
tion of the human endometrial stromal cells (HESCs) into decidual cells, which regulate blastocyst implantation 
and subsequent placenta formation1,2. In contrast to many other mammals, decidualization of HESCs is inde-
pendent of the presence of an implanting blastocyst and is initiated during the mid- to late-luteal phase of the 
cycle. The most striking morphological alteration of the decidual process is the dramatic transformation of the 
endometrial stromal fibroblasts into secretory epithelioid decidual cells3. At a molecular level, decidual transfor-
mation involves extensive reprogramming of many cell functions, mediated by the activation of key transcription 
factors, including progesterone receptor, forkhead box protein O1 (FOXO1), CCAAT/enhancer-binding protein 
beta (C/EBPβ ) and the homeobox proteins HOXA10 and HOXA11. The convergence of these transcription fac-
tors on promoters of key genes drives the expression and secretion of major decidual factors, including prolactin 
(PRL), WNT4 and insulin-like growth factor binding protein-1 (IGFBP-1)3,4.

MicroRNAs (miRNAs) are single-stranded small non-coding RNAs of approximately 22 nucleotides that reg-
ulate gene expression by blocking the translation or by decreasing the stability of mRNAs5. In mammals, miRNAs 
are predicted to control the activity of approximately 50% of all protein-coding genes6,7. The majority of mamma-
lian microRNAs are spatiotemporally regulated. Accumulating evidence has implicated miRNAs in the regulation 
of numerous biological processes, ranging from proliferation, differentiation and apoptosis to embryo develop-
ment and implantation8. In addition, aberrant miRNA expression is a feature of many pathological conditions, 
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including cancer, viral infections, metabolic diseases and neurological disorders9. However, our understanding 
of the expression, regulation and function of miRNAs in differentiating HESCS remains limited. Hence, we 
employed both miRNA and gene expression microarrays to identify miRNAs and target genes that are regulated 
upon decidual transformation of HESCs. We show that miR-542-3p is a potent negative regulator of HESC differ-
entiation in response to deciduogenic cues.

Results
Differentially expressed miRNAs upon decidualization. The efficiency of decidualization in primary 
HESC cultures was confirmed by observing morphological changes and by measuring PRL secretion, the princi-
pal decidual marker10,11. HESCs exhibited a spindle-shaped fibroblast-like appearance when propagated in culture 
but acquired the typical morphology of decidual cells, i.e. an enlarged cell size with larger nuclei and abundant 
cytoplasm, upon treatment with 8-bromo-cyclic adenosine monophosphate (8-br-cAMP) and medroxyproges-
terone acetate (MPA) for 6 days (Fig. S1A). Furthermore, PRL secretion markedly increased in response to the 
treatment with 8-br-cAMP and MPA for 6 days (Fig. S1B).

To identify miRNAs differentially expressed after 6 days of differentiation, 3 paired undifferentiated and 
decidualizing HESC cultures were subjected to miRNA microarray analysis. miRNAs consistently upregulated 
(> 2-fold) or downregulated (< 0.5-fold) in pair-wise comparison of the 3 biological repeat experiments were 
extracted. Among the 1,205 sets of human miRNAs covered by the array, five (miR-503, miR-542-3p, miR-155, 
miR-145* and miR-424) were significantly down-regulated upon decidualization (< 0.5-fold) (Table 1A), whereas 
a single miRNA (miR-483-3p) increased in expression (> 2-fold) (Table 1B) in all three decidualizing primary 
HESC cultures (Fig. 1A and Table 1A and B).

Identification of decidual target genes. Hundreds of candidate target genes for each differentially 
expressed miRNA were predicted on public miRNA databases. The expression of most of these putative target 
genes will be down-regulated upon binding of miRNA to complementary seed sequences in target transcripts6,7. 
To identify miRNA target genes relevant to decidualization, we performed gene expression microarrays on the 
same RNA samples used in miRNA array analysis. This analysis identified six major induced decidual genes that 
were also putative targets of miR-542-3p, miR-424 or miR-503 (Table 2). We reasoned that induction of these 
decidual genes could be dependent upon the down-regulation of targeting miRNAs. We then focused on miR-
542-3p and its putative target IGFBP1, which encodes for the major decidual secretory protein4,12. Differential 
expression of miR-542-3p was confirmed by quantitative real-time polymerase chain reaction (qRT-PCR) analysis 
(Fig. 1B). qRT-PCR analysis also confirmed the marked induction of IGFBP1 in HESCs treated with 8-br-cAMP 
and MPA (Fig. 1C).

Decidualisation is inhibited by miR-542-3p. To determine the functional significance of the loss of miR-
542-3p expression in differentiating HESCs, primary cultures were transfected with either miR-542-3p mimic or 
negative control miRNA mimic prior to decidualization over a time course lasting 6 days. To assess potential tox-
icity of transfection, cell apoptosis/necrosis detection assay was performed. The abundance of apoptotic/necrotic 
cells did not differ between the experimental groups (P >  0.05; Fig. S2). In cells transfected with negative control 
miRNA mimic, differentiating HESCs displayed distinct morphological characteristics, whereas this response 
was completely lacking in cultures transfected with the miR-542-3p mimic (Fig. 2A). To evaluate transfection 
efficiency, we have performed qRT-PCR for miR542-3p. Compared with cells transfected with control miRNA 
mimic, the expression of miR-542-3p in response to 8-br-cAMP and MPA treatment was markedly up-regulated, 
approximately 2,200-fold, in cultures expressing miR-542-3p mimic (Fig. S3). The expression of IGFBP1 was 
also evaluated using qRT-PCR analysis. The expression of IGFBP1 in HESCs treated with 8-br-cAMP and MPA 
increased in a time-dependent manner (Fig. 2B). Compared to cells transfected with control miRNA mimic, 
the induction of IGFBP1 transcripts in response to 8-br-cAMP and MPA treatment was markedly inhibited in 
cultures transfected with the miR-542-3p mimic (Fig. 2B). The expression of the other decidual markers was also 
examined. Similar to IGFBP1, the induction of PRL and WNT4 was repressed by miR-542-3p mimic (Fig. 2B). 
To clarify whether inhibition of PRL and WNT4 expression was a direct effect of miR-542-3p or an indirect 
effect caused by IGFBP1 knockdown, we transfected primary cultures with either non-targeting small interfer-
ing RNA (siRNA) or siRNA targeting IGFBP1. Following transfection, the HESC cultures were decidualized 
for 6 days. Similar to miR-542-3p mimic transfection, IGFBP1 knockdown was sufficient to impair PRL and 

miRNA Fold-change p value

(A) Down-regulated miRNA
hsa-miR-503 0.20 0.0227
hsa-miR-542-3p 0.30 0.0085
hsa-miR-155 0.38 0.0074
hsa-miR-145* 0.39 0.0047
hsa-miR-424 0.40 0.0030
(B) Up-regulated miRNA
hsa-miR-483-3p 10.39 0.0448

Table 1.  Differentially expressed miRNAs upon decidualization of primary HESCs.
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WNT4 expressions (Fig. 2C), suggesting that IGFBP-1 itself plays a role in regulating other decidual marker 
genes. Further, the decrease in IGFBP-1 secretion by miR-542-3p was confirmed by an enzyme-linked immuno-
sorbent assay (ELISA) assay of the culture supernatants (Fig. S4). Taken together, these results demonstrate that 
miR-542-3p is a potent inhibitor of HESC differentiation.

IGFBP1 is a bona fide target of miR-542-3p. To examine if miR-542-3p targets IGFBP1 directly, a 
reporter construct was generated by inserting the putative binding site of miR-542-3p into the 3′  untranslated 
region (UTR) of the IGFBP1 gene downstream of a firefly luciferase reporter vector (IGFBP1-wt). The seed 
sequence of the target site was also mutated to generate a control plasmid (IGFBP1-mut) (Fig. 3A). As shown 
in Fig. 3B, luciferase activity was decreased upon co-transfection of decidualized HESCs with the IGFBP1-wt 
reporter construct and miR-542-3p mimic when compared to co-transfection with a control miRNA mimic 

Figure 1. Identification of miRNAs involved in decidualization. (A) Scatter plot of miRNA microarray 
results. Total RNA from three independent HESC cultures, decidualized or not, were labelled and hybridised 
separately on the Agilent miRNA microarray, and signal intensity, which corresponds to the expression level 
of each miRNA, was measured. The intensity was averaged and converted to a log2 value. Expression level of 
each miRNA is shown as a scatter plot. The level of expression in undifferentiated and decidualizing HESCs is 
shown on the Y-axis and X-axis, respectively. qRT-PCR analysis of miR-542-3p and IGFBP1 mRNA expression 
in undifferentiated and differentiating HESCs in samples used for microarray experiments. (B) The level of 
miR-542-3p (miR-542-3p/U6  ratio) expression in HESCs treated with 8-br-cAMP and MPA for 6 days was 
significantly down-regulated in comparison to untreated HESCs. (C) IGFBP1 mRNA expression, normalized to 
GAPDH mRNA (glyceraldehyde phosphate dehydrogenase), in HESCs treated with 8-br-cAMP and MPA for 6 
days was significantly up-regulated in comparison to undifferentiated HESCs. The experiments were performed 
using three independent primary cell cultures. The data are shown as mean ±  SEM. **P <  0.01.
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(P <  0.05). In contrast, no differences were found when the cells were transfected with the IGFBP1-mut reporter. 
Taken together, the data confirms that miR-542-3p inhibits IGFBP1 expression by binding to its 3′  UTR.

Discussion
In the current study, we combined miRNA and mRNA microarray analyses of primary HESC cultures to identify 
novel decidual regulators. We identified five miRNAs robustly repressed and a single miRNA consistently induced 
upon decidual transformation of HESCs. Parallel transcriptional profiling enabled us to identify the miRNA–
mRNA pairs that functionally regulate decidualization. We focused on miR-542-3p and its predicted target gene 
IGFBP1, a well-known decidual marker4,12, for further analysis. We were able to demonstrate that miR-542-3p 
directly regulates IGFBP1 expression during HESCs and indirectly regulates the expression of other decidual 
marker genes, such as PRL and WNT4.

As small non-coding RNAs, miRNAs are classified as regulatory RNAs and have been reported to have vari-
ous roles, including cell growth, proliferation and differentiation8. Because each miRNA is predicted to target a 
broad range of mRNAs based on the degree of sequence homology, the expression of approximately 50% of all 
protein-coding genes are estimated to be subjected to miRNA regulatory function6,7. The inverse relationship 
between the expression of miRNAs and their target genes is complex and evolving. Notably, aberrant miRNA 
expression has been associated with endometrial disorders, including endometriosis, endometrial hyperplasia 
and carcinoma13,14. On the other hand, it has been reported that miR-542-3p is generally underexpressed in can-
cers arising from the colon, prostate and lung. Further, overexpression of miR-542-3p can inhibit cell growth and 
prevent tumour formation in vivo15. These observations suggest that miR-542-3p is a promising target for cancer 
therapy. On the other hand, Kureel et al. demonstrated that miR-542-3p suppresses osteogenic differentiation and 
promotes osteoblast apoptosis by repressing bone morphogenetic protein 7 and its downstream signalling16. To 
the best of our knowledge, the current report is the first to identify that miR-542-3p directly regulates morpho-
logical and biological differentiation of HESCs through targeting IGFBP1 expression.

We and others previously reported that Dicer knockdown does not block HESCs decidualization17,18. Female 
mice lacking Dicer in the reproductive tract are infertile due to defective oviducts but exhibited histologically 
normal decidual responses. Therefore, we speculated that miRNAs may primarily serve to prevent premature or 
illicit activation of decidual genes. Endometrial expression of miRNAs upon decidualization has been studied in 
few other species and, as aforementioned, some functional studies have been carried out in rodents19–21. Members 
of three miRNAs families, including Let-7 Family, miR-200 Family, and miR-30 Family, are frequently identified 
as differentially expressed in these studies22. To the best of our knowledge, the current report is the first to iden-
tify that miR-542-3p directly regulates morphological and biological differentiation of HESCs through targeting 
IGFBP1 expression.

Uterine expression of cyclooxygenase-2 is regulated by miR-101a and miR-199a* at implantation in mice23. 
Expression profiling of miRNAs during the menstrual cycle demonstrated that they are regulated by ovarian hor-
mones18,24. Further, recent reports demonstrate that aberrant miRNA expression is associated with reproductive 
disorders, including endometriosis, endometrial hyperplasia and carcinoma13,14. The present study identified six 
miRNAs differentially expressed in response to decidualization of HESCs. On the other hand, Estella et al.17 found 
a total of 26 and 17 miRNAs up- and down-regulated, respectively, upon decidualization. Among these miRs, 
only miR-155 was identified as an induced miRNA upon decidualization in both studies. Further, Estella et al. 
found no significant change in the expression of miR-542-3p, which may be due to the differences in endometrial 
samples, decidualization protocol, or the expression profiling technique. Perhaps most notable, decidualization 
in the study of Estella et al. was induced by a combination of estradiol and progesterone, which is a much weaker 
HESCs differentiation stimulus than treatment with a cAMP analogue and MPA25,26.

IGFBP-1 is widely used as phenotypic markers of decidualization but its involvement in the regulation of this 
transformational process has been largely ignored. Decidual IGFBP-1 is thought to have IGF-dependent and 
IGF-independent actions on trophoblast invasion at implantation12. Importantly, exposure of HESCs to recom-
binant human IGFBP-1 has been reported to promote morphological decidual transformation and increase PRL 
secretion by interacting with α 5β 1 integrin expressed on the surface of HESCs27. These observations strongly 
infer an auto/paracrine role IGFBP1 in enhancing decidual transformation of HESCs. Transfection of HESCs 
with miR-542-3p inhibited PRL and WNT4 expression after 6 days of decidualization by 60–70%. However, trans-
fection of cells with siRNA targeting IGFBP1 decreased PRL and WNT4 mRNA levels much more modestly  
(∼  20%). This discrepancy may reflect the ability of a single miR to target multiple mRNAs and, conversely, 
that a single mRNA can be targeted by multiple miRs28. Therefore, repression of PRL and WNT4 expression in 

miRNA Target gene Gene name Fold change*1

miR-542-3p
IGFBP1 insulin-like growth factor binding protein 1 232.16
WNT4 wingless-type MMTV integration site family, member 4 73.93

miR-424
FOXO1 forkhead box O1 10.07

IGF1 insulin-like growth factor 1 (somatomedin C) 7.43
GADD45G growth arrest and DNA-damage-inducible, gamma 40.20

miR-503
IGF2 insulin-like growth factor 2 (somatomedin A) 8.47
IGF1 insulin-like growth factor 1 (somatomedin C) 7.43

Table 2.  Predicted decidual target genes. The expression of all putative target genes changed > 2-fold in either 
direction upon decidualization.
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decidualizing HESCs upon transfection with miR-542-3p mimic likely involves mechanisms other than the inhi-
bition the auto/paracrine actions of IGFBP-1. Clearly, additional experiments are required to test this hypothesis.

Our study has several limitations. Although the decidualization of primary HESCs is a well-established model, 
the absence of other cellular constituents of the endometrium, e.g. epithelial or vascular cells, may impact on the 

Figure 2. Effect of miR-542-3p overexpression or IGFBP-1 knockdown in decidualizing HESCs.  
(A) Morphological changes of HESCs transfected with miR-542-3p mimic. HESCs transfected with negative 
control miRNA mimic (NC mimic) showed morphological changes characteristic of decidual cells upon 
treatment with 8-br-cAMP and MPA for 6 day. By contrast, morphological transformation was absent upon 
transfection of cells with miR-542-3p mimic. Scale bars =  100 µ m. (B) qRT-PCR analysis of IGFBP1, PRL 
and WNT4 transcript levels in HESCs transfected with a miR-542-3p mimic or NC mimic and decidualized 
for. 6 days. Expression levels were normalised to GAPDH. Data represent mean ±  SEM of three independent 
experiments. (C) qRT-PCR analysis IGFBP1, PRL and WNT4 transcript levels in HESCs transfected with siRNA 
targeting IGFBP-1 and then decidualized for 6 days. Expression levels were normalised to GAPDH. Data are the 
mean ±  SEM of three independent experiments **P <  0.01, *P <  0.05.
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results. Furthermore, all primary cultures were established from patients requiring surgery for uterine fibroids 
as it is challenging to obtain biopsies from women who are free of gynaecological diseases. Although the current 
study focused on miR-542-3p, other differentially expressed miRNAs, including miR-424, miR-503 and miR-155, 
may equally functionally regulate decidualization. Interestingly, it has been reported that miR-424 and miR-503 
are derived from a polycistronic precursor miR-424-503. These miRNAs were reported to have combinatorial 
effects within the cellular system29. It is possible that miR-424 in cooperation with miR-503 coordinates endo-
metrial differentiation. Although only miR-542-3p was intensively investigated in the present study, the detailed 
roles of other miRNAs should be explored in a future study.

In conclusion, the present study demonstrates that the downregulation of miR-542-3p expression in HESCs is 
permissive for morphological and molecular differentiation of HESCs. Our results indicate that miR-542-3p plays 
an important role in endometrial decidualization, at least in part, by regulating IGFBP1 expression.

Methods
Experimental ethics policy. The protocol of the current study was approved by the Institutional Review 
Board of the Saitama Medical University Hospital (11-017-1). This study was carried out in accordance with the 
approved guideline. Written informed consent was obtained from all participating subjects.

Tissue collection and isolation of HESCs. HESCs were obtained at the time of hysterectomy for uterine 
fibroids from normally cycling premenopausal women. Patients were not undergoing hormonal treatment at the 
time of surgery. All the samples were collected during the proliferative phase of the cycle. HESCs were isolated 

Figure 3. IGFBP1 is a direct target of miR-542-3p. (A) The predicted target sequence of miR-542-3p in the  
3′  untranslated region (UTR) of IGFBP1 and the mutated sequence used in the luciferase assay are shown.  
(B) Relative luciferase activity of IGFBP1-wt and IGFBP1-mut reporter vectors co-transfected with miR-542- 
3p mimic (miR-542-3p) or negative control (NC) miRNA in decidualized HESCs. Using IGFBP1-wt vector, 
the relative luciferase activity was decreased by 31% upon transfection with miR-542-3p compared to NC 
mimic. The IGFBP1-mut reporter was not significantly inhibited by miR-542-3p mimic. Data are shown as the 
mean ±  SEM of three independent experiments. *P <  0.05; NS, Not significantly different.
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and cultured as previously described30–32. Briefly, endometrial samples were collected in Dulbecco’s modified 
Eagle’s medium (DMEM)/F-12 containing Antibiotic-Antimycotic solution (Invitrogen). After enzymatic diges-
tion by DNase I (Sigma) and Collagenase I a (Sigma), the stromal cells were separated from epithelial cells and 
passed into culture. Proliferating HESCs were cultured in maintenance medium of DMEM/F-12 containing 10% 
dextran-coated charcoal-treated FBS and 1% antibiotic–antimycotic solution (Life technologies). Confluent mon-
olayers of HESCs were treated with or without 0.5 mM 8-bromo-cyclic adenosine monophosphate (8-br-cAMP; 
Sigma) and 10−6 M medroxyprogesterone acetate (MPA; Sigma). All experiments were conducted before the third 
passage of the cultures.

Measurement of PRL and IGFBP1. The concentration of PRL in the HESC culture media was meas-
ured by microparticle enzyme immunoassay (AxSYM system; Abbott Laboratories, North Chicago, IL). The 
level of IGFBP1 in culture media was determined using a sandwich-type immunoassay (Mediagnost, Reutlingen, 
Germany). The assay was performed in triplicate or duplicate and normalised to the total protein content of 
cultures.

RNA extraction. Total RNA was purified from HESCs using the miRNeasy Mini kit (Qiagen, Valencia, CA, 
USA) according to the manufacturer’s protocol. RNA quality was verified by measuring the absorbance at 230 nm, 
260 nm and 280 nm using a NanoDrop spectrometer (NanoDropTechnology, San Diego, CA, USA).

miRNA expression array. The analysis of the miRNA microarray was performed using a commercial human 
miRNA microarray (G4872A Human Rel. 16.0, Agilent Technologies, Santa Clara, CA, USA), which included 
probes for 1,205 human and 144 viral miRNAs based on Sanger miRBase Release 16.0. Total RNA samples from 
three independent, undifferentiated and decidualizing HESC cultures, were subjected to miRNA microarray. 
Using 100 ng of total RNA of each of the 6 samples, miRNAs were labelled and hybridised onto the miRNA 
microarray using the miRNA Complete Labelling and Hybridisation Kit (Agilent Technologies), according to the 
manufacturer’s protocol. After hybridisation for 22 h, the miRNA array was washed and the signal intensity of 
an individual miRNA probe spot was measured using a microarray scanner (G2505B; Agilent Technologies) and 
quantified with Feature Extraction ver. 10.7.3.1 software (Agilent Technologies) (Supplementary excel file 1). The 
6 data sets were normalised using a quantile normalisation method33 (Supplementary Table S1). Expression of 
miRNAs was analysed pair-wise in undifferentiated and decidualising cells in the 3 biological repeat experiments. 
Upregulated and downregulated miRNAs were defined, respectively, by > 2-fold or < 0.5-fold change in expres-
sion level upon decidualization in pair-wise analysis of each of the 3 repeat experiments. The fold-change values 
of miRNAs were then calculated as average fold-change value from three independent paired cultures. P value 
was calculated by two-tailed Student’s t-tests.

Gene expression profiling. The RNA samples subjected to miRNA microarray analysis were also used to 
identify putative miRNA target genes. Briefly, total RNA from the 3 undifferentiated and 3 decidualized cultures 
were combined separately; and the two sets of mRNAs subjected to gene expression microarrays. Total RNA was 
reverse-transcribed, amplified and labelled using a GeneChip® 3′ IVT Expression Kit (Affymetrix Inc., Santa 
Clara, CA, USA). The complementary RNA (cRNA) was purified, fragmented according to the manufacturer’s 
protocol and hybridised on the Affymetrix GeneChip® Human Genome U133 Plus 2.0 array. Hybridisation, 
washing, staining and scanning were performed using the Affymetrix GeneChip® system instruments and pro-
tocols. The expression levels of each gene obtained from the scanned data were normalised among samples using 
the robust multi-array average (RMA) method. The mRNAs that were differentially upregulated (> 2-fold) or 
downregulated (< 0.5-fold) upon decidualization were extracted.

qRT-PCR for miRNAs. To confirm the relative expression level of objective miRNA, total RNA was sub-
jected to qRT-PCR analysis. The TaqMan microRNA RT kit (Applied Biosystems, Carlsbad, CA, USA) was used 
to synthesise cDNA from 5 ng of RNA. The PikoReal 96 Real-Time PCR system (Thermo Fisher Scientific Inc., 
Waltham, MA, USA) and TaqMan Universal Master Mix II with UNG (Applied Biosystems) were used to perform 
qRT-PCR in duplicate. TaqMan MicroRNA assays (Applied Biosystems) for miR-542-3p (Assay ID: MC001284) 
and U6 (as endogenous control) were used as primers for reverse transcription and amplification. The mature 
sequences of hsa-miR-542-3p were 5′ -UGUGACAGAUUG AUAACUGAAA-3′  (miRBase Accession number: 
MIMAT0003389). The expression level of miR-542-3p relative to U6 was calculated by the 2−∆∆ct method34.

qRT-PCR for mRNAs. Total RNAs of each sample were reverse transcribed using BioScript reverse 
transcriptase (Bioline, London, UK) with oligo dT primers, and cDNAs obtained were mixed with gene spe-
cific primers and Power SYBR Green PCR Master Mix (Applied Biosystems) and subjected to the qPCR 
analysis using the MX3000p system (Stratagene, La Jolla, CA, USA) or PikoReal 96 Real-Time PCR sys-
tem. Primer sequences for each genes were: 5′-CGACCACTTTGTCAAGCTCA-3′  [glyceraldehyde 
phosphate dehydrogenase (GAPDH)-forward], 5′-AGGGGTCTACATGGCAACTG-3′  (GAPDH-reverse); 5′ - 
CTGCGTGCAGGAGTCTGA-3′  (IGFBP1-forward), 5′ -CCCAAAGGATGGAATGATCC-3′  (IGFBP1-reverse); 
5′ -CTACATCCATAACCTC TCCTCA-3′  (PRL-forward), 5′ -GGGCTTGCTCCTTGTCTTC-3′  (PRL-reverse); 5′ - 
CAT GCAACAAGACGTCCAAG-3′  (WNT4-forward), 5′ -AAGCAGCACCAGTGGAATTT-3′  (WNT4-reverse). 
IGFBP1, PRL and WNT4 expression levels, relative to GAPDH, were calculated using the 2−∆∆ct method.

Identification of differentially expressed miRNAs. Array data for miRNA and mRNA were uploaded to the 
Ingenuity Pathways Analysis software (Ingenuity® Systems; www.ingenuity.com). Predicted target genes of differen-
tially expressed miRNAs were identified using TargetScan version 6.2 and the Ingenuity® Knowledge Base and filtered 
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on the basis of the direction of regulation of putative target genes in undifferentiated and decidualizing HESCs. The 
data for the differentially expressed mRNAs were integrated with miRNA expression data, using the IPA expression 
pairing function to obtain miRNA-mRNA relationships that showed expression change in the opposite directions.

Transfection of miRNA mimics and siRNA. Immediately prior to transfection, the culture medium 
of HESCs was changed to antibiotic-free decidualization medium containing 0.5 mM 8-br-cAMP and 10−6 M  
MPA. Control cultures were maintained at the standard medium. mirVanaTM miRNA mimic (#MC11340; 
Applied Biosystems) for hsa-miR-542-3p or siRNA targeting IGFBP1 (Silencer select, s7225; Applied Biosystems) 
was mixed with Lipofectamine 2000 (Invitrogen), according to the manufacturer’s instructions, and added to 
HESCs in six-well culture plates at a density of 80–90% confluence. Control cultures were transfected with con-
trol miRNA mimic or non-targeting siRNA. Final concentration of miRNA mimic and siRNA was 30 nM. After 
6 h and 3 days, cells were subjected to a change of antibiotics media to decidual differentiation with 0.5 mM 
8-br-cAMP and 10−6 M MPA or control media. Morphological evaluation, RNA extraction and qRT-PCR analysis 
were performed on day 6 of decidualization.

Reporter assay for the evaluation of the miRNA target. The miR-542-3p candidate target-
ing sequence of IGFBP1 gene (5′ -GAUGAAAUAAUGUUCUGUCACG-3′ , part of the NCBI RefSeq ID of 
NM_000596) and its mutated sequence (5′ -GAUGAAAUAAUGUUUCUGUGAG-3′ ) were inserted downstream 
of the pGL4.13 luciferase expression vector (Promega Corporation, Madison, WI, USA). The resulting constructs 
were named as IGFBP1-wt and IGFBP1-mut, respectively. Those two vectors with an amount of 200 ng and a final 
concentration of 30 nM miR-542-3p mimic were co-transfected to HESCS treated with 0.5 mM 8-br-cAMP and 
10−6 M MPA for 6 days before transfection. As a negative control, native pGL4.13 luciferase vector was also trans-
fected in parallel. For normalisation, 30 ng of Renilla luciferase vector, pGL4.74 (Promega), was also transfected 
into all samples. Transfections with all vectors and RNA combinations were repeated three times. After 48 h, the 
cells were harvested with PLB reagent (Promega), following which the firefly and Renilla luciferase activity was 
measured in each well using the dual luciferase assay kit (Promega) with the ARVO MX plate reader. The relative 
firefly luciferase activity was calculated by normalisation to the Renilla luciferase activity.

Cell apoptotic/Necrotic detection assay. To assess any potential toxicity of the miR-542-3p mimic 
transfection, apoptosis and necrosis were quantified by direct determination of nucleosomal DNA fragmenta-
tion using the Apoptotic/Necrotic/Healthy Cells Detection Kit (Takara bio Inc., Japan) as per the manufacture’s 
instructions.

Statistical analyses. All experiments were repeated a minimum of three times using independent primary 
cell cultures. All data were checked for their normal distribution using the Ronald-Fisher’s test, and if it was con-
sidered significant by the accuracy of P <  0.05, non-parametric statistical analysis was applied. Data are expressed 
as mean ±  standard error (SE). Statistical analyses were performed by two-tailed Student’s t-tests. Results are 
presented as mean ±  SE. P <  0.05 was considered significant.
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Deficiency of COX7RP, a 
mitochondrial supercomplex 
assembly promoting factor, lowers 
blood glucose level in mice
Sachiko Shiba1, Kazuhiro Ikeda1, Kuniko Horie-Inoue1, Akitoshi Nakayama2, Tomoaki Tanaka  2 & 
Satoshi Inoue1,3

Mitochondria are essential organelles to efficiently produce ATP by ATP-synthase, which uses a proton-
gradient generated by respiratory chain complexes. We previously demonstrated that COX7RP/
COX7A2L/SCAF1 is a key molecule that promotes respiratory supercomplex assembly and regulates 
energy generation. The contribution of COX7RP to metabolic homeostasis, however, remains to be 
clarified. In the present study, we showed a metabolic phenotype of Cox7rp knockout (Cox7rpKO) mice, 
which exhibit lower blood glucose levels after insulin or pyruvate injection. Notably, ATP synthesis rate 
was reduced in Cox7rpKO mice liver, in accordance with decreased percentages of complex III subunit 
RISP and complex IV subunit COX1 involved in I + III + IV supercomplex fraction. The present findings 
suggest that COX7RP-mediated mitochondrial respiration plays crucial roles in the regulation of glucose 
homeostasis and its impairment will lead to the pathophysiology of metabolic states.

Endocrine system plays crucial roles in biological activities and energy homeostasis. People in the developed 
countries today are prone to have energy excess and reduced physical activities, which often impair the balance 
of endocrine system and provoke various metabolic disorders including obesity and type 2 diabetes. Energy 
homeostasis is maintained by various metabolic pathways including glucose and lipid metabolism, which are 
conducted by multiple endocrine organs1. In the context of subcellular functions, mitochondria are important 
organelles to produce the majority of ATP molecules requiring for cellular functions via ATP-synthase (complex 
V), which utilizes a proton-gradient generated by respiratory chain complexes (complexes I-IV) involved in their 
inner membrane.

In mammalian cells, the formation of mitochondrial respiratory supercomplexes or ‘respirasome’ composed 
of complexes I, III, and IV is considered to facilitate efficient energy generation2. We have previously discov-
ered a stabilizing factor for respiratory supercomplex assembly, cytochrome c oxidase (COX) subunit 7a-related 
polypeptide (COX7RP)3, which was originally identified as an estrogen-inducible gene in breast cancer cells4. 
COX7RP, which is also known as COX7A2L and SCAF1, encodes a 114-amino-acid protein that is structurally 
similar to a mitochondrial respiratory enzyme COX subunit 7a in complex IV5. Gain- and loss-of-function stud-
ies of COX7RP showed that the protein is critical for the regulation of muscle activities and the homeostasis of 
brown adipose tissue (BAT)3.

Several groups have also proposed the role of COX7RP in respirasomes. Lapuente-Brun et al. independently 
identified COX7RP as a supercomplex assembly promoting factor (SCAFI)6, 7. They found that some mouse 
strains including C57BL/6 J possess a 6-bp deleted variant of Cox7rp gene that encodes a short isoform of 
COX7RP and C57BL/6 J mice have barely detectable levels of supercomplexes III2 + IV and I + III2 + IV. Mourier 
et al. also reported that C57BL/6 J as well as C57BL/6 N mice have the short COX7RP isoform, although the 
mice with the short isoform maintain steady-state levels of complex IV-containing supercomplexes comparable 
to CD1 strain with long COX7RP isoform8. Moreover, recently, Williams et al. showed that the C57BL/6 J mice 
possess the complex IV-containing supercomplex, although there is a tissue variance for the level of supercomplex 
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assembly9. Overall, the physiological relevance of COX7RP in supercomplex formation has been widely accepted, 
yet its precise functions in various tissues remain elusive.

Considering that muscles and BAT are organs responsible for the regulation of insulin sensitivity and energy 
homeostasis, we next questioned whether COX7RP directly contributes to glucose metabolism in vivo. In the 
present study, we assessed the role of COX7RP in glucose metabolism using Cox7rp-knockout (Cox7rpKO) mice 
and revealed that the molecule is a regulatory factor for gluconeogenesis in liver by promoting respiratory super-
complex assembly and ATP synthesis.

Results
Cox7rpKO mice exhibit altered glucose metabolism. In the previous study, we showed that Cox7rpKO 
mice exhibited a phenotype with reduced muscular activity and decrease in heat production3. Here, we ques-
tioned whether COX7RP also affects metabolic pathways that closely relate to liver functions because the liver 
is also one of the essential metabolic organ. To confirm the depletion of COX7RP mRNA and protein in liver of 
Cox7rpKO mice, we performed qRT-PCR and western blot analysis. The Cox7rp mRNA expression was scarcely 
detected in liver of Cox7rpKO mice as well as in the mouse embryonic fibroblasts (MEFs) (Fig. 1A). COX7RP 
protein was expressed in the liver of WT mice but not of Cox7rpKO (Fig. 1B). We confirmed that our Cox7rpKO 
mice have a genetic background of 129 strain, which has longer wild-type alleles of Cox7rp gene (Supplementary 
Fig. 1)6. The longer Cox7rp allele is, however, functionally null and does not produce COX7RP protein. WT litter-
mates that we used have a genetic background of C57BL/6 N, which has shorter alleles of Cox7rp gene. To assess a 
physiological function of COX7RP in glucose metabolism, we performed OGTT in 4-month-old male Cox7rpKO 
and WT mice. OGTT showed that blood glucose levels at 30 min after oral glucose administration were decreased 
in Cox7rpKO mice compared with the same aged WT mice (Fig. 2A). The area under the curve (AUC) analysis 
for blood glucose during OGTT showed that the AUC values in Cox7rpKO mice tended to be lower than those in 
WT mice, even without a statistical significance (Fig. 2B). Plasma insulin levels during OGTT were not substan-
tially different between Cox7rpKO and WT mice (Fig. 2C), thus AUC analysis for plasma insulin showed no sig-
nificant difference between Cox7rpKO and WT mice (Fig. 2D). We performed OGTT also in 8-month-old mice, 
concerning a possibility that various metabolic pathways may be altered by aging. It is notable that blood glucose 
level at 0 min was significantly decreased in Cox7rpKO mice compared with WT mice (Fig. 3A), although there 
is no statistical difference in the AUC values between Cox7rpKO and WT mice (Fig. 3B). Similar to the results in 
4-month-old mice, plasma insulin levels in OGTT were not substantially different between the 2 groups (Fig. 3C) 
and the AUC analysis also showed no significant difference between Cox7rpKO and WT mice at 8 month age 
(Fig. 3D).

Cox7rpKO mice exhibit lower blood glucose level in insulin tolerance test. OGTT indicated 
that Cox7rpKO mice have lower blood glucose level without remarkable change of insulin level. To examine 
the response to insulin, we performed insulin tolerance test (ITT) in Cox7rpKO and WT mice. In 4-month-old 
mice, ITT showed that blood glucose levels at 120 min were lower in Cox7rpKO mice compared with WT mice 
(Fig. 4A). The AUC values in Cox7rpKO mice were not significantly different from those in WT mice, never-
theless, there was a tendency that mice exhibited lower glucose levels (Fig. 4B). At 8-month-old, glucose levels 
during ITT were significantly decreased in Cox7rpKO mice compared with WT mice (Fig. 4C). The AUC analysis 
showed that the glucose levels in 8-month-old Cox7rpKO and WT mice were significantly different (Fig. 4D). The 
data indicate that young Cox7rpKO mice have a better ability to maintain circulating glucose levels with a smaller 
amount of insulin secretion upon glucose load. In 8-month-old, blood glucose levels in Cox7rpKO mice were 
much lower than those in WT mice at all the time-points up to 120 min after insulin stimulation.

Figure 1. Depletion of Cox7rp expression in liver of Cox7rpKO mouse. (A) Expression level of Cox7rp 
mRNA was quantified by qRT-PCR in MEFs and liver. Data are presented as means ± SEM (n = 3). *P < 0.05, 
**P < 0.01, using Student’s t test. (B) Western blot analysis of Cox7rp protein expression in liver. Cytosolic 
fraction was prepared from Cox7rpKO and WT livers and subjected to western blot analysis using COX7RP 
antibody and β-actin antibody for loading control. Unprocessed original scans of the blots are shown in 
Supplementary Fig. 2.
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Cox7rpKO mice exhibit lower blood glucose level in pyruvate tolerance test. We next questioned 
whether the alteration of gluconeogenesis contributes to lower blood glucose levels in Cox7rpKO mice. We there-
fore performed pyruvate tolerance test (PTT) in Cox7rpKO and WT mice and found that blood glucose levels 
were lower at 10 min in 4-month-old Cox7rpKO mice after pyruvate injection (Fig. 5A). AUC of blood glucose 
during PTT showed no significant difference between Cox7rpKO and WT mice at 4 month age (Fig. 5B). In 
addition, blood glucose levels were lower at 0–10 and 60–90 min in 8-month-old Cox7rpKO mice after pyruvate 
injection (Fig. 5C). AUC values of blood glucose for Cox7rpKO mice were not statistically different from those for 
WT mice, yet blood glucose levels tended to be lower in 8-month Cox7rpKO compared with WT mice (Fig. 5D).

Taken together, these results show that Cox7rpKO mice exhibit a phenotype of reduced blood glucose, which 
is putatively resulted from the impairment of gluconeogenesis ability or the increase in insulin sensitivity.

Reduction of respiratory supercomplex assembly in Cox7rpKO liver mitochondria. We previ-
ously showed that the signal of Rieske iron-sulfur protein (Risp), a complex III subunit and late-stage subunit of 
supercomplex10, 11, was substantially decreased in the assembly of complexes I/III2/IVn in digitonin-solubilized 
mitochondria of Cox7rpKO muscle, analyzed by two-dimensional blue native polyacrylamide gel electrophoresis 
(2D BN-PAGE) with subsequent immunoblotting3. Because gluconeogenesis is mainly conducted by liver in 
mammals, we next investigated whether the extent of respiratory supercomplex assembly in liver mitochondria 
is related to the gluconeogenesis ability of Cox7rpKO mice. Notably, 2D BN-PAGE with subsequent immunob-
lotting (Fig. 6A,B) revealed that the relative proportion of Risp signal involved in complexes I/III2/IVn was lower 
in Cox7rpKO liver (79.3%) compared with WT liver (90.2%). In contrast, the relative proportion of Risp signal 
into complexes III2 was higher in Cox7rpKO liver (20.7%) compared with WT liver (9.8%). In regard to Uqcrc2, 
its incorporation into complexes I/III2/IVn seemed to be also lower in Cox7rpKO liver (59.0%) compared with 
WT liver (87.5%). It is also noted that the substantial proportion of Uqcrc2 signal was not incorporated into 
complexes I/III2/IVn or III2 but into the far right signal of the 2D gel for Cox7rpKO liver (33.7%), in comparison 
with that for WT liver (2.8%). In terms of complex IV, the proportion of COX1 signal involved in complexes 
I/III2/IVn was also lower in Cox7rpKO liver (11.8%) compared with WT liver (33.3%). Thus, the assembly of 
supercomplex in Cox7rpKO liver mitochondria might be reduced compared with that in WT liver mitochondria. 
In terms of mitochondrial protein loading, amounts of Risp, Cox1 and Fp70 were not substantially different 
between WT and Cox7rpKO livers (Fig. 6C). Consistent with the result of supercomplex assembly, ATP contents 

Figure 2. Lower blood glucose levels in 4-month-old Cox7rpKO mice versus WT mice during oral glucose 
tolerance test. (A) Blood glucose levels during oral glucose tolerance test (OGTT). Cox7rpKO and WT mice at 
4-month-old were fasted for 16 h, then orally administered glucose (2 g/kg body weight). Blood samples were 
collected from the saphenous vein at indicated time points after glucose administration. Blood glucose levels were 
measured using a glucose analyzer. (B) Area under the curve (AUC) of blood glucose in OGTT. (C) Plasma insulin 
levels during OGTT. Plasma insulin levels were measured by using ELISA kits. (D) AUC of plasma insulin in 
OGTT. Data are presented as means ± SEM (n = 6). *P < 0.05, **P < 0.01, using Student’s t test.
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in Cox7rpKO liver were significantly decreased compared with those in WT mice (Fig. 7A). Moreover, we exam-
ined mitochondria-dependent ATP synthesis rates in isolated liver mitochondria from both Cox7rpKO and WT 
mice. The mitochondria-dependent ATP synthesis rate corresponds to per minute produced ATP amount, which 
is determined by total ATP production subtracted by oligomycin-insensitive ATP production. The results showed 
that ATP synthesis rate is significantly decreased in Cox7rpKO liver mitochondria (Fig. 7B).

Overall, the present data showed that deficiency of COX7RP in mice reduces the relative proportion of mito-
chondrial supercomplex assembly versus individual complexes III or IV and ATP generation in liver, putatively 
leading to the decrease in blood glucose levels.

Discussion
The present study shows that COX7RP/COX7A2L/SCAFI plays a critical role in glucose homeostasis, which 
may be closely associated with its promoting action for respiratory supercomplex assembly that facilitates ATP 
production in liver mitochondria. We previously discovered that COX7RP is a stabilizing factor for mammalian 
mitochondrial supercomplex assembly, which contributes to the increase in muscle activity and adaptive ther-
mogenesis in vivo3. COX7RP is a nuclear DNA-encoded mitochondrial gene and our gain- and loss-of-function 
studies of the molecule revealed that it is an essential factor for oxidative phosphorylation.

Jha et al. described in their in-gel activity assay that C57BL/6 mice possess COX7RP short form and have only 
three of the five supercomplexes (SCs), namely, SC 3 (I + III2 + IV2) and SC 4 (I + III2 + IV3) are not formed in 
this strain12. They and others also showed the absence of complex III2 + IV1 in C57BL/6 strain13. Cogliali et al. 
also showed the virtual absence of complex III2 + IV1 and a concomitant reduction in supercomplex I + III2 + IV 
in C57BL/6 liver7. We consider that Cox7rp deficiency reduces the relative proportion of supercomplex I/III2/
IVn versus complexes III2, IV2 or IV1 as we evaluate by the signal intensity of Uqcrc2, Risp or COX1 in the 2D 
BN-PAGE. In terms of the incorporation level of Cox1 into supercomplex I/III2/IVn, we showed that it is not 
higher in Cox7rpKO than WT liver in the Fig. 6. In addition, it is also noted that the substantial proportion of 
Uqcrc2 signal was detected in the far right band with molecular mass significantly lower than complex III dimer 
signal. COX7RP has been shown to bind to complex III and stimulate the formation of supercomplex III2/IV7, 13. 
We speculate that COX7RP may stabilize complex III formation. It is known that the assembly of supercomplexes 
is proceeded by gradually collecting individual subunits of complex I, complex III, and complex IV rather than 
originating from the association of preassembled individual holoenzymes11. From that point of view, there is a 
possibility that a detected signal intensity for a single subunit in BN-PAGE does not correlated to the amount 
of its cognate respirasome. Thus, the relationship between respirasome abundance and physiological function 

Figure 3. Lower blood glucose levels in 8-month-old Cox7rpKO mice versus WT mice during OGTT.  
(A) Blood glucose levels during OGTT were examined in 8-month-old Cox7rpKO and WT mice as described in 
Fig. 1. (B) AUC of blood glucose in OGTT. (C) Plasma insulin levels during OGTT. (D) AUC of plasma insulin 
in OGTT. Data are presented as means ± SEM (n = 6). *P < 0.05, **P < 0.01, using Student’s t test.
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remains to be clarified. As a future study, in vitro import experiments to follow the assembly of subunits of com-
plexes I, IV or III would be useful to assess the assembly of respirasome in Cox7rpKO mitochondria.

In this study, blood glucose levels during OGTT were reduced in young Cox7rpKO mice whereas no sub-
stantial alteration of plasma insulin levels was observed in Cox7rpKO mice compared with WT mice. We thus 
questioned whether insulin sensitivity is enhanced in Cox7rpKO mice, although ITT revealed that blood glu-
cose levels in Cox7rpKO mice were decreased compared with WT mice and did not recover at the levels of WT 
mice at 120 min after insulin injection. Intriguingly, blood glucose levels during PTT were reduced in Cox7rpKO 
mice, suggesting that gluconeogenesis in Cox7rpKO mice is rather repressed compared with WT mice. It is also 
noted that 8-month-old but not 4-month-old Cox7rpKO mice exhibited significant lower blood glucose levels 
at 0 min in OGTT compared with WT mice. In addition, the blood glucose levels had a tendency to be lower in 
8-month-old Cox7rpKO compared with WT mice during the experimental time course in OGTT. The differences 
of PTT in 8-month Cox7rpKO and WT mice will also reveal the contribution of COX7RP in gluconeogenesis, 
which might be more severely impaired during aging process. Taken together, we consider that the lower blood 
glucose levels in OGTT at 0 min observed in 8-month-old mice could be explained by impaired gluconeogenesis 
in Cox7rpKO liver. In terms of insulin resistance, plasma insulin levels in 8-month-old Cox7rpKO mice were not 
elevated in OGTT (Fig. 3C), suggesting that the fasting-induced hypoglycemia in Cox7rpKO may not be solely 
explained by the increase in insulin resistance.

Gluconeogenesis is a major pathway of hepatic glucose homeostasis and the primary source for endogenous 
glucose produced from pyruvate in the fasted state, requiring 6 ATP molecules for a single glucose molecule14, 15. 
In Cox7rpKO liver, the impairment of mitochondrial I + III + IV supercomplex assembly would be unfavorable 
for oxidative phosphorylation, leading to the reduction of total ATP amounts. In the initial step of gluconeo-
genesis, pyruvate is converted to oxaloacetic acid by consuming ATP. Oxaloacetic acid is converted to phos-
phoenolpyruvic acid, which is widely utilized as a substrate for multiple metabolic pathways. In terms of the 
reduced exchange rate of NADH to NAD + , it will weaken the driving force of TCA cycle, which will also result 
in the reduced uptake of pyruvate into TCA cycle. The altered activity of mitochondrial respiratory chain could 
also modulate SLC25 carrier protein family16, which may also contribute to the reduced uptake of pyruvate into 
glucose homeostasis. Moreover, AMP level will be increased in contrast to reduced ATP level17. High AMP level 
inhibits fructose 1,6-bisphosphatase activity, which is one of the three rate-limiting enzymes of gluconeogenesis18.  
On the contrary, the elevation of AMP level will activate phosphofructokinase 1, leading to the activation of 
glycolysis. Taken together, low ATP level in Cox7rpKO liver would be involved in decrease of gluconeogenesis. It 
is because liver is the major tissue that is responsible for gluconeogenesis and this metabolic pathway primarily 

Figure 4. Lower blood glucose levels in 4- and 8-month-old Cox7rpKO mice versus WT mice during insulin 
tolerance test (ITT). Cox7rpKO and WT mice at 4-month-old and 8-month-old were fasted for 1 h, then 
injected intraperitoneally with insulin (0.5 U/kg body weight). Blood glucose level (A) and the AUC (B) in 
ITT at 4-month-old. Blood glucose level (C) and the AUC (D) in ITT at 8-month-old. Data are presented as 
means ± SEM (n = 6). *P < 0.05, **P < 0.01, using unpaired Student’s t test.
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requires a significant amount of ATP as energy. Alternatively, the improvement of insulin sensitivity may also 
cause the decrease in blood glucose levels in Cox7rpKO mice. It is known that reduced ATP content is anticipated 
to increase the activity of a fuel-sensing enzyme AMP kinase, which increases insulin sensitivity19.

Concerning that the reduction of blood glucose levels after pyruvate load is getting severe along with aging, it 
could be speculated that other compensatory pathways will be also involved in the glucose homeostasis and aging 
will modulate the efficacy of those pathways. Lower glucose levels will be also related to the shortage of glycogen 
or the reduction of fatty acid synthesis, and the energy depletion may further damage mitochondria structure 
and liver tissues during aging processes. Indeed, we showed that the expression of several mitochondrial carrier 
proteins are reduced in muscles and BAT of Cox7rpKO mice in the previous results of microarray analyses3. Thus, 
it is possible that COX7RP loss could modulate mitochondrial pathways. Overall, we assume that the reduced 
efficacy of electron transport chain in liver will lead to decrease in ATP amounts and activate catabolic pathways 
of glucose homeostasis, putatively modulating the levels of various intermediates involved in TCA cycle and 
associated pathways.

In summary, our results suggest that COX7RP promotes the assembly of respiratory supercomplexes in 
hepatic mitochondria and increases ATP production, subsequently enhancing gluconeogenesis or affecting insu-
lin sensitivity. COX7RP would be assumed as a novel mediator for glucose and energy homeostasis. Further stud-
ies will clarify the precise roles of COX7RP in the regulation of various endocrine metabolic pathways.

Methods
Cox7rp knockout mice. Cox7rpKO mice were generated by Lexicon Genetics using random retroviral 
gene trapping in 129 strain-derived ES cells as described previously3, 20. Cox7rpKO mice were born at Mendelian 
ratios and were fertile. Two pairs of Cox7rpKO heterozygous mice were purchased and backcrossed to the 
C57BL/6 N inbred strain through nine generations to generate Cox7rp-deficient mice and WT littermates. For 
genotyping, genomic DNA derived from tail was used as a template for PCR analysis using specific primers 
as described previously3. To confirm the Cox7rp variant alleles coding for short (111 amino acids) and long 
(113 amino acids) form6, PCR was performed using genomic DNA from tails or heart with primers (forward, 
5′-CTTTCTTGCTTTGCAGAAGGC-3′; and reverse, 5′-GAAGGCCTCGTTTCAGGTGG-3′). Cox7rp PCR 
products are as follows: long form, 56 bp; short form, 50 bp. All animal experiments were approved by the Animal 
Care and Use Committee of Saitama Medical University, and conducted in accordance with the Guidelines and 
Regulations for the Care and Use of Experimental Animals by Saitama Medical University. Mice were maintained in 
a temperature-controlled room (23 °C) with a 12-h light/dark schedule and fed a standard diet (CE2, CLEA Japan),  

Figure 5. Lower blood glucose levels in 4- and 8-month-old Cox7rpKO mice versus WT mice during pyruvate 
tolerance test (PTT). Cox7rpKO and WT mice at 4-month-old and 8-month-old were fasted for 16 h, then 
injected intraperitoneally with pyruvate (2 g/kg body weight). Blood glucose level (A) and the AUC (B) in 
PTT at 4-month-old. Blood glucose level (C) and the AUC (D) in PTT at 8-month-old. Data are presented as 
means ± SEM (n = 4). *P < 0.05, **P < 0.01, using Student’s t test.
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Figure 6. COX7RP promotes assembly of respiratory chain supercomplexes in hepatic mitochondria. 
Mitochondrial proteins of liver from WT (A) and Cox7rpKO (B) mice at 10-month-old were solubilized with 
digitonin in concentration of 8 g/g protein, and subjected to BN-PAGE followed by second-dimensional SDS-
PAGE. Western blot analysis was performed with antibodies for Ndufa9 of complex I, Uqcrc2 of complex 
III, and Risp of complex III. The blots were stripped and reprobed with anti-Cox1 antibody. Positions 
corresponding to the supercomplexes I/III2/IVn and complexes III2 or IV2 are indicated. Percentages of  
Risp, Uqcrc2, Cox1 signal intensities involved in I/III2/IVn, III2 or IV2, and IV1 are shown on the images.  
(C) Mitochondrial proteins of liver from WT and Cox7rpKO mice at 10-month-old were subjected to 
SDS-PAGE. Western blot analysis was performed with antibodies for Risp, Cox1, and Fp70 of complex II. 
Unprocessed original scans of the blots are shown in Supplementary Fig. 2.

Figure 7. COX7RP deficiency reduces ATP production in hepatic mitochondria. (A) Decreased ATP contents 
in liver of 10-month-old Cox7rpKO mice. Data are presented as means ± SEM (n = 6). (B) ATP synthesis rates 
in liver of Cox7rpKO and WT mice. Data are presented as means ± SEM (n = 3). *P < 0.05, **P < 0.01, using 
Student’s t test.
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with free access to water. At 10-month-old, male mice were sacrificed; liver tissues were dissected and immedi-
ately stored at −80 °C until analysis.

Quantitative real-time polymerase chain reaction (qRT-PCR). Total RNAs were extracted 
from the mouse embryonic fibroblasts (MEFs) and liver of wild-type (WT) and Cox7rpKO mice using 
ISOGEN reagent (Nippon Gene, Tokyo, Japan). To examine the Cox7rp gene expression, quantitative reverse 
transcriptase-PCR (qRT-PCR) was performed as described previously21. Briefly, first strand cDNA generated 
from total RNA was subjected to qRT-PCR using SYBR green PCR master mix (Applied Biosystems) and the 
ABI Prism 7000 system (Applied Biosystems). The sequences of PCR primers are as follows: Cox7rp forward, 
5′-GCAGAAGTTGGCTGGAGCTT-3′; Cox7rp reverse, 5′-TATGCTGTCACACTGGAGGTCAG-3′; Gapdh 
forward, 5′-GCATGGCCTTCCGTGTTC-3′; Gapdh reverse, 5′-TGTCATCATACTTGGCAGGTTTCT-3′. The 
comparison of PCR product amounts among differentiation stages was carried out by the comparative cycle 
threshold (Ct) method, using Gapdh as a control.

Western blot analysis. Cytosolic fraction prepared from liver was resolved using 15% SDS-PAGE, and 
then electrophoretically transferred onto polyvinylidene difluoride membranes (Millipore). The membranes 
were probed with anti-COX7RP antibody diluted 1:1,000 (Proteintech), anti-RISP antibody diluted 1:10,000 
(Abcam), anti-Cox1 antibody diluted 1:10,000 (Abcam), anti-Fp70 antibody diluted 1:10,000 (Invitrogen) or 
anti-β-actin antibody diluted 1:5,000 (Sigma-Aldrich). Binding of primary antibodies was detected by horse-
radish peroxidase-conjugated anti-rabbit or anti-mouse immunoglobulin (Ig)G antibody diluted 1:4,000 
(GE Healthcare). Immunoreactive proteins were visualized using enhanced chemiluminescence (Pierce 
Biotechnology).

Oral glucose tolerance test (OGTT). Male Cox7rpKO and WT mice at 4- and 8-month-old (n = 6 for 
each group) were fasted for 16 h before OGTT as described22. Mice were challenged with orally administered 
D-( + )-glucose (2 g/kg body weight). Blood samples were collected from the saphenous vein at 0, 30, 60, and 
120 min after glucose administration. Blood glucose levels were measured using a glucose analyzer (Sanwa 
Kagaku Kenkyusho Co., Ltd.). Plasma insulin levels were measured using the Mouse Insulin ELISA KIT (S-type) 
(Shibayagi Co., Ltd.).

Insulin tolerance test (ITT). Male Cox7rpKO and WT mice at 4- and 8-month-old (n = 6 for each group) 
were fasted for 1 h before ITT as described22. Mice were injected intraperitoneally with insulin (0.5 U/kg body 
weight). Blood samples were collected from the saphenous vein at 0, 30, 60, and 120 min after injection of insulin. 
Blood glucose levels were measured using a glucose analyzer (Sanwa Kagaku Kenkyusho Co., Ltd.).

Pyruvate tolerance test (PTT). Male Cox7rpKO and WT mice at 4- and 8-month-old (n = 4 for each 
group) were fasted for 16 h before PTT. Mice were injected intraperitoneally with sodium pyruvate (2 g/kg body 
weight). Blood samples were collected from the saphenous vein at 0, 10, 30, 60, 90 and 120 min after injection of 
pyruvate.

Calculation of glucose and insulin area under the curve (AUC). The areas under the blood glucose 
level versus time curve of OGTT, ITT, and PTT, and the plasma insulin level versus time curve of OGTT were 
calculated for each subject in Cox7rpKO and WT mice at 4- and 8-month-old.

Measurement of ATP. ATP concentration in liver was quantified using tissues obtained from 10-month-old 
of Cox7rpKO and WT mice. Frozen liver samples were homogenized in 1.0 mL of ice-cold 10 mM HEPES-NaOH 
(pH 7.4) and 0.25 M sucrose buffer. Supernatants were centrifuged at 1,000 g for 10 minutes at 4 °C. One hundred 
µL of supernatant was pipetted into each well of a black non-phosphorescent microplate, placed in a MicroLumat 
Plus luminometer (Berthold Technologies), and processed by the addition of 100 µL of ATP luminescent reagent 
(TOYO B-Net Co.,Ltd.). ATP concentrations were calculated from a calibration curve constructed by the simul-
taneous measurement of standard ATP for each experiment. ATP synthesis in mitochondria was measured as 
described previously3.

Blue native-polyacrylamide gel electrophoresis (BN-PAGE). Liver tissues were homogenized with a 
glass-teflon homogenizer in a buffer containing 10 mM HEPES-KOH (pH 7.4), 0.22 M mannitol, 0.07 M sucrose 
and 0.1 mM EDTA as described3. The liver extracts were centrifuged at 500 g and the supernatants were further 
centrifuged at 10,000 g to precipitate mitochondrial fraction. The mitochondrial fraction (100 µg protein) was sus-
pended in 15 µL of a buffer containing 30 mM HEPES-KOH (pH 7.4), 150 mM potassium acetate and 10% glyc-
erol. Digitonin (digitonin/protein ratio 8 g/g) was added to solubilize the mitochondria. After 30-min incubation 
at 4 °C, solubilized proteins were obtained as supernatant fraction by centrifugation at 22,000 g. Solubilized pro-
teins were supplemented with 0.5 µL of sample buffer (5% coomassie brilliant blue G-250 in 1 M 6-aminocapronic 
acid). Stacking (4%) and separating gels with stepwise 8, 9, 10 and 11% were cast and electrophoresed accord-
ing to the method of Scägger and von Jagow23. Second-dimensional SDS-PAGE and immunoblotting were per-
formed according to standard protocols, and blotted membranes were probed with anti-NDUFA9 (Invitrogen), 
anti-UQCRC2 (Abcam), anti-RISP (Abcam) and anti-COX1 (Abcam).

Statistical analysis. Significance of differences between two groups was analyzed by unpaired Student’s t 
test.
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Burn-induced muscle metabolic 
derangements and mitochondrial 
dysfunction are associated with 
activation of HIF-1α and mTORC1: 
Role of protein farnesylation
Harumasa Nakazawa1,2,3, Kazuhiro Ikeda4, Shohei Shinozaki1,2,5, Masayuki Kobayashi1,2, 
Yuichi Ikegami1, Ming Fu1,2, Tomoyuki Nakamura1,2, Shingo Yasuhara1,2, Yong-Ming Yu2,6,  
J. A. Jeevendra Martyn1,2, Ronald G. Tompkins2,6, Kentaro Shimokado5, Tomoko Yorozu3, 
Hideki Ito7, Satoshi Inoue4,7 & Masao Kaneki1,2

Metabolic derangements are a clinically significant complication of major trauma (e.g., burn injury) 
and include various aspects of metabolism, such as insulin resistance, muscle wasting, mitochondrial 
dysfunction and hyperlactatemia. Nonetheless, the molecular pathogenesis and the relation between 
these diverse metabolic alterations are poorly understood. We have previously shown that burn 
increases farnesyltransferase (FTase) expression and protein farnesylation and that FTase inhibitor 
(FTI) prevents burn-induced hyperlactatemia, insulin resistance, and increased proteolysis in mouse 
skeletal muscle. In this study, we found that burn injury activated mTORC1 and hypoxia-inducible factor 
(HIF)-1α, which paralleled dysfunction, morphological alterations (i.e., enlargement, partial loss of 
cristae structure) and impairment of respiratory supercomplex assembly of the mitochondria, and ER 
stress. FTI reversed or ameliorated all of these alterations in burned mice. These findings indicate that 
these burn-induced changes, which encompass various aspects of metabolism, may be linked to one 
another and require protein farnesylation. Our results provide evidence of involvement of the mTORC1-
HIF-1α pathway in burn-induced metabolic derangements. Our study identifies protein farnesylation 
as a potential hub of the signaling network affecting multiple aspects of metabolic alterations after 
burn injury and as a novel potential molecular target to improve the clinical outcome of severely burned 
patients.

Metabolic derangements in skeletal muscle are a clinically important complication of major trauma, such as burn 
injury, and affect the clinical trajectory of patients with major trauma. These metabolic alterations include various 
aspects of metabolism, such as hyperlactatemia, insulin resistance, muscle wasting, and mitochondrial dysfunc-
tion1–6. The molecular mechanisms that underlie these alterations are incompletely understood. Moreover, lim-
ited knowledge is available about the relation between these metabolic derangements.

Hyperlactatemia is a hallmark of critically ill patients, including those with severe burn injury6–8. 
Hyperlactatemia is an independent risk factor for the mortality of burn patients7. Over and above hypoperfusion 
and subsequent tissue hypoxia, a metabolic shift from mitochondrial oxidative phosphorylation to ATP synthesis 
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by glycolysis in the presence of sufficient oxygen availability has been proposed to contribute to hyperlactatemia 
in critical illnesses, such as sepsis and burn injury9–13. The predominance of glycolysis over mitochondrial oxi-
dative phosphorylation under normoxia was discovered in cancer cells by Dr. Otto H. Warburg in the 1920s, 
referred to as the Warburg effect (also known as aerobic glycolysis). Hypoxia-inducible factor (HIF)-1α is a mas-
ter transcription factor that orchestrates the Warburg effect by upregulating the transcription of glycolytic genes, 
such as glucose transporter-1 (Glut1) and pyruvate dehydrogenase kinase-1 (PDK1), and thereby increases glyc-
olysis, leading to increased lactate production14.

Essentially the same metabolic shift has been termed “cytopathic hypoxia” in critical illness, although the role 
of HIF-1α in cytopathic hypoxia has not been studied9, 10. Several recently accumulating lines of evidence indicate 
that the Warburg effect is not specific to cancer cells, but can be induced by inflammation in non-transformed 
cells15, 16. Increased lactate production plays an important role in the hyperlactatemia associated with critical 
illness. Skeletal muscle is the major site of lactate production in our body. Burn injury increases lactate produc-
tion by skeletal muscle17, 18. These finding raise the possibility that activation of the HIF-1α pathway may play a 
role in the metabolic shift (namely cytopathic hypoxia) in skeletal muscle in critical illness and major trauma. 
However, this possibility has not yet been studied in critical illness, including burn injury. In fact, it is not known 
whether HIF-1α is induced by major trauma (e.g., burn injury).

Activation of mammalian target of rapamycin complex 1 (mTORC1) induces HIF-1α expression in cultured 
cells19–22. Moreover, mTORC1 activation plays a critical role in obesity-induced insulin resistance23. On the other 
hand, the impact of major trauma (e.g., burn injury) on mTORC1 has not been extensively studied, although we 
have previously shown that phosphorylation (activation) of mTOR and p70 S6 kinase (p70S6K) were increased 
at 3 days after burn injury in rats24. In contrast to obesity-induced insulin resistance and burn injury, previous 
studies have shown that sepsis decreases mTORC1 activity in skeletal muscle of rodents25, 26. Whereas both burn 
injury and sepsis lead to insulin resistance, muscle wasting, and hyperlactatemia, the role of mTORC1 in meta-
bolic alterations may differ between burn injury and sepsis.

Furthermore, the relation between hyperlactatemia and insulin resistance is not fully understood. Insulin 
resistance can cause hyperlactatemia in mice. Muscle-specific knockout of insulin receptor substrate (IRS)-1 and 
IRS-2 caused insulin resistance and hyperlactatemia in mice, although neither hyperglycemia nor glucose intol-
erance was induced27. Conversely, hyperlactatemia can induce insulin resistance in skeletal muscle in rodents28, 29.  
Nonetheless, the molecular mechanisms by which insulin resistance induces hyperlactatemia and vice versa 
remain largely unknown.

Cachexia is a complex metabolic syndrome associated with underlying illness and characterized by loss of 
skeletal muscle mass and increased proteolysis30, 31. Cachexia has been considered one of the primary causes of 
mortality of cancer patients. Similarly, cachectic changes, such as muscle wasting, increased protein breakdown, 
and body weight loss, have been recently proposed to constitute a serious disease state that dictates the clini-
cal outcome of critically ill patients, including those with burn injury3, 32, 33 and sepsis34. Inflammation, insulin 
resistance, and mitochondrial dysfunction are associated with cachexia3, 33, 35, 36. However, limited knowledge is 
available about the molecular pathogenesis of cachexia. Little is known about the mechanisms by which cachec-
tic changes, such as muscle wasting and increased protein breakdown, are induced by major trauma (e.g., burn 
injury).

Protein farnesylation is a posttranslational modification of a cysteine residue that is catalyzed by farnesyl-
transferase (FTase). FTase catalyzes the covalent attachment of the farnesyl group to cysteine thiol in the CAAX 
motif located in the carboxyl terminus, where C represents cysteine, A is any aliphatic acid, and X is any amino 
acid in the carboxyl terminus. In an attempt to clarify the molecular mechanisms by which burn injury induces 
metabolic derangements and insulin resistance in skeletal muscle, we have previously shown the important role 
of protein farnesylation17. Burn injury increases FTase expression and the abundance of farnesylated proteins in 
mouse skeletal muscle. Of note, burn-induced increased FTase expression parallels the development of insulin 
resistance and hyperlactatemia17, 37. The maximum effects of burn injury on insulin resistance, hyperlactatemia, 
and FTase expression were observed at 3 days after burn injury compared with sham-burn injury, while signifi-
cant alterations in plasma lactate, insulin signaling, and FTase expression were not observed at 1 day after burn 
injury compared with naïve control mice17, 37. A competitive inhibitor for FTase, FTI-277, prevents burn-induced 
metabolic alterations, including insulin resistance, increases in lactate production, and protein breakdown in 
mouse skeletal muscle. To further study the molecular mechanisms that underlie the protective effects of FTI-277 
and the relation between metabolic alterations and insulin resistance, we examined the effects of burn and FTI-
277 on the HIF-1α pathway and mitochondrial function and morphology.

Results
Burn injury induced HIF-1α expression in mouse skeletal muscle. In our previous study, burn 
injury induced delayed hyperlactatemia at 3 days after burn injury compared with naïve (control) mice, whereas 
the plasma lactate level was not significantly increased at 6 h and 1 day post-burn17. Consistently, HIF-1α protein 
expression was significantly increased in mouse skeletal muscle at 3 days after burn compared with naïve mice, 
although HIF-1α expression was not increased at 6 h post-burn (Fig. 1A and B). At 1 and 7 days post-burn injury, 
there were trends toward increased HIF-1α expression relative to naïve mice, but there were no statistically sig-
nificant differences. In parallel with HIF-1α induction, pyruvate kinase muscle isozyme 2 (PKM2) protein expres-
sion was markedly induced at 3 days after burn injury (Fig. 1A and C). PKM2 is a downstream gene of HIF-1α 
and plays an important role in aerobic glycolysis and increased lactate production38. The burn-induced expression 
of PKM2 is consistent with activation of HIF-1α after burn injury. In contrast, PKM2 expression was undetectable 
in skeletal muscle of naïve mice and at 6 h and 1 day after burn. These results are consistent with previous studies 
which indicate that PKM1, but not PKM2, is expressed in skeletal muscle in mice under a normal condition39. 
PKM2 expression seemed to be increased at 7 days post-burn injury, although the apparent increase in PKM2 
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expression at 7 days post-burn did not achieve statistical significance in comparison with naïve mice (Fig. 1A and 
C). On the other hand, PKM1 expression was not altered after burn injury (Fig. 1A and D).

FTI-277 prevented burn-induced activation of the HIF-1α pathway. FTI-277 treatment reversed 
burn-induced expression of HIF-1α and PKM2 at 3 days after burn injury in mouse skeletal muscle compared 
with vehicle alone (Fig. 2A, B and C). These findings are consistent with our previous study which showed that 
FTI-277 prevented burn-induced hyperlactatemia and increased lactate production by skeletal muscle in mice 
at 3 days post-burn injury17. On the other hand, neither burn injury nor FTI-277 altered the protein expression 
of PKM1 or GAPDH (Fig. 2A, D and E). Burn injury increased mRNA expression of HIF-1α and genes involved 
in basal (insulin-independent) glucose uptake and glycolysis, Glut1 and PDK140, 41, which are the downstream 
targets of HIF-1α (Fig. 3A–C). FTI-277 inhibited burn-induced increases in mRNA levels of HIF-1α, Glut1, and 
PDK1 (Fig. 3A–C). These results indicate that FTI-277 prevented burn-induced activation of the HIF-1α pathway.

Burn injury increased mTORC1 activity and FTI-277 reversed it. Previous studies have shown that 
mTORC1 activation induces HIF-1α in the absence of hypoxia in cultured cells19–21. We, therefore, examined 
the effects of burn injury and FTI-277 on mTORC1 activity. Burn injury markedly increased phosphorylation 
of mTOR, p70S6K, S6, and 4EBP1 in mouse skeletal muscle (Fig. 4). On the other hand, protein expression 
of mTOR, p70S6K, S6, and 4EBP1 was not altered by burn. These results indicate that burn injury increased 
mTORC1 activity.

FTI-277 inhibited burn-induced mTORC1 activation compared with vehicle alone, as indicated by the inhi-
bition of increases in phosphorylation of mTOR, p70S6K, S6, and 4EBP1 in burned mice (Fig. 4). FTI-277 did 
not alter phosphorylation of these proteins in sham-burned mice or protein expression of mTOR, p70S6K, S6, or 
4EBP1 regardless of burn or sham-burn injury.

We wanted to ask whether increased protein phosphorylation after burn is specific to components of mTORC1 
or a generally observed phenomenon in most proteins. In the attempt to address this question, we evaluated phos-
phorylation of mitogen-activated protein kinases (MAPKs). Burn injury increased phosphorylation of extracel-
lular signal-regulated kinase (ERK), decreased phosphorylation of p38 MAPK, and did not alter phosphorylation 
of c-Jun N-terminal protein kinase (JNK) compared with sham-burn (Supplementary Figure 1). ERK expression 
was increased by burn injury. Protein expression of p38 MAPK and JNK was not altered by burn injury. These 
results indicate that the impact of burn injury on phosphorylation status varies dependent on the protein of 
interest.

FTI-277 ameliorated burn-induced mitochondrial dysfunction. Burn injury causes mitochondrial 
dysfunction2–4. Next, we studied the effects of FTI on mitochondrial dysfunction in mouse skeletal muscle. Burn 
injury suppressed ADP-stimulated oxygen consumption rate (OCR) and the maximum OCR capacity, the lat-
ter of which was evaluated by measuring OCR stimulated by FCCP, a mitochondrial oxidative phosphorylation 

Figure 1. HIF-1α and PKM2 expression was induced in skeletal muscle at 3 days after burn injury. Protein 
expression of HIF-1α, PKM2, and PKM1 was examined in skeletal muscle of naïve (Control) mice and burned 
mice at 6 h, 1, 3 and 7 days after burn. HIF-1α and PKM2 protein expression was significantly increased at 3 
days after burn (A–C). Burn injury did not alter protein expression of PKM1 (D). **P < 0.01, ***P < 0.001. ns: 
not significant. n = 4 mice per group.
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uncoupler (Fig. 5A, B and C). FTI-277 significantly ameliorated burn-induced decreases in ADP-stimulated and 
FCCP-stimulated OCRs (Fig. 5A, B and C).

Next, we evaluated complex I-, complex II-, and complex IV-dependent electron transfer capacity by meas-
uring rotenone-inhibitable, succinate-stimulated, and ascorbate-plus-TMPD-stimulated OCRs, respectively. 
Burn injury markedly suppressed complex I-, complex II-, and complex IV-dependent OCRs in mouse skeletal 
muscle compared with sham-burn. FTI-277 significantly ameliorated the burn-induced decreases in the OCRs 
(Fig. 5D, E, F and G). These data indicate that burn injury induced a general decrease in OCRs of various com-
ponents of the electron transport chain to a comparable degree. FTI-277 did not alter mitochondrial function in 
sham-burned mice. Together, these results indicate that FTI-277 mitigated burn-induced suppression of mito-
chondrial oxidative phosphorylation.

FTI-277 prevented burn-induced morphological alterations of the mitochondria. Next, we stud-
ied the effects of burn injury and FTI-277 on the morphology of the mitochondria in mouse skeletal muscle at 
3 days after burn injury. Transmission electron microscopy revealed that burn injury resulted in morphological 
alterations of the mitochondria compared with sham-burn (Fig. 6C and G). Specifically, enlarged mitochondria 

Figure 2. FTI-277 treatment reversed burn-induced activation of the HIF-1α pathway in skeletal muscle. Burn 
injury significantly increased HIF-1α and PKM2 protein expression in mouse skeletal muscle at 3 days post-
burn. FTI-277 treatment reversed burn-induced increased HIF-1α and PKM2 expression (A–C). PKM1 and 
GAPDH protein expression was not altered by burn injury or FTI-277 treatment (A,D and E). ***P < 0.001 vs. 
sham-burn groups, §§§P < 0.001 vs. vehicle-treated burn group. ns: not significant. n = 6 mice per group.

Figure 3. FTI-277 treatment reversed burn-induced induction of HIF-1α, Glut1, and PDK1 genes expression 
in skeletal muscle. mRNA levels of HIF-1α, Glut1, and PDK1 in skeletal muscle were significantly increased at 
3 days after burn. FTI-277 treatment prevented these alterations (A–C). ***P < 0.001 vs. sham-burn groups, 
§§§P < 0.001 vs. vehicle-treated burn group. n = 6 mice per group.
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(such as those with area >0.8 µm2) were observed in skeletal muscle of burned mice, although they were not 
found in sham-burned mice (Average size of the mitochondria [µm2]: Sham + Vehicle: 0.11; Sham + FTI: 0.15; 
Burn + Vehicle: 0.77; Burn + FTI: 0.19). The numbers of the mitochondria were 27, 26, 13, and 23 per 100 µm2 
myofiber area in vehicle- and FTI-277-treated sham-burned mice and vehicle- and FTI-277-treated burned 
mice, respectively. The mitochondrial density was greater in vehicle-treated burned mice relative to the other 
groups (Mitochondrial density [%]: Sham + Vehicle: 3.7; Sham + FTI: 5.0; Burn + Vehicle: 12.1, Burn + FTI: 
5.5). In addition, burn injury induced loss of cristae structure in some area of the mitochondria compared with 
sham-burn (Average length of cristae/mitochondrial area [µm/µm2]: Sham + Vehicle: 13.3; Sham + FTI: 12.7; 
Burn + Vehicle: 6.8; Burn + FTI: 11.6). FTI-277 inhibited these morphological alterations induced by burn injury. 
On the other hand, FTI-277 did not affect the mitochondrial morphology in sham-burned mice.

In the mitochondria, complex I, complex III, and complex IV form respiratory supercomplexes, which are 
important for efficient electron transport and oxidative phosphorylation42, 43. Conversely, disruption of respira-
tory supercomplexes leads to a decrease in oxidative phosphorylation capacity42, 43. Moreover, respiratory super-
complexes exist in the cristae of the mitochondria, and loss of cristae structure has been proposed to be linked 
to decreased formation of respiratory supercomplexes44. We, therefore, studied the effects of burn injury and 
FTI-277 on respiratory supercomplexes in the mitochondria in mouse skeletal muscle by two-dimensional blue 
native PAGE (2D-BN-PAGE). As expected, several respiratory supercomplexes were detected in mouse skele-
tal muscle, including those consisting of: (1) complex I, complex III, and complex IV; and (2) complex III and 
complex IV45. The largest supercomplex is the only supercomplex that consists of complex I, complex III, and 

Figure 4. FTI-277 treatment inhibited burn-induced mTORC1 activation in skeletal muscle. Phosphorylation 
of mTOR, p70S6K, S6, and 4EBP1, which were normalized to total mTOR, p70S6K, S6, and 4EBP1, respectively, 
was significantly increased in skeletal muscle at 3 days after burn injury compared with sham-burn. FTI-277 
significantly inhibited burn-induced increased phosphorylation of these molecules (A,B,D,F,H). Protein 
expression of total mTOR, p70S6K, S6, and 4EBP1 was not altered by burn or FTI-277 (A,C,E,G,I). *P < 0.05, 
***P < 0.001 vs. sham-burn groups, §§P < 0.01, §§§P < 0.001 vs. vehicle-treated burn group. ns: not significant. 
n = 6 mice per group.
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complex IV. When treated with vehicle alone, burn injury decreased the percentage of the signal intensity of the 
complex I-containing largest supercomplex relative to all the signals in the blot compared with sham-burned mice 
(Fig. 7A–D). FTI-277 restored the formation of respiratory supercomplexes in burned mice (Fig. 7A–D). All the 
respiratory supercomplexes included complex III. Total protein abundance of UQCRC2, a component of complex 

Figure 5. FTI-277 ameliorated burn-induced decreases in mitochondrial oxygen consumption rate (OCR) 
in skeletal muscle. ADP- and FCCP-stimulated OCRs were significantly decreased by burn injury at 3 days 
post-burn, both of which were ameliorated by FTI-277 treatment (A–C). Similarly, complex I-, complex 
II-, and complex IV-dependent OCRs were significantly decreased at 3 days after burn injury, all of which 
were ameliorated by FTI-277 (D–G). The time points, in which ADP- (B), FCCP- (C), complex I- (E), 
complex II- (F), and complex IV- (G) dependent OCRs were evaluated, are indicated in A and C. ADP: 
adenosine diphosphate, Oligo: oligomycin, FCCP: carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone, 
Rote: rotenone, AA: antimycin A, Succ: succinate, Asc: ascorbate, TMPD: N, N, N9, N9-Tetramethylp-
phenylenediamine. *P < 0.05, ***P < 0.001 vs. sham-burn groups, §P < 0.05, §§P < 0.01 vs. vehicle-treated burn 
group. n = 4 mice per group.
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III, was not altered by burn injury or FTI-277 (Fig. 7E). These data indicate that respiratory supercomplex forma-
tion was impaired by burn injury and restored by FTI-277. On the other hand, FTI-277 did not alter respiratory 
supercomplexes in sham-burned mice.

FTI-277 inhibited burn-induced ER stress in mouse skeletal muscle. The mitochondria and endo-
plasmic reticulum (ER) physically and functionally interact with each other within cells46. Consistently, dysfunc-
tion and morphological alteration of the mitochondria are often associated with ER stress47. To assess ER stress, 
we evaluated phosphorylation of inositol-requiring enzyme 1 (IRE1), a sensor of ER stress48, and expression of 
glucose-regulated protein (GRP78) (also known as BiP), a master regulator of the unfolded protein response49. 
Burn markedly increased phosphorylation of IRE1 and Grp78 protein expression compared with sham-burn. 
The burn-induced ER stress was consistent with previous studies which indicate that burn injury causes ER stress 
in the liver50, 51. FTI-277 inhibited burn-induced increases in phosphorylation of IRE1 and protein expression of 
Grp78 (Fig. 8A, B and D). IRE1 protein expression was not altered by burn injury or FTI-277 (Fig. 8A and C).

Discussion
Here, we show in mice that burn injury induced activation of the HIF-1α pathway and mTORC1, ER stress, and 
dysfunction and morphological alterations of the mitochondria in skeletal muscle compared with sham-burn. 
HIF-1α protein expression was induced at 3 days after burn injury, the time point at which the maximum effects 
of burn injury on insulin resistance and plasma lactate levels were observed in our previous studies using the 
same mouse model of burn injury17, 36.

FTI-277 blocked the activation of the HIF-1α pathway, almost completely inhibited mTORC1 activation, and 
mitigated ER stress in skeletal muscle of burned mice. Simultaneously, FTI-277 ameliorated mitochondrial dys-
function, morphological alterations, and impaired formation of respiratory supercomplexes in the mitochondria 
in burned mice. In our previous study, burn injury increased the amount of farnesylated proteins in mouse skel-
etal muscle, but this was reversed by FTI-27717. In parallel, FTI-277 prevented burn-induced insulin resistance 
(i.e., impaired insulin signaling, suppressed insulin-stimulated glucose uptake), increases in lactate production 
and proteolysis in skeletal muscle, and hyperlactatemia in mice17. Together, these results indicate that protein 
farnesylation plays an important role in the various effects of burn, namely, metabolic alterations, mitochondrial 

Figure 6. FTI-277 prevented burn-induced mitochondrial morphological changes in skeletal muscle. Enlarged 
mitochondria were observed in skeletal muscle at 3 days after burn injury, although enlarged mitochondria 
were not found in sham-burned mice. In addition, burn injury resulted in loss of cristae structure in some area 
of the mitochondria compared with sham-burn. FTI-277 prevented these morphological alterations induced 
by burn injury. On the other hand, FTI-277 did not affect the mitochondrial morphology in sham-burned mice 
(I–K). Arrows indicate the area with loss of cristae structure (G). (A–D): low magnification (6,800x), (E–H): 
high magnification (18,500x). scale bar: 500 nm. (A,E): sham-vehicle. (B,F): sham-FTI. (C,G): burn-vehicle. 
(D,H): burn-FTI.
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dysfunction, and activation of multiple signaling pathways (i.e., the HIF-1α pathway, mTORC1, and ER stress) 
in mouse skeletal muscle.

Insulin resistance in skeletal muscle can cause increased lactate production by skeletal muscle and hyperlac-
tatemia27. Conversely, hyperlactatemia can induce insulin resistance in skeletal muscle28, 29. Insulin resistance 
contributes to increased proteolysis and muscle wasting52, 53. Thus, these metabolic alterations are unlikely to 
represent separate events that occur coincidentally at the same time point after burn injury. Rather, they appear to 
be intrinsically related to each other via some yet to be determined mechanism(s). However, the precise relation 
between the various aspects of burn-induced muscle metabolic derangements, such as insulin resistance, prote-
olysis, and lactate production, remains to be clarified. Based on our previous study which demonstrated that FTI-
277 reverses all of these metabolic alterations in burned mice17, one can speculate that a common mechanism, 
in which protein farnesylation plays an essential role, is involved in the metabolic alterations after burn injury.

HIF-1α is a master transcription factor that orchestrates the Warburg effect (also known as aerobic glycolysis)14.  
The Warburg effect was originally described as the metabolic reprogramming of cancer cells and is character-
ized by increased glycolysis and lactate production under normoxic conditions. Recent studies have shown that 
the Warburg effect is not specific to cancer cells, but can also be induced by inflammation15, 16. Essentially, the 
“aerobic glycolysis of cancer” and the “cytopathic hypoxia of critical illness” are different terms for the same 
metabolic shift9, 10. Whether HIF-1α induction is associated with cytopathic hypoxia in critical illness, including 
burn injury, has not been investigated. Our study provides the first evidence indicating a role of activation of the 
HIF-1α pathway and the Warburg-like effect (cytopathic hypoxia) in burn-induced metabolic derangements.

In this study, burn injury induced mitochondrial dysfunction, activation of the HIF-1α pathway, activation of 
mTORC1, and ER stress in mouse skeletal muscle, all of which were inhibited by FTI-277. Interaction and cross-
talk have been reported between these changes, although the specific interactions have not been studied in burn 
injury or major trauma. For example, suppression of mitochondrial oxidative phosphorylation leads the HIF-1α 
pathway activation to increase glycolytic ATP synthesis. Conversely, activation of the HIF-1α pathway decreases 

Figure 7. FTI-277 prevented burn-induced impaired mitochondrial respiratory supercomplex assembly in 
skeletal muscle. At 3 days after burn or sham-burn, respiratory supercomplexes in the mitochondria in skeletal 
muscle were separated by blue native (BN) PAGE followed by second-dimensional SDS-PAGE and visualized 
using antibodies for NDFUA9 (a component of complex I), and UQCRC2 and RISP (components of complex 
III). The percentage of the complex I-containing largest supercomplex (SC) signal intensity was decreased in 
vehicle-treated burned mice compared with sham-burned mice. FTI-277 treatment inhibited the burn-induced 
alteration in the supercomplexes. On the other hand, total protein abundance of UQCRC2 was not altered by 
burn injury or FTI-277 (E). SDHA (a component of complex II) was used as a control. WB: Western blotting.
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mitochondrial function54. mTORC1 activation can induce HIF-1α19–22. On the other hand, HIF-1α-mediated 
metabolic reprograming has been shown to activate mTORC155 although previous studies have also shown that 
HIF-1α inhibits mTORC1 activity in a different cellular context56. mTORC1 activation causes or exacerbates ER 
stress57. ER stress increases the activity of the HIF-1α pathway58, 59. ER stress and mitochondrial dysfunction 
are closely related to each other47. A simple linear model, in which upstream and downstream events are clearly 
differentiated, may be inadequate to decipher the crosstalk and reciprocal up- or down-regulation that occurs 
between mTORC1, the HIF-1α pathway, ER, and the mitochondria. Rather, it is possible that these changes might 
enhance one another through positive feedback and feed-forward mechanisms, reaching a critical point at 3 days 
post-burn injury. It is reasonable to speculate, therefore, that a vicious, self-reinforcing cycle, which is composed 
of the activation of HIF-1α and mTORC1, ER stress response, and mitochondrial dysfunction, may underlie the 
evolvement of various aspects of the burn-induced metabolic derangements. Recently, the close link between 
inflammation and metabolic alterations has been increasingly recognized as a major event in the development of 
many disease conditions. Persistent inflammation and metabolic dysfunction enhance each other, forming a met-
abolic inflammatory complex, which, in turn, contributes to the development of many human diseases, including 
sepsis and major trauma34. Collectively, our data suggest that protein farnesylation may be a driver of the vicious 
cycle that causes metabolic inflammatory complex in burn injury.

Figure 8. FTI-277 inhibited burn-induced ER stress in skeletal muscle. Burn injury significantly increased 
phosphorylation of IRE1 (A,B) and Grp78 protein expression (A,D) compared with sham-burn. FTI-277 
mitigated burn-induced increases in phosphorylation of IRE1 and protein expression of Grp78. IRE1 protein 
expression was not altered by burn injury or FTI-277. ***P < 0.001 vs. sham-burn groups, §§§P < 0.001 vs. 
vehicle-treated burn group. n = 6 mice per group.
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mTORC1 activation plays a pivotal role in obesity-induced insulin resistance in mice60. We have previously 
shown that burn injury increased phosphorylation of mTOR and p70S6K in skeletal muscle at 3 days after burn 
in rats23, consistent with the findings in the present study in mice. In contrast, previous studies have revealed 
that mTORC1 activity is decreased in skeletal muscle of septic rodents25, 26, which, in turn, contributes to 
sepsis-induced muscle wasting by decreasing protein synthesis. It is important to note that mTORC1 activation 
as well as decreased mTORC1 activity may promote muscle wasting. A previous study has shown that mTORC1 
activation mediates denervation-induced muscle atrophy by inhibiting the Akt signaling pathway61. Of note, 
denervation-induced decrease in Akt activity is reminiscent of decreased insulin-stimulated Akt activation in 
skeletal muscle of burned mice17, 37, which can be reversed by FTI-27717. Together, it is conceivable that the role of 
mTORC1 in muscle wasting may differ between sepsis and burn injury, although dysregulated mTORC1 activity 
is associated with muscle wasting in these disease conditions.

Loss of cristae structure is associated with mitochondrial dysfunction62, 63. Respiratory supercomplexes are 
localized in the cristae of the mitochondria43. Loss of cristae structure leads to disruption of respiratory super-
complexes, contributing to mitochondrial dysfunction44. Consistently, the formation of respiratory supercom-
plexes was impaired in parallel with the partial loss of cristae structure and decreased oxidative phosphorylation 
capacity of the mitochondria after burn injury. FTI-277 mitigated these alterations in the mitochondria in burned 
mice.

Although immune cells, such as neutrophils, infiltrate into skeletal muscle tissue after burn injury, immunob-
lot analysis with antibody for neutrophil elastase revealed that the level of neutrophils in skeletal muscle of burned 
mice was less than 5% of the levels found in spleen of naïve mice (Supplementary Figure 2). These results suggest 
that most of the proteins in the muscle homogenates, which were used for immunoblotting in this study, were 
derived from skeletal muscle cells rather than infiltrated immune cells, and that the burn-induced changes in the 
proteins tested are mainly attributable to the alterations in skeletal muscle cells.

In summary, burn-induced muscle metabolic derangements, such as insulin resistance and increases in lac-
tate production and proteolysis, are associated with mitochondrial dysfunction, activation of both mTORC1 
and the HIF-1α pathway, and ER stress in mice. Our data indicate that FTI-277 prevents or ameliorates these 
burn-induced alterations, and thereby inhibits cachectic changes in mouse skeletal muscle (Fig. 9). Based on 
previous studies and our data, we speculate that mTORC1, the HIF-1α pathway, mitochondrial dysfunction, 

Figure 9. Schematic presentation of the proposed model: Role of protein farnesylation in burn-induced 
metabolic derangements. Our data indicate that protein farnesylation causes and/or exacerbates activation 
of the HIF-1α pathway and mTORC1, mitochondrial dysfunction, and ER stress, all of which contribute 
in concert to burn-induced muscle metabolic derangements, including insulin resistance and increases 
in lactate production and protein breakdown. Farnesyltransferase (FTase) inhibitor (FTI) prevents burn-
induced metabolic derangements by inhibiting or mitigating the impact of burn injury on HIF-1α, mTORC1, 
mitochondria, and ER stress in mouse skeletal muscle.
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and ER stress are linked to one another, forming a nexus of signaling network that contributes in concert to 
produce burn-induced metabolic derangements in skeletal muscle. Our data suggest that FTI-277 prevents these 
burn-induced metabolic derangements by inhibiting the signaling network in which mTORC1, HIF-1α, ER 
stress, and mitochondrial dysfunction are major players. Importantly, our study identifies protein farnesylation 
as a hub of the signaling network that drives burn-induced alterations in metabolism and inflammatory response 
and as a novel potential molecular target to prevent muscle cachexia in burn patients (Fig. 9). This ability to derail 
this vicious inflammatory and metabolic spiral therapeutically could have a profound impact in critical illness 
and burn injury.

Materials and Methods
Ethics statement. All experiments were carried out in accordance with the institutional guidelines and the 
study protocol was approved by the Institutional Animal Care and Use Committee (IACUC) at the Massachusetts 
General Hospital (the protocol #: 2007N000020). The animal care facility is accredited by the Association for 
Assessment and Accreditation of Laboratory Animal Care.

Animals. We used male C57BL/6 mice (Jackson Laboratory, Bar Harbor, ME) at 8 weeks of age. All the mice 
were housed in a controlled environment (20–22 °C; 12 hours of light/dark) from seven days prior to the burn 
injury or sham-burn injury procedure through the end of the study. The mice were provided with standard rodent 
chow and water ad libitum. The pair-feeding was performed as described previously37. A full-thickness burn injury 
comprising 30% of total body surface area was produced under anesthesia with pentobarbital sodium (50 mg/kg 
BW, IP) by immersing the abdomen for 6 sec and both sides of the flank for 4 sec in 80 °C water as previously 
described17, 37. Sham-burned mice were immersed in lukewarm water. Starting at 2 h after burn or sham-burn, 
the mice were treated with FTI-277 (N-[4-[2(R)-amino-3-mercaptopropyl] amino-2-phenylbenzoyl] methionine 
methyl ester trifluoroacetate salt) (5 mg/kg BW/day, IP, Sigma, St. Louis, MO) or vehicle (phosphate-buffered 
saline [PBS]) for 3 days. To minimize animal suffering and distress after burn injury, buprenorphine (0.1 mg/kg 
BW, SC) was administered 30 min prior to burn and sham-burn and every 8 h for 72 h after burn or sham-burn. 
For resuscitation, prewarmed normal saline (0.04 ml/g BW, IP) was injected just after burn or sham-burn. 
Postoperatively, the mice were kept warm with heating lamps and monitored continuously until recovery of con-
sciousness and mobility. Signs of pain and/or distress (as indicated by reduced activity, change in temperament, 
decreased food intake, abnormal vocalization, abnormal posture, self-mutilation of wound) and mobility of the 
mice were monitored every 8 h for 72 h after burn or sham-burn and once daily thereafter until the end of the 
study. The body weight and food intake were measured every day. None of the mice died or showed any of the 
signs of pain or distress, 15% or greater body weight loss compared with the initial body weight just after burn or 
sham-burn, or skin wound infection in this study. At 3 days after burn or sham-burn, rectus abdominis muscle 
was collected for biochemical analyses and transmission electron microscopy. At the end of study, the mice were 
euthanized by carbon dioxide asphyxiation.

Immunoblot analysis. Immunoblotting was performed as previously described17, 64. Briefly, muscle tis-
sues were pulverized under liquid nitrogen and homogenized in homogenization buffer A (50 mM HEPES pH 
8.0, 150 mM NaCl, 2 mM EDTA, 7.5% SDS, 2% CHAPS, 10% glycerol, 10 mM sodium fluoride, 2 mM sodium 
vanadate, 1 mM PMSF, 10 mM sodium pyrophosphate, protease inhibitor cocktail). Equal amounts of protein, 
determined by detergent-compatible protein assay kit (Bio-Rad, Hercules, CA), were boiled for 5 min in Laemmli 
sample buffer, separated by SDS-PAGE, and transferred onto nitrocellulose membranes (Bio-Rad). The mem-
branes were soaked in blocking buffer (GE Healthcare, Pittsburgh, PA) for 1 h and then incubated overnight at 
4 °C with anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Trevigen, Gaithersburg, MD, #2275-PC-1) 
(dilution 1:25,000), anti-HIF-1α (1:2,000) (Cayman Chemical, Ann Abor, MI, #10006421), anti-PKM2 (#3198) 
(1:5,000), anti-PKM1 (#7067) (1:25,000), anti-phospho-mTOR (Ser 2448) (#5536) (1:2,000), anti-mTOR (#2983) 
(1:5,000), anti-phospho-p70S6K (Ser 371) (#9208) (1:2,000), anti-p70S6K (#2708) (1:5,000), anti-phospho-S6 
(Ser 235/236) (#2211) (1:2,000), anti-S6 (#2217) (1:5,000), anti-phospho-4EBP1 (Thr 37/46) (#2855) (1:25,000), 
anti-4EBP1 (#9644) (1:25,000), anti-phospho-p38 MAPK (Thr 180/Tyr 182) (#9211) (1:5,000), anti-p38 MAPK 
(#9212) (1:5,000), anti-phospho-p44/42 MAPK (Erk1/2) (Thr 202/Tyr 204) (#4370) (1:5,000), anti-p44/42 MAPK 
(Erk1/2) (#4695) (1:5,000), anti-phospho-SAPK/JNK (Thr 183/Tyr 185) (#4668) (1:5,000), anti-SAPK/JNK 
(#9258) (1:5,000) (Cell Signaling Technology, Danvers, MA), anti-phospho-IRE1 (Ser 724) (Novus Biological, 
Littleton, CO, #NB100-2323) (1:2,000) and anti-IRE1 (#ab37073) (1:5,000), anti-GRP78 BiP (ab21685) (1:5,000), 
anti-Neutrophil Elastase (ab68672) (1:5,000) (Abcam, Cambridge, MA) and anti-Actin (A5060) (1:25,000) 
(Sigma) followed by incubation with secondary antibody (antibody recognizing rabbit or mouse IgG) conjugated 
to horseradish peroxidase for 1 h at room temperature (1:25,000 or 1:50,000). Antigen-antibody complexes were 
detected by enhanced chemiluminescence reagent (Lumigen, Southfield, MI). The immunoblots were scanned 
using the HP Scanjet 4850 (Hewlett-Packard, Palo Alto, CA). Densitometric analysis of the results was carried out 
using NIH ImageJ software (ver. 1.62).

Isolation of total RNA and quantitative reverse transcription polymerase chain reaction 
(RT-PCR). Total RNA was isolated with TRIzol reagent (Life Technologies, Grand Island, NY) from skele-
tal muscle at 3 days after burn or sham-burn injury. The first-strand cDNA was synthesized from 1 µg of total 
RNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA). RT-PCR 
was performed using 10 ng of cDNA and TaqMan probes (Applied Biosystems) for HIF-1α (Mm00468869_m1), 
Glut1 (Mm00441480_m1), PDK1 (Mm00554300_m1), and GAPDH (Mm99999915_g1) using Mastercycler 
(Eppendorf, Westbury, NY). mRNA levels were normalized to that of GAPDH.
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Measurement of mitochondrial respiration. The Seahorse XFp Extracellular Flux Analyzer (Seahorse 
Bioscience, North Billerica, MA) was used to measure the mitochondrial oxygen consumption rate (OCR) 
as an indicator of mitochondrial respiration. For these measurements, we used fresh muscle as described 
previously65. Briefly, to isolate the mitochondrial fraction, immediately after the muscles were excised under 
anesthesia, they were minced in ~10 volumes of cold MSHE + BSA buffer (70 mM sucrose, 210 mM man-
nitol, 5 mM HEPES, 1 mM EGTA and 0.5% fatty acid-free BSA, pH 7.2) at 4 °C and all subsequent steps of 
the preparation were performed on ice. The tissues were homogenized using a drill-driven Teflon dounce 
homogenizer for 10 strokes. Homogenates were centrifuged at 800 g for 10 minutes at 4 °C. Following the cen-
trifugation, the fat/lipid layer was carefully aspirated, and the remaining supernatant was decanted through 
2 layers of cheesecloth into a separate tube and centrifuged at 8,000 g for 10 minutes at 4 °C. After removing 
the light layer, the final pellets were resuspended in a minimal volume of MSHE + BSA buffer. Total protein 
concentrations in the mitochondrial fraction were determined using the Bradford Assay reagent (Bio-Rad) 
and the concentration was adjusted to 0.1 mg/ml. Then, 25 µl (2.5 µg) of isolated mitochondria was applied 
into each well and centrifuged at 2,000 g for 20 min at 4 °C. After the centrifugation, 155 µl of pre-warmed 
(37°) 1x MAS buffer (70 mM sucrose, 220 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1 mM 
EGTA and 0.2% fatty acid-free BSA, pH 7.2) + substrates were added to each well and incubated at 37 °C in 
a non-CO2 incubator. The plate was transferred to the XFp analyzer after confirming consistent adherence of 
the mitochondria under a microscope. Two experimental designs were used for this experiment. In the first 
design, mitochondrial OCR was sequentially measured in the following states; (i) basal respiration in the 
presence of substrates (2 mM of glutamine, 5 mM of pyruvate, and 2.5 mM malate), (ii) phosphorylating respi-
ration induced by 4 mM of adenosine diphosphate (ADP), (iii) in the presence of the ATP synthase inhibitor, 
2.5 µg/ml oligomycin, and (iv) maximal respiration induced by 5 µM of carbonyl cyanide 4-(trifluorometh-
oxy) phenylhydrazone (FCCP); a mitochondrial uncoupler, with 0.5 mM of reduced form of nicotinamide 
adenine dinucleotide (NADH) and 100 µM of decylubiquinone. ADP-stimulated OCR and FCCP-stimulated 
OCR were assessed by the change in OCR between pre- and post-injection of ADP and FCCP, respectively. 
The second type of experiment examined sequential electron flow through different complexes of the electron 
transport chain. This experiment began with the mitochondria utilizing complex I respiration in an uncoupled 
state (10 mM pyruvate, 2 mM malate, and 4 µM FCCP). The following compounds (final concentrations) were 
then added sequentially: rotenone (2 mM), succinate (10 mM), antimycin A (4 mM), and ascorbate/ N, N, N9, 
N9-Tetramethylp-phenylenediamine (TMPD) (1 mM and 100 mM, respectively). Because oxidation of pyru-
vate/malate is mediated via complex I, injection of rotenone inhibits complex I-dependent electron transport. 
Injection of succinate allows the mitochondria to respire via complex II, and OCR values increase. Electron 
flow was then inhibited at complex III by antimycin A. Finally, addition of ascorbate and TMPD (which act as 
electron donors to cytochrome C/complex IV) elicited an increase in the OCR. Complex I-, complex II-, and 
complex IV-dependent OCRs were assessed by the OCR change between pre- and post-injection of rotenone, 
succinate, and ascorbate/TMPD, respectively.

Transmission electron microscopy. Tissue samples, which were collected from one mouse per each of the 
four groups, were immediately fixed in a 2.5% paraformaldehyde/2.5% glutaraldehyde solution in 0.1 M sodium 
cacodylate buffer (pH 7.4) (Electron Microscopy Sciences, Hatfield, PA), followed by osmication, uranyl acetate 
staining, and dehydration in alcohols. The samples were then embedded in Taab 812 Resin (Marivac Ltd., Nova 
Scotia, Canada). Sample blocks were cut (80 nm sections) with a Leica ultracut microtome, picked up on 100 
mesh formvar/carbon-coated Cu grids (Electron Microscopy Sciences), stained with 0.2% lead citrate, and viewed 
and imaged under the Philips Technai BioTwin Spirit Electron Microscope (FEI, Hillsboro, OR) at the Harvard 
Medical School Electron Microscopy facility. The number and size of the intermyofibrillar mitochondria were 
evaluated by tracing by the outline of the mitochondria at 6,800× magnification using ImageJ software66. The 
mitochondrial density is expressed as the percent of total myofiber area66. An average of 83 mitochondria were 
traced per animal. To evaluate partial loss of cristae structure, the length of cristae was measured at 18,500× mag-
nification and normalized to the mitochondrial area.

Blue native PAGE. Two-dimensional blue native PAGE was performed as described previously67. Briefly, 
skeletal muscle, which was collected from one mouse per each of the four groups, was homogenized with a glass 
Teflon homogenizer in buffer containing 10 mM HEPES-KOH (pH 7.4), 0.22 M mannitol, 0.07 M sucrose, and 
0.1 mM EDTA. The extracts were then centrifuged at 500 g and the mitochondrial fraction was precipitated by 
further centrifugation at 10,000 g. The mitochondria (100 µg mitochondrial protein) were suspended in 10 µl of 
a buffer containing 50 mM Bis-Tris and 1 M 6-aminocaproic acid. Digitonin was added to solubilize the mito-
chondria. After a 30-min incubation at 4 °C, the solubilized proteins were obtained from the supernatant frac-
tion by centrifugation at 22,000 g. The solubilized proteins were supplemented with 1 µl of sample buffer (5% 
Coomassie brilliant blue G-250 in 0.5 M 6-aminocaproic acid). A stacking gel (4%) and separating gels with a 
stepwise gradient of 8, 9, 10 and 11% were cast and electrophoresed. The second-dimension SDS-PAGE and 
immunoblotting were performed according to standard protocols, and the blot was probed with anti-NDUFA9 
(#459100), anti-succinate dehydrogenase complex, subunit A (SDHA) (#459200) (Invitrogen, Waltham, MA), 
anti-UQCRC2 (#ab14745), and anti-RISP antibodies (#ab14746) (Abcam). Signal intensities of the blots were 
evaluated by ImageJ.

Statistical analysis. The data were compared with two-way ANOVA followed by Tukey multiple compar-
ison test. A value of p < 0.05 was considered statistically significant. All values are expressed as means ± SEM.
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Abstract

Embryogenesis in placental mammals is sustained by exquisite interplay between the embryo proper and placenta. UTF1 is
a developmentally regulated gene expressed in both cell lineages. Here, we analyzed the consequence of loss of the UTF1
gene during mouse development. We found that homozygous UTF1 mutant newborn mice were significantly smaller than
wild-type or heterozygous mutant mice, suggesting that placental insufficiency caused by the loss of UTF1 expression in
extra-embryonic ectodermal cells at least in part contributed to this phenotype. We also found that the effects of loss of
UTF1 expression in embryonic stem cells on their pluripotency were very subtle. Genome structure and sequence
comparisons revealed that the UTF1 gene exists only in placental mammals. Our analyses of a family of genes with
homology to UTF1 revealed a possible mechanism by which placental mammals have evolved the UTF1 genes.
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Introduction

During embryogenesis in placental (eutherian) mammals, cell
division that gives rise to two cell lineages occurs around the
formation of the blastocyst [1]. One of these constituents, the inner
cell mass (ICM), gives rise to the entire embryo proper and some
portions of the extra-embryonic tissues, while the other constitu-
ent, trophectoderm, is exclusively involved in the generation of
extra-embryonic tissues. The placenta, one of the major extra-
embryonic tissues, is a complex tissue comprising the allantoic/
chorionic mesoderm, parietal/visceral endoderm, and chorionic
ectoderm that is one of the derivatives of trophectoderm [2–4].
The placenta plays many important roles in nurturing the embryo,
including the exchange of gases, nutrients and wastes between the
embryo and its mother’s body. The placenta is also known to be an
important source of hormones and growth factors involved in
sustaining pregnancy.

Embryonic stem cells (ESCs) are established from the ICM, and
are capable of growing indefinitely in culture while preserving
their pluripotency [5,6]. Since their discovery, ESCs have

contributed greatly to progressing our understanding of embryonic
development [7]. As a result of defining transcription factors that
play critical roles in preservation of pluripotency, induced
pluripotent stem cells (iPSCs) have been developed [8]. However,
relatively little is known about the molecular mechanisms that
underlie development of the placenta. The Sox2 gene encodes one
of the reprogramming factors used to generate iPSCs, which is
strongly expressed in pluripotent early embryonic cells and extra-
embryonic ectodermal cells (the immediate precursor of chorionic
ectoderm), as well as in neural stem/progenitor cells. Moreover,
gene targeting analyses have revealed a cell-autonomous require-
ment for Sox2 to preserve the undifferentiated characteristics of all
three cell lineages that express Sox2 [9–12]. The UTF1 gene is
widely recognized as one of the strict pluripotency marker genes,
but its expression is not restricted to pluripotent embryonic cells.
Similar to Sox2, UTF1 is also expressed in extra-embryonic
ectodermal cells but not in neural progenitor cells [13]. Recently, a
new role of UTF1 in pluripotent cells has been uncovered, in
which UTF1 limits bivalent gene silencing by preventing excessive
PRC2 loading and H3K27 trimethylation [14]. However, the
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biological consequence of loss of UTF1 in ESCs was not well
defined in the previous study. Moreover, knockout mouse studies
examining the roles of UTF1 in mouse development, including its
role in other UTF1-expressing cells, i.e., extra-embryonic ecto-
dermal cells, have not yet been performed.

Here, we used targeted disruption of the UTF1 gene to examine
its roles in mouse embryogenesis. We show that UTF1 is not
essential for the entire process of embryogenesis. However, a
UTF1-null background leads to a developmental delay in mid-
gestation embryos and newborn mice. Our data suggest that
placental insufficiency incurred by the loss of UTF1 expression in
extra-embryonic ectodermal cells at least in part contributes to this
developmentally delayed phenotype. Genome sequence and
structural analyses revealed that the UTF1 gene exists only in
placental mammals, and is not present even in the most closely
related mammals (i.e. marsupials). Thus, we propose that UTF1
has evolved to advance eutherian embryogenesis that strongly
depends on placental function.

Materials and Methods

Construction of UTF1-targeting Vectors
Genomic clones carrying the UTF1 gene were isolated from the

mouse 129 SVJ lFixII library (Stratagene). The nucleotide
sequence at the translation initiation site (59-GGATGC-39) was
changed to provide a NcoI site (59-CCATGG-39) to facilitate
subcloning. A targeting vector for the UTF1 gene was designed to
remove the region encoding from the 1st initiating methionine to
the 168th amino acid to render the remaining region encoding
from the 169th to 339th amino acid nonfunctional because of
insertion of a drug resistance gene containing a stop codon, and a
poly(A) addition signal preceded the remaining region. To
construct targeting vectors, 59 (2.9 kb BamHI-NcoI fragment)
and 39 (2.4 kb NotI-BglII fragment) homologous arms of the
UTF1 gene were cloned into a pBluescript (Stratagene)-based
vector carrying the negative selection TK gene together with either
the Neo-poly(A) cassette (Figure S1). The targeting vectors bearing
either Bsd-poly(A) or puro-poly(A) cassettes were also constructed
for electroporation-mediated sequential disruption of UTF1 loci
(Figure S2).

ESC Culture, Transfection, and Screening
To generate UTF1 homozygous mutant ESCs by gene

targeting, E14 ESCs were first adapted to a feeder-free condition
as described by Niwa et al. [15]. Then, feeder-free cultured ESCs
were transduced with the linearized targeting vector containing a
blasticidin-resistance gene by electroporation, and then treated
with 5 mg/ml blasticidin S. After selection of correctly targeted
ESC clones, the linearized targeting vector containing a puromy-
cin-resistance gene was transduced to disrupt the remaining wild-
type allele of the UTF1 gene. Southern blot and PCR analyses
were performed using the probes and primers described in Figure
S2A to identify UTF1 homozygous mutant clones among ESC
clones that were resistant to both blasticidin S and puromycin. To
generate UTF1 heterozygous mutant ESCs for blastocyst injection,
the linearized targeting vector containing a neomycin resistance
gene was transduced into E14 ESCs cultured on mitomycin C-
treated MEFs. Correctly targeted ESC clones were then selected
among G418-resistant clones by Southern blot analyses using the
probes shown in Figure S1A.

In vitro Differentiation of ESCs
To examine the differentiation propensity, UTF1 heterozygous

and homozygous mutant ESCs were subjected to embryoid body

formation as described elsewhere [16]. RNAs were recovered from
differentiation-induced or uninduced ESCs, reverse transcribed,
and then analyzed by real-time PCR using Taqman probes
according to the manufacturer’s instructions (Applied Biosystems).

Immunostaining
Immunostaining was performed using the following primary

antibodies at the indicated dilutions: anti-UTF1 (1:100) [13], anti-
phospho-histone H3 (Ser10) (1:50) (Cell Signaling Technology),
anti-Oct-4 (1:400) (Santa Cruz Biotechnology), anti-Nanog (1:200)
(ReproCell), anti-nestin (1:400) (Beckton-Dickinson), and anti-TujI
(1:500) (Convance). These antibodies were used in combination
with appropriate Alexa Fluor dye-conjugated secondary antibodies
(Molecular Probes). Cells were counterstained with DAPI (Sigma).

Establishment of iPSCs from MEFs and ESCs from
blastocysts. iPSC induction was performed as described by
Takahashi and Yamanaka [8] and establishment of ESCs from
blastocysts was conducted according to a method by Bryja et al.
[17], except under a feeder-free condition.

Generation of UTF1 Homozygous Mutant Mice
UTF1 heterozygous mutant ESCs were injected into blastocysts

to generate chimeric mice. Chimeras were bred to generate F1
heterozygous mutant mice that were backcrossed with wild-type
female or male C57BL/6J mice over 10 generations before
intercrossing between heterozygous mutant mice to generate
UTF1 homozygous mutant mice.

Chimeric Mouse Analyses of UTF1 Homozygous Mutant
ESCs

UTF1 homozygous mutant ESCs generated from blastocysts
obtained by intercrossing between UTF1 heterozygous mutant
mice were labeled with fluorescent Kusabira orange protein. The
labeled ESCs were injected into blastocysts that were transferred
into surrogate mice. Embryos (9.5 dpc) were recovered and
inspected under a fluorescence microscope as well as in bright
field.

Genomic DNA Data Analyses
All genomic DNA sequence data were collected from the

Ensemble Genome Database and NCBI database. We noted that
the opossum genome sequence data had two small gaps in the
region subjected to our analyses, whereas the wallaby genome
sequence lacked the entire portion. To fill in the two gaps present
in the opossum assembly, oligonucleotide sets were designed to
amplify these two gaps using available database information.
These primers were used for PCR with the opossum genome as a
template, and then the DNA sequences of the PCR products were
determined. To obtain the wallaby sequence, BAC DNA (clone
411E1) bearing the KNDC1 gene was pulled out from the Me_KBa
(Arizona Genome Institute, USA) library panel using overgos
designed for KNDC1 (59-GTTTACTGTGTGGCAGCCA-
TACTG-39 and 59-ATTTAGCTGCGGTCCACAG TATGG-
39). After confirmation of the presence of the VENTX gene in the
BAC DNA by PCR and chromosomal location by fluorescence in
situ hybridization on wallaby metaphase chromosomes as de-
scribed by Deakin et al. [18], the entire DNA sequence was
determined by shotgun sequencing. In this process, available
opossum and wallaby genomic sequences were used as references
for localization of the determined sequences. VISTA sequence
alignment was performed using the VISTA program (http://
www-gsd.lbl.gov/vista) based on the sequences obtained from the
Ensemble Genome Database and NCBI database. For phyloge-
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netic analyses, the sequences of UTF1 (human, and mouse),
ZCAN20 (human, horse, elephant, cow, pig, opossum, and
platypus), ZSCAN20-like (opossum, Tasmanian devil, and platypus)
and ZSCAN29 (human, and platypus) were aligned using Clustal W
software with manual corrections. The number of nucleotide
differences per site (p-distance) was then calculated using
Molecular Evolutionary Genetics Analysis (MEGA) [19] for
evolution analysis. A neighbor-joining tree analysis [20] was
performed in MEGA using pairwise deletion for gaps/missing
data.

Accession Number
The accession number of the DNA sequence (BAC clone,

411E1 from the Me_KBa library) reported in this paper is
AB731477.

Animal Ethics
This study was carried out in strict accordance with the

international and institutional guidelines. The protocol was
approved by institutional review boards on the Ethics of Animal
Experiments of the Saitama Medical University (Permit Number:
1020). All surgery was performed after the death by cervical
dislocation under anesthesia with vapor of diethyl ether, and all
efforts were made to minimize suffering.

Supplemental Information
Supplemental Information includes seven figures and one table.

Results

Developmental Delay of the UTF1 Knockout Embryo
To explore the role of the UTF1 gene in development, we

generated UTF1 knockout mice (Figure S1). UTF1 heterozygous
mutant ESCs were used to produce chimeric mice. Heterozygous
intercrosses yielded homozygous mutant embryos within the range
of expected Mendelian ratios during gestational stages, suggesting
that loss of UTF1 in mouse pluripotent cells does not eliminate
their multi-lineage differentiation potential (Table S1). However,
most of the UTF1 homozygous mutant mice died within a day
after birth and none survived for more than 2 days. Newborn
UTF1 homozygous mutant mice were significantly smaller than
wild-type and heterozygous mutant mice at birth (Table S1).
Growth retardation of UTF1 homozygous mutant mice became
evident at the mid-gestational stage (Figure 1A). However, a
comparison between mutant embryos at different stages showed
that they continued to increase in size, suggesting that this small
phenotype does not reflect a blockade of development at specific
embryonic stages, but is due to retardation of the developmental
progression rate.

To detect any abnormality in the organs of UTF1-null mouse
embryos, sections of wild-type and UTF1 homozygous mutant
embryos were prepared (Figure 1B). We observed no abnormal-
ities in any tissue, except for the heart at 14.5 dpc, which was
covered with a myocardial layer that was significantly thinner than
that of wild-type embryos. However, by 16.5 days, the thickness of
the myocardial layer of mutant embryos became equivalent to that
of the wild-type embryo at 14.5 dpc (data not shown), which was
consistent with the delay in the development process of mutant
mice. We also used Alizarin and Alcian blue staining to
demonstrate a delay in the replacement of cartilaginous ribs with
ossified ribs in mutant embryos (Figure 1C). This observation can
be also explained by the developmental delay in mutant embryos.

Developmental Delay of the UTF1 Homozygous Mutant
Placenta

UTF1 homozygous mutations provoke a developmental delay
that becomes apparent at the mid-gestational stage. However,
expression of the UTF1 gene is abruptly silenced during
gastrulation [13], and no UTF1 expression is evident in mid-
gestation embryos except for primordial germ cells (PGCs). We
previously showed that UTF1 is also expressed in extra-embryonic
ectodermal cells as well as in pluripotent early embryonic cells
[13]. Here, we also found that UTF1 expression was readily
detectable in wild-type 12.5 dpc placentas by immunohistochem-
ical analyses, but UTF1 was undetectable at 14.5 dpc (Figure 2A).
Furthermore, our data showed that UTF1 was expressed in
trophoblast stem cells (Figure S3). Because hypotrophy of the
placenta is one of the major causes of intra-uterine growth
restriction syndrome [21,22], a general delay in growth and
development of homozygous null embryos can be explained by
placental insufficiency. Consistent with this possibility, we found
that the UTF1 homozygous mutant placenta was significantly
smaller than the wild-type placenta at 14.5 dpc, but continuously
enlarged and, therefore, size of UTF1 homozygous mutant
placenta at 16.5 dpc was comparable to wild-type at 14.5 dpc
(Figure 2B). The UTF1 homozygous null placenta was also less
mitotically active as revealed by analyses of phosphorylated
histone H3 that marks mitotic cells (Figure 2C). Detailed
histological inspection revealed the glycogen trophoblast cell layer
in 16.5 dpc (but not 14.5 dpc) UTF1 mutant placentas, demon-
strating their equivalent developmental stage to that of 14.5 dpc
wild-type embryos [23] (Figure 2D and Figure S4). Taken
together, our results indicate that homozygous disruption of the
UTF1 gene results in a significant developmental delay of the
placenta and embryo.

Phenotypes of Homozygous UTF1 Knockout Mice
Depend on their Genetic Background

It is known that the phenotypes associated with disruption of a
gene sometimes vary significantly depending on the genetic
background of the mice. The ICR mouse strain tends to show
less extreme gene disruption effects than those of other mouse
strains [24,25]. We therefore intercrossed UTF1 heterozygous
mutant mice, which have a C57BL/6J background, with wild-type
ICR mice and backcrossed the F1 progeny with ICR mice. We
then used these UTF1 heterozygous mutant mice with a C57BL/
6J (25%) and ICR (75%) background to generate UTF1
homozygous mutant mice. Surprisingly, we found that the
UTF1-null mice generated after these procedures were viable
and fertile, unlike UTF1-null mice generated from mice with a
complete C57BL/6J background. However, growth defects in
UTF1 knockout embryos were equally evident irrespective of the
genetic background of the mouse (Figure 3). These conspicuously
milder phenotypes of UTF1-null mutants from mice with the
mixed background are consistent with our hypothesis that UTF1
knockout causes only a general delay of growth and development
without leading to a specific defect.

Acquisition of Pluripotency with the UTF1-null
Background

Generation of viable mouse pups with the UTF1-null back-
ground was rather unexpected because UTF1 has been demon-
strated to play important roles in pluripotency [14,26] by analyses
of ESCs. To scrutinize the roles of UTF1 in ESCs, we first
examined whether there is any bias in generating UTF1-null ESCs
from UTF1 heterozygous mutant ESCs rather than generating
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heterozygous mutants from wild-type ESCs by electroporation-
mediated disruption of the UTF1 gene with the targeting vector
(Figure S2). We found that at least no strong bias existed to disrupt
the second UTF1 allele compared with that of the first allele
(Figure 4A). Nanog is one of the major pluripotency factors
[27,28], and is dispensable for maintaining, but essential for
acquiring pluripotency [29,30]. Therefore, we decided to explore
the possibility of crucial involvement of UTF1 in establishing
pluripotency. To this end, we examined whether UTF1-null
mouse embryonic fibroblasts (MEFs) can serve as somatic cells to
generate induced pluripotent stem cells (iPSCs) by transduction of
defined transcription factors [8,31,32]. Unlike Nanog-null somatic
cells, we found that UTF1-null MEFs could generate iPSCs by
retrovirus-mediated transduction of reprogramming factors. Con-
sistent with previous reports [14,26], we found that the expression
levels of Oct3/4 and Nanog in UTF1-null ESCs and iPSCs were
comparable with those in wild-type ESCs (Figure 4B). Moreover,
we confirmed the ability of UTF1-null iPSCs to generate
teratomas with all three germ layers (Figure 4C).

To determine whether UTF1-null ESCs can also be generated
from UTF1-null blastocysts, we grew blastocysts obtained from
UTF1 heterozygous mutant intercrosses in ESC medium. Geno-
typing of 18 independent ESC clones revealed that five were null
for UTF1, which was approximately the quarter of expected clones
based on the Mendelian segregation ratio. The ESC status of these
cells was again confirmed by the expression of Oct3/4 and Nanog
(Figure 5A), and teratoma formation (data not shown). Thus,
unlike the Nanog knockout, a UTF1-null knockout does not affect
the establishment of ESCs or iPSCs. Examination of the
differentiation propensity of UTF1-null ESCs confirmed the
previous demonstration [14] of an alteration in the induction of
differentiation due to the loss of UTF1, in which some
differentiation marker genes became rather refractory to differen-
tiation cues, while others underwent more extensive up-regulation
compared with that in UTF1 heterozygous mutant ESCs
(Figure 5B). However, we did not observe noticeable difference
between UTF1 heterozygous and homozygous mutant of 7.5 dpc
embryos with respect to expression levels of early differentiation
marker genes (brachyury and Cdx2) (Figure S5). Also consistent with
previous report [14], we found that Arf tumor suppressor protein
levels was elevated in UTF1 homozygous mutant ESCs compared
to UTF1 heterozygous mutants (Figure 5C). Next, as a rigorous
test of pluripotency, we performed chimeric analyses using UTF1-
null ESCs for blastocyst injection. Although we obtained chimeric
9.5 dpc embryos in which fluorescent Kusabira orange-labeled
UTF1-null ESCs populated entire portions of an embryo, we could
only obtain chimeric embryos in which contribution of UTF1-null
ESCs was much less than that from ICM cells (Figure 5D). These
results were rather unexpected because intercrosses of UTF1
heterozygous mutant mice gave rise to viable, albeit small, UTF1
homozygous mutant mice. One possible explanation is that UTF1-
null ESCs bear an essentially appreciable, but not completely
intact, pluripotent property, in which the defect becomes clearly
discernible by competition with ICM cells for distribution in the
embryo.

UTF1 Gene was Generated in the Eutherian Radiation
The evolution of placental growth genes is of considerable

interest because the longevity and complexity of the placenta in
eutherians are the major characteristics that separate the sister
groups of therian mammals. The UTF1 gene has been identified in
many eutherian mammalian species including mice [13] and
humans [33]. To examine whether non-placental mammals also
possess UTF1, we first searched for nucleotide sequences
homologous to human UTF1 in the available vertebrate genomes.
No UTF1 orthologues were found in fish, frog, lizard, bird,
monotreme or marsupial genomes.

Next, we searched within these genomes for homologues of
genes adjacent to UTF1 in placental mammals. In eutherian
genomes, KNDC1, UTF1, VENTX and MIR202 genes were found
in this order in which the MIR202 gene resides closest to the end of
the chromosome, although the VENTX gene is absent in marmoset
and rodents. In marsupials, we found homologues to the KNDC1–
VENTX-mir202 syntenic region, but detected no sequences with
significant similarity to UTF1 (Figure 6A). The available opossum
genome assembly has two small gaps in the region corresponding
to the UTF1 locus, and the wallaby genome has a large gap
corresponding to the position of UTF1 and adjacent genes. We
resequenced to fill these gaps in both opossum and wallaby
genomes, but found no sequences with similarity to UTF1
(Figure 6B). We therefore conclude that UTF1 was generated in
the eutherian radiation.

UTF1 was possibly generated by de novo synthesis, or transpo-
sition from another genomic region. To examine the possibility of
transposition from the ancestral sequence that gave rise to UTF1,
we conducted an extensive search for UTF1 homologs in the
opossum genome. Blastx analyses revealed that the second SANT
domain of ZSCAN20-like showed significant similarity (,36%
amino acid identity) to UTF1 with an expected value of 4610–11

(Figure 7B) (A diagram of domain structure of ZSCAN20-like
protein is shown in Figure 7A). Furthermore, direct comparison of
the UTF1 sequence with that of the ZSCAN20-like gene revealed an
additional region showing a similarity, which is located outside of
the SANT domain, although it was not as strong as that found by
the blastx analyses (Figure S6). Next, we examined the evolutional
relationship between human UTF1 and ZSCAN20-like by
phylogenetic tree analyses [20]. As a prerequisite step for those
analyses, we generated a tree with respect to the amino acid
sequences of all 96 different opossum proteins carrying the SANT
domain, and found that ZSCAN2, 20, 20-like and 29 generated
one cluster (data not shown). To further examine the relationship
among them, a phylogenetic tree was generated with these four
SANT domain-containing sequences, which showed that
ZSCAN20 and ZSCAN20-like were tightly clustered as expected
and ZSCAN29 was localized at the immediate outer-branch in the
tree (Figure S7). Therefore, using ZSCAN29 as an out group
sequence, we conducted phylogenetic tree analyses of UTF1
together with ZSCAN20, and ZSCAN20-like from several species.
The results suggested a close relationship between UTF1 and
opossum ZSCAN20-like with a high bootstrap value (89%)
(Figure 7C).

Figure 1. Growth retardation of UTF1 homozygous mutant mouse embryos. (A) Macroscopic observation of UTF1 homozygous embryos
(14.5 and 16.5 dpc) and a heterozygous (14.5 dpc) embryo. (B) Histology of hematoxylin and eosin (H&E)-stained sections of various tissues from
wild-type and UTF1 homozygous mutant embryos at 14.5 dpc. Arrows indicate the myocardial layer. Scale bar corresponds to 200 mm. (C) Delayed
maturation of the ribs in UTF1 homozygous mutant embryos during embryogenesis. Alizarin and Alcian blue staining was applied to UTF1
heterozygous and homozygous mutant embryos. Cartilaginous (14.5 dpc UTF1-null embryo) and ossified (14.5 dpc UTF1 heterozygous mutant and
16.5 dpc UTF1-null mutant embryos) ribs are indicated by red and blue brackets, respectively.
doi:10.1371/journal.pone.0068119.g001
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Figure 2. Role of UTF1 in the placenta. (A) Immunohistochemical analyses of UTF1 protein expression in wild-type placentas at 12.5 and
14.5 dpc. LB, labyrinth layer. (B) H&E-stained sections of UTF1 heterozygous and homozygous mutant placentas. The boundary between the LB
region and others is indicated by the dotted line. Each column of bar graph represents the mean of placenta weight with standard deviation (SD)
(n = 3). *, p,0.05; **, p,0.01. (C) Cells in the mitotic phase in UTF1 homozygous and heterozygous mutant placentas at 12.5 dpc visualized by
immunostaining with an anti-phospho-histone H3 (Ser10) antibody. Phospho-histone H3-positive mitotic cells are marked by white arrowheads. Cells
were counterstained with 49,69 diamidino-2-phenylindole (DAPI). Each column of bar graph represents the mean of number of phosphorylated
histone H3 in 0.1 mm square with SD (n = 3). *, p,0.05. (D) Magnified view of H&E-stained sections of placentas. Placentas with the indicated
genotypes were sectioned and stained. Dc, deciduas; Gly, glycogen trophoblast; TGC, trophoblast giant cell; Sp, spongiotrophoblast.
doi:10.1371/journal.pone.0068119.g002

Figure 3. Phenotypes of UTF1 homozygous mutant mice with a mixed genetic background of C57BL/6J (25%) and ICR (75%). (A)
Weight of viable UTF1 homozygous mutant mice generated by intercrossing heterozygous mutant mice that had been backcrossed twice with wild-
type ICR mice. These analyses revealed that adult UTF1 homozygous mutant mice (4-weeks-old) were viable, but significantly smaller than
corresponding wild-type and heterozygous mutant mice. Data represent the mean with SD (n = 4). **, p,0.01. (B) Intercrosses between UTF1
homozygous and heterozygous mutant mice. These intercrosses showed that the UTF1 homozygous mutation with a mixed mouse genetic
background did not affect fertility, but led to the generation of small mice. Mouse weights were examined at 4 weeks after birth. Data represent the
mean with SD (n = 4). *, p,0.05;
doi:10.1371/journal.pone.0068119.g003
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Discussion

UTF1 was originally identified as a transcriptional coactivator
expressed in pluripotent early embryonic cells and extra-embry-

onic cells [13]. Because of its strong expression in pluripotent cells
such as ESCs and the abrupt silencing of UTF1 expression in
pluripotent cells upon induction of differentiation, most investiga-
tions of UTF1 have focused on its expression in pluripotent cells.

Figure 4. Acquisition of pluripotency by UTF1-knockout homozygotes. (A) Comparison of the frequency between knockouts of first and
second alleles in serial UTF1 gene targeting. A UTF1-targeting vector carrying the puromycin resistance gene was introduced into wild-type and UTF1
heterozygous mutant ESCs bearing the blasticidin resistance gene in one of the UTF1 loci by electroporation, and were then selected with medium
containing puromycin only or puromycin and blasticidin, respectively. Genomic DNAs were prepared from drug-resistant clones and used as
templates for PCR to distinguish between homologous recombination and random integration of the vector. Frequencies of targeted disruption in
wild-type and UTF1 heterozygous mutant ESCs were 2.08% and 0.88%, respectively. Because the probability of targeted disruption in wild-type ESCs
is considered to be twice as high as that in heterozygous mutant ESCs, we concluded that the second allele knockout in serial gene targeting of the
UTF1 loci is not a rare event compared with the first allele knockout. (B) Western blot analyses of UTF1 and other pluripotency marker proteins in
UTF1 homozygous mutant ESCs (UTF1 KO ES) generated in A and iPSCs generated from UTF1 homozygous mutant MEFs (UTF1 KO iPS). Wild-type
ESCs were used as references. (C) H&E-staining of sections of a teratoma containing differentiated cells of all three germ layers generated by injection
of UTF1-null iPSCs into nude mice. Representative portions of the three germ layers are marked by brackets.
doi:10.1371/journal.pone.0068119.g004
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For example, it has been shown that UTF1 expression-based
selection effectively eliminates contaminating differentiated cells
from human ESC lines [34]. Pfannkuche et al. [35] used UTF1
expression to improve the efficiency of obtaining genuine iPSCs

with a pluripotency level equivalent to that of ESCs. Recently, new
roles of UTF1 in pluripotent cells have been uncovered. UTF1 has
been shown to prevent over-repression of bivalent genes by
limiting surplus loading of the PRC2 complex, while UTF1

Figure 5. Isolation of UTF1 homozygous mutant ESCs from blastocysts. (A) Western blot analyses of pluripotency marker proteins in ESCs
generated by outgrowth of UTF1 homozygous and heterozygous mutant blastocysts. (B) Comparison of the differentiation propensity between UTF1
homozygous and heterozygous mutant ESCs. UTF1 homozygous and heterozygous mutant ESCs were induced to differentiate by embryoid body
formation. RNAs were prepared at the indicated days. cDNAs generated by reverse transcription were used to examine the levels of differentiation
marker gene expression by real-time PCR. Data represent the mean with SD (n = 3). (C) Western blot analyses of Arf tumor suppressor protein in UTF1
heterozygous and homozygous mutant ESCs. (D) Chimeric mouse analyses of UTF1 homozygous mutant ESCs. Fluorescent Kusabira orange-labeled
UTF1 homozygous mutant ESCs generated from a blastocyst were injected into blastocysts. Embryos were allowed to develop in a recipient female
mouse. Left and right panels are bright-field and fluorescence images of a 9.5 dpc embryo recovered from the recipient mouse, respectively.
doi:10.1371/journal.pone.0068119.g005
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promotes degradation of mRNA transcribed from insufficiently
repressed bivalent genes through recruitment of the mRNA
decapping complex. UTF1 is also shown to be involved in
ensuring a rapid growth rate by blocking Myc-Arf feedback
control [14]. As described above, the roles of UTF1 in pluripotent

cells are becoming more clearly depicted, but the in vivo function of
UTF1 and the roles of UTF1 in extra-embryonic cells have not
been investigated by knockout mouse studies so far.

Here, we report the establishment of homozygous UTF1 mutant
mice that survive at least up to birth. Thus, we showed that the

Figure 6. The UTF1 gene is present only in the genomes of eutherian (placental) mammals. (A) Genomic organizations surrounding the
UTF1 locus in mammals and their corresponding genomic regions in other organisms. Black boxes indicate regions without available genomic
sequences. (B) VISTA Browser (VGB2.0) plot of the 65.5 kb interval (ch10:134,506,934-134,572,432) containing KNDC1, UTF1 and VENTX genes in the
human genome. Conservation plots for elephant (top panel) mouse (second panel), opossum (third panel) and wallaby (bottom panel), with respect
to human, are shown in the coordinates of the human sequence (horizontal axis). Dark blue boxes indicate portions with unavailable DNA sequences
in the database.
doi:10.1371/journal.pone.0068119.g006
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UTF1 gene is not absolutely essential for the multi-lineage
differentiation potential of pluripotent cells in vivo. This observa-
tion may be the most significant result that we report here because
numerous studies [14,26,36] have implied that UTF1 plays an
essential function in early embryos. Although apparently milder
phenotypes associated with UTF1 gene knockout mice than
expected could be explained by UTF1 homolog-mediated
compensation, we consider that this may not be the case mainly
because UTF1 sequence is very unique and genes showing
significantly similarity to UTF1 are apparently not present in the
genome. From a different point of view, we consider that our data
showing that the UTF1 gene is not an essential regulator, but a
modifier of pluripotency for advancing eutherian embryogenesis
are reasonable because chicken ESCs, which are devoid of the
UTF1 gene in their genome, have been shown to have properties
that meet all the criteria of pluripotency, including the ability to re-
enter development and contribute to the full repertories of somatic
and germ cells in a recipient embryo [37,38]. Although UTF1 is
not essential for pluripotency, we found that UTF1 homozygous
mutation in vivo resulted in a significant developmental delay of the
embryo, which became apparent during the mid-gestational stage.
The UTF1 gene was expressed in the placenta, but not in the
embryo proper except for PGCs at the mid-gestational stage.
Moreover, the UTF1-null placenta showed a growth defect. It is
therefore conceivable that placental insufficiency caused by the
loss of UTF1 expression at least in part contributed to the
developmentally delayed phenotype of UTF1 homozygous mutant
mice, albeit we cannot completely eliminate the possibility that
UTF1 gene disruption-mediated epigenetic changes and/or other
changes occurred during early developmental stages contribute to
apparent developmental delay of mid-gestation embryos. At
present, we do not know the molecular mechanism of UTF1-
mediated placental cell growth. It is possible that UTF1 supports
cell proliferation in the placenta through blockade of Myc-Arf
feedback control by destabilizing Arf mRNA, as has been
demonstrated with ESCs [14].

Because of this developmental delay, newborn UTF1 homozy-
gous mutant mice with a C57BL/6J background did not survive
for more than 2 days. However, we found that a mixed genetic
background (C57BL/6J, 25%; ICR, 75%) completely eliminated
this neonatal lethal phenotype, and the offspring, while small, were
viable and even fertile. Although we do not know the basis for this
effect of the genetic background, the normal yet small phenotype
of UTF1 homozygous mutant mice with the mixed genetic
background further leads to the hypothesis that the UTF1-null
genotype does not impose a specific detrimental abnormality, and
only causes developmental delay.

Uterine nourishment is critical for embryogenesis in placental
mammals [2,3]. Although marsupials also have a fully functional
placenta, a prominent feature of eutherian embryogenesis

discriminating it from that in marsupials is the long gestational
period [39,40]. Therefore, it is possible that the UTF1 gene is
required to support placenta-dependent embryogenesis for a
prolonged period in placental mammals. The small size of the
UTF1 gene (the mouse UTF1 gene contains 1117 nucleotides from
the initiating ATG to the stop codon, including an intron) and its
conspicuously high sequence divergence (the overall identity of
amino acids between mouse and human UTF1 is only 62%) are
consistent with the recent emergence of UTF1 in genome [41–45].
Consistent with this hypothesis, our genome structure and
sequence comparison analyses revealed that the UTF1 gene is
indeed specific to placental mammals. There are other examples of
recently evolved genes with a role in placental development, such
as PEG10 and PEG11 [46–48]. Both of these genes are derived
from an LTR-type retrotransposon; PEG10 after the divergence of
therian mammals which separates from monotremes and PEG11
after the divergence separating from marsupials, although the
ancestral retrotransposon from which it is derived is present in the
marsupial genome.

Currently, the manner in which UTF1 arose is unclear. Novel
protein-coding genes arise either through sub-functionalization of
pre-existing genes after gene duplication or by de novo synthesis
from non-genic sequences [45,49]. Our comparative analyses
demonstrated that the second SANT domain of opossum
ZSCAN20-like has significant homology with UTF1. Direct
comparison between these two proteins revealed additional region
of human UTF1 showing similarity to opossum ZSCAN20-like
protein. Consecutive localization of ZSCAN20 and ZSCAN20-like
genes was found in the genomes of opossum and platypus (data not
shown), which strongly suggests that these genes were most
probably generated by tandem duplication. We assume that some
physiologically important roles were conferred on ZSCAN20 gene
because of the high sequence conservation between numerous
species including eutherian mammals. In contrast, the sequence of
ZSCAN20-like gene is much less conserved between opossum and
platypus compared to that of ZSCAN20 gene. These facts indicate
that the ZSCAN20-like gene sequence was subjected to extensive
mutation because strong pressure of evolutional conservation was
not subjected to this gene due to the presence of ZSCAN20 gene.
Furthermore, in conjunction with the similarity between human
UTF1 and opossum ZSCAN20-like, the fact that eutherian
genomes bear the ZSCAN20 gene but lack the ZSCAN20-like gene
suggests that the prototype or ancestral UTF1 sequence might be
the ZSCAN20-like gene present in a common ancestor of placental
mammals and marsupials. Ultimately, placental mammals may
have evolved the UTF1 gene at the expense of the ZCAN20-like
gene. This evolutionary occurrence is similar to the mechanism by
which the Prader-Willi imprinted gene SNRPN was generated from
a copy of SNRPB that exists in marsupials, but not monotreme
genomes [50].

Figure 7. Implication of derivation of UTF1 from ZCSAN20-like in an ancestor of placental mammals. (A) Diagram showing the domain
structure of ZCSAN20-like protein with the amino acid sequence (1–867). Triangles with numbers indicate positions corresponding to exon-intron
boundaries of the gene encoding ZCSAN20-like protein. Brown and black bars indicate positions with significant similarity to UTF1, which are shown
in B and Figure S6, respectively. (B) Alignment of the amino acid sequence of the SANT domain of human UTF1 with that of ZSCAN20-like protein.
Amino acid identity and similarity between UTF1 and ZSCAN20-like are marked by double and single dots, respectively. (C) A neighbor-joining tree
analysis was constructed based on the number of nucleotide differences per site. The bootstrap value supporting each internal branch is indicated at
the node. A cluster containing UTF1s and opossum ZSCAN20-like is boxed with a red line. (D) Model of UTF1 evolution in a common ancestor of
eutherian (placental) mammals after divergence which separates from marsupials. Data in B, C, and Figure S6 suggest that the UTF1 gene was derived
from a portion of the ZCAN20-like gene. After this transition, extensive nucleotide sequence changes occurred to evolve the UTF1 gene, which
eliminated the trace of homology between UTF1 and ZSCAN20-like except for two regions including their SANT domains. However, the depicted
panel is just one possibility. For example, regions without similarity to the ZCAN20-like gene (depicted with a red rectangle) could have arisen de novo
by modification of the sequences that had been present before translocation of the ZCAN20-like gene. The second SANT domain of ZSCAN20-like and
its possible derivative in UTF1 are indicated by a brown bold line, while regions corresponding to those shown in Figure S6 are marked by a black
line.
doi:10.1371/journal.pone.0068119.g007
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Figure 7D shows our proposed model of the evolution of the
placental mammal-specific UTF1 gene. It is tempting to speculate
that the evolution of the UTF1 gene was one of the genomic
innovations for advancing embryogenesis in the eutherian-specific
manner.

Supporting Information

Figure S1 Generation of UTF1-null mice. (A) Schematic
representation of the UTF1-targeting strategy. Top: Restriction
enzyme map of the mouse UTF1 locus. Middle: Structure of the
UTF1-targeting vector carrying neomycin (Neo)-resistance and TK
genes for positive and negative selection, respectively. Bottom:
Knock-in allele of the UTF1-targeting vector. I and II in black
boxes indicate exons 1 and 2 of the UTF1 gene, respectively. Red
line corresponds to 7.6 kb BglII genomic fragment from wild-type
UTF1 locus, while magenta and blue lines correspond to 4.7 and
3.4 kb BglII/Nco1 genomic fragments from the targeted UTF1
locus detected with 59 and 39 probes, respectively. The 3.4 kb
BglII/Nco1 genomic fragment can be also detectable by the Neo
probe. (B) Southern blot analyses of DNA from wild-type (WT)
and UTF1 heterozygous mutant ESCs (2/+). NcoI-BglII-digested
genomic DNA was hybridized with the 59, 39 or neo probes shown
in A. The expected size of the hybridized genomic DNA from
wild-type and targeted UTF1 alleles are indicated by arrows. Each
bar color corresponds to genomic DNA fragment with the same
color in A.
(TIF)

Figure S2 Targeted disruption of the UTF1 gene in
ESCs. (A) Schematic representation of the UTF1-targeting
strategy. A restriction enzyme map of the unmodified mouse
UTF1 locus is shown at the top. The two subsequent rows show
the structures of two UTF1-targeting vectors carrying either
blasticidin S (Bsd) or puromycin (Puro) resistance genes. TK is the
herpes simplex virus thymidine kinase gene used for negative
selection. The bottom two rows show the UTF1 gene loci in which
targeting vectors carrying either Bsd or Puro resistance genes were
integrated by homologous recombination. The Genomic DNA
fragments with red color or that of magenta in Figure S1A are also
marked with the same colors. Green and orange lines correspond
to 2.8 kb and 3.2 kb BglII-Nco1 fragments from knock-in loci of
UTF1 gene targeting vectors carrying Bsd and Puro resistant
genes, respectively. (B) Southern blot analyses to distinguish
among wild-type (WT), heterozygous (2/+) and homozygous (2/
2) mutants with respect to the UTF1 loci. Each bar color
corresponds to genomic DNA fragment with the same color in A.
(C) PCR to detect the exact homologous recombination in ESCs
with targeting vectors carrying either Bsd or Puro resistance genes.
The primer sets used for PCR analyses are depicted in A and their
sequences were as follows. UTF1 primer: 59-ATGTGGCGCT-
CACTACTGCT-39 Bsd primer: 59-CCATGGC-
CAAGCCTTTGTCTC-39 Puro primer: 59-GAGCTGCAA-
GAACTCTTCCT-39 Common primer: 59-
CAAACTGGTGAGGTTCGTTAAC-39 (D) RNase mapping
analyses of UTF1 RNA present in wild-type (WT), heterozygous
(2/+) and homozygous (2/2) UTF1 mutant ESCs. RNase
mapping reactions were performed as described previously [16].
(TIF)

Figure S3 Overlapping expression of UTF1 with the
trophoblast stem cell marker Cdx2. Trophoblast stem cells
were established from ZHBTcH4 ESCs using fibroblast growth
factor-4 according to a method by Niwa et al. [15]. Then, dual
immunostaining of Cdx2 and UTF1 proteins was performed.
These analyses revealed that most Cdx2-positive cells also
expressed UTF1. UTF1 was also expressed in some Cdx2-
negative cells, indicating that UTF1 shows relatively wider
expression among trophoblast cell lineages than that of Cdx2.
(TIF)

Figure S4 Lack of a glycogen trophoblast cell layer in
the UTF1 homozygous mutant placenta at 14.5 dpc.
H&E-stained sections of placentas shown in Figure 2D were
further magnified and characteristic cell lineages (glycogen
trophoblast, Gly; trophoblast giant cell, TGC; spongiotrophoblast,
SP) in placentas with the indicated genotypes are shown. LB,
labyrinth layer.
(TIF)

Figure S5 Comparable expression of early differentia-
tion marker genes in UTF1 heterozygous and homozy-
gous mutant embryos with extraembryonic tissues at
7.5 dpc. Real-time PCR was conducted to quantitate expression
levels of brachyury (T) and Cdx2. Expression level of each gene in
UTF1 heterozygous mutant was arbitrarily set to 1. Data represent
the mean with SD (n = 3).
(TIF)

Figure S6 Similarity in the amino acid sequence in
addition to the SANT domain between UTF1 and
ZSCAN20-like proteins. Amino acid identity and similarity
between UTF1 and ZSCAN20-like are marked by double and
single dots, respectively. Amino acid identity is 29.5%.
(TIF)

Figure S7 Neighbor-joining tree analysis of ZSCAN2,
20, 20-like and 29. Sequences of ZSCAN2, 20, 20-like and 29
from several species were subjected to a neighbor-joining tree
analysis. The analysis was performed as described in Figure 7C.
(TIF)

Table S1 Analyses of pups obtained by UTF1 heterozy-
gous intercrosses. Upper panel shows the results of genotyping
analyses about pups obtained from UTF1 heterozygous mutant
intercrosses at the indicted days. Lower panel shows weights of
new born mouse pups with the indicated genotypes.
(TIF)
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Abstract

Background: Retinitis pigmentosa (RP) is an inherited human retinal disorder that causes progressive photoreceptor
cell loss, leading to severe vision impairment or blindness. However, no effective therapy has been established to date.
Although genetic mutations have been identified, the available clinical data are not always sufficient to elucidate the
roles of these mutations in disease pathogenesis, a situation that is partially due to differences in genetic backgrounds.

Results:We generated induced pluripotent stem cells (iPSCs) from an RP patient carrying a rhodopsin mutation
(E181K). Using helper-dependent adenoviral vector (HDAdV) gene transfer, the mutation was corrected in the
patient’s iPSCs and also introduced into control iPSCs. The cells were then subjected to retinal differentiation; the
resulting rod photoreceptor cells were labeled with an Nrl promoter-driven enhanced green fluorescent protein
(EGFP)-carrying adenovirus and purified using flow cytometry after 5 weeks of culture. Using this approach, we found a
reduced survival rate in the photoreceptor cells with the E181K mutation, which was correlated with the increased
expression of endoplasmic reticulum (ER) stress and apoptotic markers. The screening of therapeutic reagents showed
that rapamycin, PP242, AICAR, NQDI-1, and salubrinal promoted the survival of the patient’s iPSC-derived photoreceptor
cells, with a concomitant reduction in markers of ER stress and apoptosis. Additionally, autophagy markers were found
to be correlated with ER stress, suggesting that autophagy was reduced by suppressing ER stress-induced apoptotic
changes.

Conclusion: The use of RP patient-derived iPSCs combined with genome editing provided a versatile cellular
system with which to define the roles of genetic mutations in isogenic iPSCs with or without mutation and also
provided a system that can be used to explore candidate therapeutic approaches.

Keywords: iPS cells, Retina, Neurodegeneration, Gene delivery, Drug screening, ER stress

Background
Recent advances in molecular genetics have enabled the
early diagnosis of neurodegenerative diseases, including
retinitis pigmentosa (RP), an inherited retinal disorder
that causes progressive photoreceptor cell loss and visual
function impairment that can limit social activity and

the ability to work. Despite its early detection, there is
currently no cure for this disease.
Approximately 3,000 mutations have been reported

in 50 genes in RP patients [1], and more than 100 point
mutations have been identified in the rhodopsin gene
[2]. Rhodopsin, an evolutionarily conserved seven-
transmembrane protein specifically produced in photo-
receptor cells, is first localized to the endoplasmic reticulum
(ER) and is then transported to the outer segment discs
where it responds to photon activation via conformational
changes. Pathological responses to genetic mutations in
rhodopsin typically occur in an autosomal dominant man-
ner due to the production of an abnormal protein. Some
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types of abnormal rhodopsin proteins can be misfolded and
retained in ER; in some cases, the mutant proteins are
bound by the ER-resident chaperone, BiP [3]. The accu-
mulated mutant proteins may induce unfolded-protein
response (UPR) to alleviate the ER stress. In general, the
abnormal proteins could be degraded through ubiquitin
proteasome pathway and/or autophagy [4]. However, if
the mutant protein was overloaded, the prolonged UPR
will induce ER stress-associated programmed cell death,
apoptosis [5]. Although many rhodopsin gene abnor-
malities are believed to be related to ER stress [3], prac-
tical therapies targeting mutant rhodopsin proteins or
downstream signaling pathways have yet to be estab-
lished. This may be due, in part, to the insufficient un-
derstanding of the disease pathogenesis: mutations
associated with RP are genetically heterogeneous, and,
in most cases, there is no formal proof of a causal re-
lationship between the genetic mutation and the RP
phenotype. Furthermore, only a limited number of gen-
etic abnormalities have been reproduced and studied
in Drosophila [6] and mouse systems [7,8], and drug
screening is not easily performed due to the lack of appro-
priate screening systems. Although the abnormal gene of
interest can be expressed in cell lines, overexpression
commonly results in artificial cellular responses.
In an effort to develop an authentic cell-based model

of human RP, induced pluripotent stem cell (iPSC) tech-
nology [9,10] has been recently applied to this disorder
[11,12]. However, a causal relationship between genetic
mutations and the RP phenotype remains to be eluci-
dated. In the present study, we generated iPSCs from
the somatic cells of an RP patient carrying a heterozy-
gous mutation in the rhodopsin gene [13]. These cells
were then differentiated into rod photoreceptor cells to
investigate the cellular pathogenesis of RP and to screen
chemical therapeutics. A comparison of the RP and con-
trol iPSC-derived photoreceptor cells showed that the
RP patient’s iPSC-derived rod photoreceptor cells had a
reduced survival rate in culture and an increased ER
stress response. Furthermore, to formally demonstrate
that the phenotype was due to the expression of mutant
rhodopsin, we utilized the helper-dependent adenoviral
vector (HDAdV) to replace the mutated rhodopsin gene
in the RP patient’s iPSCs with the wild-type rhodopsin
gene, thus repairing the gene, and found that the pheno-
type of the iPSC-derived photoreceptor cells reverted to
normal. This method allowed a phenotypic comparison
between the iPSC-derived photoreceptor cells of the same
genetic background and developmental course during iPSC
generation. Moreover, replacing the wild-type gene in the
control iPSCs with a mutated gene using HDAdV recon-
structed the pathological condition. We next used the RP
patient’s iPSC-derived photoreceptor cells to screen for
chemical reagents that rescued the ER stress phenotype.

The involvement of autophagy, which can be induced in
response to ER stress [14], was also explored.

Results
Generation of iPSCs from an RP patient
The iPSC line RP#5 (#5) was generated using skin cells
[15] isolated from an RP patient carrying a rhodopsin mu-
tation (a G to A substitution at nucleotide 541) (Figure 1A)
[13]. The point mutation resulted in a change in amino
acid 181 from a glutamic acid (E) to lysine (K) (E181K)
and was shown to be present on one allele in the #5 iPSCs
but not in the 201B7 (B7) iPSCs (Figure 1B). The expres-
sion of pluripotent markers (Figure 1C-E) and the forma-
tion of teratomas containing all three germ layer cells
(Figure 1F) were also confirmed.

Preparation of gene-targeted iPSC lines
To determine whether the expression of rhodopsin
E181K was solely responsible for the accelerated photo-
receptor cell loss, we prepared rhodopsin gene-targeted
iPSCs using HDAdVs. A wild-type rhodopsin gene in a
BAC clone, with a Neo cassette introduced in the third
intron, was inserted into an HDAdV vector to generate
the correction vector (Figure 2A). Using this correction
vector, the wild-type rhodopsin gene was replaced with
the genome sequence of the #5 iPSCs through homolo-
gous recombination, followed by the removal of the Neo
cassette by Cre recombinase to generate #5Rw iPSCs
(Figure 2A). Similarly, the mutated rhodopsin sequence
obtained from the genome of the #5 iPSCs was inserted
into an HDAdV vector to construct a mutagenesis vec-
tor (Figure 2B) that was transferred into the genome of
B7 iPSCs, followed by the removal of the Neo cassette,
to generate B7Rm iPSCs (Figure 2B).
The introduction and removal of the Neo cassette at

the rhodopsin locus were confirmed by PCR analyses
(Figure 2C). We further confirmed the absence of the
rhodopsin point mutation in the #5Rw cells and the pres-
ence of the heterozygous point mutation in the B7Rm cells
(Figure 2D). These data indicated that the targeted rhod-
opsin gene correction and mutagenesis were successful.

Impact of the rhodopsin gene mutation in differentiated
rod photoreceptor cells derived from iPSC lines
Next, we induced retinal cell differentiation using the
serum-free embryoid body (SFEB) method, along with sub-
sequent stepwise changes in the culture medium for sev-
eral weeks, as previously reported and modified by Lamba
et al. [16]. iPSCs were cultured in the presence of Noggin,
Dkk-1, and IGF-1 for 3 weeks, followed by 2 weeks of
culture in their absence [16]. Using this method, up to 10%
of the differentiated cells were reported to express early
markers of photoreceptor differentiation at the end of
3 weeks, and these cells can be transplanted into subretinal
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space where they will integrate into the retina to form
synapses [16-18]. In the present study, a recombinant
adenovirus expressing EGFP under the control of the
neural retina leucine zipper promoter, a rod photoreceptor-
specific marker that acts as a transcription factor for the
rhodopsin gene, (Ad-pNrl-EGFP) [19-21], was introduced
2 days before flow cytometry analyses (Figure 3A, B). The
specific detection of EGFP by flow cytometry was con-
firmed using the cells with (Figure 3C right) and without
Ad-pNrl-EGFP infection (Figure 3C left). This experiment
also confirmed that 32.8% of the cells were Ad-pNrl-
EGFP positive after 5 weeks of culture. Among the Ad-
pNrl-EGFP-positive cells derived from the #5 iPSCs, we
confirmed that recoverin, a photoreceptor marker, was up-
regulated after 5 weeks in differentiation culture compared
to the non-differentiated #5 iPSCs (Figure 3D).

Using this method, rod photoreceptor cells derived from
each iPSC line (#5, #5Rw, B7, and B7Rm) were quantified
weekly from 2 to 5 weeks after differentiation was initiated
(Figure 3E). During the first 4 weeks of culture, the pro-
portion of Ad-pNrl-EGFP-positive rod photoreceptor cells
gradually increased with time, and there was no difference
among the cell lines. However, after 5 weeks in differenti-
ation culture, the proportion of rod photoreceptor cells
was significantly higher in the cultures derived from the
#5Rw and B7 iPSC lines, which did not contain the
mutated rhodopsin coding sequences, compared to the
#5 and B7Rm lines, which did contain the mutation
(Figure 3E, F). Furthermore, we investigated the ratio of
apoptotic cells of pNrl-EGFP-positive rod photoreceptor
cells derived from #5 and #5Rw iPSCs, by immunostaining
using an anti-Annexin V antibody (Figure 3G) and by PI

Figure 1 RP patient’s iPSCs. (A) A colony of RP#5 iPSCs derived from an RP patient’s skin cells. (B) DNA analysis of the rhodopsin gene in the
RP#5 iPSCs and control 201B7 iPSCs. (C-E) Immunostaining for pluripotent markers; the nuclei were counterstained with DAPI (blue). (C) Nanog
and Oct3/4. (D) Tra-1-60. (E) SSEA4. (F) Teratoma formation assay showing that the RP#5 iPSCs gave rise to all three germ layers, confirming their
pluripotency. Scale bar, 1 mm (A), 250 μm (C-F).
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staining (Figure 3H). The pNrl-EGFP-positive cells derived
from #5 iPSCs included more apoptotic cells than those
derived from #5Rw iPSCs, suggesting that the lower num-
ber of the rod differentiated photoreceptor cells derived
from #5 than from #5Rw iPSCs was caused, at least in
part, by the enhanced apoptosis of rod photoreceptor cells
derived from #5 iPSCs. These data collectively indicated
that the rhodopsin E181K mutation was solely responsible
for the rod photoreceptor cell loss associated with this
patient.
Because ER stress has been implicated in the patho-

genesis of RP that involves rhodopsin mutations [3], we
analyzed the expression of the ER stress markers BiP

(Figure 3I) and CHOP (Figure 3J) using real-time PCR
analyses. For this purpose, we purified the Ad-pNrl-EGFP
cells using flow cytometry and extracted mRNA from
the Ad-pNrl-EGFP-positive rod photoreceptor cells. The
mRNA levels of both BiP and CHOP were elevated in the
#5 and B7Rm iPSC-derived rod photoreceptor cells after
5 weeks in differentiation culture. Furthermore, we also
examined the apoptosis-related molecules BID (Figure 3K)
and NOXA (Figure 3L). After 5 weeks of culture, these
molecules were also upregulated in the purified Ad-pNrl-
EGFP-positive rod photoreceptor cells derived from the
#5 and B7Rm iPSCs, suggesting that the mutant rhodop-
sin protein induced ER stress and apoptosis.

Figure 2 The rhodopsin gene-targeting methods. (A, B) Schematic illustrations of the rhodopsin gene correction implemented in the RP#5
iPSCs and the mutagenesis in the 201B7 iPSCs using HDAdVs. (C) A PCR analysis confirmed that recombination occurred at the rhodopsin locus.
Products of 4.2 kb and 15.8 kb were obtained using primers a-b and c-d (arrowheads in A, B), respectively. (D) Sequence analysis of the
recombinant rhodopsin genes in each iPSC line. HDAdV, helper-dependent adenoviral vector; HSV-tk, herpes simplex virus thymidine kinase gene
cassette; Neo, neomycin-resistance gene cassette; white triangles, loxP sites; red boxes, exon 3 of rhodopsin containing the E181K mutation.
#5, RP#5 iPSCs; #5Rw, rhodopsin gene-corrected RP#5 iPSCs; B7, 201B7 iPSCs; B7Rm, rhodopsin gene-mutated 201B7 iPSCs.
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Drug screening using rod photoreceptor cells derived
from RP iPSCs
To explore treatments that may protect rod photoreceptor
cells from the accelerated cell loss induced by the rhodop-
sin mutation, we treated the cells with reagents that could
modify ER stress-related pathways and quantified the
Ad-pNrl-EGFP-positive rod photoreceptor cells using flow
cytometry after 5 weeks in differentiation culture. The

reagents were added to the medium after 3 weeks of cul-
ture and were re-added each time the medium was chan-
ged (every 2–3 days). After 5 weeks of culture, the number
of #5 iPSC-derived rod photoreceptor cells collected and
counted by flow cytometry was significantly increased fol-
lowing treatment with rapamycin and PP242 (both mTOR
inhibitors), AICAR (an activator of AMP kinase [AMPK]),
NQDI-1 (an inhibitor of apoptosis signal-regulating kinase

Figure 3 Impact of the E181K rhodopsin gene mutation on rod photoreceptor cells derived from iPSC lines. (A) Protocol of rod photoreceptor
cell differentiation. (B) Expression of the rod photoreceptor cell-specific gene Nrl was visualized by infection with the Ad-pNrl-EGFP virus. (C) Flow
cytometry analysis of the differentiated cells without (left) and with (right) Ad-pNrl-EGFP infection at 5 weeks. (D) The recoverin mRNA levels of the flow
cytometry-purified pNrl-EGFP-positive rod photoreceptor cells derived from the #5 iPSCs compared to the undifferentiated #5 iPSCs at the same time
point. (E) Quantification of the pNrl-EGFP-positive rod photoreceptor cells in each iPSC line after 2, 3, 4, and 5 weeks of differentiation. Red, B7; blue,
#5Rw; pink, B7Rm; green, #5. N = 9. (F) Proportion of pNrl-EGFP-positive rod photoreceptor cells derived from iPSC lines after 5 weeks. N = 9. (G, H) The
ratio of dead cells in pNrl-EGFP-positive photoreceptor cells detected by Annexin V (G) and PI (H). N = 4. (I-L) Relative mRNA levels of BiP (I), CHOP (J),
BID (K), and NOXA (L) normalized to b-Actin in the pNrl-EGFP-positive cells collected after 5 weeks, as determined by a real-time PCR analysis. N = 3.
Ad-pNrl-EGFP, adenovirus promoter Nrl-EGFP. *p < 0.05. Scale bar, 40 μm. Mean ± SD (with each p-values of marked by *) for iPSCs and pNrl-EGFP
cells in (D) 1 ± 0.38, 13.6 ± 0.14 (p = 0.049); for #5, #5Rw, B7, B7#Rm in (F) 34.6 ± 11.7, 55.7 ± 10.0 (p = 0.035), 64.3 ± 11.3, 38.9 ± 5.8 (p = 0.013); for #5 and
#5Rw in (G) 1 ± 0.18, 0.16 ± 0.02, (p = 0.019) (H) 1 ± 0.24, 0.24 ± 0.07 (p = 0.021); for #5, #5Rw, B7, B7#Rm in (I) 1 ± 0.005, 0.83 ± 0.002 (p < 0.0001),
0.95 ± 0.006, 1.33 ± 0.004 (p < 0.0001); (J) 1 ± 0.002, 0.76 ± 0.007 (p < 0.0001), 0.79 ± 0.005, 1.03 ± 0.010 (p < 0.0001); (K) 1 ± 0.016, 0.88 ± 0.006 (p = 0.003),
0.94 ± 0.008, 1.14 ± 0.013 (p < 0.0001); (L) 1. ± 0.005, 0.75 ± 0.005 (p < 0.0001), 0.77 ± 0.005, 0.80 ± 0.004 (p = 0.001). All statistical analyses in this figure
were carried out by Student’s T test.
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1 [ASK1]), and salubrinal (an inhibitor of eukaryotic trans-
lation initiation factor 2 subunit α [eIF2α] phosphatase
and protein synthesis) (Figure 4A). These data showed that
the E181K mutant rhodopsin-related cell loss could be
suppressed by mTOR inhibition, AMPK activation, ASK1
inhibition, or the suppression of protein synthesis.

Effect of treatments on ER stress and apoptosis markers
Next, we investigated the effects of reagents on ER stress
markers in the #5 iPSC-derived rod photoreceptor cells.
After the Ad-pNrl-EGFP-positive cells were purified and
treated with the above-mentioned reagents, mRNA was
harvested from the cells and analyzed using real-time
PCR. The mRNA levels of BiP and CHOP were found to
be reduced following rapamycin, PP242, AICAR, NQDI-
1, or salubrinal treatment (Figure 4B, C) in the Ad-pNrl-
EGFP-positive rod photoreceptor cells, suggesting that
these reagents suppressed the ER stress caused by the
mutant rhodopsin. Additionally, the expression levels of
apoptosis-related molecules, which were upregulated in
the rod photoreceptor cells expressing the mutant rhod-
opsin, were decreased following the addition of these
same drugs (Figure 4D, E).

Involvement of autophagy
As ER stress is known to activate autophagy to overcome
cellular dysfunction, we examined autophagy markers in
each line of iPSC-derived rod photoreceptor cells in the
presence and absence of treatment with different drugs.
We first examined LC3 immunostaining that indicates
a putative autophagosome in pNrl-EGFP-positive photo-
receptor cells (Figure 5A-L), and found that the presence
of LC3 was obvious in the cells with rhodopsin mutation
(Figure 5D-I), but hardly detected in the cells without the
mutation (Figure 5A-C, J-L). The autophagy markers LC3,
Atg5, and Atg7 were all suppressed in the #5Rw and
B7 iPSC-derived rod photoreceptor cells compared to the

levels in the #5 and B7Rm iPSC-derived cells (Figure 5M-O).
Treatment of the #5 iPSC-derived rod photoreceptor cells
with each of the reagents described above also resulted in
the reduced expression of the autophagy markers LC3,
ATG5, and ATG7 (Figure 5P-R).

Discussion
We generated an iPSC line from the somatic cells of a pa-
tient with RP who carried the rhodopsin E181K mutation,
and this iPSC line was used to derive rod photoreceptor
cells that harbored the same rhodopsin mutation. These
cells were then used to demonstrate that the E181K muta-
tion was indeed a pathogenic, disease-causing mutation
and were used to explore the underlying molecular mech-
anisms and potential therapeutic approaches.
A considerable number of genetic abnormalities are rec-

ognized as the cause of RP pathogenesis. Although mul-
tiple genes and multiple mutations within these genes have
been linked to RP, some of these mutations may, in fact, be
non-pathogenic, and, in some cases, patients may have
more than one mutation in their genome [1]. Moreover,
RP is exceptionally heterogeneous, and the same mutation
in different individuals may produce different clinical con-
sequences due, in part, to the different genetic back-
grounds of the individuals [1]. Given these complications,
it has been challenging to determine the precise genotype-
phenotype association of a large number of mutations. In
the present study, using human iPSCs and gene manipula-
tion, we demonstrated that the correction of a rhodopsin
gene mutation reversed photoreceptor cell loss in the
iPSC-derived rod photoreceptor cells of an RP patient,
whereas mutagenesis of the rhodopsin gene in control
iPSCs increased cell loss. These experiments directly dem-
onstrated the pathogenicity of the rhodopsin mutation in
an in vitro system. When utilizing iPSCs to analyze disease
pathogenesis, there may be a concern that the observed
phenotype might be related to differences in the cell lines

Figure 4 Drug screening in the RP #5 iPSC-derived rod photoreceptor cells. (A) Relative number of pNrl-EGFP-positive rod photoreceptor
cells derived from #5 iPSCs after treatment with each therapeutic reagent. N = 9. (B-E) Relative mRNA levels of BiP (B), CHOP (C), BID (D), and
NOXA (E) in the pNrl-EGFP-positive cells cultured with rapamycin, PP242, AICAR, NQDI-1, and salubrinal at 5 weeks after differentiation. Each
reagent increased the rod photoreceptor cell survival at 5 weeks, whereas ER stress and apoptotic markers were suppressed. N = 3 for B-E.
Rapa., rapamycin; Salub., salubrinal. *p < 0.05, **p < 0.01, ***p < 0.001. Mean ± SD relative to cont. (with each p-values of marked by *) for Cont.,
Rapa., PP242, AICAR, NQDI-1, Salbr. in (A) 1 ± 0.182, 3.02 ± 0.920, 3.49 ± 0.976, 3.67 ± 1.22, 2.99 ± 0.513, 2.19 ± 1.12 (all, p < 0.0001); (B) 1 ± 0.005,
0.654 ± 0.001, 0.990 ± 0.001, 0.932 ± 0.001, 0.989 ± 0.001, 0.714 ± 0.004 (all, p < 0.0001); (C) 1 ± 0.002, 0.608 ± 0.003, 0.842 ± 0.009, 0.802 ± 0.003,
0.830 ± 0.003, 0.733 ± 0.008 (all, p < 0.0001); (D) 1 ± 0.016, 0.681 ± 0.006, 0.954 ± 0.007, 0.864 ± 0.002, 0.934 ± 0.004, 0.816 ± 0.008 (all, p < 0.0001);
(E) 1 ± 0.005, 0.671 ± 0.001, 0.760 ± 0.004, 0.743 ± 0.003, 0.816 ± 0.001, 0.849 ± 0.006 (all, p < 0.0001). These data were obtained by technical
triplicate and not by biological triplicate. All statistical analyses in this figure were carried out by One-way ANOVA Dunnett’s test.
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Figure 5 (See legend on next page.)
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that reflect differences in the reprogramming process
[22]. Thus, to exclude such a concern, we investigated
the effect of correcting the genetic defect in the patient-
derived iPSC line, aiming to clarify the genotype-
phenotype causal relationship.
This genetically well-controlled study was facilitated by

the use of HDAdV for the gene targeting of human iPSCs.
HDAdV was originally developed to overcome host im-
mune responses to E1-deleted AdV, the adenovirus com-
monly used for gene transfer [23]. Because the viral genes
are completely removed from the vector genome, the
HDAdV system is less toxic to the infected cells. More-
over, the increased cloning capacity of HDAdV when
combined with negative selection was shown to result in
an increased frequency of targeted integrations in human
iPSCs [24]. In the present study, the use of this method-
ology resulted in the successful generation of targeted
iPSCs, and large gene targeting in iPSCs will be useful for
establishing the pathogenesis of various candidate genes
associated with hereditary diseases [25]. Moreover, be-
cause HDAdV gene transfer does not result in the transfer
of viral sequences, this technique may also have the poten-
tial to be used for gene therapy via iPSC transplantation.
Indeed, the HDAdV gene transfer system has several
advantages compared to other genome-editing methods,
such as CRISPR (clustered regularly interspaced short
palindromic repeats) or TALEN (Transcription Activator-
Like Effector Nucleases), which may induce off-target
alterations [26]. Fu et al. reported that the off-target sites
caused by CRISPR harbored up to five mismatches, and
many sites were mutagenized with frequencies comparable
to those observed at the intended on-target site. This is
because the DNA break caused by Cas9 nuclease, which
leads to the genome editing, can be guided by simple
base-pair complementarity between the first 20 nucleo-
tides of an engineered guide RNA-target DNA interface
and can be easily misguided by sensing mismatched se-
quences. Undesired off-target sites when using TALEN
are also related to unintended DNA cleavage [27]. In con-
trast, the HDAdV gene transfer system does not require

DNA cleavage but instead requires homologous recom-
bination; therefore, this technique results in few off-target
effects.
Clinical trials using several therapeutic approaches for

RP are currently in progress. One example is retinal pig-
ment epithelium-specific 65-kDa protein (RPE65) gene
therapy for the treatment of Leber’s congenital amaurosis
(LCA); this autosomal recessive abnormality is caused by a
loss-of-function of RPE65 and can thus be treated through
the introduction of the normal gene.
In contrast, a different approach is required for auto-

somal dominant diseases caused by mutations that result
in a toxic gain-of-function protein. A randomized trial of
ciliary neurotrophic factor (CNTF) was performed to
evaluate the safety and efficacy of this factor with regard
to the visual functions of RP patients [28]. Although this
treatment caused no serious adverse events, retinal sensi-
tivity was reduced, possibly due to rhodopsin degradation
[29] in response to CNTF. Thus, definitive therapeutic ap-
proaches for RP have not yet been established. Our study
using a patient’s iPSC-derived photoreceptor cells offers a
novel approach for the evaluation of potential of new
therapeutics.
We found that treatment with salubrinal, a selective in-

hibitor of eIF2α, led to an increased number of #5 iPSC-
derived rod photoreceptor cells. Additionally, the treated
cells showed reduced levels of ER stress and apoptotic
markers, suggesting that the rod photoreceptor cell death
caused by the rhodopsin E181K mutation could be sup-
pressed by inhibiting protein synthesis, including the syn-
thesis of the abnormal rhodopsin. Treatment with NQDI-1,
an inhibitor of ASK1 activation, also increased the survival
of the mutant rod photoreceptor cells, consistent with the
idea that apoptosis is regulated by the ER stress-induced
Ire-1α-ASK1-JNK pathway [30,31].
Based on these findings, we further investigated the

ER stress-induced apoptosis pathway using additional re-
agents that modify this signaling pathway. Treatment
with rapamycin reduced ER stress markers in the #5
iPSC-derived rod photoreceptor cells and significantly

(See figure on previous page.)
Figure 5 Autophagy markers in iPSC-derived rod photoreceptor cells. Immunostaining of pNrl-EGFP-positive cells (green: A, D, G and J) and
immunocytochemistry using anti-LC3 antibody (magenta: B, E, H and K), and their merged images (C, F, I, L). Arrowheads indicated pNrl-EGFP-
and LC3-double positive cells. Scale bar: 20 μm. The autophagy marker molecules LC3 (M, P), ATG5 (N, Q), and ATG7 (O, R) were analyzed using
real-time PCR in the pNrl-EGFP-positive rod photoreceptor cells derived from each iPSC line in the absence of treatment (M-O) and in #5
iPSC-derived cells following therapeutic treatment (P-R), both at 5 weeks of culture. Autophagy was suppressed in the #5Rw and B7 iPSC-derived
cells and in the #5 iPSC-derived cells with each treatment. N = 3 for all. Rapa., rapamycin; Salub., salubrinal. *p < 0.05, ***p < 0.001. Mean ± SD
(with each p-values of marked by *) for #5, #5Rw, B7, B7#Rm in (M) 1 ± 0.010, 0.830 ± 0.005 (p < 0.0001), 0.881 ± 0.008, 0.943 ± 0.003 (p = 0.002);
(N) 1 ± 0.007, 0.747 ± 0.005 (p < 0.0001), 0.836 ± 0.005, 1.06 ± 0.006 (p < 0.0001); (O) 1 ± 0.004, 0.849 ± 0.003 (p < 0.0001), 0.842 ± 0.003, 1.04 ± 0.003
(p < 0.0001). Mean ± SD relative to cont. (with each p-values of marked by *), for Cont.. Rapa., PP242, AICAR, NQDI-1, Salbr. for (P) 1 ± 0.010,
0.601 ± 0.001, 0.873 ± 0.011, 0.784 ± 0.004, 0.885 ± 0.004, 0.757 ± 0.002 (all, p < 0.0001); (Q) 1 ± 0.007, 0.599 ± 0.001, 0.867 ± 0.004, 0.772 ± 0.003,
0.872 ± 0.0003, 0.683 ± 0.001 (all, p < 0.0001); (R) 1 ± 0.004, 0.675 ± 0.001, 0.924 ± 0.003, 0.818 ± 0.002, 0.879 ± 0.001, 0.818 ± 0.004 (all, p < 0.0001).
These data were obtained by technical triplicate and not by biological triplicate. Statistical analyses in M-O and P-R were carried out by Student’s
T test and by One-way ANOVA Dunnett’s test, respectively.
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increased cell survival. The accumulation of unfolded mu-
tant rhodopsin protein, which increases ER stress, may
have activated the mTORC1-regulated Ire1α-ASK1-JNK
apoptotic pathway [30]; mTORC1 can further increase cell
death through a positive feedback mechanism, resulting in
increased protein synthesis, including the mutated rhod-
opsin [30]. Thus, the protective effect of rapamycin in
these cells may be due to the suppression of the vicious
cycle between the UPR (unfolded protein response) and
mTORC1 pathways. This FDA-approved drug (rapamy-
cin) can be reassessed to treat RP; however, further studies
are required. In contrast to rapamycin, PP242 inhibits
both mTORC1 and mTORC2; the latter is also influenced
by UPR, and mTORC2 signaling induces survival signal-
ing via AKT activation [30]. This contradictory action of
mTORC2 may limit the overall effect of PP242 on the
suppression of cell death.
AMPK activation through AICAR treatment also exhib-

ited a protective effect by reducing ER stress and increasing
photoreceptor cell survival. Previous studies have shown
that AMPK suppresses mTORC1 indirectly through the
phosphorylation and activation of the tuberous sclerosis
complex (TSC) [30,32]. Additionally, extensive studies have
also revealed that the activity of mTORC1 is modulated by
intracellular energy levels through multiple mechanisms,
and AMPK is reported to directly phosphorylate multiple
components of the mTORC1 pathway [32].
Autophagy is a process that involves the degradation of

proteins and organelles in response to various forms of
cellular stress, including ER stress [14]. The unfolded or
misfolded proteins in the ER lumen that cause ER stress
are translocated to the cytoplasm where they are de-
graded. During this process, the ubiquitin proteasome sys-
tem and autophagy act as degradation systems for the
unfolded proteins. Thus, disturbing autophagy renders the
cells vulnerable to ER stress, as autophagy plays important
roles in cell survival after ER stress [15]. The absence of
autophagy may cause neurodegenerative diseases [33,34],
and autophagy has also been shown to cause apoptosis
in some diseases by destroying cellular components [35].
Accordingly, we examined the expression of autophagy
markers in the iPSC-derived rod photoreceptor cells with
or without the rhodopsin mutation. We found that the
levels of autophagy markers changed in parallel with the
levels of ER stress and the levels of the apoptosis markers.
We interpret this result that the decrease in autophagy
markers following the drug treatments may have resulted
from the decreased demand for autophagy following the
suppression of ER stress.
In the present study, to examine the effects of various

drugs, and characterize the ER stress and autophagy
marker expression, we could obtain consistent results with
low p-values in the triplicated real-time PCR experiment
(Figures 4 and 5). Strictly, however, these results can be

interpreted as follows. Because of the limitation of the cul-
ture scale, we had to put each iPSC-derived pNrL-GFP
positive rod photoreceptor cells which were obtained from
each culture well together, before reverse transcription.
Thus, each real-time PCR data in Figures 4 and 5 was ob-
tained using the same RT-product as a template, rather
than biological triplicate. These experimental conditions
can explain why such low p-values for the mRNA expres-
sion changes by various drugs’ treatment. Thus, in the fu-
ture investigations, these results should be re-confirmed
using biological triplicate by performing larger scale of
iPSC cultures and subsequent photoreceptor differenti-
ation assays.
To obtain target cells that could be used to explore dif-

ferent therapeutic approaches, we used Lamba’s differenti-
ation method [16], which allows the cells to express rod
photoreceptor cell markers within only a few weeks. Con-
sidering that the human photoreceptor require more time
to mature in vivo, it is possible that the photoreceptor cells
derived using this method have artificial intracellular mi-
croenvironments. In fact, there are several protocols for
retinal differentiation that involve months of culture
[11,12,36,37]. However, the method used in the present
study required less time and constitutes an efficient strat-
egy for creating cells that can be used to examine patho-
genic genes and screen novel therapeutics, which can be
then applied in industrial uses.

Conclusions
In summary, the generation of iPSCs from an RP patient
was a valuable approach to demonstrate a causative link
between a pathogenic mutation and a cellular pheno-
type. The use of iPSCs derived from RP and control in-
dividuals, combined with the manipulations of the gene
of interest using HDAdV, allowed us to examine the ef-
fects of normal and mutant rhodopsin in otherwise gen-
etically identical rod photoreceptor cells. Further studies
using similar systems should help to reveal the molecu-
lar mechanisms underlying other genetic diseases and
could serve as a cellular platform for the evaluation of
potential therapeutics, including the large-scale screen-
ing of compound libraries.

Methods
This study followed the tenets of the Declaration of
Helsinki and was approved by the ethics committee at
Keio University School of Medicine (Approval No.
2008016).

Isolation of human skin cells and generation of iPSCs
Skin cells were obtained from a 53-year-old Japanese fe-
male RP patient by a skin-punch biopsy after the patient
gave her written, informed consent. These cells were then
infected with retroviruses encoding four reprogramming
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factors, Oct3/4, Sox2, Klf4, and c-Myc, as previously de-
scribed, to generate a human iPSC line, RP#5 (#5), [15,38].
The control iPSC line [201B7 (B7)], which was generated
using the same method described for #5, was kindly pro-
vided by Dr. Shinya Yamanaka of Kyoto University [15].
The sequences of the rhodopsin genes in the iPSCs (see
Additional file 1: Table S1) and the immunostaining of
pluripotent markers (see Additional file 2: Table S2) were
analyzed; teratoma formation was confirmed as previously
described [38].

Preparation of HDAdVs and gene targeting
HDAdVs were prepared as previously described to gener-
ate gene-targeted iPSCs (#5Rw and B7Rm clones) (see Re-
sults and Additional file 3).

Differentiation, collection, and analyses of rod
photoreceptor cells
The in vitro differentiation of the rod photoreceptor cells
from iPSCs was performed as previously reported (see
Additional file 3) [16]. The differentiated cells were in-
fected with Ad-pNrl-EGFP, which was generated using the
pENTR1A plasmid harboring the Nrl promoter region
(kindly provided by Dr. Anand Swaroop, NIH, MD) [19],
2 days prior to each analysis. The cells were suspended in
PBS containing 10 μg/ml propidium iodide (PI) to stain
the non-viable cells and were sorted to collect the
EGFP-positive viable cells using a triple-laser MoFlo
(Dako), FACS Calibur or FACS Aria (BD Biosciences)
flow cytometer. The collected cells were counted or
used for a real-time PCR analysis (see Additional file 1:
Table S1). For real-time PCR analyses, the differentiated
cells were summed up from each culture well according
to the iPSC groups or the treatment groups. Annexin V
staining was performed using Annesin V-Biotin Apop-
tosis Detection Kit (Bio Vision), followed by the staining
with Streptoavidin, Allophcocyanin, crosslinked, conju-
gated antibody (Life Technoloties). Immunohistochemi-
cal analyses were performed using antibodies listed in
Additional file 2: Table S2. Images were obtained using
LSM-710 confocal (Zeiss) microscopes.

Treatment protocol
The iPSC-derived cells were treated with the following
drugs after 3 weeks of differentiation: 10 nM rapamycin
(Selleckchem.com), 500 nM PP242 (Sigma-Aldrich), 2 μM
5-aminoimidazole-4-carboxyamide ribonucleoside (AICAR,
Santa Cruz), 500 nM Nuclear Quality Assurance-1 (NQDI-
1, Axon Medchem), and 3 μM salubrinal (Millipore).

Statistical analyses
All the results are expressed as the mean ± SD. The differ-
ences were analyzed using the Student’s T test (between 2
groups) and Dunnett’s test (among 6 groups), and the

differences were considered significant when p < 0.05. All
statistical tests were performed using IBM SPSS statistics
Ver.19 (IBM, Armonk, NY) and confirmed using Stata13
(Light Stone, Tokyo, Japan).

Additional files

Additional file 1: Table S1. Primer list.

Additional file 2: Table S2. Antibody list.

Additional file 3: Supplementary materials and methods.
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Forced Expression of Nanog or Esrrb Preserves theESC Status in the Absence of NucleosteminExpressionMIYUKI KATANO,a MASATSUGU EMA,b YUTAKA NAKACHI,c,d YOSUKE MIZUNO,d MASATAKA HIRASAKI,aAYUMU SUZUKI,a ATSUSHI UEDA,a MASAZUMI NISHIMOTO,a,e SATORU TAKAHASHI,bYASUSHI OKAZAKI,c,d AKIHIKO OKUDAa,fKey Words. Embryonic stem cells • Epiblast stem cells • Leukemia inhibitory factor • PluripotencyABSTRACTNucleostemin (NS) is a nucleolar GTP-binding protein that is involved in a plethora of functionsincluding ribosomal biogenesis and maintenance of telomere integrity. In addition to its expres-sion in cancerous cells, the NS gene is expressed in stem cells including embryonic stem cells(ESCs). Previous knockdown and knockout studies have demonstrated that NS is important topreserve the self-renewality and high expression levels of pluripotency marker genes in ESCs.Here, we found that forced expression of Nanog or Esrrb, but not other pluripotency factors,resulted in the dispensability of NS expression in ESCs. However, the detrimental phenotypes ofESCs associated with ablation of NS expression were not mitigated by forced expression ofRad51 or a nucleolar localization-defective NS mutant that counteracts the damage associatedwith loss of NS expression in other NS-expressing cells such as neural stem/progenitor cells.Thus, our results indicate that NS participates in preservation of the viability and integrity ofESCs, which is distinct from that in other NS-expressing cells. STEM CELLS 2015;33:1089–1101INTRODUCTION
Nucleostemin (NS) (also known as GNL3) is a
nucleolar GTP-binding protein that is involved
in numerous biological functions including
ribosome biogenesis, protection against telo-
mere damage, and destabilization of p53 pro-
tein [1–5]. Recently, a genome-protecting role
of NS has been uncovered in neural stem cells
(NSCs) [6] and regenerating hepatocytes [7], in
which NS protein recruits Rad51 to foci of
DNA damage to facilitate DNA repair. NS was
first discovered in NSCs [1] and later in numer-
ous types of stem/progenitor cells and cancer
cells. Stem cells are defined by their abilities
to produce multiple distinct cell types (multi-
potency) and self-renew while maintaining
their multipotency. However, each stem cell
type is usually only able to generate cell types
that coexist in certain tissues [8]. For example,
NSCs produce only neurons, astrocytes, and
oligodendrocytes in the brain, at least in a
physiological context [9]. In terms of self-
renewality, the durations are different depend-
ing on the stem cell type, but it is never per-
manent. Embryonic stem cells (ESCs) are also
categorized as stem cells, although their differ-
entiation potential and self-renewal properties
are much greater compared with those of

other stem cell types, because they can con-
vert to any cell type in the body, including
germ cells, and maintain self-renewality indefi-
nitely [10–12]. NS is also expressed in ESCs,
and we have previously demonstrated such
expression is essential to preserve cell viability
[13]. Another study [4] has shown that NS

expression is important for rapid transit
through G1 phase to sustain the robust prolif-
eration of ESCs and is also crucial to maintain
high expression levels of pluripotency marker
genes. However, the molecular mechanisms of
NS in ESCs remain largely unexplored. More-
over, it is unknown whether NS expression is
crucial for other pluripotent cells, that is, epi-
blast stem cells (EpiSCs) [14, 15].

Here, we demonstrate that ablation of NS

expression leads to a substantial decline in the
expression levels of pluripotency marker genes
and extensive cell death of both EpiSCs and
ESCs. However, unlike in NSCs, the effects of
NS expression ablation are not mitigated by
forced expression of Rad51, implying a pluripo-
tent cell-specific function of NS. Our data also
demonstrate that the changes associated with
NS expression ablation in ESCs, but not in
EpiSCs, are almost completely rescued by
forced expression of either Nanog or Essrb plu-
ripotency factors.
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MATERIALS AND METHODSCell Culture
Wild-type (CMTI-1) and NS tet-off ESCs, in which NS gene
expression from the ROSA26 locus can be controlled by the
tetracycline-off system [13], were cultured under a feeder-free
condition with standard ESC medium containing leukemia
inhibitory factor (LIF) and serum [16]. To generate NS tet-off
EpiSCs, NS tet-off ESCs were marked with fluorescent Kusabira
Orange (KBO) by stable integration of a KBO expression vector
with a puromycin resistance gene [17] and then injected into
blastocysts. After transfer to surrogate ICR mice, embryos at
!6.5 days postcoitum (dpc) were recovered to establish
EpiSCs according to Brons et al. [15]. The EpiSCs were cul-
tured on fibronectin-coated dishes with medium containing
20 ng/ml human activin A (338-AC-050) (R&D Systems, Min-
neapolis, MN, http://www.rndsystems.com) and 12 ng/ml
murine basic fibroblast growth factor (450-33) (PeproTech,
Rocky Hill, NJ, http://www.peprotech.com) as described by
Gillich et al. [18]. To suppress NS expression from the ROSA26

locus in the inducible NS tet-off ESCs and EpiSCs, 1 mM doxy-
cycline (Dox) was added to the culture medium.TUNEL Assay
For TUNEL assays, cells were plated on gelatin-coated Cell
Disks. TUNEL-positive apoptotic cells were detected using an
In situ Cell Death Detection kit, Fluorescein (11684795910)
(Roche Applied Science, Mannheim, Germany, http://www.
roche-applied-science.com).Hydroxyurea Treatment
CMTI-1 ESCs were transiently transfected with expression vec-
tors for either wild-type or the DB mutant of NS [19] and
then treated with 2 mM hydroxyurea (HU) for 20 hours. Sub-
sequently, HU-containing medium was replaced by standard
ESC medium and then cultured for 4 hours before subjecting
to immunocytochemistry using an antibody against c-H2A-X.
CMTI-1 ESCs transfected with an empty vector were used as a
control.Microarray Analysis
Biotin-labeled cRNA was synthesized as described by the Affy-
metrix guidelines. Labeled samples were hybridized to Affyme-
trix GeneChip Mouse Genome 430 2.0 arrays according to the
manufacturer’s instructions. Microarray expression data were
background subtracted and normalized with the robust multiar-
ray analysis method using statistical software R. Gene ontology
(GO) analyses were conducted using DAVID web tools (http://
david.abcc.ncifcrf.gov). The selected GO terms were further sub-
jected to analyses using AmiGO1 (http://amigo1.geneontology.
org/cgi-bin/amigo/go.cgi) and REVIGO (http://revigo.irb.hr)
web sites to eliminate redundancy. For gene set enrichment
analysis (GSEA), we used GSEA software v2.0.14.Quantitative RT-PCR
Quantitative RT-PCR was conducted with the StepOnePlus
real-time PCR system (Applied Biosystems, Foster City, CA,
http://www.appliedbiosystems.com) using cDNAs generated
by reverse transcription. The TaqMan-based reactions quanti-
fied the expression levels of Gapdh, Nanog, Oct3/4, Sox2,

Sall4, Utf1, Tbx3, Tcl1, Esrrb, Rex1, Klf2, Klf4, Gata4, Gata6, T,
Cdx2, and Pax6. SYBR Green-based reactions were used to
quantify the expression levels of Prdm14 with the following
primer set: forward, 50-GGC CAT ACC AGT GCG TGT A-30;
reverse, 50-TGC TGT CTG ATG TGT GTT CG-30. The results were
normalized to Gapdh expression levels.Alkaline Phosphatase Staining
ESCs (2,500 cells) were plated in each well of a gelatin-coated
six-well plate and cultured with or without Dox. Then, the
cells were stained with an AP staining kit (AP100R-1) (System
Biosciences, Inc., Mountain View, CA, http://www.systembio.
com).Knockdown of NS Expression in Human-Induced Pluri-potent Stem Cells
Human-induced pluripotent stem cells (hiPSCs) (SC102A-1)
were cultured according to the supplier’s instructions (System
Biosciences, Inc.). Inhibition of NS expression by shRNA-
mediated knockdown in hiPSCs was conducted as described
previously [20] with the sequence (shNS1) used by Okamoto
et al. [21].Accession Number
DNA microarray data have been deposited in the NCBI Gene
Expression Omnibus under accession number GSE56797.

Materials used in this study, vector constructions, Western
blot, and immunostaining methods were provided in Support-
ing Information Materials and Methods.RESULTSDecline in the Expression Levels of PluripotencyMarker Genes After Ablation of NS Expression in ESCs
We have previously demonstrated that ablation of NS expres-
sion leads to extensive cell death of ESCs using inducible NS

tet-off ESCs in which the NS gene was homozygously dis-
rupted, but NS cDNA was introduced into the ROSA26 locus
together with the tetracycline-off system [13]. Furthermore,
we demonstrated with that the expression levels of pluripo-
tency markers such as Oct3/4 and UTF1 are not noticeably
influenced by the loss of NS expression in this ESC line. How-
ever, a recent report with knockdown experiments of NS

expression in ESCs demonstrated that a decline in NS expres-
sion levels does not provoke a strong apoptotic phenotype,
but lowers the expression levels of numerous pluripotency
marker genes [4]. We considered that these apparent discrep-
ancies may be attributed to a difference in the levels of resid-
ual NS expression in NS-knockout and -knockdown ESCs,
resulting in a milder phenotype in NS-knockdown ESCs with
respect to cell viability. In terms of pluripotency marker gene
expression, we assumed that the extensive cell death pheno-
type of NS-knockout ESCs had prevented us from correctly
quantifying the expression levels of pluripotency marker
genes. To address the latter possibility, we first examined
Oct3/4 expression in NS-knockout ESCs by immunocytochemi-
cal analyses. Although our previous Western blot and mRNA
quantification analyses did not indicate a decline in Oct3/4
expression after Dox administration [13], immunocytochemis-
try showed some differences in Dox-untreated (NS expressing)
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and -treated (NS nonexpressing) NS tet-off ESCs. Indeed, cells
with a low intensity of Oct3/4 immunostaining were apparent
among Dox-treated NS tet-off ESCs. However, most of them
were not completely negative, but retained at least certain
signal for Oct3/4. Therefore, the proportion of completely
negative cells for Oct3/4 was similar between Dox-treated
and -untreated NS tet-off ESCs. These results were in marked
contrast to the results obtained with Dox-untreated NS tet-off

ESCs that showed homogeneous Oct3/4 signals (Fig. 1A). We
also performed immunocytochemical analyses of Esrrb. Con-
sistent with previous reports [22–24], Esrrb expression was
heterogeneous among ESCs with only approximately 60% of
ESCs positive for Esrrb even among Dox-untreated NS tet-off
ESCs (Fig. 1A). However, the proportion of cells negative for
Esrrb became much more prominent following Dox treatment,
implying that the overall expression level of Esrrb was also

Figure 1. Most pluripotency marker genes undergo a decline in expression after ablation of NS expression in ESCs. (A): Immunocyto-
chemical analyses of Oct3/4 and Esrrb in Dox-untreated and -treated NS tet-off ESCs. NS tet-off ESCs were cultured on cell disks in the
absence or presence of Dox for 5 days before immunocytochemistry. The ratio of Oct3/4- or Esrrb-positive cells among DAPI-positive
cells is shown as the mean6 SD (n 5 3). Scale bar5 50 mm. (B): Quantitative RT-PCR analyses of pluripotency and differentiation marker
expression. Data are the mean6 SD (n 5 3). Each value from Dox-untreated NS tet-off ESCs is set to one. *, p< .05; **, p< .01; and
***, p< .001. (C): Western blot analyses of pluripotency marker and p53 proteins. NS tet-off ESCs were treated with Dox and recovered
at the indicated days. Abbreviations: ESC, embryonic stem cell; NS, nucleostemin.
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decreased upon NS expression ablation. Furthermore, analyses
of the expression of Nanog, which is also a pluripotency
marker with rather heterogeneous expression in ESCs [23],
revealed that the proportion of Nanog-negative cells was
increased significantly after ablation of NS expression in ESCs
(Supporting Information Fig. S1).

Because our immunocytochemical analyses indicated
downregulation of the expression of Oct3/4, Esrrb, and
Nanog, we determined whether other pluripotency marker
genes underwent downregulation upon Dox-mediated ablation
of NS expression in ESCs. Quantitative RT-PCR analyses dem-
onstrated that most of the examined pluripotency marker
genes underwent significant downregulation of expression.
However, some pluripotency marker genes such as Oct3/4,
Sox2, and Sall4 were not significantly influenced by the loss
of NS expression. The UTF1 expression level was even ele-
vated in NS-null ESCs (Fig. 1B). Thus, these findings partly
account for the previous discrepancy in the decline of pluripo-
tency marker gene expression in Dox-treated NS tet-off ESCs
[13]. Differential effects of NS expression ablation on gene
expression among pluripotency markers were also consistent
with a previous report [4]. Western blot analyses also showed
decreases in the expression of all the pluripotency marker
proteins, particularly Nanog, Esrrb, and Klf4, upon Dox-
mediated loss of NS expression (Fig. 1C). Again, the decline in
the expression level of Oct3/4 was not very obvious com-
pared with that of other pluripotency markers such as Nanog
and Esrrb. Thus, our data indicate that pluripotency marker
genes can be categorized into two groups according to rapid
or gradual declines in their expression levels (first and second
groups, respectively). Therefore, a reduction in the expression
levels of second group genes such as Oct3/4 may be due to a
secondary effect of the reduction in the expression levels of
first group genes such as Klf4 and Esrrb. Consistent with this
notion, we observed a strong rescue effect by forced expres-
sion of certain first group genes (see below). With respect to
the expression of differentiation marker genes, we noted
induction of T (Brachyury) expression, implying initiation of
mesodermal induction. However, there was no elevation in
the expression levels of ectodermal (Pax6) or endodermal
(Gata4) marker genes, while Gata6 and Sox17, other endoder-
mal markers, showed increases in their expression levels upon
loss of NS expression in ESCs. Unexpectedly, we found the
trophectodermal marker gene Cdx2 underwent a profound
increase in expression (Fig. 1B), although ESCs do not intrinsi-
cally have the ability to differentiate into the trophectodermal
cell lineage. However, we do not know the reason for the
abnormal expression pattern of the differentiation marker
genes, especially the strong induction of Cdx2 in Dox-treated
NS tet-off ESCs.Decline in the Phosphorylation Level of Stat3 in NStet-off ESCs
To understand the molecular basis of the extensive cell death
and decline in the expression levels of pluripotency genes, we
explored methods to sustain the ESC status in the absence of
NS gene expression. Pluripotency marker genes including Klf4

and Esrrb show higher expression in ESCs than that in EpiSCs
[25]. Furthermore, these pluripotency genes were more pre-
dominantly downregulated by NS expression ablation than
other genes (Oct3/4 and UTF1) showing apparently equivalent

expression levels (Fig. 1B). Therefore, we examined the possi-
bility that the LIF-Stat3 signaling cascade was impaired in NS

tet-off ESCs, because ESCs, but not EpiSCs, are crucially
dependent on this signaling cascade. Figure 2A shows that,
although the total amount of Stat3 did not change, the
amount of phosphorylated (active) Stat3 was decreased signif-
icantly upon loss of NS expression in ESCs. We also noted
that the amount of phosphorylated Akt, which cooperatively
participates with Stat3 to maintain ESC pluripotency [26, 27],
was also decreased in NS tet-off ESCs, although the decrease
was less significant compared with that of phosphorylated
Stat3. However, phosphorylation levels of Erk1/2 and GSK3b
were unchanged by NS expression ablation. These results
prompted us to examine the effect of forced expression of
the constitutively active form of Stat3 [28] and Akt on NS tet-
off ESCs. These analyses revealed that both constitutively
active Stat3 and Akt yielded some alkaline phosphatase-
positive viable colonies (Fig. 2B), although most of the cells
underwent cell death in both cases. However, both Stat3- and
Akt-dependent colonies showed extremely slow cell prolifera-
tion (refer Fig. 3C for Stat3; data not shown for Akt) and sub-
stantial cell death occurred during each passage. Therefore,
we could not maintain either Stat3- or Akt-dependent colo-
nies cells over several passages. The dependency of ESCs on
LIF-Stat3 signaling is much weaker in ESCs under the 2i plus
LIF condition compared with that in the conventional LIF and
serum condition [29, 30]. Moreover, previous knockdown
studies have demonstrated that the decline in the expression
levels of pluripotency marker genes is much less significant
when NS expression in ESCs is knocked down under the 2i
plus LIF condition [4]. Therefore, we examined the effect of
NS knockout in ESCs under the 2i plus LIF condition. Similar
to forced expression of constitutively active Stat3, we
observed some alkaline phosphatase-positive viable cells (Fig.
2B), although the vast majority of NS tet-off ESCs underwent
cell death. We assumed that the less potent effect of the 2i
plus LIF condition on NS-knockout ESCs compared with that in
NS-knockdown ESCs [4] was again attributed to the difference
in residual NS expression levels in NS-knockout and -knock-
down ESCs. Because we obtained a partial rescue effect by
Stat3, Akt, or the 2i condition, we next examined the effect
of the combination of all three components. The results
revealed that the rescue effect was more significant when
these components were applied in combination compared
with the individual components in terms of both the number
and size of the rescued alkaline phosphatase (AP)-positive col-
onies (Fig. 2B).NS Expression Becomes Dispensable by ForcedExpression of Nanog or Esrrb in ESCs
Next, we examined whether forced expression of pluripotency
marker genes shows rescue effects in NS tet-off ESCs,
because a decline in the expression of pluripotency marker
genes is one of the prominent features of these cells.
Although most of the pluripotency factors did not exert any
noticeable effects on the viability of NS tet-off ESCs (Support-
ing Information Fig. S2), forced expression of Nanog or Esrrb
produced a number of viable and alkaline phosphatase-
positive colonies (Fig. 3A). These effects were much more
prominent even when compared with those obtained by
simultaneous expression of Stat3 and Akt in the 2i condition.
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Indeed, the numbers of viable colonies were similar for Dox-
treated and -untreated NS tet-off ESCs that had been rescued
by Nanog or Esrrb expression. These rescued NS tet-off ESCs
could be passaged and expanded without affecting their viabil-
ity or the undifferentiated morphology of the colonies. Western
blot analyses revealed that, unlike NS tet-off ESCs transfected
with the empty vector, both Nanog- and Esrrb-overexpressing
NS tet-off ESCs showed no alteration in the phosphorylation
level of Stat3 after Dox-mediated ablation of NS expression
(Fig. 3B). We also noted that the level of p53 protein was res-
cued by these pluripotency factors. Indeed, although obvious
accumulation of p53 protein is a prominent feature of Dox-
treated NS tet-off ESCs [1, 13], p53 protein accumulation was

noticeably attenuated by forced expression of constitutively
active Stat3 or exposure to the 2i condition. More importantly,
such accumulation became not evident by either Nanog- or
Esrrb-overexpression in Dox-treated NS tet-off ESCs (Fig. 3B).
Differences in the degrees of rescue by forced expression of
either Nanog or Esrrb compared with those obtained by consti-
tutively active Stat3 or exposure to the 2i condition were also
evident for the cell proliferation rate. However, the Nanog- or
Esrrb-rescued cells did not proliferate as quickly as Dox-
untreated NS tet-off ESCs (Fig. 3C). We also confirmed that the
frequency of TUNEL-positive cells with NS expression ablation
was almost completely rescued or obviously suppressed by
forced expression of Esrrb or Nanog, respectively (Fig. 3D).

Figure 2. Incomplete counteraction of NS expression ablation-mediated detrimental phenotypes of ESCs by constitutive activation of
Stat3 Akt or exposure to the 2i condition. (A): Western blot analyses to examine the phosphorylation levels of signal transduction
kinases that are related to ESC pluripotency. NS tet-off ESCs were treated with Dox and then protein extracts were prepared at the indi-
cated days. (B): Partial rescue of NS tet-off ESCs by either constitutively active Stat3, Akt, or exposure to the 2i condition. Upper right
panel shows a Western blot for confirmation of the exogenously overexpressed Stat3 mutant and Akt. The combinatorial effect was also
examined for all three components. Lower left and right bar graphs show the relative number of AP-positive colonies and the total
occupied area of all rescued colonies, respectively, in which data from Dox-treated NS tet-off ESCs are set to 1 in both cases. NS tet-off
ESCs and those overexpressing constitutively active Stat3 and/or Akt were treated as indicated for 6 days, and then subjected to AP
staining. Scale bar5 100 mm. Abbreviations: ESC, embryonic stem cell; NS, nucleostemin.
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Effects of Forced Expression of Nanog and Esrrb onthe Global Expression Profile of NS Expression-AblatedESCs
To systematically quantify the similarity in the overall gene
expression profiles of Nanog- or Esrrb-rescued NS tet-off ESCs

and Dox-untreated NS tet-off ESCs, we performed DNA micro-
array analyses and used the obtained data for cluster analy-
ses. Data from 10 samples were clustered into two main
groups in which one group mainly consisted of Dox-untreated
NS tet-off ESCs, while three types of Dox-treated NS tet-off

Figure 3.

1094 Nanog and Esrrb Override NS Function in ESCs

VC AlphaMed Press 2014 STEM CELLS



ESCs (Stat3mut, 2i, and empty) belonged to the other group.
However, we noted that Nanog- and Esrrb-rescued Dox-
treated NS tet-off ESCs showed extremely similar expression
patterns. They were clearly segregated from the group of
Dox-treated NS tet off ESCs, but belonged to the first group
mainly including Dox-untreated NS tet-off ESCs. This result
provided additional evidence that the forced expression of
Nanog or Esrrb had counteracted NS expression ablation-
mediated disruption of ESC pluripotency (Fig. 4A). MA (log
ratios/mean average) plots comparing gene expression pro-
files (Fig. 4B) provided data consistent with this notion. The
expression profile of NS tet-off ESCs was greatly altered upon
ablation of NS expression with Dox and neither constitutively
active Stat3 nor exposure to the 2i condition were able to
alleviate this change significantly. However, forced expression
of Nanog or Esrrb made NS tet-off ESCs rather refractory
against this NS expression ablation-mediated change of their
global expression profile. The ESC status is preserved by exquis-
ite interplay of three transcription subnetworks termed Core,
Myc, and PRC modules [31]. Our analyses of the DNA microar-
ray data revealed that these three subnetworks were signifi-
cantly unbalanced in Dox-treated NS tet-off ESCs, and neither
expression of constitutively active Stat3 mutant nor exposure
to the 2i plus LIF condition appreciably attenuated this unbal-
ance. However, we found that these subnetworks were fairly
normalized in both Nanog- and Esrrb-rescued NS tet-off ESCs
(Fig. 4C). In addition, we used the microarray data to examine
the expression levels of individual genes related to pluripotency
and cellular differentiation. We found that trophoblast marker
genes and pluripotency genes were significantly upregulated
and downregulated, respectively (Fig. 4D). Some, but not all,
mesendodermal marker genes showed elevated expression lev-
els in Dox-treated NS tet-off ESCs. However, we assume that
this observation did not represent the normal differentiation
process of ESCs, because no clear upregulation of primitive
ectodermal marker genes such as Fgf5 and Otx2 [32] was evi-
dent in Dox-treated NS tet-off ESCs at any time point. More
importantly, such expression changes observed in parental NS

tet-off ESCs were not influenced by constitutively active Stat3
or exposure to the 2i plus LIF condition, but fairly minimized by
forced expression of Nanog or Esrrb. We also investigated the
expression dynamics of 49 genes that have been previously
denoted as Nanog-sensitive genes [33]. These genes were iden-
tified by two strict criteria: they have been demonstrated as
Nanog target genes by genome-wide chromatin immunopreci-
pitation analyses and show immediate alterations in gene
expression levels after transcriptional activation of Nanog.
GSEA revealed that most genes with positively regulated
expression levels by Nanog showed a decline in their expression

levels after ablation of NS expression in ESCs, while genes sub-
jected to negative regulation by Nanog tended to show upregu-
lated expression levels upon NS expression ablation in ESCs.
However, such a tendency was not observed in Nanog- or
Esrrb-rescued NS tet-off ESCs (Supporting Information Fig. S3).
It may be noteworthy that Nanog-rescued NS tet-off ESCs
tended to show relatively higher expression of genes subjected
to positive regulation by Nanog when the cells were treated
with Dox compared with that in Dox-untreated cells. These data
imply that abnormally high levels of Nanog in Nanog-
overexpressing Dox-untreated cells may be detrimental for the
expression of Nanog target genes.GO Analyses of Genes Showing Differential ExpressionLevels by Ablation of NS Expression in ESCs
Next, to correlate upregulation and downregulation of these
genes by NS expression ablation with overall molecular func-
tions, we conducted GO analyses. To this end, we first con-
structed Venn diagrams with genes that showed altered
expression levels by more than twofold in Dox-treated NS tet-
off ESCs that were transfected with either Nanog, Esrrb, or an
empty vector (Fig. 5A). We found that the expression levels of
most genes (933 out of 1,181) that were upregulated by
more than twofold in Dox-treated NS tet-off ESCs were nor-
malized by forced expression of Nanog or Esrrb. Similarly, 731
out of 938 genes that were downregulated in Dox-treated NS

tet-off ESCs were normalized by Nanog or Esrrb expression.
Next, we conducted GO classification analyses. A number of
GO terms, especially those related to morphogenesis and
development, were significantly enriched for genes upregu-
lated but normalized by Nanog or Esrrb (Fig. 5Ba), while only
two GO terms (“lipid catabolic process” and “cell cycle”) were
represented as prominent terms among genes downregulated
but normalized by Nanog or Esrrb (Fig. 5Bb). These results
indicate that the major role of NS in ESCs is suppression of
cellular differentiation and morphogenesis, which can be sub-
stituted by forced expression of either Nanog or Esrrb. These
data also indicated that, unlike the role of upregulated genes,
the downregulated genes are a gene set without an apparent
overall biological significance. We also subjected other groups
of genes in the Venn diagrams shown in Figure 5A to GO
analyses. However, none of the GO terms were selected by
the analyses except for genes with downregulated expression
in NS tet-off ESCs irrespective of the forced expression of
either Nanog or Esrrb. In this case, genes categorized into a
GO term (antigen processing and presentation of peptide anti-
gen via MHC class I) were found to be enriched, but the phys-
iological significance of identification of this term is unknown
at present (Fig. 5Bc).Figure 3. Strong rescue effects by forced expression of Nanog or Esrrb in NS tet-off embryonic stem cells (ESCs). (A): Forced expression

of Nanog or Esrrb allowed self-renew for a prolonged period even after ablation of NS expression in ESCs. After stable integration of
expression vectors for Nanog or Esrrb with puromycin selection, the cells were cultured in the presence or absence of Dox with stand-
ard ESC medium. After 6 days, the cells were examined under a conventional bright field microscope and then subjected to alkaline
phosphatase staining. Scale bar5 500 mm (upper panel); 100 mm (lower panel). (B): Western blot analyses of cells that were partially
rescued by exposure to the 2i condition or with constitutively active Stat3 and those rescued by forced expression of Nanog or Esrrb.
The cells were cultured in the presence or absence of Dox for 6 days. (C): Growth curves of NS tet-off ESCs overexpressing either consti-
tutively active Stat3, Nanog, or Esrrb, or exposed to the 2i condition. NS tet-off ESCs transfected with an empty vector were used as
controls. Cell numbers were counted at the indicated days, divided by 1 3 104, and then plotted on the semilogarithmic graph. The
number of cells at day 0 was 4 3 104. Data from Dox-untreated and -treated cells are plotted in the left and right panels, respectively.(D): TUNEL assay of Nanog- or Esrrb-overexpressing NS tet-off ESCs. The cells were cultured in the presence of Dox for 6 days. The ratio
of TUNEL-positive cells to DAPI-positive cells is shown with the SD. ***, p< .001. Scale bar5 10 mm. Abbreviation: NS, nucleostemin.
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Evidence of a NS-Mediated Rad51-IndependentMechanism to Preserve Cell Viability and Expressionof Pluripotency Marker Genes in ESCs
Recently, it has been demonstrated that recruitment of Rad51
to foci of stalled replication-induced DNA damage to maintain
genomic stability is the major role of NS in NSCs [6]. To inves-
tigate whether the same mechanism underlies the apoptotic
phenotypes of NS tet-off ESCs, we first examined whether
there was a striking increase of c-H2AX-positive cells among
NS tet-off ESCs, which is observed with NS-null NSCs. We
found no evident increase of c-H2AX-positive cells for the first

2 days after Dox addition. We did observe c-H2AX-positive NS

tet-off ESCs at 4 days post-Dox administration. However, these
cells never showed dot-like signal pattern, but homogeneously
stained pattern in the nucleus, implying that double-stranded
DNA breaks marked by c-H2AX positivity were not the primary
cause, but rather a secondary consequence of apoptotic cell
death of NS tet-off ESCs (Fig. 6A) [34, 35]. Differences in the
molecular mechanisms of NS tet-off ESC and NSC apoptosis
were also suggested by the fact that, unlike NS knockout
NSCs, overexpression of neither Rad51 (Fig. 6B) nor the nucle-
olar localization-defective NS mutant (NSDB) (Fig. 6C)

Figure 4. Evidence of the counteraction of nucleostemin (NS) expression ablation-mediated disruption of the embryonic stem cell
(ESC) state by forced expression of Nanog or Esrrb from global gene expression analyses. (A): Cluster analyses of DNA microarray data
from the indicated cells. The cells were cultured in the presence or absence of Dox for 6 days. (B): MA plots demonstrating a decrease
in the changes of overall gene expression levels by ablation of NS expression in ESCs upon forced expression of Nanog or Esrrb. DNA
microarray data from NS tet-off ESCs overexpressing either constitutively active Stat3, Nanog, or Esrrb, or exposed to the 2i condition
were used to construct MA plots to compare the expression profiles in Dox-untreated and -treated conditions. NS tet-off ESCs trans-
fected with an empty vector were used as controls. The SD is shown in each panel. (C): Average gene expression values of Core (blue),
Myc (red), and PRC (green) module genes with respect to the indicated Dox-treated cells were calculated with standard errors using the
values from their Dox-untreated counterparts as references. (D): Heat map showing expression levels of genes related to pluripotency
or cellular differentiation with respect to the indicated Dox-treated cells using data from their Dox-untreated counterparts as references.
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mitigated the detrimental phenotypes of NS tet-off ESCs.
Thus, these results indicate that loss of the stabilizing effect
of NS on the genome does not account for the major cause
of the extensive cell death phenotypes of NS tet-off ESCs.
However, these results do not necessarily eliminate the possi-
bility that NS also participates in genomic stabilization of
ESCs. NS protein in ESCs may exert dual functions to preserve
pluripotency and cell viability by preservation of genome
integrity, as demonstrated in other NS-expressing cells such as
NSCs, and some ESC-specific function. To test this hypothesis,
we overexpressed NS in wild-type ESCs and compared the lev-
els of c-H2AX positivity after induction of DNA damage by HU
treatment with those in ESCs transfected with an empty vec-
tor. These analyses revealed that the numbers of c-H2AX-

positive cells were noticeable declined by NS overexpression
and this effect was evident even with NSDB (Fig. 6D). Taken
together, these results indicate that the genome-protective
role of NS is operative at least among ESCs, NSCs, and regen-
erating hepatocytes, and probably more widely among NS-
expressing cells. Our data also indicate that NS in ESCs is
involved in an additional mechanism in parallel to preserve
pluripotency and cell viability.Crucial Role of NS in Preservation of PluripotencyMarker Gene Expression and Cell Viability of EpiSCs
Both ESCs and EpiSCs exhibit pluripotency [14, 15]. Therefore,
we determined whether NS also participates in preserving the
pluripotency of EpiSCs. To test this hypothesis directly, we

Figure 5. Characterization of the effects of forced expression of Nanog or Esrrb on the global expression profile of nucleostemin
expression-ablated embryonic stem cells (ESCs). (A): Venn diagram illustrating relative relationships of upregulated (left) and downregu-
lated (right) genes in Dox-treated ESCs with stable integration of either Nanog (blue), Esrrb (green,) or empty (red) expression vectors.
Small letters (a, b, and c) in circles represent groups of gene sets that were suggested to be enriched with certain biologically related
genes by the gene ontology (GO) analyses shown in (B). (B): GO analyses of the gene sets depicted in (A) using DAVID. The p-value cut-
off was set to <1 3 1024. All gene sets (seven groups in each panel) were subjected to the analyses. However, prominent GO terms
that satisfied the criteria of selection (p< 1 3 1024) were only identified for the three gene sets denoted with a, b, and c in (A).
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generated NS tet-off EpiSCs (Fig. 7A) and then cultured these
cells with or without Dox. Microscopic observation revealed
that Dox-treated NS tet-off EpiSCs showed severely impaired

cell growth (Fig. 7B). Similar to ESCs, this severe phenotype
was not alleviated by forced expression of Rad51 (Supporting
Information Fig. S4). A substantial number of cells also

Figure 6. Evidence of an additional role of NS other than a genome-protective role in ESCs. (A): Examination of c-H2A.X signals in NS
tet-off ESCs. NS tet-off ESCs were cultured with Dox for 0, 2, 4, and 6 days, and then immunostained with an anti-c-H2A.X antibody.
Scale bar5 10 mm. (B): Alkaline phosphatase staining of control and Flag-Rad51-overexpressing NS tet-off ESCs cultured in the absence
or presence of Dox for 6 days. Scale bar5 100 mm (left panel). Western blot analyses were also performed to confirm the exogenously
overexpressed Flag-tagged Rad51 with an antibody against Rad51 (right panel). (C): Alkaline phosphatase staining of control, Flag-NS-,
and Flag-NSDB-overexpressing NS tet-off ESCs that were cultured either with or without Dox for 5 days. Scale bar5 100 mm (left panel).
Immunostaining of these cells with an anti-Flag antibody was performed to confirm nucleolar and nuclear localization of wild-type NS
and the NSDB mutant, respectively. Scale bar5 10 mm (right upper panel). Right lower panel shows a Western blot of exogenously over-
expressed wild-type NS and the NSDB mutant. (D): Counteracting effect of overexpression of wild-type NS and the NSDB mutant on
HU-mediated genomic damage in ESCs. Levels of genomic DNA damage were evaluated by positivity for c-H2A.X in immunocytochemical
analyses. *, p< .05. Abbreviations: ESC, embryonic stem cell; NS, nucleostemin.

1098 Nanog and Esrrb Override NS Function in ESCs

VC AlphaMed Press 2014 STEM CELLS



showed positivity for TUNEL signals (Fig. 7C). Furthermore,
our immunocytochemical analyses revealed that substantial
proportions of Dox-treated NS tet-off EpiSCs became negative
for Oct-3/4 (Fig. 7D), indicating cellular differentiation.
Because accumulation of p53 protein is one of the prominent

features of NS tet-off ESCs, we examined whether p53 protein
was similarly accumulated in NS tet-off EpiSCs. Our analyses
revealed that a substantial number of cells expressed p53 pro-
tein in their nucleus after Dox-mediated ablation of NS

expression (Fig. 7E). Next, we examined the consequence of
Nanog or Esrrb overexpression in NS tet-off EpiSCs. These
analyses revealed that, unlike NS tet-off ESCs, forced expres-
sion of neither Nanog nor Esrrb overrode the requirement of
NS for the preservation of robust cell proliferation, cell viabil-
ity, and homogeneous expression of Oct3/4 in EpiSCs (Sup-
porting Information Fig. S5). Similar to ESCs, these results
indicate that NS crucially participates in preservation of the
cell viability of EpiSCs. However, there is a definite difference
in the responses to forced expression of either Nanog or Esrrb
in NS tet-off ESCs and EpiSCs. We will discuss about these
data more in details later (see Discussion).Role of NS Expression in Human iPSCs
To extend our findings concerning the role of NS expression
in mouse ESCs and EpiSCs, we examined the role of NS

expression in the preservation of human iPSC viability by
knockdown experiments. We found that a proportion of
human iPSCs bearing activated caspase-3/7 became signifi-
cantly larger as a result of shRNA-mediated knockdown of NS

expression compared with control cells in which shRNA-
mediated knockdown targeted unexpressed luciferase (Luc)
(Supporting Information Fig. S6). This result implies that NS

also plays crucial roles in preserving the viability of human
iPSCs.DISCUSSION
NS is involved in numerous biological functions, and
expressed in various stem/progenitor cell types, including
ESCs. Knockout mouse analyses have demonstrated overt
morphological abnormalities in NS knockout embryos during
blastocyst formation, in which a discernible inner cell mass is
absent at 3.5 dpc and the overall structure of the embryo
resembles morulae without a blastocoel cavity [3]. In accord-
ance with these findings, we have previously demonstrated
that NS expression is essential to preserve the cell viability of
ESCs that are derivatives of the inner cell mass of blastocysts
[13]. Subsequently, Qu and Bishop [4] have demonstrated
that NS expression is important to preserve the unique cell
cycle kinetics observed in mouse ESCs that show an unusually
low proportion of cells in G1 phase. One of the major findings
in this study is that forced expression of Nanog or Esrrb ren-
dered NS expression in ESCs redundant. Indeed, Nanog- or
Esrrb-overexpressing NS tet-off ESCs were able to maintain
normal expression levels of pluripotency marker genes and
propagate robustly for prolonged periods without showing
any apparent apoptotic phenotype. Strong counteracting
effects of Nanog and Esrrb against the changes associated
with NS expression ablation in ESCs were also suggested by
analyses of the global gene expression profile. Approximately
80% of genes with altered expression levels by more than
twofold were not strongly affected by the loss of NS expres-
sion in Nanog- or Esrrb-overexpressing ESCs. GO analyses
revealed that a number of terms related to morphogenesis
and development were significantly represented among genes

Figure 7. NS expression is indispensable for cell viability and
preservation of pluripotency marker expression in EpiSCs. (A): A
6.5 dpc embryo that was injected with fluorescent Kusabira
Orange (KBO)-overexpressing NS tet-off embryonic stem cells
(ESCs) at the blastocyst stage (left panel). NS tet-off EpiSCs from
the 6.5 dpc embryo bearing cells derived from KBO-marked NS
tet-off ESCs (right panel). Scale bar5 100 mm. Puromycin selec-
tion was applied to eliminate recipient cell-derived EpiSCs. (B):
Microscopic inspection of NS tet-off EpiSCs that were untreated
or treated with Dox for 5 days. Scale bar5 500 mm. **, p< .01.(C): TUNEL assays of NS tet-off EpiSCs that were untreated or
treated with Dox for 6 days. The ratio of TUNEL-positive cells is
shown as the mean with SD. Scale bar5 50 mm. **, p< .01. (D):
Oct3/4 signals in NS tet-off EpiSCs that were untreated or treated
with Dox for 6 days. The ratio of Oct3/4-positive cells is shown as
the mean with SD. Scale bar5 50 mm. **, p< .01. (E): p53 signals
in NS tet-off EpiSCs that were untreated or treated with Dox for
6 days. The ratio of p53-positive cells is shown as the mean with
SD. Scale bar5 50 mm. ***, p< .001. Abbreviations: EpiSC, epi-
blast stem cell; NS, nucleostemin.
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upregulated by more than twofold in NS expression-ablated
ESCs, but became insensitive to the loss of NS expression by
forced expression of Nanog or Esrrb. The same analyses of
downregulated genes but normalized by Nanog or Esrrb
revealed only two GO terms (lipid catabolic and cell cycle).
Therefore, these results indicate that the major functions of
NS in ESCs involve suppression of cellular differentiation and
promotion of robust cell proliferation, which can be replaced
by Nanog or Esrrb. Recently, Esrrb has been shown to be one
of the major targets of Nanog [33]. Indeed, Esrrb can func-
tionally substitute Nanog in ESCs. Therefore, it is possible that
the rescue effect of Nanog overexpression may be largely
explained by its function in supporting Esrrb gene expression.

It has been recently demonstrated that NS protein is
involved in maintaining genomic stability of NSCs and regener-
ating liver cells by facilitating recruitment of Rad51 to foci of
stalled DNA replication-induced DNA damage [6, 7]. However,
our data obtained by forced expression of Rad51 and other
experimental data demonstrate that impairment of this mecha-
nism at least does not account for the major causes of the det-
rimental phenotypes observed in NS tet-off ESCs and EpiSCs.
These data imply the presence of a pluripotent cell-specific
function of NS protein. Similar to ESCs, our data also showed
that NS expression is crucial in EpiSCs to preserve their pluripo-
tency, self-renewal, and cell viability. However, unlike in ESCs,
no apparent rescue effect by forced expression of Nanog or
Esrrb was evident in NS-null EpiSCs. The endogenous expression
levels of Nanog and particularly Esrrb were significantly low in
EpiSCs compared with those in ESCs [36]. Therefore, we assume
that these differential counteracting effects by forced expres-
sion of Nanog or Esrrb against NS expression ablation in ESCs
and EpiSCs are due to the lack of additional factors and/or
cofactors in EpiSCs, which are required for the effectiveness of
the forced expression of these factors.

Our data demonstrated that overexpression of NS miti-
gated the DNA damage caused by addition of HU, suggesting
that the genome-protecting role of NS in NSCs and regenerat-
ing hepatocytes is also operative in ESCs. However, our data
demonstrated that an additional mechanism is operating in
parallel to preserve pluripotency and cell viability, although
the molecular basis of such a role is unknown at present
except that it can be suppressed by forced expression of
Nanog or Esrrb. Our finding of the partial rescue of NS tet-off
ESCs by Stat3, Akt, and the 2i condition may help to elucidate
the pluripotent cell-specific role of NS. Prominent stabilization
of p53 in NS tet-off ESCs may be an alternative, but not
mutually exclusive, clue to understand the molecular basis of
NS function in pluripotent cells, because p53 is known to
repress the expression of numerous pluripotency maker genes
including Nanog [37]. It is also important to determine
whether the pluripotent cell-specific role of NS we advocated

in this study is truly specific in pluripotent cells or operates in
other cell types. Significant similarity has been demonstrated
in the gene expression profiles of pluripotent cells and cancer
cells [31, 38]. Therefore, it is tempting to speculate that NS
participates in preserving the undifferentiated state and cell
viability of cancer cells, particularly cancer stem cells, in a
similar manner that operates in ESCs and EpiSCs. This hypoth-
esis can be tested experimentally, because cancer cells such
as glioma cells can be theoretically generated from ESC-
derived NSCs/progenitor cells [39, 40].CONCLUSIONS
Previous knockdown and knockout studies have demonstrated
that NS is important to preserve the self-renewal and high
expression levels of pluripotency marker genes in ESCs. In this
study, we demonstrate that NS expression is also essential to
preserve the self-renewal and pluripotent properties of
EpiSCs. Furthermore, our data demonstrate that forced
expression of Nanog or Esrrb renders NS expression dispensa-
ble in ESCs, but not EpiSCs.ACKNOWLEDGMENTS
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Dzip3 regulates developmental 
genes in mouse embryonic stem 
cells by reorganizing 3D chromatin 
conformation
Daishi Inoue1,2, Hitoshi Aihara1, Tatsuharu Sato3, Hirofumi Mizusaki1, Masamichi Doiguchi1, 
Miki Higashi1, Yuko Imamura1, Mitsuhiro Yoneda1, Takayuki Miyanishi4, Satoshi Fujii5, 
Akihiko Okuda6, Takeya Nakagawa1 & Takashi Ito1,2

In mouse embryonic stem (mES) cells, ubiquitylation of histone H2A lysine 119 represses a large 
number of developmental genes and maintains mES cell pluripotency. It has been suggested 
that a number of H2A ubiquitin ligases as well as deubiquitylases and related peptide fragments 
contribute to a delicate balance between self-renewal and multi-lineage differentiation in mES cells. 
Here, we tested whether known H2A ubiquitin ligases and deubiquitylases are involved in mES cell 
regulation and discovered that Dzip3, the E3 ligase of H2AK119, represses differentiation-inducible 
genes, as does Ring1B. The two sets of target genes partially overlapped but had different spectra. 
We found that Dzip3 represses gene expression by orchestrating changes in 3D organization, in 
addition to regulating ubiquitylation of H2A. Our results shed light on the epigenetic mechanism 
of transcriptional regulation, which depends on 3D chromatin reorganization to regulate mES cell 
differentiation.

Embryonic stem (ES) cells are distinguished from other cell types by their unique ability to maintain 
self-renewal and differentiate into multiple lineages, and they have a complex network of epigenetic 
pathways for maintaining a delicate balance between these two processes. In this network, common 
target genes are regulated by complementary and opposing epigenetic activities, and therefore ES cells 
are poised to differentiate into various types of cells in a short period of time1,2.

Histone H2A lysine 119 (H2AK119) is a highly conserved residue, and mono-ubiquitylated H2AK119 
(ubH2A) plays a role in transcriptional repression. Until now, Ring1A/B, Rnf8, and Dzip3 (also known 
as 2A-HUB) have been reported to exhibit E3 ligase activity towards H2AK119. Among these proteins, 
Ring1B, one of the most common subunits of the polycomb repressor complex 1 (PRC1), acts as a repres-
sor of a large number of developmental genes and regulates differentiation mechanisms in ES cells3–5. 
Like PRC1, PRC2 also comprises a large multiprotein complex containing polycomb group (PcG) pro-
teins, which are memory factors involved in heritable silencing of homeotic genes. PcG proteins prepare 
ES cells for lineage commitment by temporal control of the expression of a key set of developmental 
genes and are necessary for cell fate transitions. Ring1B is known as a repressor of a large number 
of developmental genes in ES cells; however, only a subset of Ring1B-bound genes is de-repressed by 
deletion of Ring1B. This partial de-repression can be explained by functional redundancy with Ring1A, 
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which, like Ring1B, is an E3 ligase targeting H2AK119. However, even double knockout of Ring1A and 
Ring1B does not lead to the complete removal of ubH2A around the transcription start site (TSS)6. This 
result suggests the existence of additional site-specific factors that are involved in mediating ubH2A 
modifications and repressing a specific set of genes.

Dzip3 is known to be an E3 ligase targeting H2AK119 and was first identified as an RNA-binding 
RING-dependent ubiquitin ligase7. In C2C12 cells, Dzip3 shows nuclear localization and modulates spe-
cific histone modifications, rather than exerting global effects through interactions with Nco-R, HDAC1, 
and HDAC38. It is of great interest whether Dzip3 contributes to gene regulation in ES cells.

For ES cells to differentiate, they need to switch on developmental genes by regulation of an epige-
netic pathway involving deubiquitylases, which remove ubiquitin moieties from H2AK119. Until now, 
five deubiquitylases (USP39, USP1610, USP2111, USP2212, and 2A-DUB [also known as MYSM1]13) have 
been reported. Recently, USP16 and USP22 were shown to regulate the differentiation process in mouse 
ES (mES) cells14,15. However, whether other deubiquitylases also contribute to the gene regulation of ES 
cells has not been determined.

In this study, we tested whether H2A ubiquitin ligases and deubiquitylases are involved in the regula-
tion of pluripotency and the differentiation process in mES cells and demonstrated that Dzip3 regulates 
developmental genes in mES cells by reorganizing 3D chromatin conformation.

Results
Dzip3 regulates developmental genes. ES cells have a distinct morphology, a small size with little 
cytoplasm, and tightly packed colonies with round or polygonal borders. Upon differentiation, the cells 
typically expand and flatten out, often losing their tightly packed appearance, which leads to expansion 
of the colony. To identify H2A ubiquitin ligase or deubiquitylase activities, which play important roles 
in mES cells, we examined changes in ES cell morphology after performing siRNA knockdown (KD) of 
eight proteins: Ring1B (also known as Rnf2), Rnf8, and Dzip3, which are ubiquitin ligases, and USP3, 
USP16, USP21, USP22, and Mysm1, which are deubiquitylases16–18.

First, we focused on morphological changes under pluripotent conditions (serum +  LIF)19. KD of 
Ring1B and Dzip3 resulted in a decrease in tight packing of the cells and led to an expansion of the 
colony (Fig.  1A and Supplementary Fig. 1b). KD of Dzip3 and Ring1B was confirmed by RT-qPCR 
analysis and western blotting (Fig.  1B and Supplementary Fig. 2a), and the amount of H2A ubiquityl-
ation (ubH2A) in the cell was determined by western blotting. The total amount of ubH2A in the cell 
decreased after Ring1B KD but not after Dzip3 KD (Fig.  1C), which suggests that Dzip3 functions by 
modulating a specific histone modification in the promoter region, rather than by global effects.

To determine the effect on gene transcription of Dzip3 KD in mES cells, we investigated the gene 
expression of pluripotency markers by RT-qPCR (Fig.  1D). However, transcriptional changes in these 
markers were not apparent. The transition from a pluripotent stem cell to a committed cell type is accom-
panied by stable silencing of pluripotency genes and activation of lineage-specific genes. We therefore 
next investigated lineage-specific gene expression after Dzip3 KD in mES cells. The transcriptional levels 
of several lineage-specific genes, such as Rhox6, Stra8 , T (encoding the Brachyury protein), Acta1, and 
Eomes, were upregulated by Dzip3 KD. Significant numbers of genes were upregulated by simultaneous 
KD of Dzip3 and Ring1B (Fig.  1E). These results suggest that Dzip3, together with Ring1B, represses 
lineage-specific gene expression in mES cells.

Whole-transcriptome sequencing analysis shows overlap of Dzip3 and Ring1B target 
genes. To obtain insight into whole-transcriptome effects after Dzip3 KD in mES cells, we performed 
RNA-seq analysis. Lineage-affiliated gene expression is strongly repressed when mES cells are cultured 
in the presence of the two inhibitors PD0325901 and CHIR99021 (both components of 2i medium) plus 
LIF compared with culturing in the presence of fetal bovine serum (FBS) plus LIF. These results indicate 
that, in the presence of FBS plus LIF, the mES cell is in a metastable state rather than in a state exhib-
iting the inherent properties of pluripotent cells20,21. We confirmed that, after Dzip3 KD, the changes in 
colony morphology and expression levels of pluripotency markers were comparable between ES cells cul-
tured with 2i medium plus LIF and serum plus LIF (data not shown). Therefore, we decided to perform 
whole-transcriptome sequencing analysis with cultured mES cells under 2i-medium-plus-LIF conditions.

Whole-transcriptome sequencing revealed that KD of either Dzip3 or Ring1B altered expression levels 
of a significant number of genes, but the genes affected by the former were somewhat different from 
those affected by the latter (Fig. 2A and Supplementary Fig. 3a). However, there was a substantial set of 
genes whose expression was affected by both proteins. A Venn diagram (Fig. 2B) represents the overlap 
between the genes de-repressed by Ring1B KD and those by Dzip3 KD, showing that about one fifth of 
the genes whose expression was derepressed by Dzip3 KD were also derepressed by Ring1B KD (Fig. 2B). 
To gain insight into the molecular functions of genes that were repressed by both Dzip3 and Ring1B, we 
conducted gene ontology (GO) classification analyses, and the results suggest that the common targets 
of Dzip3 and Ring1B are mostly participants in developmental processes (Fig. 2C).

Some developmental genes that were upregulated by Dzip3 KD or Ring1B KD were selected based on 
RNA-seq results and validated by RT-qPCR (Fig. 2D). Neurod1 and Neurog1 are expressed in neuroecto-
derm, Rhox6 is involved in primordial germ cell differentiation, and Cdh2 is a neural cadherin. Neurod1 
and Cdh2 were mainly upregulated by Dzip3 KD, while Neurog1 and Rhox6 were upregulated by both 
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Figure 1. Knockdown of Dzip3 results in a decrease in the percentage of tightly packed cell colonies and 
upregulates differentiation-inducible gene expression. (A) The morphology of mES cells 72 h after siRNA 
transfection. Knockdown (KD) of Ring1B and Dzip3 resulted in a decrease in the percentage of tightly packed 
cell colonies. There were three categories of colony morphology: “tightly packed” (observed in pluripotency); 
“flattened” (observed in differentiation); and “packed” (intermediate between tightly packed and flattened). The n 
value represents the number of colonies classified. Statistical significance was assessed using the HYPGEOMDIST 
function (P =  2.90  ×  10−18 , negative control [NC] versus Dzip3 KD samples). (B) The efficiency of knockdown 
was evaluated in mES cells (serum +  LIF) transfected with the indicated specific and control siRNAs. RT-
qPCR analysis was performed to document the efficiency of Dzip3 siRNA and Ring1B siRNA knockdown 
to diminish endogenous Dzip3 and Ring1B. Values (normalized to the corresponding values of the internal 
control gene GAPDH) are the mean ±  SEM of three independent experiments. Protein levels were determined 
by western blotting using the indicated antibodies. Equal loading was confirmed by Amido Black staining. The 
two major bands correspond to the alternatively spliced versions of Dzip3. Full-length blots are presented in 
Supplementary Fig. 2a,b. (C) The ubH2A level was determined by western blotting. Full-length blots are presented 
in Supplementary Fig. 2c. (D) The relative expression levels of pluripotent marker genes in NC, Ring1B KD, and 
Dzip3 KD mES cells. (E) The relative expression levels of differentiation-inducible genes adjusted with GAPDH in 
NC, Ring1B KD, and Dzip3 KD mES cells. Statistical significance was assessed by two-tailed Student’s t-test. NTC, 
no-treatment control. Error bars, standard deviation.
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Dzip3 and Ring1B KD. N2B27 differentiation conditions caused a typical flattened morphology of ES cell 
colonies, but no noticeable changes were evident due to Dzip3 KD under differentiation-inducing con-
ditions (data not shown). However, we found that, for some genes, Dzip3 KD not only derepressed their 
expression under pluripotent conditions but also elevated the magnitude of differentiation-associated 
induction of gene expression under differentiation-inducing conditions. These results suggest that Dzip3 
represses developmental genes at the lineage-commitment stage in mES cells.

Figure 2. Dzip3 and Ring1B redundantly regulate differentiation-inducible genes. (A) Heat map of 
gene expression in negative control (NC), Ring1B knockdown (KD), and Dzip3 KD mES cells in biological 
duplicate RNA-seq samples. Blue and red indicate down- and upregulated genes, respectively. (B) Venn 
diagram representing the genes upregulated by Ring1B KD and Dzip3 KD cells. The numbers represent the 
numbers of genes upregulated (> 1.5 or > 2.0 fold) by KD of either one of the two proteins or by KD of 
both proteins. (C) Gene ontology (GO) analysis of genes upregulated by both Ring1B KD and Dzip3 KD. 
(D) RT-qPCR results for major developmental genes (Neurod1, Rhox6, Cdh2, Neurog1). Error bars, standard 
deviation.
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Genome-wide ChIP analysis shows relationships between Dzip3- and Ring1B-binding loci.  
To determine the genome-wide locations of Dzip3 and Ring1B binding sites and the positions of ubH2A 
modification in a genome-wide manner, we performed ChIP-seq with anti-Dzip3, anti-Ring1B, and 
anti-ubH2A antibodies under pluripotent conditions (2i +  LIF). A Venn diagram was used to represent 
the 92 genes that overlapped between the set of genes bound by Dzip3 around their transcription start 
sites (TSS) and the set of genes upregulated by Dzip3 KD (Fig. 3A).

Figure 3. Developmental genes are regulated by Ring1B, Dzip3, and H2A ubiquitylation. (A) Venn 
diagram representing the overlap between genes having Dzip3 peaks around the transcription start site (TSS) 
by ChIP-seq analysis and upregulated genes in Dzip3 KD cells by RNA-seq analysis. The number in the 
overlapped region represents the total number of genes exhibiting both. (B) Gene ontology (GO) analysis 
of Dzip3 target genes. (C) Left panel: ChIP-seq signal profiles of Dzip3, Ring1B, and ubH2A around the 
promoter region. Right panel: ChIP-qPCR analysis of the promoter region for negative control (NC), Ring1B 
KD, and Dzip3 KD mES cells. Statistical significance was assessed using a two-tailed Student’s t-test. Error 
bars, standard deviation.
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To discover the spectrum of genes that are directly regulated by Dzip3 in mES cells, we analyzed these 
genes based on their gene ontology (GO) classification, which suggested that Dzip3 regulates develop-
mental processes (Fig. 3B).

Next, we validated the ChIP-seq results by designing primers against the promoter regions of impor-
tant developmental genes and performing ChIP-qPCR on these genes. We confirmed Dzip3 occupancy 
by comparing the Dzip3 signal around the promoter of Neurod1, Neurog1, Cdh2 and other genes in mES 
cells with control (NC) cells and cells subjected to Dzip3 KD (Fig. 3C) Unexpectedly, Ring1B was also 
enriched at Neurog1 loci. Moreover, Ring1B occupancy levels were decreased not only by Ring1B KD but 
also by Dzip3 KD. These results suggest that Dzip3 plays a role in localization of Ring1B and regulates 
gene expression together with Ring1B. Furthermore, ubH2A modification levels were not appreciably 
altered by Dzip3 KD around the promoter region of Neurog1, although an apparent decline was evident 
at the Cdh2 and Neurod1 loci. This result suggests that Dzip3 has the potential to repress gene expression 
not only by ubiquitylating H2A but also by other mechanisms.

Dzip3 regulates developmental genes by reorganizing 3D chromatin conformation. To 
explore the molecular mechanisms by which Dzip3 represses gene expression, we focused on those of its 
target genes around which significant Dzip3 binding sites exist. A recent study revealed that about 25% 
of Ring1B-bound genes in ESCs possess prominent Ring1B binding sites (RBS) outside of their promoter 
regions (TSS ±  4 kb) and that Ring1B represses target genes by orchestrating 3D chromatin structural 
changes22. We hypothesized that Dzip3 also participates in regulating target genes by reorganizing 3D 
chromatin conformation. To assess the validity of this hypothesis, we performed a chromosome confor-
mation capture (3C) assay. We first designed PCR primers for the 3C assay around the promoter region 
and the 3’ end of the gene, as indicated by arrows (Fig.  4A and Supplementary Fig. 4a). Undigested 
and unligated samples were prepared as negative controls. For Neurog1, Cdh2, Bspry, and Shank3 , we 
detected signals implicating an interaction between the promoter region and the 3’ end of the gene in 
the presence of the restriction enzyme Mse I and T4 DNA ligase, but not in their absence. Furthermore, 
the signal indicating chromatin conformation was decreased by Dzip3 KD (Fig. 4A and Supplementary 
Fig. 5a). Therefore, we suggest that Dzip3 regulates gene expression by changing the local chromatin 
conformation.

Discussion
The results of this study indicate that Dzip3 represses differentiation-inducible genes in mES cells, 
possibly by regulating ubH2A and orchestrating changes in 3D chromatin structure. ubH2A has been 
reported to inhibit transcription initiation by interfering with H3K4 methylase, inhibiting the elongation 
of transcription by RNA pol II, or facilitating the recruitment of PRC2 and H3K27 trimethylation8,11,23. 
It was also previously reported that Dzip3 depletion didn’t result in significant changes in the general 
level of ubH2A and that Dzip3 functions by modulating histone modifications at specific sites rather than 
globally8. In our study, KD of Dzip3 was not accompanied by a global decline in ubH2A modification, 
but instead, changes were restricted to gene promoters. However, our data demonstrated that binding of 
Dzip3 did not necessarily lead to a decline in ubH2A levels in some gene promoters, and therefore our 
results suggest that Dzip3 is also able to repress gene expression levels without ubiquitylating H2A. We 
assume that the ability of Dzip3 to reorganize 3D chromatin conformation, which was uncovered in this 
study, is closely linked to this H2A ubiquitylation-independent gene repression.

Recent studies on the distribution of PcG proteins in the mammalian genome revealed their pref-
erential association with genes encoding developmental regulators, which exhibit dynamic changes in 
their spatiotemporal expression during development24. Given the results in this study, it is tempting to 
speculate that Dzip3 substantially contributes to such preferential Ring1B binding at the promoters of 
genes encoding developmental regulators.

PcG-mediated gene-silencing mechanisms remain elusive; however, it is obvious that there are several 
distinct mechanisms operating, which include modifications of histone tails (histone H3K27 trimethyl-
ation and H2AK119 mono-ubiquitination), condensation of chromosome segments, and mediation of 
the interactions between topologically distant regulatory elements. In this study, we propose that Dzip3 
represses gene expression in conjunction with Ring1B by ubiquitylating ubH2A and inducing conforma-
tional changes in 3D chromatin structure (Fig. 4B).

Methods
Cell culture. E14 mES cells were cultured under feeder-free conditions on 0.5% gelatin-coated dishes 
with mouse embryonic stem cell (ESC) medium consisting of knockout DMEM (Gibco), 10% FBS 
(Gibco), 2 mM L-glutamine (Merck Millipore), 1% nonessential amino acids (Merck Millipore), 0.3 mM 
β -mercaptoethanol (Nacalai Tesque), and 1000 U/ml LIF (Merck Millipore) at 37 °C and 5% CO2. For 
the differentiation assay, mES cells were cultured in mouse ESC medium without LIF and supplemented 
with 0.5 µ M retinoic acid25. To change from serum +  LIF to 2i +  LIF conditions, E14 mES cells cultured 
with serum +  LIF were subcultured in 2i +  LIF medium (N2B27 medium [Life Technologies] with 1 µ M 
PD0325901 and 3 µ M CHIR99021 [Stemgent], together known as 2i medium, and 1000 U/ml LIF). After 
several passages, the adapted cells were used for study. For the differentiation assay under 2i +  LIF con-
ditions, mES cells were cultured without 2i +  LIF20,21.
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RNA interference. mES cells (1.0 ×  105) were seeded in 10-cm plates (previously coated with 0.5% 
gelatin) with mouse ESC medium. Forty-eight hours after seeding, the cells were transfected using 
Lipofectamine RNAiMAX reagent (Life Technologies) and Opti-MEM I Reduced Serum medium (Life 
Technologies), according to the manufacturer’s protocol. The targeted siRNA or control siRNA (300 pmol, 
Life Technologies) were used for transfection. Cells were cultured with a change of medium every 24 hr 
and collected after 72 hr of siRNA transfection. The siRNA sequence information is shown in Table S1.

Figure 4. Dzip3 regulates developmental genes by reorganizing 3D chromatin conformation.  
(A) 3C-qPCR analysis of four Dzip3 target genes. Upper panel: ChIP-seq signal profile of target genes. The 
arrows indicate the primer regions for 3C-qPCR. Lower panel: 3C-qPCR results. Chromatin from Dzip3 
knockdown (KD) and negative control (NC) cells was treated with or without digestion and ligation, and 
the resulting samples were analyzed by qPCR. ChIP-seq signal profile of target genes on a whole-gene scale 
are presented in Supplementary Fig. 4a. (B) Models for transcriptional repression by Dzip3, which promotes 
interactions between the promoter and regions distal to its binding site. These changes in 3D chromatin 
structure repress transcription redundantly with Ring1B. Txn, transcription. Error bars, standard deviation.
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RNA extraction and RT-qPCR. Total RNA was isolated using ISOGEN II reagent (Nippon Gene), 
according to the manufacturer’s protocol. cDNA was created from 0.5 µ g total RNA using an oligo(dT) 
primer (Life Technologies), random hexamers (Takara), and M-MuLV reverse transcriptase (NEB). 
Real-time RT-PCR using reagents containing SYBR green was performed with an ABI PRISM 7900HT 
instrument (Applied Biosystems). Expression levels were compared with known standard samples and 
normalized to GAPDH. Primer sequences are shown in Table S2.

Statistical analysis. Statistical analysis was performed using formulae provided in Microsoft Excel. 
The frequency of flattened colonies within the population of Dzip3 KD colonies was compared with the 
negative control (NC) colonies using a hypergeometric distribution analyzed using the HYPGEOMDIST 
function in Excel. Student’s t-test was used to determine the significance level under the assumptions of 
two separate means with equal variance. The error bars represent the standard deviation (SD) of three 
independent experiments.

RNA-seq. Total RNA was used for preparing an RNA-seq library. RNA quality was checked using the 
Agilent RNA 6000 Nano kit with an Agilent 2100 Bioanalyzer instrument (Agilent Technologies). RNA-seq 
libraries were prepared using the TruSeq Stranded mRNA LT Sample Prep kit (Illumina) and sequenced 
with the MiSeq system (Illumina). Samples were sequenced to a depth of approximately 3 million  
uniquely mapped reads per sample. Sequences were aligned to the mouse MM9 reference genome with 
the Illumina Analysis Pipeline, allowing one mismatch. Reads that could be uniquely mapped to a gene 
were used to calculate the expression level. Accordingly, the gene expression level was quantified by the 
number of uniquely mapped reads per kilobase of exon per million mapped reads (RPKM). To evaluate 
the correlation between the RNA-seq duplicate sample data sets, scatter plots were created using the 
Partek®  Genomics Suite. Sequence and gene ontology (GO) analysis were performed with the Partek®  
Genomics Suite. Significantly enriched GO functional groups were defined as having an enrichment 
score equal to or greater than 3 (P value <  0.05), and each functional group was assigned with a GO 
enrichment score calculated using Fisher`s exact test. All RNA-seq data can be found online in the NCBI 
GEO SuperSeries GSE71884.

Heat map construction and hierarchical clustering. Heat map construction and hierarchical clus-
tering of the gene expression profiles were performed using the Partek®  Genomics Suite. Heat maps for 
each sample (negative control [NC], Dzip3 KD and Ring1B KD) were normalized by calculating the 
RPKM based on the sum of all reads found in the exon regions of that gene. One-way analysis of variance 
(ANOVA) was used to identify differentially expressed genes. By setting P <  0.1 and fold-change (FC) 
settings FC >  1.5 or FC >  2, we obtained lists of differentially expressed genes between NC and Dzip3 
KD or NC and Ring1B KD cells. Hierarchical clustering of NC, Dzip3 KD, and Ring1B KD cells was per-
formed using 894 genes that varied significantly among each groups with a statistical P value <  0.1. We 
subtracted the mean of the gene expression levels in the six paired samples, normalized each row in the 
data table, calculated the distance using Pearson correlation, and then used a “pairwise average-linkage” 
hierarchical clustering method for clustering. The scale was the standardized RPKM value.

Generation of antibodies. Antibodies against mouse Dzip3 (mDzip3) and mouse Ring1B (mRing1B) 
were prepared by immunizing rabbits with GST-fusion proteins encoding amino acids 2–80 of mDzip3 
or 149–224 of mRing1B. Anti-ubH2A antibodies were prepared by immunizing rabbits with ubiqui-
tylated H2A peptide (CAVLLPK [branched RLRGG-K] TESHHK). After several immunizations, sera 
were collected, and the specific antibody was purified, as described previously (Nakagawa et al., 2008).

Western blotting. Lysates were prepared using a sodium dodecyl sulfate (SDS) sample buffer, sep-
arated by SDS-PAGE (7% or 12.5%), transferred to a nitrocellulose membrane (Bio-Rad), and blocked 
with 3% BSA in TBST (TBS containing 0.05% Tween-20). To detect Ring1B, Dzip3, or histone H2A 
(mono-ubiquitylated K119), membranes membranes were incubated with anti-mRing1B, anti-mDzip3, 
or anti-ubH2A antibodies, followed by Alexa 647-fused Protein A (Molecular Probes). Fluorescence 
signals were captured by employing a Typhoon™  FLA 9000 imager (GE Healthcare) to scan the probed 
membranes, with the PMT setting set at 1000 V.

Nuclear extraction and immunoprecipitation. For nuclear extraction, cells were washed with PBS 
and incubated on ice for 30 min in buffer (10 mM Tris-HCl, pH 7.9, 10 mM KCl, 1.5 mM MgCl2, 1 mM 
DTT, 1 mM PMSF, 1 mM sodium metabisulfite). Next, cells were homogenized and centrifuged to pellet 
the nuclei, which were then suspended with buffer (25 mM HEPES-KOH, 0.02 mM EDTA, 10% glycerol, 
0.01% NP40, 0.2 M KCl), sonicated (12% of maximum power, 10 sec, 3 cycles), and the supernatant col-
lected as a nuclear extract. For immunoprecipitation, the supernatant was incubated with anti-mRing1B 
or anti-mDzip3 antibodies or purified rabbit IgG as negative control at 4 °C overnight. To precipitate the 
immune complexes, Protein A Sepharose 4 Fast Flow (GE Healthcare) was added, and the vessel rotated 
at 4 °C for 1 hr. The beads were washed, and the immune complexes were eluted in 50 mM glycine.
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ChIP-qPCR. mES cells cultured in 2i +  LIF were collected, fixed for 10 min in 1% formaldehyde, 
neutralized with glycine (0.124 M), and stored at –80°C until use. Fixed cells were washed at 4 °C for 
10 min in solution I (10 mM HEPES-KOH, 10 mM EDTA, 0.5 mM EGTA, 0.75% Triton X-100), fol-
lowed by 10 min in solution II (10 mM HEPES-KOH, 1 mM EDTA, 0.5 mM EGTA, 200 mM NaCl), resus-
pended in lysis buffer (25 mM Tris-HCl, 5 mM EDTA, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 0.5% 
Na-deoxycholate), and sheared using a Picoruptor (15 cycles, 30 sec on/30 sec off; Nippon Gene). Lysates 
were centrifuged to collect the supernatant containing solubilized nucleosomes. The genomic DNA for 
ChIP-qPCR assay input was purified from the supernatant by reverse cross-linking, phenol-chloroform 
extraction, and ethanol precipitation and verified to contain genomic DNA fragments with an approx-
imate size of 100–300 bp by 2% agarose gel electrophoresis. The concentration of DNA was measured 
using a Nanodrop ND-1000 spectrophotometer (Thermo Scientific). For each immunoprecipitation, the 
supernatant containing ~20 µ g of DNA was incubated with anti-mRing1B, anti-mDzip3, or anti-ubH2A 
antibodies or purified rabbit IgG as negative control at 4 °C overnight. To precipitate the immune com-
plexes, Protein A Sepharose 4 Fast Flow (GE Healthcare) was added, and the vessel rotated at 4 °C for 
1 hr. The beads were washed with RIPA buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1.0% 
NP-40, 0.5% Na-deoxycholate, 0.1% SDS), high-salt buffer (50 mM Tris, pH 8.0, 1 mM EDTA, 500 mM 
NaCl, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS), and LiCl buffer (50 mM Tris, pH 8.0, 250 mM LiCl, 
1 mM EDTA, 1.0% NP-40, 0.5% Na-deoxycholate). The beads were incubated at 37 °C for 30 min in 
Tris-EDTA buffer with added RNase (50 µ g/ml final concentration). For reverse cross-linking and elu-
tion, the beads were incubated at 37 °C for 4 hr and 65 °C for 12 hr in elution buffer (0.5% SDS, 50 mM 
Tris-HCl, 10 mM EDTA, proteinase K [200 µ g/ml final concentration]). DNA from the eluates was 
purified by phenol-chloroform extraction and ethanol precipitation. Quantitative PCR was performed 
using the KAPA SYBR FAST qPCR kit (Kapa Biosystems) with an ABI PRISM 7900HT instrument (AQ 
method). To generate standard curves, duplicate samples for 10%, 1%, and 0.1% of the input DNA were 
used. The mean percentage input and SD were calculated from triplicate scores of immunoprecipitations 
relative to the input DNA. Primer sequences are shown in Table S2.

ChIP-seq. ChIP samples were prepared with a modification of our ChIP-qPCR method. Briefly, mES 
cells cultured in 2i +  LIF were fixed with 1% formaldehyde and processed by fragmentation with micro-
coccal nuclease (Sigma-Aldrich). For fragmentation, fixed samples were washed with lysis buffer (50 mM 
HEPES-KOH, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100), resuspended 
in micrococcal nuclease buffer (15 mM Tris-Hcl, 5 mM MgCl2, 1 mM CaCl2, 25 mM NaCl), and incubated 
with micrococcal nuclease at 37 °C for 20 min. For chromatin extraction, samples were sonicated (20% of 
maximum power, 12 sec.) in lysis buffer #2 (10 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 
0.1% Na-deoxycholate, 0.5% N-lauroylsarcosine) and rotated in 1% Triton X-100 to quench the sarkosyl. 
The supernatant was collected as chromatin. Input DNA fragmentation was confirmed by electrophore-
sis, and the amount of nucleotide was measured with a Nanodrop ND-1000 spectrophotometer (Thermo 
Scientific). The same amount of input DNA was mixed with antibody (anti-mRing1B, anti-mDzip3, or 
anti-ubH2A antibodies or purified rabbit IgG as negative control) and sepharose A beads to react and 
rotated at 4 °C overnight. The beads were washed with RIPA buffer (50 mM HEPES-KOH, 500 mM LiCl, 
1 mM EDTA, 1.0% NP-40, 0.7% Na-deoxycholate) and incubated at 37 °C for 30 min in TE with added 
RNase (50 µ g/ml final concentration). For reverse cross-linking and elution, the beads were incubated 
at 65 °C for 10 hr in elution buffer (1% SDS, 50 mM Tris-HCl, 10 mM EDTA). Elution samples were 
incubated at 55 °C for 2 hr after adding proteinase K (200 µ g/ml final concentration). DNA from the 
eluates was purified by phenol-chloroform extraction and ethanol precipitation. ChIP-seq libraries were 
prepared from ChIP samples using the ChIP-Seq Sample Prep kit (Illumina). The resulting libraries were 
sequenced with the MiSeq sequencing system (Illumina). Samples were sequenced to a depth of approxi-
mately 30 million uniquely mapped reads per sample. Sequences were aligned to the mouse MM9 refer-
ence genome with the Illumina Analysis Pipeline, allowing one mismatch. To compensate for differences 
in sequencing depth and mapping efficiency, the data were normalized using MACS2 software, resulting 
in signal per million reads (SPMR). Peak calling was also performed using the Partek®  Genomics Suite™  
(PGS), with a statistical false discovery rate (FDR) value of 0.1. The genes having Dzip3 peaks within 
100 kb upstream or 100 kb downstream of their TSS were determined using the PGS command “Find 
nearest genomic features”. GO classifications were also assigned using PGS. To visualize the ChIP-seq 
results, we used the Integrative Genomics Browser (BioViz). All ChIP-seq data can be found online in 
the NCBI GEO SuperSeries GSE71884.

Two-step cross-linking. For chromatin preparation, cells were washed on a plate three times with 
PBS and incubated with 2 mM disuccinimidyl glutarate (DSG, Thermo Scientific) in PBS for 30 min 
at room temperature. ES cells were washed in PBS three times, fixed for 10 min in 1% formaldehyde, 
neutralized with glycine (0.124 M), and stored in –80°C until use. All subsequent ChIP-qPCR steps were 
performed as described above.

3C-qPCR. 3C assays were performed as described previously26. Briefly, mES cells cultured in 2i +  LIF 
were fixed with 1% formaldehyde and resuspended in lysis buffer. Nuclei were treated with Mse I 
restriction enzyme (NEB) and reacted with T4 DNA ligase (NEB). The genomic DNA was then reverse 
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cross-linked and purified by phenol-chloroform extraction and ethanol precipitation. Each purified DNA 
concentration was quantified using a Nanodrop ND-1000 spectrophotometer to adjust the qPCR con-
centration to 50 ng/µ l. Quantitative PCR was performed using the KAPA SYBR FAST qPCR kit with the 
ABI PRISM 7900HT instrument (AQ method). To generate standard curves, duplicate samples with 30-, 
150-, and 750-fold diluted DNA were used. Relative values for 3C were normalized using qPCR values of 
a GAPDH allele lacking restriction sites within its PCR product. Primer sequences are shown in Table S2.
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Loss of MAX results in meiotic entry in mouse
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Meiosis is a unique process that allows the generation of reproductive cells. It remains largely

unknown how meiosis is initiated in germ cells and why non-germline cells do not undergo

meiosis. We previously demonstrated that knockdown of Max expression, a gene encoding a

partner of MYC family proteins, strongly activates expression of germ cell-related genes in

ESCs. Here we find that complete ablation of Max expression in ESCs results in profound

cytological changes reminiscent of cells undergoing meiotic cell division. Furthermore, our

analyses uncovers that Max expression is transiently attenuated in germ cells undergoing

meiosis in vivo and its forced reduction induces meiosis-like cytological changes in cultured

germline stem cells. Mechanistically, Max depletion alterations are, in part, due to impairment

of the function of an atypical PRC1 complex (PRC1.6), in which MAX is one of the compo-

nents. Our data highlight MAX as a new regulator of meiotic onset.
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Meiosis is a specialized cell division process that produces
gametes with a haploid genome1. Up to date, several
reports have demonstrated significant conservation

among species in the molecular basis underlying meiosis2.
However, the molecular mechanisms that allow switching from
mitotic to meiotic cell division in germ cells do not appear to be
conserved across species or even between sexes within the
same species. Stra8, whose expression is upregulated by retinoic
acid (RA), has been shown to play crucial roles in premeiotic
DNA replication3–6 and constitutes a physiological and crucial
regulator of the initiation of meiosis in both sexes7–10. In addition
to the RA–Stra8 signalling pathway, it is plausible that unknown
negative regulator of meiosis may prevent its premature entry in
germ cells or ectopic induction in non-germ cells.

Recently, we demonstrated that knockdown of expression
of the Max gene, encoding an indispensable partner for
transcription factor c-MYC in embryonic stem cells (ESCs),
leads to strong induction of germ cell-related gene expressions11.
Notably, loss of Max expression in ESCs does not significantly
alter the expression levels of primordial germ cell (PGC)
specification genes such as Blimp1 and Stella (also known as
Prdm1 and Dppa3, respectively), but rather selectively upregulates
expression of genes related to meiotic cell division11. This
preferential expression of meiosis-related genes in Max
knockdown ESCs prompted us to explore the possibility that
MAX might be part of the mechanism that safeguards meiosis by
controlling the physiological timing of meiosis onset and
preventing ectopic meiosis.

In this study, we found that Max depletion in ESCs not only
upregulated the expression of meiosis-related genes but also
induced the cytological changes reminiscent of germ cells at
leptotene and zygotene stages of meiosis. Furthermore, our data
revealed that these cytological changes even occurred in ESCs
cultured in stringent 2i condition that renders ESCs refractory to
cellular differentiation. This implies a direct conversion of
Max-null ESCs to a meiosis-like state bypassing PGC
differentiation. Moreover, we demonstrated that Stra8, but not
Blimp1, was required for these cytological changes. Our analyses
revealed that the Max gene undergoes a strong decline in
expression during physiological meiosis in both male and
female germs cells. Forced reduction of Max expression
levels in germline stem cells (GSCs)12,13 by lentivirus-mediated
knockdown induced meiosis-like cytological changes. Our
findings in Max-null ESCs may reflect a physiological role for
MAX during in vivo meiosis. Max-null ESCs may serve as a
useful in vitro tool for studying the molecular mechanisms
governing mitotic versus meiotic cell divisions. Mechanistically,
our data indicate that these cytological changes are the result
of loss of function of a variant PRC1 complex (PRC1.6) in
which MAX is a component14,15.

Results
Induction of meiosis-related genes in Max-null ESCs. Our
previous RNA interference screen uncovered Max as a strong
suppressor of the expression of germ cell-related genes such as
Ddx4 (also known as Mvh, mouse Vasa homologue) and Dazl, in
ESCs11. Owing to residual Max expression in knockdown
experiments, we hypothesized that Max knockout may elicit
more profound effects. We first analysed our Max-null ESC
transcriptome data set (GSE27881) reported previously. In these
cells, the endogenous Max gene was homozygously disrupted,
and doxycycline (Dox)-regulatable expression of MAX was
introduced using the tetracycline-off system16. Consistent with
our hypothesis, expression levels of many germ cell-related
genes were elevated in Max-null ESCs, of which most are

meiosis-related (Fig. 1a,b and Supplementary Fig. 1). Some of the
meiotic genes, such as Stra8 and Dazl, showed progressive
increase in the expression levels following Dox treatment, while
expression of others, such as Hormad1 and Stk31, peaked at
around day 4 and abruptly dropped thereafter. However, it is
unknown whether the latter expression dynamics are caused by a
negative feedback loop of regulation of these meiotic genes or
simply a consequence of extensive cell death phenotype
associated with meiotic-like Max-null ESCs. Unlike
meiosis-related genes, PGC specification genes such as Blimp1
and Dppa3 did not show appreciable alterations in their
expression levels on Dox treatment. We also noted that the
expression levels of genes encoding meiosis-specific cohesion
components, such as Rec8 and Smc1b, were elevated, to a lesser
extent, in Dox-treated cells compared with untreated controls.
We also examined the expression of genes encoding key
regulators of DNA recombination and found most of them
remained unchanged, although a modest increase was evident in
Spo11 expression. These results implied that Max-null ESCs
exhibited a partial, but not complete, gene expression pattern
characteristic of meiotic cells (Supplementary Fig. 1). In addition,
we also observed increased expression of two-cell embryo
signature genes such as Zscan4 and Dub1 (refs 17,18; Fig. 1a,b
and Supplementary Fig. 1). However, flow cytometric analyses of
Dox-inducible Max-null ESCs bearing a DsRed reporter gene,
which faithfully recapitulates the endogenous Zscan4 expression
profile with an aid of 50-flanking region of the gene, indicated that
DsRed- and STRA8-positive cells, both of which became
prominent after Max depletion in ESCs, did not significantly
overlap, but were rather mutually exclusive (Supplementary
Fig. 2). These data implied that meiosis-like induction and
activation of two-cell embryo gene signatures are independent
phenomena. As expected, gene ontology (GO) analysis revealed
over-representation of genes related to meiosis and sexual
reproduction (Fig. 1c).

Max-null ESCs show meiosis-like cytological changes.
Expression of meiosis-related genes led us to examine cytological
changes in Max-null ESCs. To this end we performed
immunocytochemical analyses with an antibody against SYCP3,
one of the major components of the synaptonemal complex19,20.
After 8 days of Dox treatment, about 4–5% of Max-null ESCs
showed a SYCP3-immunostaining pattern that is reminiscent of
germ cells undergoing meiosis (Fig. 2a,b). We observed about
20% STRA8-positive cells among all Max-null ESCs treated with
Dox for 6 days (Supplementary Fig. 2). Most STRA8-positive
cells, however, failed to proceed to the stage acquiring a
meiosis-like SYCP3-staining pattern. To assess the stages of
meiosis in meiosis-like cells from Max-null ESCs, we established a
criterion to distinguish the stages based on the average length of
SYCP3-stained regions observed in the chromosomes of germ
cells in seminiferous tubules of the testis (Supplementary Fig. 3).
Our analyses indicated that meiosis-like cells derived from
Max-null ESCs following 6 days’ Dox treatment were mostly
preleptotene-like, with some cells progressed to the leptotene-like
state. And longer Dox treatment (8 or 10 days) increased the
percentages of these cells and also yielded cells bearing
SYCP3-staining patterns similar to germ cells at zygotene stages
of meiotic cell division (Fig. 2b). However, no cell was scored as
pachytene-like even with extended Dox treatment (Fig. 2a,b).
To confirm these observations, we conducted co-staining with
antibodies against SYCP3 together with other meiotic markers.
First, similar to the normal progression of meiosis, we found that
STRA8 expression was more enriched in cells representing the
early stages of meiosis and much less in cells at a more advanced
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stage with a zygotene-like SYCP3-staining pattern (Fig. 2c).
We also found that cells with a leptotene-like SYCP3-staining
pattern showed a strong gH2AX signal, similar to meiotic cells at
this stage (Fig. 2d). Furthermore, REC8 and SYCP3 were
co-localized in some, but not all, of the cells with a zygotene-
like SYCP3-staining pattern (Supplementary Fig. 4a), likely due to
less conspicuous induction of Rec8 compared with that of other
meiotic marker genes such as Stra8 and Sycp3 (Supplementary
Fig. 1). We also conducted immunostaining with an antibody
against SYCP1 that is known to play a crucial role in the
formation of the synaptonemal complex at the pachytene stage

of meiosis, in which two paired homologous chromosomes
(four chromosomes in total) are brought into a juxtaposition as a
prerequisite step for the subsequent crossover21–23. Although
SYCP1 expression was detected in some cells, we did not observe
extensive overlap of SYCP1 signals with that of the SYCP3 on
chromosomes (Supplementary Fig. 4b). These results were
consistent with the data shown in Fig. 2b and imply that Max
deficiency arrests ESCs at the crux of the pachytene stage of
meiosis-like processes. Because aurora kinase is a known critical
regulator of meiosis24, we examined changes in the expression of
aurora kinase A, B and C in Max-null ESCs by western blot
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Figure 1 | Elevation of germ cell- and two-cell embryo-related genes in ESCs subjected to Max expression ablation. (a) Scatter plots of DNA microarray
data from untreated and Dox-treated Max-null ESCs for 4 days using our previously deposited DNA microarray data under accession number GSE27881. Among
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analyses. All three aurora kinases exhibited reductions in their
protein expression levels, although the reduction of aurora kinase
C was marginal (Supplementary Fig. 5a). Next, we examined the
effect of a pan-aurora kinase inhibitor, VX680, and found that it
did not noticeably alter the magnitude of meiosis-like changes in
Max-null ESCs (Supplementary Fig. 5b,c). Because aurora kinase
C is the only aurora kinase with an unequivocal contribution to
meiosis among the three aurora kinases and localization of
aurora kinase C at chromocentres becomes apparent at the
diplotene stage24, no apparent effect of the aurora kinase
inhibitor may be reasonable in our system in which the meiotic
process was arrested at or before the pachytene stage (Fig. 2).
Next, we examined whether loss of Max expression in ESCs was
accompanied by alterations in genomic DNA methylation levels.
To this end we compared the levels of 5-methyl cytosine (5mC)
and 5-hydroxymetyl cytosine (5hmC) between Dox-untreated
and -treated ESCs for 8 days. Although 5mC levels remained
rather constant on Max depletion, our analyses demonstrated an
elevation in the levels of 5hmC by about twofold in Dox-treated
Max-null ESCs (Supplementary Fig. 6a). We also examined the
methylation status of imprinting genes because erasure of

imprinting is one of the hallmarks of germ cell development.
We found that differentially methylated regions (DMRs) of
maternally methylated Snrpn and Igf2r genes were almost
completely demethylated in Max expression-ablated ESCs,
implying that activation of the meiotic programme in these
cells was coupled with imprinting erasure (Supplementary
Fig. 6b,c). We also found similar, but less significant, induction
of demethylation in one of the DMRs in the paternally
methylated H19 gene (Supplementary Fig. 6d). The almost
complete methylation of DMRs in the H19 gene of Dox-untreated
ESCs reflects the usual DNA methylation status of this locus in
mouse ESCs cultured in conventional mouse ESC medium25–27.

Vitamin C enhances meiosis-related changes in Max-null ESCs.
Since apoptosis is a prominent phenotype of Max-null ESCs, we
investigated whether apoptosis might be triggered by meiosis-like
changes or elevated levels of reactive oxygen species in Max-null
ESCs16. Towards this end we treated Max-null ESCs with
vitamin C, a compound that has been described both as an
antioxidant and as a potentiating factor in meiosis through
activation of ten-eleven translocation 1 (Tet1)28,29. Vitamin C
treatment of Max-null ESCs did not reduce but instead
significantly accelerated cell apoptosis (Fig. 3a). This was
accompanied by elevated Stra8 expression (Fig. 3b). Vitamin C
treatment also increased the frequency of meiosis-like SYCP3-
staining patterns and yielded cells representing more advanced
stages of meiosis compared with Dox treatment alone (Fig. 3c,d).
These results implied that the meiosis-related changes rather than
reactive oxygen species in Max-null ESCs are closely linked to
apoptosis. To further explore the relationship between the meiosis-
like changes and apoptotic cell death in Max-null ESCs, we
suppressed the levels of apoptosis by treatment with the caspase
inhibitor Z-VAD-FMK. We found that Z-VAD-FMK treatment
increased the frequency of cells with meiosis-like changes,
especially cells with preleptotene- and leptotene-like SYCP3-
staining patterns (Supplementary Fig. 7). These observations
implied that a substantial portion of meiotic-like Max-null ESCs
were eliminated at rather early stages before proceeding to more
advanced stages of meiosis. Apoptosis occurred likely as a result of
the ESC culture condition, which is different from the niche
environment found within the seminiferous tubules of the testis
and the female genital ridge.

Meiosis-like changes in Max-null ESCs depend on Stra8 gene.
To explore the relationship between the induction of Stra8 gene
expression and the meiosis-like SYCP3-staining patterns in our
system, we knocked out the Stra8 gene in Max-null ESCs using
the CRISPR-Cas9 system30 (Fig. 4a). Immunocytochemical
(Fig. 4b) and western blot (Fig. 4c) analyses confirmed that
Max depletion-mediated induction of Stra8 expression did not
occur in Stra8-knockout ESCs. More importantly, loss of Stra8
gene functions resulted in marked suppression of incidences of
meiosis-like SYCP3-staining patterns in Dox-treated Max-null
ESCs (Fig. 4d). We also found that disruption of the Stra8 gene
led to a significant reduction in gH2AX signals, a characteristic
feature observed strongly at leptotene stages of meiosis (Fig. 4e).
These data implied that, similar to normal meiotic cell division,
expression of Stra8 is indispensable for induction of meiotic-like
patterns in Max-null ESCs3–6. It is also worth noting that
Stra8 knockout not only impaired the cytological changes
reminiscent of meiosis but also significantly alleviated apoptotic
cell death phenotype associated with Max knockout (Fig. 4f,g).
Therefore, these results further suggest that the extensive cell
death observed in Max-null ESCs is, at least in part, due to
induction of meiosis.
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Figure 2 | Cytological changes reminiscent of cells undergoing meiotic
cell division processes. (a) Meiosis-like SYCP3-staining patterns in Max-
null ESCs treated with Dox for 10 days. The meiosis-like SYCP3-staining
patterns in Max-null ESCs were classified as preleptotene (PL)-, leptotene
(L)- and zygotene (Z)-like patterns according to the criteria shown in
Supplementary Fig. 3. (b) Frequency of preleptotene-, leptotene- and
zygotene-like SYCP3-staining patterns in Max-null ESCs at the indicated
days after Dox administration. (c) Co-immunostaining analyses of
Max-null ESCs treated with Dox for 9 days with antibodies against
SYCP3 and STRA8. (d) Max-null ESCs treated with Dox for 10 days were
co-immunostained for SYCP3 and gH2A.X.
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Meiosis-like changes in Max-null ESCs under 2i condition. We
have previously demonstrated that Max-null ESCs in the 2iþ
leukaemia inhibitory factor (LIF) condition with two kinase
inhibitors against MEK and GSK3b (ref. 31), but not in
conventional ESC medium, maintain normal expression levels
of pluripotency markers such as OCT3/4, SOX2 and NANOG,
and are able to self-renew indefinitely16. In this context, we
sought to determine whether Max depletion leads to the
activation of germ cell-related genes in ESCs even if the vast
majority of cells maintain their pluripotent properties. First, DNA
microarray analyses showed that the expression levels of germ
cell-related genes were elevated even in Dox-treated Max-null
ESCs under the 2iþ LIF condition, although the induction
levels were not as conspicuous as those observed in Max-null
ESCs under conventional LIFþ serum conditions (Fig. 5a).
Quantitative PCR confirmed the induction of Stra8 gene
expression in both conditions (Fig. 5b). These results prompted
us to investigate whether the cytological changes reminiscent of
meiotic cell division also occur in Dox-treated Max-null ESCs
under the 2iþ LIF condition. We found that accumulation of
STRA8 protein as well as meiosis-like SYCP3 staining became
evident on loss of Max expression in ESCs under the 2iþ LIF
condition (Fig. 5c,d), although the frequency of these cytological
changes was about half of that observed in conventional ESC
culture conditions (Fig. 5e).

Implications of direct onset of meiosis in Max-null ESCs. It has
been shown that the 2iþ LIF condition renders ESCs refractory

to cellular differentiation32. The changes in meiosis reported in
Max-null ESCs, even in the 2iþ LIF condition, indicate that this
induction occurs without passing through a PGC state that first
becomes evident at around 7.0 days post coitum (dpc; early
gastrulation stage) in mouse embryos33. This is supported by the
fact that Max ablation in ESCs led to elevated expression levels of
late PGC and meiosis-related genes, but did not elicit prominent
induction of PGC specification genes. To further address this
issue, and taking into account the fact that Blimp1 is known to
play crucial roles in the induction and maintenance of PGCs34,35,
we knocked out the Blimp1 gene in Max-null ESCs using the
CRISPR-Cas9 system. After homozygous knockout of the Blimp1
gene (Supplementary Fig. 8), the ESCs were treated with Dox to
suppress Max expression for 9 days and then subjected to
co-immunocytochemical analyses with antibodies against SYCP3
and STRA8. Strong induction of STRA8 as well as meiosis-like
SYCP3-staining patterns became evident in the ESCs after loss
of Max expression, even without a functional Blimp1 gene
(Fig. 5f–h), indicating that Max-null ESCs bypassed the
PGC state and directly acquired features reminiscent of
meiosis I phase.

Meiosis-related changes in ESCs depend on retinoid.
Retinoid7–10 and LIF36 signalling are critical players in the onset
of meiosis in germ cells. We thus decided to examine the effects of
RA and LIF on Max-null ESCs. Similarly to vitamin C, RA
treatment further enhanced the meiosis-related changes in
Max-null ESCs (Fig. 6a–c). With respect to LIF, although its
withdrawal from culture showed little to no effect on Stra8
expression, it facilitated meiosis-related cytological changes in
Max-null background (Fig. 6c). We also found that the number
of viable cells was inversely correlated with the magnitude of
meiosis-like changes (Fig. 6d), again implying that meiosis-like
changes in ESCs are accompanied by apoptotic cell death.
Our analyses with the RA receptor inhibitor AGN193109
(AGN; Fig. 6e and Supplementary Fig. 9a,b) and forced
expression of Cyp26b1 encoding an RA-degrading enzyme
(Fig. 6f, Supplementary Fig. 9c,d) also confirmed the crucial
involvement of RA, likely present in fetal bovine serum used, in
meiotic changes in Max expression-ablated ESCs. To confirm
this, we conducted experiments using serum- and RA-free N2B27
medium. Without exogenous supply of RA, induction of Stra8
was barely detectable, irrespective of the presence or absence of
Max expression in N2B27 medium. Interestingly, RA
supplementation augmented Stra8 expression levels dose-
dependently even in the presence of Max expression, although
much more profound induction was attained in the absence of
Max expression. These results suggest that RA is essential for the
induction of Stra8 expression and that Max expression-ablated
background sensitized ESCs to the RA-mediated change (Fig. 6g).

Blockade of meiosis by MAX/MGA-containing atypical PRC1.
To explore the molecular mechanisms underlying the
meiosis-related changes associated with Max depletion in ESCs,
we first searched for factors in the MYC superfamily, whose
deficiency caused meiosis-related changes in ESCs, similar to
MAX ablation. We found that lentivirus-mediated knockdown of
Mga and Max, but not those of other MYC superfamily members,
were coupled with induction of the expression of meiotic genes
Stra8, Taf7l and Slc25a31 (Fig. 7a and Supplementary Fig. 10).
Mga knockdown-mediated induction of STRA8 expression was
also confirmed by immunostaining (Fig. 7b). Because both MAX
and MGA were recently demonstrated to be a part of an atypical
PRC1 complex (PRC1.6)14,15, we next examined the consequence
of forced reduction of the expression of the L3mbtl2 gene that
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Figure 3 | Vitamin C enhances meiosis-related changes in Max
expression-ablated ESCs. (a) Total number of viable Dox-treated Max-null
ESCs cultured in the presence or absence of vitamin C at the indicated days
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also encodes one of the components of PRC1.6. Knockdown of
L3mbtl2 expression also led to significant elevation in the
expression levels of meiotic genes, although the expression
levels of the Stra8 gene were not affected (Fig. 7c).
Next, to assess whether elevation of meiotic gene expression is
the direct consequence of Max expression ablation or secondary
in nature, we examined whether MAX protein binds to the
meiosis-related genes. To this end, we conducted chromatin
immunoprecipitation (ChIP) analyses with an anti-MAX
antibody. Our data clearly demonstrated that MAX bound to
Ddx4, Slc25a31 and Sycp3 genes in Dox-untreated ESCs (Fig. 7d).

However, such signals were attenuated on Max expression
ablation by Dox treatment. These results indicated that the
MAX-containing complex directly bound to meiosis-related
genes and repressed their expression in ESCs, and upregulation
of these genes in Max-null ESCs reflects the liberation from
such MAX-dependent repression. We also conducted ChIP
analyses with an antibody against L3MBTL2. Although the
immunoprecipitation efficiency was not as high with the antibody
against L3MBTL2 compared with the anti-MAX antibody, our
data indicated that L3MBTL2 directly bound to the examined
meiotic genes. Furthermore, our data demonstrated that the
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Figure 5 | Occurrence of meiosis-like changes in Max expression-ablated ESCs without passing through the PGC state. (a) Scatter plots of DNA
microarray data from untreated and Dox-treated Max-null ESCs cultured under the 2iþ LIF condition. Genes highlighted in Fig. 1a are indicated by
the same colours (green: germ cell-specific genes; pink: two-cell embryo-specific genes; green with an asterisk: genes belonging to both categories).
(b) Measurement of Stra8 mRNA levels by quantitative PCR in Dox-untreated and -treated Max-null ESCs cultured under conventional mouse ESC or
2iþ LIF culture conditions. (c) Immunocytochemical analyses of STRA8 and SYCP3 in Dox-treated Max-null ESCs cultured under conventional mouse
ESC or 2iþ LIF culture conditions. (d) Representative image of the zygotene-like SYCP3-staining pattern observed in Dox-treated Max-null ESCs
cultured under the 2iþ LIF condition. (e) Frequency of meiosis-like SYCP3-staining patterns in Dox-treated Max-null ESCs cultured under conventional
mouse ESC or 2iþ LIF culture conditions. (f) Immunocytochemical analyses of STRA8 and SYCP3 in the Dox-treated Blimp1 KO #68 Max-null ESC
clone. Right panel shows a representative zygotene-like SYCP3-staining pattern. In this mutant clone, a single adenine nucleotide was inserted into
both loci of exon 3 in the Blimp1 gene, causing an out-of-frame mutation (for details, see Supplementary Fig. 8). (g) Leptotene-like immunostaining
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Blimp1 KO #6 Max-null ESC clone in which a large deletion had occurred in the region encompassing exon 3 and intron 3 in both loci of the gene
(for details, see Supplementary Fig. 8). (h) Frequency of meiosis-like SYCP3-staining patterns in Dox-treated Max-null ESCs of Blimp1 KO #68 and
#6 clones. KO, knockout.
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binding signal was greatly diminished on Max expression
ablation, implying that binding of L3MBTL2 on the meiotic
genes is dependent on the presence of MAX (Fig. 7d). This
finding further supported the notion that PRC1.6 complex is
involved in the repression of meiotic genes in ESCs. Next, we
examined the expression levels of genes encoding the Myc

superfamily and those encoding either one of the components of
the PRC1.6 complex after Max expression ablation in ESCs. We
found that many of the genes, including L3mbtl2, showed slight
decline in their expression levels following Max depletion in
ESCs, while expression level of Mga was initially elevated (up to 4
days) but declined thereafter (Supplementary Fig. 11).
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Meiosis-like changes in ESCs with a MYC/MAX complex.
We have previously demonstrated that the detrimental phenotype
of Max-null ESCs could be rescued by c-MYC and MAX mutants
bearing modifications in their leucine zipper dimerization
domains16,36. Because of these modifications, c-MYC and MAX
mutants, designated as c-MYC-EG and MAX-EG, respectively, do
not bind to other endogenous partners, but dimerize efficiently
with each other to function as a c-MYC/MAX transcriptional
complex. Therefore, Max-null ESCs bearing these mutants are

able to maintain MYC activity but lack a functional PRC1.6
complex because the MAX-EG mutant does not interact with the
endogenous MGA protein. We examined whether meiosis-like
changes were evident in Max-null ESCs expressing c-MYC-EG
and MAX-EG. Consistent with our previous report, Max-null
ESCs bearing these mutants were able to maintain cell viability
(Fig. 8a,b). However, our analyses revealed that the induction of
expression of meiotic genes and production of STRA8 protein
were also observed in these cells (Fig. 8c,d). Furthermore,
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meiosis-like cytological changes were detected as well (Fig. 8e).
These meiotic-like changes were found, however, to a lesser
degree when compared with control Max-null ESCs. These results
suggest that a PRC1.6-independent MYC/MAX activity may also
help guard meiosis entry in ESCs.

In vivo meiosis is coupled with a decline in Max expression.
Since meiosis-like cytological changes could be induced in Max
expression-ablated ESCs, we decided to examine whether
Max expression levels decline during normal meiotic cell division
in testes. To this end we performed immunohistochemical
analyses of testis sections. In addition to an antibody against
MAX, antibodies against PLZF and cKIT, which mark
spermatogonial stem/progenitor cells and differentiating
spermatogonia, respectively, were used in the analyses to facilitate
staging of cells undergoing meiosis37. We found that MAX
expression, which is generally thought to be ubiquitous38, was
extremely low in cKIT-positive differentiating spermatogonia and
premeiotic type B spermatogonia at stage VI compared with
PLZF-positive spermatogonial stem/progenitor cells (Fig. 9a–c).

This low level of MAX expression in differentiating
spermatogonia persisted up to the early pachytene stage but
increased again during the pachytene stage (Supplementary
Fig. 12). Whereas the meiotic cell division begins in testes after
birth in males, meiosis commences in the genital ridges at the
midgestation stage in females39. Therefore, we examined whether
the meiotic processes in female mice are also accompanied by
downregulation of MAX expression. Indeed, we found that MAX
expression levels were extremely low in SYCP3-positive female
PGCs at 13.5 dpc, which coincides with meiosis initiation, but
were much higher in E13.5 male PGCs (Fig. 9d). These results
reveal that, although occurs at different timing, meiosis in both
sexes is coupled with downregulation of MAX expression. To
assess whether there is also a difference in Max mRNA levels
between male and female PGCs, we inspected DNA microarray
data of PGCs deposited by Kagiwada et al.40 We found that Max
expression levels in female PGCs was lower compared with those
of male PGCs, especially at the initiation of meiosis (13.5 dpc;
Supplementary Fig. 13a), implicating that the lower level of MAX
protein in female PGCs revealed by immunostaining was at least
in part due to lower levels of Max mRNA in female PGCs
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compared with that in male PGCs. However, our data do not
exclude the possibility that MAX protein levels were also
controlled post-translationally.

We also used these DNA microarray data to study the
expression dynamics of genes whose expression levels were
elevated in Max-null ESCs. Both germline-specific genes and

those categorized into both germline and two-cell signature
genes shown in Supplementary Fig. 1 also had strong elevations
in their expression levels during midgestation (E10.5–13.5;
Supplementary Fig. 13b). Interestingly, most meiotic genes
showed significant elevations in their expression levels not only
in female PGCs but also in male PGCs during gestation, although
the magnitude of the elevation was not as prominent as that
observed in female PGCs. More remarkably, most of the genes
that were significantly or modestly activated in Max-null ESCs
were also, respectively, activated in similar manners during PGCs
development, providing additional evidence that our Max
expression ablation system in ESCs represents a bona fide model
of meiosis. However, genes categorized exclusively as two-cell
signature genes did not show any tendency of activation,
but rather decreased their expression levels during PGCs
development. These results further suggest that activation of
these genes in Max expression-ablated ESCs is not related to
meiosis-like changes (Supplementary Fig. 13b).

Meiotic induction in GSCs by Max knockdown. We next
examined the consequence of forced reduction of Max expression
in GSCs. We not only found that Stra8 expression level was
elevated (Fig. 10a) but also detected cytological changes
reminiscent of meiosis in GSCs on Max knockdown (Fig. 10b,c).
Of note is that these cytological changes were only observed in
cells with reduced Max expression. Because knockdown of
Max expression was insufficient, but Max expression should be
completely ablated in ESCs to induce meiosis-related cytological
changes, our data with GSCs suggested that GSCs are more
competent for meiosis-like cytological changes than ESCs. Next,
we conducted knockdown of Max expression in mouse
embryonic fibroblasts, NIH3T3 cells and induced pluripotent
stem cells (iPSCs). Although lentivirus-mediated knockdown of
Max expression enhanced Stra8 gene expression levels in iPSCs,
no such induction was evident in mouse embryonic fibroblasts or
NIH3T3 cells (Fig. 10d). Induction of STRA8 in iPSCs was
confirmed by immunostaining (Fig. 10e). Therefore, we conclude
that meiosis-related changes due to Max expression deficiency are
specific to germ and pluripotent cells.

Discussion
In this study we have uncovered an intriguing meiosis-like
programme in ESCs triggered by loss of function of Max. Our
results show that the loss of Max expression in ESCs not only
activates germ cell-related genes but also leads to cytological
changes resembling leptotene and zygotene stages of meiosis.

Our functional screening of the Myc superfamily led to the
identification of MGA, whose absence also triggered the
meiosis-like changes. Our subsequent analyses revealed that a
MAX-containing atypical PRC1 complex (PRC1.6) is responsible
for the molecular blockade of meiotic onset. There are six distinct
PRC1 complexes with variations in their components, but only in
PRC1.6 (ref. 14) are both MAX and MGA present. A unique
characteristic of PRC1.6 is that this variant PRC1 does not
co-localize with PRC2 at their target sites15. Therefore, PRC1.6
must bind to DNA stably without PRC2, and possible molecules
responsible for such stable DNA binding include MAX and its
association factor MGA. In this context, it is of interest to
mention that the MAX-containing PRC1 complex has been
shown to be linked to the E box sequence that serves as a binding
site for MAX and MGA15.

We provide evidence of the existence of a transient decline in
Max expression during physiological gametogenesis in both male
and female germ cells. This lead us to assume that the same or at
least a similar process of MAX-dependent blockade of meiosis is
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expression of SYCP3 are also indicated by arrowheads in which white and
yellow indicate weak and almost no MAX expression, respectively.
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present in GSCs. GSCs should be liberated from such blockades
by a physiological decline in Max expression to proceed with
meiosis during their differentiation. This assumption was further
corroborated by data demonstrating that knockdown of Max
expression in GSCs also led to meiosis-like cytological changes. It

is noteworthy that MYC family proteins, including c-MYC and
N-MYC, play crucial roles in preservation of the self-renewal
properties of both ESCs41 and GSCs42 in which MAX functions
as an indispensable partner. Thus, as depicted in Fig. 10f, loss of
MAX may promote meiosis not only by activating the expression
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of meiotic genes but also by facilitating cellular differentiation
through impairment of the self-renewal of ESCs and GSCs
because of the loss of MYC functions. The differences in
efficiencies in the induction of meiosis-like changes between
Max-null ESCs bearing c-MYC, MAX mutants and control
Max-null ESCs may be explained by the preservation of MYC
functions in the former, but not in the latter cells. It is noteworthy
that Yokobayashi et al.43 have demonstrated that the PRC1
complex acts negatively against RA signalling through
maintenance of the transcriptionally repressed state of the Stra8
gene. Similarly, our data demonstrated that Max expression
ablation in ESCs, which is coupled to disruption of the PRC1.6
complex, sensitized RA-mediated induction of Stra8 gene
expression. This finding further strengthens the notion that the
meiotic onset in ESCs faithfully recapitulates the in vivo meiotic
onset. Observations made by Yokobayashi et al.43 on the loss
of function of PRC1 in germ cells may not reflect impairment
of the general functions of PRC1, but might be due to disruption
of the MAX-containing atypical PRC1 complex.

Max expression ablation appears to induce meiotic onset in
ESCs in a physiologically relevant manner. However, such
meiosis-like cells are arrested at rather early stages and do not
proceed beyond the crux of the pachytene-like stage. To
overcome this problem, development of improved culture
conditions suitable for meiosis and/or the forced expression of
inefficiently induced meiotic genes such as Rec8 and Sycp1 will be
needed. Although we are far from a complete understanding of
the mechanisms involved in generating haploid cells, the results
and methodologies here described may open up new avenues
towards achieving this goal.

Methods
Animal ethics. This study was carried out under strict accordance with the
international and institutional guidelines. The protocol was approved by the
institutional review boards on the Ethics of Animal Experiments of the Saitama
Medical University, with the permission number of 1518.

Mouse ESC and GSC culture. Max-null ESCs with Max cDNA under the control
of the tetracycline-off system were cultured in conventional ESC culture medium
with LIF and serum, or the 2i condition with inhibitors of MEK (PD0325901) and
GSK3b (CHIR99021) with the concentrations of 1 and 3 mM, respectively. N2B27
not containing vitamin A was used as basal medium for the experiments shown in
Fig. 6g. The following reagents were used at the indicated concentration unless
stated otherwise: 1 mg ml" 1 Dox (631311, Clontech); 100 nM VX680 (A10981-25,
ADG); 20 mM Z-VAD-FMK (627610, Calbiochem); 5 mM AGN193109 (sc210768,
Santa Cruz Biotechnology); 1 mM all-trans retinoic acid (R2625, Sigma); and
50mg ml" 1 vitamin C (A4544, SIGMA). Mouse GSCs were cultured with Stem
Pro-34 SFM medium (10639-011, Invitrogen) with the ingredients of 25 mg ml" 1

insulin (1882, Sigma), 100 mg ml" 1 transferrin (Sigma, T1147), 60 mM putrescine
(P7505, Sigma), 30 nM sodium selenite (214485, Sigma), 6 mg ml" 1 D-(þ )-glu-
cose (G7021, Sigma), 30mg ml" 1 pyruvic acid (107360, Sigma), 1 mg ml" 1 DL-lactic
acid (4263, Sigma), 5 mg ml" 1 bovine serum albumin (15561-020, Invitrogen),
2 mM L-glutamine, 50 nM 2-mercaptoethanol, MEM vitamin solution (11120-052,
Invitrogen), 0.1 mM nonessential amino acid solution (11140-050, Invitrogen),
30 ng ml" 1 b-estradiol (E2758, Sigma), 60 ng ml" 1 progesterone (P8783, Sigma),
10mg ml" 1 D-biotin (B4501, Sigma), 100 mM ascorbic acid (A4544, Sigma),
20 ng ml" 1 mouse epidermal growth factor (2028-EG, R&D systems), 10 ng ml" 1

human basic fibroblast growth factor (13256-029, Becton Dickinson),
1,000 U ml" 1 mouse leukaemia inhibitory factor (02740, Stem Cell Technologies),
10 ng ml" 1 rat glial cell line-derived neurotrophic factor (512-GF, R&D systems)
and 1% fetal bovine serum.

Plasmid constructions. Construction of expression vectors for c-MYC and MAX
mutants, designated as c-MYC-MG and MAX-EG, respectively, which do not bind
to their endogenous partners, but bind efficiently with each other, was described
previously16,36. CYP26B1 expression vector was constructed by PCR amplification
using cDNA from mouse ESCs and subcloned into pCAG-IP vector bearing
puromycin resistant gene.

Quantitative reverse transcription (RT)–PCR analysis. Quantitative RT–PCR
(qRT–PCR) was performed using the StepOnePlusTM Real-Time PCR
System (Applied Biosystems), with cDNAs generated by reverse transcription.

TaqMan-based reactions (Invitrogen) quantified the expression levels of Stra8
(Mm00486473_m1), Slc25a31 (Mm00617754_m1), Sycp3 (Mm00488519_m1),
Taf7l (Mm00459354_m1), Ddx4 (Mm00802445_m1), c-Myc (Mm00487803_m1),
N-Myc (Mm00476449_m1), L-Myc (Mm03053598_s1) and Max
(Mm00484802_g1), while qRT–PCR for other genes, including quantification of
other Myc superfamily genes such as Mxd1 (Supplementary Fig. 10), was done by
SYBR Green-based method with the following oligonucleotides.

L3mbtl2: 50-TACCTCATGAAGCGGTTGGT-30 and 50-CAACCCACTGGGT
GGATC-30

Mxd1: 50-AGATGCCTTCAAACGGAGGAA-30 and 50-CAAGCTCAGAGTG
GTGTGTCG-30

Mxi1: 50-AACATGGCTACGCCTCATCG-30 and 50-CGGTTCTTTTCCAA
CTCATTGTG-30

Mxd3: 50-GAGGCAGAGCACGGTTATG-30 and 50-TGTAGTGTATCGGG
TACAGTCAA-30

Mxd4: 50-ATGGAGCTGAACTCTCTGCTG-30and 50-GTGAAGACCTGTTGT
TCGGGG-30

Mga: 50-GAGGAGCACCTACCTACCTTCTTTGT-30 and 50-ACGGGCAT
CTCGATTAGTAACT-30

Mnt: 50-TCCTGTAGTGACCAATTCCCC-30 and 50-TGGCTCCTTAATGCT
GAGTCC-30

Mlx: 50-GAGGACAGTGATTATCAGCAGGA-30 and 50-CATCCCTTCTCTTC
TGTTCAGC-30

MondoA: 50-GACTCGGACACAGACGAGC-30and 50-GGAGAGGACACC
ATGAAGTGG-30

Immunostaining. For immunocytochemistry, cells were plated on 0.1%
gelatin-coated Cell Disks (MS-92132, SUMITOMO BAKELITE Co., Tokyo, Japan)
and cultured for an appropriate period. Then the cells were fixed with 4%
paraformaldehyde for 20 min at room temperature. After extensive washes with
phosphate-buffered saline (PBS), the cells were permeabilized and blocked in
blocking buffer (PBS containing 0.3% Triton X-100, and 5% fetal bovine serum) for
60 min at room temperature. Subsequently, the cells were washed with PBS and
then incubated with primary antibodies in blocking buffer at 4 !C overnight.
After three washes with PBS, the cells were incubated with the appropriate
Alexa Fluor dye-conjugated secondary antibodies (Invitrogen) and 3 mg ml" 1

40,6-diamidino-2-phenylindole (DAPI) in blocking buffer at 37 !C for 1 h. The cells
were washed and observed under a confocal laser scanning microscope (TCS SP8,
Leica Microsystems) and analysed with ImageJ computer software. For immuno-
histochemistry, male testes and the genital ridges of male and female siblings were
isolated from 8-week-old male mice and 13.5 dpc embryos, respectively. After
fixing with 4% paraformaldehyde, the tissues were embedded in optimal cutting
temperature (OCT) compound and frozen. Sections prepared from the frozen
tissues were mounted on glass slides and subjected to immunostaining procedures
as described above. The primary antibodies used were as follows: anti-SYCP1
(1:400, ab15090), anti-SYCP3 (1:400, ab97672), anti-STRA8 (1:400, ab49602),
anti-REC8 (1:100, ab192241) and anti-Aurora B (1:1,000, ab2254) from Abcam;
anti-MAX (1:100, sc-197), anti-L3mbtl2 (1:100, sc-134879) and anti-PLZF (1:100,
sc28319) from Santa Cruz Biotechnology; 5-methylcytosine (1:100, 61255) and
5-hydroxymethylcytosine (1:100, 39791) from Active Motif; anti-gH2AX (1:1,000,
#2577, Cell Signaling Technology); anti-cKIT (1:100, 553352) from BD Pharmin-
gen; and Anti-Aurora A/B/C (1:300, BS-2445R) from Bioss Antibodies.

Estimation of meiotic stages from SYCP3-staininig length. Germ cells in
preleptotene, leptotene, zygotene, pachytene and diplotene stages were identified
the ordinary way, with testis sections immunostained and counterstained with anti-
SYCP3 antibody and DAPI, respectively. Subsequently, actual lengths of SYCP3-
staininig regions were measured with respect to five representative chromosomes of
each cell. Some cells with large dots, the width of which was more than 1.5 mm,
often found in cells at preleptotene and leptotene stages, were eliminated from the
analyses. Exploration of the relationship between averages of these measurements
and meiotic stages led to the following criteria: preleptotene-like, o1.2 mm; lep-
totene-like, 1.2B3.0 mm; zygotene-like, 3.0B7.5 mm; and pachytene or diplotene-
like, 47.5 mm. This method did not allow us to distinguish between pachytene and
diplotene stages. These criteria were used to assign the stages of meiosis-like cells
from Max-null ESCs. For details, see Supplementary Fig. 3.

Gene disruption. The CRISPR/Cas9 system was used to conduct homozygous
knockout of Stra8 and Blimp1 genes. The following oligonucleotides were used to
edit exon 2 and exon 3 of Stra8 and Blimp1 genes, respectively.

Stra8: 50-CACCGATAATGGCCACCCCTGGAGA-30 and 50-AAACTCTC
CAGGGGTGGCCATTATC-30 .

Blimp1: 50-CACCGATCATGAAAATGGACATGG-30 and 50-AAACCCATGT
CCATTTTCATGATC-30.

Sequences from the original genomic DNA are underlined. The
oligonucleotides were annealed and subcloned into the Bbs1 site of the pX330-
U6-Chimeric_BB_CBh-hSpCas9 vector44. The vector was then co-transfected with
pCAG-IP into Max-null ESCs using lipofectamine 2000 (Invitrogen, Life
Technology) and then subjected to puromycin selection. The resulting ESC
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colonies were individually cloned and used to prepare cell stocks and genomic
DNA. Subsequently, PCRs were conducted to identify clones with homozygous
knockout by direct DNA sequencing of the PCR products. Details of mutations in
Stra8 and Blimp1 genes are shown in Fig. 4a and Supplementary Fig. 8,
respectively.

Lentivirus-mediated knockdown. Lentivirus-mediated knockdown of the
expression of Myc superfamily genes and the L3mbtl2 gene was conducted as
described previously45. Sequences used for knockdown are shown in
Supplementary Table 1.

ChIP-PCR analyses. ChIP analyses were done with Dox-untreated and -treated
Max-null ESCs for 4 days using antibodies against MAX or L3MBTL2. Primers
used for amplifying promoter regions of Ddx4, Slc25a31 and Sycp3 genes, which
were described by Maeda et al.11, Okashita et al.46 and Yamaguchi et al.28,
respectively, are as follows:

Ddx4: 50-ACTCACCTCTCCGCTCCAG-30 and 50-GTCGCCTGATGCTAT
TTGTTGT-30 .

Slc25a31: 50-AAAGCTGCTGTGCACTGATTG-30 and 50-CTGAGGATGCTG
GGAGAACAG-30 .

Sycp3: 50-GGGGCCGGACTGTATTTACT-30 and 50-CTCCCCCATCTCCTT
ACCTC-30 .

DNA microarray and GO analyses. Biotin-labelled cRNA was synthesized and
then hybridized to Affymetrix GeneChip Mouse Genome 430 2.0 arrays (Affy-
metrix) according to the manufacturer’s instructions. Microarray expression data
were background subtracted and normalized by the robust multi-array analysis
method using statistical software R. GO analyses were conducted using DAVID
web tools (http://david.abcc.ncifcrf.gov). To eliminate redundancy, the selected GO
terms were subjected to further analyses using AmiGO1 (http://amigo1.gen-
eontology.org/cgi-bin/amigo/go.cgi) and REVIGO (http://revigo.irb.hr) web sites.

DNA blot and bisulfite sequencing analyses. DNA blot analyses of global
changes in 5mC and 5hmC due to Max expression ablation in ESCs were per-
formed using genomic DNAs from Dox-untreated and -treated Max-null ESCs for
8 days as described by Blaschke et al.29. Bisulfite sequencing analyses of Snrpn, Igf2r
and H19 genes were performed with the same set of genomic DNAs using the
following oligonucleotides, which are described by Lucifero et al.47

Snrpn first PCR: 50-TATGTAATATGATATAGTTTAGAAATTAG-30 and 50-A
ATAAACCCAAATCTAAAATATTTTAATC-30

Snrpn second PCR: 50-AATTTGTGTGATGTTTGTAATTATTTGG-30 and
50-ATAAAATACACTTTCACTACTAAAATCC-30

Igf2r first PCR: 50-TTAGTGGGGTATAAAAGGTTAATGAG-30 and 50-AAAT
ATCCTAAAAATACAAACTACAC-30

Igf2r second PCR: 50-GTGTGGTATTTTTATGTATAGTTAGG-30 and 50-AA
ATATCCTAAAAATACAAACTACAC-30

H19 first PCR: 50-GAGTATTTAGGAGGTATAAGAATT-30 and 50-ATCAAA
AACTAACATAAACCCCT-30

H19 second PCR: 50-GTAAGGAGATTATGTTTATTTTTGG-30 and 50-CCTC
ATTAATCCCATAACTAT-30

Uncropped versions of western blots shown in Fig. 4c and Supplementary
Fig. 5a are shown in Supplementary Fig. 14a,b, respectively.
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An inhibitor of fibroblast growth 
factor receptor-1 (FGFR1) promotes 
late-stage terminal differentiation 
from NGN3+ pancreatic endocrine 
progenitors
Yzumi Yamashita-Sugahara1, Masahito Matsumoto1, Manami Ohtaka2, Ken Nishimura3, 
Mahito Nakanishi2, Kohnosuke Mitani4 & Yasushi Okazaki1

Human induced pluripotent stem cells (hiPSCs) provide a potential resource for regenerative medicine. 
To identify the signalling pathway(s) contributing to the development of functional β cells, we 
established a tracing model consisting of dual knock-in hiPSCs (INS-Venus/NGN3-mCherry) (hIveNry) 
expressing the fluorescent proteins Venus and mCherry under the control of intrinsic insulin (INS) and 
neurogenin 3 (NGN3) promoters, respectively. hIveNry iPSCs differentiated into NGN3- and mCherry-
positive endocrine progenitors and then into Venus-positive β cells expressing INS, PDX1, NKX6.1, 
and glucokinase (GCK). Using these cells, we conducted high-throughput screening of chemicals and 
identified a specific kinase inhibitor of fibroblast growth factor receptor 1 (FGFR1) that acted in a stage-
dependent manner to promote the terminal differentiation of pancreatic endocrine cells, including 
β cells, from the intermediate stage of pancreatic endocrine progenitors while blocking the early 
development of pancreatic progenitors. This FGFR1 inhibitor augmented the expression of functional β 
cell markers (SLC30A8 and ABCC8) and improved glucose-stimulated INS secretion. Our findings indicate 
that the hIveNry model could provide further insights into the mechanisms of hiPS-derived β cell 
differentiation controlled by FGFR1-mediated regulatory pathways in a temporal-dependent fashion.

Type 1 diabetes is an autoimmune disease characterized by the complete loss of insulin (INS) due to the destruc-
tion of β  cells, and its treatment is solely dependent on INS administration1. Although islet transplantation is a 
promising therapy for type 1 diabetes, difficulties in obtaining sufficient islets and immunosuppression problems 
point to the need for alternative cell sources for the generation of INS-expressing β  cells2. Human induced pluri-
potent stem cells (hiPSCs) represent an important resource since they have the potential to differentiate into 
INS-producing functional β  cells.

Fibroblast growth factor receptor 1 (FGFR1) signalling during embryonic development is crucial and the phe-
notype is lethal in null mice before or during gastrulation3,4. Several studies of mouse models have demonstrated 
the importance of FGFR1 for normal structural development, with FGFR1 mutations linked to Pfeiffer syndrome, 
which is characterized by abnormal cranial formation5,6. In pancreatic development, an FGFR1 agonist of FGF4 
signalling regulates the patterning of pancreatic and duodenal homeobox 1 (PDX1)-expressing foregut endoderm 
and pancreatic expansion7. Mice expressing dominant-negative FGFR1c driven by the PDX1 promoter develop 
age-specific diabetes8. Moreover, endogenous FGFR1 expression is regulated by PDX1 in β  cells, while the expression 
of a dominant-negative PDX1 mutant inhibits FGFR1 expression leading to the downregulation of Glut28,9. Thus, 
positive feedback regulation via the FGFR1-PDX1 cascade causes the differentiation and maintenance of β  cells.
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Many studies have reported the generation of pancreatic endocrine cells in vitro from human embryonic 
stem cells (hESCs)/hiPSCs. However, pancreatic β -like cells derived from the differentiation of stem cells 
in vitro exhibit a limited capacity for glucose-stimulated insulin secretion (GSIS), a hallmark of functionally 
mature β  cells10–13. Recently, attempts at generating functional β  cells from hESCs/hiPSCs in vitro produced 
PDX1-expressing (PDX1+ ) pancreatic progenitors (PPs) from definitive endoderm (DE) and maintained func-
tional β  cells that featured similar expression profiles and glucose responsivity to primary human β  cells under 
the control of FGFR1-mediated signalling14,15. According to the differentiation protocols used in these studies, 
FGFR1 or FGFR2 agonists are utilized to drive the PDX1 expression that is essential for the early stages of β  cell 
differentiation in vitro. Therefore, these procedures have been developed mostly based on mimicking normal 
pancreatic development mediated by the transition from PDX1+  PPs to endocrine progenitors (EPs) transiently 
expressing neurogenin 3 (NGN3) as a master regulator of hormonal endocrine cells. V-Maf avian muscu-
loaponeurotic fibrosarcoma oncogene homolog A (MAFA), which is expressed together with PDX1 in adult β  
cells, is critical during the maturation of functional β  cells in adult islets. Although the mode of action of FGFs 
at the early transition from DE to the PDX1+  PP stage is relatively well defined by genetic ablation studies, the 
regulatory role of FGFR-mediated signalling in the terminal differentiation and maturation processes of hiPSCs 
-derived β cells and their differentiation instability remains unclear.

To clarify the unresolved issues outlined above, we established a dual fluorescence reporter system using 
mCherry and Venus to trace the transition of hiPS-derived NGN3+  EP cells to terminally differentiated β  cells. 
The tracing model was designed to facilitate a better understanding of the developmental signals that contribute 
to the intermediate and terminal differentiation of EPs and lead to the maturation of β  cells. Using this reporter 
system, we have discovered that inhibition of FGFR1-mediated signalling not only enhances the efficiency of 
endocrine cell intermediate and terminal differentiation, but also improves GSIS while additionally increasing 
the expression of functional β  cell markers. Herein, we propose that blockade of the FGFR1-mediated signalling 
cascade contributes to the efficient intermediate and terminal differentiation of β  cells and the subsequent early 
PDX1+  PP stage that is essential for the temporal-dependent action of FGFs and the production of functional β  
cells responsible for the maintenance of glucose homeostasis.

Results
Gene targeting at the INS and NGN3 loci in hiPSCs. It has been reported previously that hESCs/hiP-
SCs have a propensity to differentiate towards certain lineages16,17 and we tested the ability of the hiPSCs to dif-
ferentiate into pancreatic endoderm lineages (Fig. S1)10. We examined the differentiation efficiency of 246H1 and 
TIG3/KOSM #7 (TIG) hiPSC lines reprogrammed with OCT4/SOX2/KLF4/Myc via retrovirus and Sendai virus, 
respectively. Following treatment with activin A and Wnt3a, the mRNA expression of markers of DE (CXCR4  
and CER1) and mesendoderm (Brachyury) were higher in TIG hiPSCs than in 246H1 hiPSCs from days 1 to 5. 
Pluripotency markers (OCT3/4  and NANOG) were also higher in TIG hiPSCs than in 246H1 hiPSCs during this 
early period, but were not detected on days 9 and 15. Therefore, we chose the TIG hiPSCs for the construction 
of knock-in (KI) reporter cells since this line appears to be highly sensitive to mediators of pancreatic β  cell 
differentiation.

We constructed a helper-dependent adenovirus targeting vector (HDAdV) to generate KI hiPSCs that marks 
INS-producing cells with the green fluorescent protein Venus (INS-Venus) (Fig. 1A). TIG hiPSCs were infected 
with adenoviral particles packed with INS-Venus-PGKneo HDAdV, and drug-resistant clones were analysed by 
Southern blotting to determine gene-targeted clones (Fig. 1B). The parental TIG (wt) and three selected clones 
(#6, 9, and 17) are shown with the wild-type INS allele displaying a 20.9-kb band on BstXI-digested DNA using 
a 5i or 3o probe (Fig. 1A,B, probes a and c) and the INS-Venus KI locus showing a 9.9-kb band with a 5V probe 
and a 13.1-kb band with a 3′  probe (Fig. 1B, KI). Among the three KI clones (#6, 9, and 17), one (#9) was chosen 
to generate the dual KI (DKI) clones expressing the red fluorescent protein mCherry driven by the neurogenin 3 
(NGN3) promoter (NGN3-mCherry) (Fig. 1C). Southern blot analysis indicated that homologous recombination 
in the five representative clones (#9–3, 9–11, 9–15, 9–16, and 9–35) occurred properly and efficiently using the 
NGN3-mCherry HDAdV system, based on the detection of 14.0-kb and 12.9-kb bands following digestion of 
genomic DNA with AccI (Ac)/AgeI (Ag) using the 5′ , mCherry, and 3 probes (Fig. 1C,D, probes a, b, and c, respec-
tively). The DKI clones we established above are herein termed hiPS/INS-Venus/NGN3-mCherry (hIveNry) cells.

Tracing the differentiation of hIveNry DKI cells into pancreatic endocrine lineages. To test the 
potential of DKI hiPSC clones to differentiate into pancreatic β  cells, we used a previously reported protocol to 
produce NGN3+  EP and INS-producing cells with high efficiency (Takeda’s protocol, Fig. S2A)13. Takeda’s proto-
col consists of three steps: differentiation of hiPSCs to DE by treatment with CHIR and activin A (days 1–3, stage 
1); production of PPs by treatment with dorsomorphin, retinoic acid (RA), and SB431542 (days 3–10, stage 2); 
and differentiation into endocrine cells by treatment with forskolin (Fsk), dexamethasone (Dex), nicotinamide 
(Nico), and an Alk5 inhibitor (days 11–21, stage 3). We observed mCherry-positive (mCherry+ ) cells in each 
of the three hIveNry DKI clones (#9–3, 9–11, and 9–15) just after the appearance of PPs (early in stage 3, around 
day 11), and the number of mCherry+  cells was augmented at day 14 as visualized under a microscope (Fig. 2A). 
Furthermore, a small number of Venus-positive (Venus+ ) cells could also be detected. mCherry+  and Venus+  
cells were counted and, as shown in Fig. 2A (right panel), there were more Venus+  cells on day 21 than on day 14 
(Supplementary Video). In Fig. 2B, immunofluorescence analysis shows the parental #9 hiPSCs (INS-Venus KI 
hiPSCs) and DKI hiPSCs derived from the #9 cells, named #9–3 and #9–15; on day 3 of differentiation, we could 
detect the expression of SOX17, which is a marker of DE. Moreover, on day 21, we could detect INS, a marker 
of β  cells, glucagon (GCG), a marker of alpha cells, and somatostatin (SST), a marker of δ  cells. Some of the 
double-stained cells co-expressed INS and GCG or INS and SST, indicating immature pancreatic β  cells (Fig. 2B).
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The Venus KI hiPSCs (#9) and their clones displayed similar potential for differentiation. The mRNA levels 
of the pluripotency markers OCT3/4  and NANOG were high in hiPSCs prior to induction at day 0, decreased 
sharply by day 3, and were undetectable on days 10 and 21 (Fig. 2C). mRNA for the endocrine markers INS, GCG, 
and SST was detectable on day 21, but not on days 0 or 10, indicating that all DKI hIveNry clones are capable of 

Figure 1. Gene targeting at the INS and NGN3 loci in hiPSCs. (A) Schematic illustration of INS knockout 
with HDAdV. The structures of the targeting vector (HDAdV-INS-Ve-pGK-Neo), the wild-type human INS 
locus, and the targeted locus are shown. Venus cDNA was inserted under the INS promoter at the ATG of the 
coding region (at exon 2; exons are shown as grey boxes and numbered 1–3). Venus cDNA: the expression 
cassette for Venus (yellow fluorescent protein gene). HSVtk: the herpes simplex virus thymidine kinase gene 
cassette. BstXl sites (B) are indicated; probes a, b, and c indicate the 5′  probe, Venus probe, and 3′  probe used 
for Southern blotting analysis, respectively. (B) The targeted hiPSC clones (#6, 9, and 17) were analysed by 
Southern blotting with the 5′  probe (a) (9.9 kb), Venus probe (b) (9.9 kb), and 3′  probe (13.1 kb). (C) To target 
NGN3-mCherry, we chose clone #9 of the INS-Venus-targeted hiPSCs. The structure of the targeting vector 
for NGN3-mCherry (HDAdV-NGN3-mcherry-pGK-puro) is shown. mCherry cDNA was inserted under 
the control of the NGN3 promoter at ATG of the coding region (at exon 2; exons are shown as grey boxes 
numbered 1 and 2). AccI (Ac) and AgeI (Ag) sites are indicated, and probes a, b, and c indicate the 5t probe, 
mCherry probe, and 3p probe used for Southern blotting analysis, respectively. (D) The targeted hiPSC clones 
(#9–3, 9–11, 9–15, 9–16, and 9–35) were analysed by Southern blotting analysis with the 5′  probe (a) (14.0 kb), 
mCherry probe (b) (14.0 kb), and 3′  probe (c) (12.9 kb). Uncropped versions of the scans are presented in 
Supplementary Fig. S6. HDAdV: helper-dependent adenoviral vector.
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differentiating into α , β , and δ  cells (Fig. 2D) and also into pancreatic polypeptide-expressing and ghrelin-positive 
ε  cells (data not shown). The PP marker PDX1 was also upregulated on day 10 during the early PP stage and termi-
nal late-stage on day 21. The transient expression pattern of the EP marker NGN3 in clones #9–15 and #9–35 was 
also strikingly similar to the normal development of NGN3+  EPs in vivo (Fig. 2D). Co-staining of the INS and 
C-peptide matched fully and the expression of INS and Venus coincided, indicating that the Venus-expressing 
cells could be monitored as INS-positive (INS+ ) cells (Fig. 3A). Furthermore, immunostaining analysis revealed 

Figure 2. DKI INS-Venus/NGN3-mCherry hiPSC (hIveNry) clones can differentiate into pancreatic 
endocrine cells. (A) hIveNry cells were differentiated towards pancreatic β  cells and analysed by in vivo  
imaging on days 14 and 21 of differentiation. The graph shows the reporter-positive cells at the indicated days. 
(B) hIveNry cells were analysed by immunofluorescence on day 3 for the expression of the definitive endoderm 
marker SOX17 and, on day 21, the final differentiation day, for the co-expression of INS and GCG or INS 
and SST. mRNA expression analysis of hIveNry clones on days 0, 3, 10, and 21 of differentiation shows the 
pluripotency markers OCT3/4  and NANOG (C) and the endocrine markers INS, SST, GCG, PDX1, and NGN3 
(D). d: day; SOX17: sex-determining region Y (SRY) box 17. Scale bar, 100 µ m.
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that mCherry+  cells coincided with NGN3-expressing EP cells (Fig. 3A). To characterize insulin-producing and 
other endocrine cells generated by this protocol, we examined the expression of some of the beta cell lineage 
markers, such as PDX1 and CHGB. As shown in Fig. 3B, PDX1 and CHGB were expressed with INS in most cells, 
but PDX1 was also expressed with SST in some of the cells. In addition, CHGB was additionally expressed in 
other types of cells not expressing INS (Fig. 3B). Together, these results indicate that several hIveNry DKI clones 
(#9–3, 9–11, 9–15, 9–16, and 9–35) could be used to trace the terminal differentiation of the β  cell lineage from 
mCherry+  EP cells (EPs).

Analysis of Venus+ and mCherry+ EP cells. As reported, the efficiency of differentiation into pan-
creatic β  cells from hiPSCs is approximately 10% from INS-producing cells13. Therefore, it is desirable to profile 
each group of fluorescent cells to view their differentiation state. To profile each group of fluorescence-positive 
cells, differentiated hIveNry cells were sorted on day 21. Venus+  cells, mCherry+  cells, and fraction of cells with 
no fluorescence (as a negative control) (Fig. 4A) were characterized by analysing the mRNA levels of several 
endocrine markers (Fig. 4B). Importantly, Venus+  cells were highly enriched for markers of the β  cell lineage, 
such as INS, PDX1, GLP1R, and MAFA, in addition to GCG and SST. By contrast, mCherry+  PE cells were more 
enriched for NGN3 than Venus+ -sorted cells (Fig. 4B), in accordance with a mutually exclusive relationship 
between NGN3 and PDX118,19 (Fig. S4B). Although Takeda’s protocol is incapable of producing mature β  cells 
from iPSCs and some of the INS+  cells represent immature polyhormonal cells, we found that the sorted Venus+  
cells co-expressed GCG and SST together with INS. Also, we observed that both mCherry+ - and Venus+ -sorted 
cells expressed NKX6.1, a progenitor marker that is also expressed in mature β  cells14,15. These data provide a 
strong rationale for investigating Venus+  and mCherry+  cells as potential EP and INS-producing cells for their 
utility in elucidating the mechanisms of β  cell differentiation from hiPSCs.

Figure 3. Expression of the fluorescent marker proteins Venus and mCherry coincides with INS and 
NGN3 expression, respectively. One of the hiPSC clones (#9–15) was selected for immunostaining analysis 
after differentiation into pancreatic endocrine cells. (A) Venus and INS proteins were detected on day 21 with 
an anti-GFP antibody and anti-INS antibody, respectively. A magnified image of the INS and Venus double-
stained cells is shown. mCherry protein was detected with an anti-RFP antibody and co-stained with an 
anti-NGN3 antibody on day 15. INS expression was analysed with an anti-INS antibody and anti-C-peptide 
antibody to view the coincidence of INS expression (days 21 and 17). Co-staining of mCherry with GCG, 
mCherry with SST, and mCherry with C-peptide was analysed. (B) On the final day of differentiation (21 days), 
immunostaining was performed for other markers, namely, PDX1 with INS, PDX1 with SST and INS with 
CHGB. Scale bar, 100 µ m in A and 25 µ m for B.
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Figure 4. Differentiated DKI hIveNry #9–15 Venus-expressing cells are polyhormonal β cells. DKI hIveNry 
(clone #9–15) hiPSCs were differentiated into pancreatic β  cells. Venus+  cells, mCherry+  cells (mche), 
and negative control (NC) cells were sorted with a cell sorter (SH800Z), and the mRNA expression levels 
of each fraction of cells were analysed to characterize the differentiated cells. (A) The live cell picture shows 
differentiated β  cells before sorting at 21 days of differentiation, with Venus+  and mCherry+  and double-
positive cells evident in the clusters. Gating of Venus and mCherry for sorting. The left picture indicates the 
negative cells that do not express the reporter genes. The right side shows positive cells and the gated population. 
(B) The mRNA expression levels of the sorted samples (INS, GCG, SST, PDX1, NGN3, NXK6.1, MAFA, GLP1R, 
Venus, and mCherry) with data from 3 independent experiments presented as the mean ±  standard deviation 
(SD). NKX6.1: Nirenberg and Kim homeobox 6.1; MAFA: V-Maf musculoaponeurotic fibrosarcoma oncogene 
homolog a; GLP1R: glucagon-like peptide 1 receptor. *p <  0.05; **p <  0.01.
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High-throughput chemical screening. The hiPSC-derived INS-producing cells used in this study had no 
glucose responsivity13. In an effort to achieve glucose responsiveness and improve the efficiency of the terminal 
differentiation of β  cells, we screened 90 chemicals commercially available from LOPAC Pfizer (Sigma-Aldrich) 
(Table S2), as shown in Fig. S2A. In the first quantitative high-end imaging screen using the detection of Venus+  
INS-producing cells, we identified 9 chemicals (C3, C7, C8, C10, G11, E5, F8, H1, and H11), 6 of which inhibit 
tyrosine kinases (C3, C7, C8, C10, E5, and G11) (see Supplementary Table S2). After a second round of screen-
ing by quantitative RT-PCR analysis, we selected 3 chemicals (C3, C8, and E5) that seemed to promote β  cell 
differentiation based on the expression of the endocrine markers INS, GCG, SST, GLUT2 , and MAFA, which 
are critical in establishing β  cell function (Fig. S2B,C). We also treated the cells with a specific inhibitor of Notch 
signalling (H1), a pathway that is indispensable for normal pancreatic development20, but this inhibitor did not 
promote differentiation. We observed quantitative reproducible findings for 4 candidates: C3, C8, E5, and H1. 
However, we concluded that the compound with the most significant efficacy in differentiating endocrine cells 
was C8 (PD166866), a specific inhibitor of FGFR1 kinase (Fig. 5A). Importantly, a third screening treatment with 
C8 alone was sufficient to significantly improve INS secretion in response to high glucose levels (Fig. 5B). This 
unexpected finding prompted us to examine whether treatment with C8 could affect the expression of functional 
β  cell markers directly linked to INS secretion, as well as other markers related to β  cell development and func-
tion. Strikingly, several such β  cell markers, including SLC30A8 (zinc transporter), ABCC8 and chromogranin B 
(CHGB), were significantly increased by treatment with C8 (Fig. 5C). These results suggest that specific blockade 
of FGFR1 signalling promotes the intermediate and terminal differentiation of endocrine cells.

Augmentation of pancreatic endocrine cell differentiation by a specific inhibitor of 
FGFR1. Previous studies have shown that FGFR1-mediated signalling is essential for the differentiation of 
DE to PPs towards β  cell maturation12,21. Indeed, most protocols for making β  cells from stem cells utilize the 
FGFR1 agonists bFGF and FGF4 together with stimulation by RA to drive PDX1 expression towards the PP 
stage. Therefore, our observation that inhibition of FGFR1 signalling by C8 significantly augmented β  cell lineage 
marker expression is unexpected and appears to be paradoxical. However, one possibility is that FGFR1 signalling 
promotes the early PP stage but inhibits the intermediate stage of β  cell differentiation. To test this, we examined 
the effects of an FGFR1 inhibitor on the early PP stage or intermediate stage of differentiation. We treated the 
cells with C8 during the early stages, from days 3 (DE) to 10 (PPs), or during intermediate and terminal differen-
tiation, from days 10 (EPs) to 21. Intriguingly, the addition of C8 during the early stages completely inhibited the 
expression of a limited set of endocrine markers—INS, GCG, SST, PDX1, and NKX6.1, (Fig. S3A,B, [ii]). To deter-
mine if the FGFR1 signalling was responsible for the effect of C8, we evaluated the effects of shFGFR1 treatment 
at an early stage. As expected, shFGFR1 treatment downregulated PDX1 expression (Fig. S5C). To our surprise, 
the addition of the inhibitor at the intermediate-terminal stage had the opposite effect and induced a significant 
increase in endocrine markers (Fig. S3B, [i]). Thus, the appearance of a significant difference in the mode of 
FGFR1-mediated action seems to be dependent on the temporal stage of differentiation.

To better understand the effects of a blockade of FGFR1-mediated action, we verified the efficiency of β  cell 
differentiation from EPs by C8 treatment using the hIveNry system (Fig. S4). Fluorescence-activated cell sort-
ing analysis showed that treatment with the inhibitor substantially increased the size of both the mCherry+  
EP cell population and the Venus+  β  cell population by 2.3-fold and 3.4-fold, respectively. This increase in cell 
population size was significantly attenuated by treatment with the FGFR1 agonist bFGF (Fig. S4B). Similarly, 
the expression of INS and PDX1 genes was substantially higher in sorted Venus+  cells treated with C8 than in 
untreated control cells (Fig. 6). Furthermore, augmentation of a series of β  cell lineage markers by C8, including 
INS, PDX1, urocortin 3 (UCN3), and GCK, was specifically attenuated by the addition of the FGFR1 agonist 
bFGF (Fig. 6, C8 +  bFGF). The expression levels of NKX6.1 and MAFA were not affected by treatment with C8 
and bFGF. FGF regulation of the intermediate-stage differentiation of β  cells appears to be mediated selectively by 
FGFR1 since treatment with the FGFR2-specific agonist KGF did not affect the ability of C8 to increase the levels 
of β  cell lineage markers (data not shown). All of our results are compatible with previous reports indicating that 
FGFR1-mediated signalling is necessary for the early differentiation of PPs. However, we made the surprising 
discovery that blockade of FGFR1 signalling robustly improves pancreatic endocrine cell differentiation at later 
stages of endocrine intermediate and terminal differentiation, indicating that FGFR1-mediated signalling has 
opposing effects on cell fate specification that are stage-dependent.

Discussion
It has been reported recently that in vitro differentiation protocols improve the maturation of pancreatic β  
cells14,15. Many studies reported that this was due to the presence of maturation factors and compared the differ-
ential expression of these factors in β  cells from mice or humans that were immature or mature and either foetal 
or adult22–25. However, the molecular mechanisms of β  cell differentiation remain largely unknown and protocols 
for generating β  cells from stem cells in vitro have not been completely defined. In this study, we established DKI 
hiPSCs (hIveNry) that could be used to trace the differentiation status of pancreatic β  cells. Using these cells, 
we discovered that inhibition of FGFR1 signalling not only promotes the intermediate stage of endocrine cell 
differentiation from EPs, but also contributes to their terminal differentiation towards mature functional β  cells.

FGF signalling is indispensable for normal pancreatic development26–28. Although many studies have demon-
strated the importance of FGFR1 signalling during development, the phenotypes of mice lacking FGFR1 or its 
agonist FGF4 do not address the role of FGFR1 in endoderm formation and patterning29. Our hIveNry tracing 
model allowed us to gain molecular insights into how FGFR1-mediated signalling plays roles in each stage of 
the early- and/or intermediate-stage differentiation of β  cells. We confirmed the findings of previous studies 
by demonstrating that treatment with the FGFR1 inhibitor C8 abrogates the early developing PP stage and the 
expression of PDX1 (Fig. S3). Several lines of evidence support a role for an FGFR1-PDX1 feedback loop in the 
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development of PPs from DE. First, the FGFR1 agonist FGF4 induces the expression of PDX1 as a target gene27. 
Second, mice expressing a dominant-negative FGFR1 driven by the PDX1 promoter become diabetic due to the 
loss of β  cells and the expression of Glut2 8. Third, overexpression of dominant-negative PDX1 attenuates FGFR1 
expression in vivo9. Finally, ESCs lacking FGFR1 are unable to develop into pancreatic lineages30. These findings 
suggest that positive feedback regulation of the FGFR1-PDX1 cascade is essential for early β  cell development 
in vitro and in vivo. In fact, the expression of PDX1 and FGFR1 is concordantly higher at the PP stage, and 
their expression profiles are correlated at each distinct stage (Fig. S5A). Moreover, this hypothesis was strongly 

Figure 5. Contribution of C8 to the maturation of functional β cells including their acquisition of glucose 
sensitivity. (A) #9–15 hIveNry cells were plated into V-bottom plates and differentiated in the same manner as 
was used in the screening assay. The cells were treated with the chemicals and screened between days 10 and 21 
of differentiation. On day 21 of differentiation, 29 to 30 clusters from each group were harvested and analysed 
for the mRNA expression levels of the endocrine markers INS, GCG, SST, PDX1, NKX6.1, and MAFA. (B) We 
tested glucose responsiveness with 30 clusters that were collected and plated into 1 well of a 24-well plate for the 
GSIS test with sequential methods. The samples were washed 3 times with PBS, pre-incubated in KRBH/2.8 M 
glucose buffer for 1 h, washed 3 times with PBS, and then incubated in low-concentration glucose (2.8 mM) 
for 1 h. After the supernatant liquid was sampled and the cells were washed twice with PBS, incubation was 
continued with high glucose (25 mM). The samples were analysed using an Ultrasensitive C-peptide ELISA kit 
(Mercodia). (C) The expression of the maturation-related markers UCN3, SLC30A8, CHGB, GLP1R, ABCC8, 
PTF1A, and GCK in 30 clusters between the control (DMSO) and C8-treated samples was assessed. Error 
bars indicate SD, n =  3. UCN3: urocortin 3; SLC30A8: solute carrier family 30 member 8; PTF1A: pancreas 
transcription factor 1A; CHGB: chromogranin B; ABCC8: ATP-binding cassette transporter sub-family C 
member 8; GCK: glucokinase; isl (islet). *p <  0.05; **p <  0.01.
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supported by knockdown experiments showing that shPDX1 suppresses FGFR1 expression and that shFGFR1 
suppresses PDX1 expression (Fig. S5C).

In contrast, the expression of FGFR2  appears to be lower than that of FGFR1. Therefore, it is reasonable to 
conclude that the expression of PDX1 is tied to that of FGFR1 since PDX1 is a downstream target of FGFR1. Thus, 
the FGFR1-PDX1 cascade is required to drive the transition towards the early PP and DE stages during pancreatic 
development and to establish β  cell function. However, we cannot rule out the possibility that alternative signals 
are necessary for sustaining PDX1 expression in adult β  cells.

Prior to this study, the role of FGFR1-mediated signalling in the intermediate NGN3+  EPs stage towards β  
cell differentiation was unknown. We showed that while FGFR1-mediated signalling is indispensable for the 
development of early-stage PPs from DE, blockade of FGFR1 at the intermediate stage of β  cell differentiation is 
critical for the acceleration of efficient endocrine cell differentiation (Figs 5, 6, S3, and S4). Surprisingly to us, the 
selective augmentation of β  cell differentiation by the inhibition of FGFR1-mediated signalling seems to play a 

Figure 6. C8 augments important maturation markers specifically in INS-producing β cells. Quantitative 
RT-PCR analysis was performed to measure the relative expression levels of the β  cell lineage markers INS, 
UCN3, and GCK and the transcription factors PDX1, NKX6.1, and MAFA from sorted Venus+  and NC 
cells with or without treatment with C8 and/or bFGF. Briefly, #9–15 hiPSCs were differentiated as described 
above and treated with 5 µ M C8 or 5 µ M C8 and 50 ng/mL bFGF in the third stage of differentiation. After 
differentiation, samples were dissociated with TrypLE and sorted with an SH800Z cell sorter (Sony) for Venus+  
and NC cells. Fifty cells from each group were sorted into 5 µ L FCP reagent, which is a lysate reagent of the 
QIAGEN Fast Lane cDNA kit. For cDNA synthesis, 2 µ L of the samples were used, with 0.5 µ L of the 10 µ L 
cDNA samples used for quantitative RT-PCR. Error bars indicate SD, n =  3. *p <  0.05; **p <  0.01; ***p <  0.001.
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novel and distinct role in the development of EPs. Our results are unexpected since they appear to contradict evi-
dence showing that FGFs are crucial for β  cell development, as described above. Rather, the results presented here 
are consistent with previous studies and reveal distinct and opposing roles for FGFR1 signalling during early PP 
differentiation as opposed to intermediate-stage differentiation. In fact, in sorted mCherry+  EPs, the expression 
of PDX1 was diminished relative to that observed in PPs (Figs 4B, and S5A), whereas NGN3 was highly expressed 
in mCherry+  cells (Fig. S5B). This suggests that PDX1 is no longer necessary for the intermediate-stage differen-
tiation of NGN3+  EPs based on evidence of the mutually exclusive relationship between PDX1 and NGN3. This 
may partly explain why blockade of the FGFR1-PDX1 cascade contributes to the efficient β  cell differentiation of 
NGN3+  EP cells. Therefore, based on our results, we hypothesize a temporal switching model in which FGFR1 
signalling drives PDX1 expression in the early stage and in mature β  cells (as shown in Fig. 7). To our knowledge, 
this is the first demonstration that inhibition of FGFR1 signalling drives the augmentation of both NGN3+  EP 
cell and β  cell differentiation. Indeed, this idea is clearly supported by the potentiation of Venus+  β  cell (3.4-fold) 
and mCherry+  progenitor cell (2.3-fold) differentiation upon treatment with C8 and by the ablation of these 
effects in the presence of a supramaximal dose of the FGFR1 agonist bFGF (Fig. S4B). Further investigation will 
clarify the molecular mechanisms underlying the inhibitory effect of FGFR1 signalling during intermediate-stage 
differentiation towards β  cell function.

Figure 7. Modelling of the proposed role of FGFR1 signalling during the early and intermediate stages of 
pancreatic β cell differentiation. Pancreatic β  cells are derived from hiPSCs/ESCs via multiple differentiation 
stages including definitive endoderm (DE), pancreatic progenitor (PP), and endocrine progenitor (EP). On 
the basis of the characteristics of the expression profiles of PDX1 and NGN3 as master regulators of whole 
pancreas and hormonal EPs, respectively, β  cell differentiation can be divided into at least 3 stages. First, the 
early stage is initially responsible for cell fate specification of the pancreas by the expression of PDX1 in PPs 
stimulated by FGFR1-mediated actions from DE. Second, the intermediate stage of differentiation can be 
classified as the transition from the downregulation of PDX1, prior to giving rise to NGN3-expressing EPs, to 
INS-producing cells after the loss of NGN3 expression. Third, the terminal process of β  cells establishes β  cell 
functions including glucose-stimulated insulin secretion (GSIS) and maintenance of glucose homeostasis by 
sustaining the expression of PDX1 in mature β  cells, possibly due to the activation of FGFR1-mediated and/or 
other signals. We hypothesize that inhibition of FGFR1 signalling by C8 might promote efficient intermediate-
stage differentiation of NGN3+  EPs towards functional mature β  cells. The upper panel shows the temporal 
relationships between the processes of β  differentiation along with INS expression and the expression levels 
of the transcription factors NGN3 and PDX1 as downstream targets of FGFR1-mediated signalling. The 
lower panel provides a schematic representation in which the mode of intracellular FGFR1 signalling and its 
distinct status at each differentiation stage are shown. According to this representation, the mutually exclusive 
relationship between the expression of NGN3 and PDX1 depends on differentiation status and FGFR1 
signalling or its inhibition by C8.
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Although the FGFR1 agonists bFGF, FGF2, and FGF4 are necessary for early PP development to induce PDX1 
expression, FGFR1 signalling might be attenuated to facilitate transition to the NGN3+  EP stage, which is mutu-
ally exclusive with the expression of PDX1 during intermediate-stage differentiation. Regarding FGFR2-mediated 
signalling, a mouse model lacking FGF10 showed abrogation of pancreatic organogenesis and impairment of the 
maintenance and expansion of PDX1+  cells26. These results are intriguing and prompted us to determine whether 
FGFR2 signalling plays a role in the intermediate-stage differentiation of β  cells. Apparently, this is not the case 
since treatment with the FGFR2 agonist KGF was unable to significantly alter the effects of C8 on endocrine 
differentiation (data not shown). In contrast, bFGF treatment attenuated β  cell differentiation and the expression 
of the associated lineage markers INS, PDX1, UCN3, and GCK, strongly indicating that FGFR1 but not FGFR2 
signalling regulates the selective and specific cell fate specification of the intermediate-stage differentiation of β  
cells, possibly to drive PDX1 expression in a temporally determined, stage-specific manner (Figs 6 and S5). The 
distinct roles of FGFR1 and FGFR2 might be explained by evidence that the FGFR2 agonist FGF10 is essential for 
the proliferation of PDX1+  cells rather than for the induction of PDX1 as an initial driver26.

Tyrosine kinase inhibitors inhibit GSIS capacity31 and the majority of compounds identified by our screen 
target tyrosine kinases (Table S2). Among them, we found that treatment with C8 accelerated GSIS (Fig. 5B), pos-
sibly by increasing the levels of functional β  cells due to the increased expression of functional markers, including 
SLC30A8 and ABCC8 (Fig. 5C). These results are similar to those demonstrating that the selective tyrosine kinase 
inhibitor imatinib promotes INS release from β  cells32. In addition, the blockade of tyrosine kinase signalling, 
such as Src family kinases and FAK, can promote β  cell differentiation33. Thus, there is growing evidence that 
tyrosine kinase signalling has a role in the differentiation of β  cells as well as in maintaining the function of 
mature β  cells. However, further study is needed to elucidate the roles of tyrosine kinases in this context and the 
molecular mechanisms involved.

In conclusion, we have made the unexpected discovery that specific inhibition of FGFR1 signalling at the 
intermediate stage promotes efficient later-stage (intermediate and terminal) differentiation of endocrine cells.

Materials and Methods
Construction of the INS-Venus and NGN3-mCherry bacterial artificial chromosome (BAC) 
clones and the pHDAdV INS-Venus-pGKneo and pHDAdV NGN3-mCherry-pGK-puro vec-
tors. The human BAC clones CH17-182P12 and RP11-343J3 contain the human INS and NGN3 gene loci, 
respectively, from the CH17 and RP11 Human BAC Library (BACPAC Resources, Oakland, CA, USA). The 
BAC-based targeting vector was generated as previously reported34. To construct the human INS-Venus and 
NGN3-mCherry KI constructs, the BAC clones were modified by using the RED/ET recombination technique35. 
The Venus-loxP-PGK-EM7-neo-bpA-loxP cassette was inserted into the CH17-182P12 BAC clone and the 
mCherry-loxP-PGK-EM7-neo-bpA-loxP cassette was inserted into the target site of the RP11-232J3 BAC clone. 
Subsequently, a total of 22–23 kb of homology, including the marker cassette, was sub-cloned into the HDAdV 
plasmid. A detailed description of these sub-clones will be provided on request. HDAdVs were propagated using 
293FLPe cells with the addition of the FL helper virus, as previously described36.

Cell culture. The hiPSC lines 246H1 (a gift from Dr Yamanaka at Kyoto University, Kyoto, Japan) and TIG3/
KOSM #7 were maintained as previously described37. Undifferentiated hiPSCs were maintained on a feeder layer 
of mitomycin-treated SNL76/7 cells (DS Pharma Biomedical, Osaka, Japan) in DMEM/F12 (Nacalai Tesque, 
Kyoto, Japan) supplemented with 20% Knockout-Serum Replacement (Invitrogen, Carlsbad, CA, USA), 0.1 mM 
nonessential amino acids (Wako, Osaka, Japan), 0.1 mM β -mercaptoethanol, 50 U/mL penicillin and 50 mg/mL 
streptomycin (Nacalai Tesque), and 5 ng/mL bFGF (PeproTech, Rocky Hill, NJ, USA).

Generation of the gene-targeted hiPSCs. Clumps of hiPSCs were infected with the INS-Venus HDAdV. 
Then, the hiPSCs were selected by 50 µ g/mL G418 (Nacalai Tesque) 1 day after infection. After 3 weeks, surviving 
colonies were transferred to 96-well plates and GANC selection (2 µ mol/L; Invitrogen) was started. After double 
selection, the surviving colonies were expanded and used to identify gene-targeted clones by PCR and Southern 
blotting analyses. To confirm genome-targeting events, DNA was digested with BstXl and analysed with 3 probes 
(as indicated in Fig. 1A).

For NGN3-mCherry targeting, we used INS-Venus-targeted hiPSC clone #9 after confirming that β  cell differ-
entiation was induced in this clone at a higher efficiency than in the other clones. Clumps of clone #9 cells were 
infected with NGN3-mCherry HDAdV, and they were selected by 0.5 µ g/mL puromycin (InvivoGen, San Diego, 
CA, USA) 1 day after infection. After 1 week, the surviving colonies were selected with 2 µ M GANC as described 
above and then subjected to PCR and Southern blotting analyses. For the Southern blotting analyses, we digested 
the genome with AccI and AgeI (Fig. 1C, [Ac, Ag]) and analysed the digested DNA with 3 probes (as indicated in 
Fig. 1C). The dual KI hiPSCs (INS-Venus/NGN3-mCherry) (hIveNry) will be provided upon request in accord-
ance with the material transfer agreement (MTA).

Pancreatic β cell differentiation from hiPSCs. In vitro pancreatic β  cell differentiation was performed 
as previously reported13 with some modifications for the chemical screening assays. Briefly, to detect the effect of 
each chemical in the screening, we omitted the chemicals (10 µ M forskolin, 5 µ M Alk5i, 10 µ M dexamethasone, 
10 mM nicotinamide) from the final stages of the original protocol. The hiPSCs were plated in a V-bottom plate 
(Thermo Fisher Scientific, Waltham, MA, USA) at 4500 cells/well in hiPSC medium without bFGF for 3 days to 
form embryoid bodies and then induced for 1 day in 100 ng/mL activin A (R&D Systems, Minneapolis, MN, USA) 
and 3 µ M CHIR (Axon Medchem, Groningen, the Netherlands). Next, the cells were induced with 100 ng/mL  
activin A for 2 days, then subjected to PP induction for 7 days with 1 µ M dorsomorphin (Wako), 2 µ M RA 
(Sigma-Aldrich), and 10 µ M SB431542 (Cayman, Ann Arbor, MI, USA). For endocrine differentiation during 
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the third stage of differentiation, we added the individual LOPAC chemicals (Sigma-Aldrich) at 5 µ M or DMSO 
for control, or the cells were fully induced with 10 µ M Fsk (Nacalai Tesque), 5 µ M Alk5 inhibitor II (Santa Cruz, 
Dallas, TX, USA), 10 µ M Dex (Sigma-Aldrich), and 10 mM Nico (Sigma-Aldrich) as a positive control.

Knockdown using a shRNA system. shRNA targeting hPDX1 and hFGFR1 were prepared by insert-
ing the following oligonucleotides into pLKO.1-puro and pLKO.1-DsRed, respectively: 5′  CCGGTGACCG 
AGAGACACAT CAACTCGAGT TGATGTGTCT CTCGGTCATT TTTG-3′  (into the target sequence reported 
as sihuPDX1 in a previous report38) and 5′  CCGGGATGGC ACCCGAGGCA TTATTCTCGA GAATAATGCC 
TCGGGTGCCA TCTTTTTG-3′  (commercially available from Sigma-Aldrich as a validated sequence). The 
viruses were prepared as previously reported39.

The hIveNry cells were infected before differentiation for 1 h in suspension and with shaking. They were then 
added to the medium and incubated for 1 day, before the medium was changed to human iPS medium. One or 
two days after, the infected hiPS cells were differentiated to PPs according to the current protocol. At day 10 or 11 
after the differentiation, 1000 DsRed-positive cells were sorted into 10 µ L FCP lysate (Qiagen) or total RNA was 
extracted from whole cells using a SV 96 kit (Promega) and subjected to quantitative real-time PCR as described 
below.

Immunostaining. The hiPSCs and differentiated cells were fixed with 4% paraformaldehyde. Expression 
of the differentiation markers was assessed using the following antibodies: goat anti-SOX17 (R&D Systems), 
guinea pig anti-INS (DAKO, Glostrup, Denmark, A0564, 1:400; or Genetex, Irvine, CA, USA, 1:100), rabbit 
anti-GCG (DAKO, 1:100), mouse anti-GCG (Sigma-Aldrich, 1:500) goat anti-SST (Santa Cruz; 1:500), mouse 
anti-C-peptide (Cell Signalling, Danvers, MA, USA, 1:1000), rabbit anti-GFP (MBL, Nagoya, Japan, 1:500), 
mouse anti-RFP (MBL, 1:1000), and sheep anti-NGN3 (R&D Systems, 1:200), rabbit anti-CHGB (Sigma-Aldrich, 
1:200). The following secondary antibodies were used: Alexa 488-conjugated goat anti-guinea pig IgG 
(Molecular Probes), CF488-conjugated donkey anti-guinea pig IgG (Biotium, Fermont, CA, USA, 1:500), Alexa 
546-conjugated goat anti-mouse IgG (Molecular Probes), Alexa 555-conjugated donkey anti-sheep IgG (Abcam, 
Cambridge, UK, ab150178, 1:500), Alexa 568-conjugated donkey anti-goat IgG (Molecular Probes, 1:300), and 
Alexa 546-conjugated anti-rabbit IgG (Molecular Probes, 1:200). Cy5-conjugated anti-rabbit IgG, Cy3-conjugated 
anti-rabbit IgG, and Cy3-conjugated anti-mouse IgG were purchased from Jackson ImmunoResearch 
Laboratories (West Grove, PA, USA). The cells were co-stained with DAPI (Sigma-Aldrich). The samples were 
visualized using Leica TCS SP8 confocal microscope, Zeiss Axiovert 200 M microscope (Zeiss) and Keyence 
BZ-X700 fluorescence microscope (Keyence).

Quantitative real-time PCR. RNA was extracted using an SV RNA kit and SV96 kit (Promega, Madison, 
WI, USA). For cDNA synthesis, we used ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO, 
Osaka, Japan) and analysed the results with Gene Ace SYBR qPCR Mix (Nippon Gene, Tokyo, Japan) on a Light 
Cycler 480 thermal cycler (Roche, Basel, Switzerland). The expression level of each gene was normalised to that 
of GAPDH using the delta-delta CT method and expressed as arbitrary units. The primers used are listed in 
Supplementary Table S1. For the sorted samples, we also used a FastLane Cell cDNA kit (Qiagen, Dusseldorf, 
Germany). We sorted 50 target cells in each tube containing 5 µ L FCP lysis buffer and, after following the manu-
facturer’s protocol to remove genomic DNA, performed the reverse transcription procedure. Real-time PCR was 
performed using the Gene Ace SYBR qPCR mix.

C-peptide release assay. Differentiated hiPSCs were washed 3 times with phosphate-buffered saline (PBS) 
and pre-incubated with KRBH containing 2.8 mM glucose for 1 h. The cells were washed 3 times with PBS and 
incubated with low glucose (2.8 mM)/KRBH buffer for 1 h. Finally, the cells were incubated with high glucose 
(25 mM)/KRBH buffer for 1 h. INS secretion into the culture medium was measured with a Human Ultrasensitive 
C-peptide ELISA kit (Mercodia, Uppsala, Sweden).

High-end imaging analysis. In the screening assay, differentiated cells in a V-bottom plate were stained 
with Hoechst 33342 (Molecular Probes). This signal was imaged, together with Venus and mCherry fluores-
cence via BGRFR_386, BGRFR_485 and BGRFR_549 filters, respectively, using a 5x objective and the same expo-
sure time in all plates in an ArrayScan system (Thermo Fisher Scientific) running HCS scan software and the 
CellHealth profiling algorithm protocol.

Flow cytometry. The differentiated cells were dissociated with Accutase (Nacalai Tesque). The number of 
Venus- and mCherry-expressing cells was analysed in an SH800Z cell sorter (Sony, Tokyo, Japan). The Venus+  
cells, mCherry+  cells, and negative cells were sorted for mRNA expression analysis by excluding dead cells with 
7AAD and doublet cells with a FSC-H/FSC-W chart.

Statistical analysis. Statistical analysis was performed using paired t-tests. Differences between groups were 
considered significant for values of p <  0.05.
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PCGF6-PRC1 suppresses premature
differentiation of mouse embryonic stem
cells by regulating germ cell-related
genes
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Abstract The ring finger protein PCGF6 (polycomb group ring finger 6) interacts with RING1A/B
and E2F6 associated factors to form a non-canonical PRC1 (polycomb repressive complex 1) known
as PCGF6-PRC1. Here, we demonstrate that PCGF6-PRC1 plays a role in repressing a subset of
PRC1 target genes by recruiting RING1B and mediating downstream mono-ubiquitination of
histone H2A. PCGF6-PRC1 bound loci are highly enriched for promoters of germ cell-related genes
in mouse embryonic stem cells (ESCs). Conditional ablation of Pcgf6 in ESCs leads to robust de-
repression of such germ cell-related genes, in turn affecting cell growth and viability. We also find a
role for PCGF6 in pre- and peri-implantation mouse embryonic development. We further show that
a heterodimer of the transcription factors MAX and MGA recruits PCGF6 to target loci. PCGF6
thus links sequence specific target recognition by the MAX/MGA complex to PRC1-dependent
transcriptional silencing of germ cell-specific genes in pluripotent stem cells.
DOI: 10.7554/eLife.21064.001
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Introduction
Polycomb group (PcG) proteins are evolutionarily conserved epigenetic repressors of developmental

genes. PcG-mediated gene silencing involves at least two distinct enzymatic activities directed to

histone tails: the first mediates Histone H2A mono-ubiquitination at K119 (H2AK119ub1) by the poly-

comb repressive complexes 1 (PRC1), while the second mediates H3 tri-methylation at K27

(H3K27me3) by the polycomb repressive complex 2 (PRC2) (Cao et al., 2002; Czermin et al., 2002;

Kuzmichev et al., 2002; Müller et al., 2002; Shao et al., 1999; Wang et al., 2004). According to

the canonical view, H3K27me3 deposition by the EZH1/2 (enhancer of zeste homologs 1 and 2) his-

tone methyltransferases leads to binding of the H3K27me3-reader protein CBX2 (chromobox protein

homolog 2), in turn facilitating sequential recruitment of canonical PRC1 (cPRC1) (Bernstein et al.,

2006; Cao et al., 2002; Czermin et al., 2002; Fischle et al., 2003; Kuzmichev et al., 2002). Con-

versely, H2AK119ub1 deposition by the non-canonical PRC1 (ncPRC1) promotes downstream

recruitment of PRC2 and H3K27me3 (Blackledge et al., 2014; Cooper et al., 2014). Myriad other

accessory molecules interact with both PRC1 and PRC2, conferring robustness and reversibility to

PcG-mediated gene repression (Li et al., 2011).
The molecular complexity underlying PcG-mediated gene silencing could be partly explained by

the diversity of the PCGF factors (from PCGF1 to PCGF6) that directly associate with RING1A/B pro-

teins. For example, canonical PRC1 (cPRC1) may include PCGF2 (also known as MEL18: melanoma

nuclear protein 18) or PCGF4 (also known as Bmi1: B cell-specific Moloney murine leukemia virus

integration site 1). These cPRC1 complexes can be further classified into specific sub-complexes

according to their association with CBX (CBX2/4/6/7/8) or PHC (PHC1/2/3: polyhomeotic homologs

1, 2 and 3) (Gao et al., 2012; Vandamme et al., 2011). CBX proteins contribute to recognition of

H3K27me3, and therefore mediate recruitment of cPRC1 into target loci; while PHC proteins medi-

ate gene compaction through polymerization of the SAM (sterile alpha motif) domain to facilitate

transcriptional silencing (Isono et al., 2013).
Non-canonical PRC1 (ncPRC1) associates with PCGF1, PCGF3, PCGF5 or PCGF6 and RYBP

(RING1 and YY1-binding protein) or YAF2 (YY1 Associated Factor 2), but does not interact with

CBX2/4/6/7/8 or PHC1/2/3 (Gao et al., 2012). In addition to the core subunits RING1A/B and

PCGF1, ncPRC1-containing PCGF1 (PCGF1-PRC1) also incorporates KDM2B [Lysine (K)-Specific

Demethylase 2B], BCOR (BCL6 Corepressor), BCORL1 (BCL6 Corepressor-Like 1), RYBP, YAF2 and

SKP1 (S-Phase Kinase-Associated Protein 1) (Farcas et al., 2012; Gearhart et al., 2006). Non-canon-

ical PRC1 complexes are functionally linked with their canonical counterparts (cPRC1), and most of

their target genes overlap with each other (Blackledge et al., 2015). These overlapping genes often

possess unmethylated CpG islands (CGI) in their promoters, and these are preferentially bound by

the CXXC (two cysteines separated by two other residues) domain of KDM2B via recognition of

unmethylated CpG dinucleotides (Farcas et al., 2012; He et al., 2013; Wu et al., 2013). KDM2B

binding to target genes allows direct recruitment of PCGF1-PRC1, followed by binding of PRC2

through recognition of H2AK119ub1 (Blackledge et al., 2014; Cooper et al., 2014). As PRC2 fur-

ther recruits cPRC1, non-canonical PCGF1-PRC1 can therefore activate the PRC2-cPRC1 axis to

ensure robust transcriptional silencing of developmental genes that harbor unmethylated CGIs.
Another PCGF homolog, PCGF6, was first identified in a multimeric protein complex associated

with the E2F6 transcription factor (Ogawa et al., 2002). This complex was annotated as PCGF6-

PRC1, and was shown to form stable complexes with several other well-known epigenetic factors

such as RING1A/B, PCGF6, L3MBTL2 [lethal(3)malignant brain tumor-like 2], RYBP, YAF2, G9A (also

known as EHMT2: euchromatic histone-lysine N-methyltransferase 2), GLP (G9a-like protein 1, also

known as EHMT1), and CBX1/3 (Gao et al., 2012; Hauri et al., 2016; Kloet et al., 2016;

Ogawa et al., 2002; Qin et al., 2012; Trojer et al., 2011). Interestingly, PCGF6-PRC1 also interacts

with sequence-specific DNA binding proteins such as E2F6, MAX, MGA and TFDP1 (transcription

factor Dp-1) (Gao et al., 2012; Hauri et al., 2016; Kloet et al., 2016; Ogawa et al., 2002;

Qin et al., 2012; Trojer et al., 2011). This suggests that such DNA binding proteins could play a

role in sequence specific recruitment of PCGF6-PRC1 to target loci; however, this notion has not

been experimentally validated.
In this study, we therefore purified the PCGF6-PRC1 complex and examined the contribution of

PCGF6 to ESC maintenance and embryonic development. We demonstrate that PCGF6 mediates

repression of target genes by recruiting RING1B and facilitating H2AK119ub1. Taking advantage of
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a Pcgf6 conditional allele, we show that PCGF6 and RING1B common targets are enriched for meio-
sis- and germ cell-related genes in ESCs, and that such genes are robustly de-repressed in the
absence of PCGF6 (Pcgf6-KO). Importantly, silencing of germ cell-related genes by PCGF6 likely
plays a role in proliferation and growth of ESCs. We further demonstrate that PCGF6 is involved in
pre- and peri-implantation mouse development. Indeed, loss of Pcgf6 leads to pleiotropic defects in
vivo, including aberrant axial development and impaired placenta formation. We also reveal a unique
recruitment mechanism amongst PRC1 complexes whereby PCGF6-PRC1 utilizes its MGA and MAX
components as a heterodimeric DNA binding module to directly recognize and repress expression
of germ cell- and meiosis-related genes to support ESC maintenance and embryonic development.

Results

PCGF6 forms complexes with PRC1 components
Previous proteomic approaches have repeatedly identified PCGF6 as a component of multimeric
protein complexes designated as PCGF6-PRC1 that included MAX, MGA, E2F6, TFDP1, RING1B,
RING1A, CBX3, RYBP, L3MBTL2, YAF2 and WDR5 in human cell lines (Gao et al., 2012;
Hauri et al., 2016; Ogawa et al., 2002; Trojer et al., 2011). To address the composition of PCGF6
complexes in mouse ESCs, we stably expressed an epitope-tagged form of PCGF6 in mouse ESCs
and affinity purified it from nuclear extracts, then used LC-MS/MS analysis to identify associated pro-
teins. We observed strong association of PCGF6 with MGA, RING1B, RING1A, CBX3, CBX1, RYBP,
L3MBTL2, YAF2 and TFDP1 (Figure 1A,B), indicating that the mouse ESC PCGF6 complex is similar
to those purified from human cells (Gao et al., 2012; Hauri et al., 2016; Kloet et al., 2016;
Ogawa et al., 2002; Trojer et al., 2011). We however did not detect considerable amounts of MAX
in the PCGF6 complexes in mouse ESCs.

We went on to confirm these results by immunoprecipitation followed by immunoblotting (IP-IB).
For this purpose, we stably expressed FLAG-tagged PCGF6 in Pcgf6-deficient (Pcgf6-KO) ESCs (Fig-
ure 1—figure supplement 1A,B) or FLAG-RING1B in wildtype (WT) ESCs (Figure 1C). We observed
exogenous FLAG-PCGF6 expressed at the similar level of endogenous PCGF6. We then tested the
interaction of these tagged proteins with endogenous RING1B, RYBP, L3MBTL2 and MAX
(Figure 1C). We indeed found considerable association of MAX with both FLAG-PCGF6 and FLAG-
RING1B as well as the other three proteins. We further observed PCGF1 or PCGF2 was not co-IPed
with FLAG-PCGF6 while both of them associated with FLAG-RING1B. We finally confirmed EZH2 or
SET1 were not co-IPed with either FLAG-PCGF6 or FLAG-RING1B. These results suggested that
PCGF6 would be primarily involved in non-canonical PRC1 (ncPRC1), particularly PCGF6-PRC1, in
mouse ESCs.

PCGF6 shares target genes with RING1B
The catalytic activity of both canonical PRC1 (cPRC1) and ncPRC1 is mediated by RING1A and
RING1B (Buchwald et al., 2006; Gearhart et al., 2006; Trojer et al., 2011; Wang et al., 2004).
Consistent with this model, it has been shown that genetic ablation of Ring1A/B leads to widespread
disruption of PRC1-dependent gene repression (de Napoles et al., 2004; Endoh et al., 2008;
Leeb and Wutz, 2007; Wang et al., 2004). To determine whether PCGF6 plays a role in gene
repression in association with RING1B, we examined the overlap between PCGF6- and RING1B-
bound sites by PCGF6 ChIP-seq (chromatin immunoprecipitation followed by deep sequencing), by
using a FLAG-PCGF6 expressing Pcgf6-KO ESCs. Our results considerably overlapped with those
reported recently (Figure 1—figure supplement 1C) (Yang et al., 2016). This analysis revealed that
PCGF6 bound to the transcriptional start sites (TSSs) of a group of genes associated with germ cell
specific functions, such as Tex19.1 (testis-expressed protein 19A) and Tdrkh (Tudor and KH domain
containing) (Figure 1D). Indeed, these genes were also marked by RING1B, indicating that PCGF6
and RING1B share common targets.

Intriguingly, cPRC1 targets, such as the Hoxd (homeobox protein Hox-D) gene cluster, were not
bound by PCGF6 (Figure 1D), indicating that PCGF6 might associate with a subset of RING1B-
bound genes that are not marked by cPRC1. A detailed examination of ChIP-seq datasets revealed
that 1218, 2959 and 4946 genes in ESCs were bound by PCGF6, RING1B, and H3K27me3, respec-
tively (Figure 1E). As expected, PCGF6-bound genes partially but significantly overlapped with both
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Figure 1. Biochemical properties of PCGF6-PRC1 and its target genes in ESCs. (A) Affinity purification of PCGF6-containing complexes in ESCs. To

purify PCGF6 and associated proteins, a mouse ESC cell line stably expressing Flag-2xStrepII (FS2)-tagged PCGF6 was generated. Nuclear extract was

isolated from this cell-line, PCGF6 was affinity purified, and the purified proteins were subjected to mass spectrometry. Purified PCGF6 fractions were

resolved by gradient SDS-PAGE and visualized by SyproRuby staining. The purifications were performed in the absence and presence of benzonase

(Benz) to exclude DNA-mediated interactions and a cell line containing only the empty vector was used as control for non-specific binding to the

affinity matrix. The elutates were probed by western blot for streptavidin (Strep). (B) Identification of proteins that form stable complexes with PCGF6 in

ESCs. Elutions from the PCGF6 affinity purification were directly analyzed by tryptic digestion followed by peptide identification by LC-MS/MS. The

Mascot scores and peptide coverage are shown for the respective affinity purifications. (C) Confirmation of PCGF6-containing complexes by

immunoprecipitation-immunoblot (IP-IB) analysis. Whole-cell extracts (WCE) from ESCs expressing FLAG-tagged PCGF6 or RINGB were subjected to IP

using anti-FLAG antibody. The WCE and immunoprecipitates were separated on SDS-PAGE and analyzed by IB with the indicated antibodies. (D)
Screenshot views for the distribution of PCGF6 (red) and RING1B (blue) at target genes in ESCs determined by ChIP-seq. The chromosomal positions

are indicated on the x-axis. The transcription start sites (TSSs) are denoted by arrows. (E) Venn diagram representation for the overlap of PCGF6,

RING1B and H3K27me3 target genes in ESCs identified by ChIP-seq. The number of genes bound by PCGF6, RING1B and H3K27me3 and included in

each fraction are indicated. (F) Venn diagram representing the overlap of PCGF6, RING1B and CBX7 target genes. Published ChIP-seq data for CBX7

was obtained from NCBI GEO (accession number GSM1041373). (G) A heat map view for distribution of PCGF6, RING1B, CBX7, MAX, KDM2B and

H3K27me3 in ±4 kb genomic regions around transcription start sites (TSS). Genes are classified based on their occupancy by PCGF6, RING1B and CBX7

in ESCs. The signal from a negative control (NC: FLAG-ChIP in mock transfected ESCs) was also shown.

DOI: 10.7554/eLife.21064.002

The following source data and figure supplement are available for figure 1:

Figure 1 continued on next page
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RING1B and H3K27me3 target genes (Figure 1E,F). These observations were further validated by

ChIP-qPCR analysis (Figure 1—figure supplement 1D).

PCGF6 binds in close proximity to the TSS of genes and prefers short-
CGIs
To clarify whether PCGF6 marked loci represented cPRC1 or ncPRC1 target genes, we compared

the list of PCGF6- and CBX7 (Chromobox Homolog 7)-bound genes. As CBX7 is a key component of

cPRC1 (Bernstein et al., 2006; Morey et al., 2013), exclusion of PCGF6-bound sites from CBX7-

bound sites would indicate an ncPRC1-centric role for PCGF6, while an overlap would indicate the

opposite. CBX7-bound genes were mostly co-occupied by RING1B, as expected (Figure 1F). PCGF6

target sites, however, exhibited only a limited overlap with CBX7, supporting the model in which

PCGF6 is predominantly involved in ncPRC1.
To gain insight into the binding profile of PCGF6 at target genes, we plotted PCGF6, RING1B,

CBX7, MAX, KDM2B and H3K27me3 ChIP-seq reads in a ±4 kb region surrounding TSS (Figure 1G).

This analysis revealed that PCGF6 bound in close proximity to TSS, unlike RING1B, CBX7 and

H3K27me3, all of which exhibited a broader distribution (Figure 1G). We observed considerable

association of MAX at PCGF6 targets irrespective of RING1B binding. In contrast, H3K27me3 depo-

sition at PCGF6 targets was mainly seen at RING1B-bound genes. We also noted that PCGF6 target

genes harbor CGIs that tend to be slightly shorter and more methylated than CBX7 targets (Fig-

ure 1—figure supplement 1E). Consistently, PCGF6 targets were bound by KDM2B. KDM2B loss

induced a subtle increase of RING1B binding at PCGF6 targets while RING1B binding at CBX7 tar-

gets was marginally decreased (Figure 1—figure supplement 1F). Moreover, PCGF6-bound genes

were up-regulated to a much lesser extent than CBX7-bound genes in Kdm2b-KO ESCs (Figure 1—

figure supplement 1G). These results suggest that the CGI recognition by KDM2B has distinct roles

for PCGF6-PRC1 recruitment from that reported for cPRC1 (Farcas et al., 2012).

PCGF6 represses RING1B-bound genes
We next wondered whether PCGF6 binding was functionally required for transcriptional repression.

To test this, we performed RNA-seq and found that more than 250 genes were considerably up-reg-

ulated in Pcgf6-KO ESCs (Figure 2—figure supplement 1A). Importantly, these genes were a subset

of the genes up-regulated in the Ring1A and Ring1B double knockout (Ring1A/B-dKO) ESCs (Fig-

ure 2—figure supplement 1A). To gain insight into the association of PCGF6 and RING1B for gene

regulation, we divided RING1B- or PCGF6-bound genes into three categories (PCGF6+RING1B+,

PCGF6-RING1B+ and PCGF6+RING1B-) and examined their expression in WT ESCs using FPKM

(fragments per kilobase of exon per million mapped sequence reads) values (Figure 2—figure sup-

plement 1B). This analysis showed that the PCGF6+RING1B+ genes were barely transcribed in WT

ESCs; likewise, the PCGF6-RING1B+ genes were marginally expressed. In contrast, the PCGF6

+RING1B- group that harbors CGIs was robustly expressed. We went on to examine changes of

respective gene expression levels in each category in the absence of Pcgf6 (Pcgf6-KO) (Figure 2A,

left). We found both PCGF6+RING1B+ and PCGF6-RING1B+ genes were significantly up-regulated

while expression levels of PCGF6+RING1B- or PCGF6-RING1B- genes were barely altered in Pcgf6-

KO ESCs (Figure 2A, left). We however also found that expression levels of highly up-regulated

genes (more than 5-times; indicated by red lines in Figure 2A) in the PCGF6+RING1B+ category

were considerably higher than those in the PCGF6-RING1B+ category in Pcgf6-KO ESCs. Those cat-

egories were also up-regulated in Ring1A/B-dKO ESCs (Figure 2A, right), suggesting a functional

link between PCGF6 and RING1A/B for down-regulation of such genes. We further confirmed these

changes in expression levels of selected PCGF6+RING1B+ and PCGF6-RING1B+ genes by RT-qPCR

in Pcgf6-KO and Ring1A/B-dKO ESCs (Figure 2—figure supplement 1B,C). Together, PCGF6 is

Figure 1 continued

Source data 1. Raw data for LC-MS/MS analysis shown in Figure 1B.

DOI: 10.7554/eLife.21064.003

Figure supplement 1. Generation of a Pcgf6 conditional allele and properties of CpG islands at PCGF6-PRC1 target genes.

DOI: 10.7554/eLife.21064.004
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Figure 2. RING1B-dependent repression of target genes by PCGF6-PRC1. (A) Dot plot representation for gene expression changes in Pcgf6-KO (left)

and Ring1A/B-dKO (right) ESCs. Expression levels of respective genes (FPKM: determined by RNA-seq) in each group (classified by ChIP-seq) in control

(Ctrl) and respective knockouts (KO) are shown by grey and yellow dots, respectively. The median of FPKM in each group is indicated by a green

horizontal line. Genes whose expression (FPKM) changed more than 5-fold were indicated by red (up-regulated in KO) or blue (down-regulated in KO)

lines. Genes silenced in Ctrl but active in KO are indicated by orange lines, while genes vice versa are indicated by light blue lines. The number of

genes included in each subset is shown at the bottom. p-values for the difference of expression changes between Ctrl and KO were calculated by the

Student’s t-test and are indicated above each graph. (B) RT-qPCR-based validation for expression changes of selected genes in Pcgf6-KO ESCs.

Expression levels of genes required for pluripotency, or bound by PCGF6-PRC1 or canonical PRC1 (underlined) in Pcgf6fl/fl;Rosa26::CreERT2tg/+ ESCs

before (WT) or after OHT treatment (day 4 and 8). Expression levels were normalized to a Gapdh control and are depicted as fold change relative to

OHT-untreated (WT) ESCs. Error bars represent standard deviation determined from at least three independent experiments. (C) Changes in local

H2AK119ub1 and H3K27me3 deposition at selected PCGF6-PRC1 target genes in Pcgf6-KO ESCs. Local levels of H2AK119ub1 and H3K27me3 at

promoter regions of genes bound by PCGF6-PRC1 or canonical PRC1 (underlined) in Pcgf6fl/fl;Rosa26::CreERT2tg/+ ESCs before (WT) or after (day 4 and

8) OHT treatment were determined by ChIP-qPCR analysis. The relative amount of ChIPed DNA is depicted as a percentage of input DNA. Error bars

represent standard deviation determined from at least three independent experiments. (D) Requirement of RING1B catalytic activity for repression of

Figure 2 continued on next page
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suggested to contribute to RING1B-mediated repression of target genes primarily in the PCGF6

+RING1B+ category but also in RING1B targets not bound by PCGF6 to a lesser extent. We thus

suggest PCGF6+RING1B+ category as a primary target for PCGF6-PRC1-mediated gene repression.

PCGF6 represses germ cell-related genes via RING1B catalytic activity
To gain insight into the physiological role of PCGF6-PRC1-mediated gene regulation in ESCs, we

performed gene ontology (GO) analyses, which revealed that PCGF6-PRC1 target genes are

enriched in meiosis- and germ cell-related genes as suggested previously (Zdzieblo et al., 2014),

unlike the cPRC1 target genes that are predominantly enriched in developmental genes (Figure 2—

figure supplement 1D). These results suggest a potential role of PCGF6-PRC1 for suppression of

the meiotic program or germ cell differentiation program, or both, in ESCs.
The RING1A/B proteins play a key role for transcriptional repression by mediating H2AK119ub1

(Endoh et al., 2012; Wang et al., 2004). We therefore investigated whether PCGF6-PRC1-mediated

gene regulation involves H2AK119ub1. Indeed, ChIP-qPCR analyses revealed considerable enrich-

ment of H2AK119ub1 at PCGF6-PRC1 target genes (Figure 2C). Furthermore, this H2AK119ub1

enrichment was dramatically diminished in the absence of Pcgf6, revealing a role for PCGF6 in medi-

ating H2AK119ub1 deposition (Figure 2C). In contrast, H2AK119ub1 enrichment at Zic1 and

Hoxd11, cPRC1 targets, was marginally affected in Pcgf6-KO ESCs, further supporting our model

that PCGF6 is not primarily involved in cPRC1-dependent repression (Figure 2C, middle).
To gain insight into the functional involvement of PCGF6-mediated H2AK119ub1 in repression of

the target genes, we next examined the effect of loss of RING1B catalytic activity on expression of

these genes (Figure 2D). Previous reports have demonstrated that mutations of RING1B residue I53

(i.e., I53S or I53A), abrogated its E3 ligase activity by disrupting its interactions with the E2 ubiqui-

tin-conjugating enzyme UBCH5C (also known as UBE2D3: Ubiquitin-conjugating enzyme E2 D3)

(Ben-Saadon et al., 2006; Buchwald et al., 2006; Endoh et al., 2012; Eskeland et al., 2010). Res-

cuing the Ring1A/B-dKO cells with the I53 mutants failed to maintain transcriptional repression,

demonstrating that repression of PCGF6 target genes depends on the catalytic activity of RING1B

and likely also downstream H2AK119ub1 deposition (Figure 2D).
Since our previous report demonstrated that H2AK119ub1 plays a critical role for recruitment of

PRC2 and downstream H3K27me3 deposition (Blackledge et al., 2014), we thus investigated

H3K27me3 deposition at the representative PCGF6 bound genes, and indeed found a significant

H3K27me3 enrichment at these targets (Figure 2—figure supplement 1E). As expected, the

H3K27me3 level was markedly reduced in the absence of the key PRC2 component EED (embryonic

ectoderm development), confirming that H3K27me3 deposition in these genes is mediated by the

PRC2 complex (Figure 2—figure supplement 1E). We indeed found a considerable reduction in

H3K27me3 level at these PCGF6-PRC1 targets in Pcgf6-KO ESCs, but only marginally at cPRC1 tar-

gets, suggesting a potential role for PCGF6-mediated H2AK119ub1 to recruit PRC2 (Figure 2C).

However, consistent with a previous report (Riising et al., 2014), PRC2-mediated mechanisms exhib-

ited only limited impact on the repression of PCGF6-PRC1 targets (Figure 2—figure supplement

1F).

Figure 2 continued

genes bound by PCGF6-PRC1. Expression levels of the indicated genes in mock-transfected Ring1A!/!;Ring1Bfl/fl;Rosa26::CreERT2tg/+ ESCs before

(Ring1A!/!) and 2 day after OHT treatment (Ring1A/B-dKO) and in those stably expressing wild type (WT) or catalytically-dead (I53S, I53A) Ring1B.

Expression levels were normalized to a Gapdh control and are depicted as fold change relative to OHT-untreated mock-transfected parental ESCs

(Ring1A!/!). Those in wild-type ESCs (WT) are also shown. Error bars represent standard deviation determined from at least three independent

experiments.

DOI: 10.7554/eLife.21064.005

The following figure supplement is available for figure 2:

Figure supplement 1. Repression of target genes by PCGF6-PRC1.

DOI: 10.7554/eLife.21064.006
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PCGF6 recruits RING1B to target genes and facilitates downstream
H2AK119ub1 and H3K27me3 deposition
Previous studies have reported that PCGF6 interacts with RING1B through its RING finger domain

(Akasaka et al., 2002). Given that PCGF6 loss led to a marked reduction in H2AK119ub1 deposition

specifically at PCGF6-PRC1 target genes (Figure 2C), we wondered whether PCGF6 is directly

involved in recruitment of RING1B and its catalytic activity. To test this model, we expressed a

PCGF6 protein fused to the TET repressor (PCGF6/TETR), and ectopically tethered this fusion pro-

tein to a pre-integrated TetO array in ESCs (Figure 3A), taking advantage of an experimental system

that we have previously described (Blackledge et al., 2014). ChIP-qPCR analysis showed binding of

the PCGF6/TETR fusion protein at the TetO array. Importantly, this was accompanied by consider-

able enrichment of RING1B, MAX and H2AK119ub1, indicating that PCGF6 recruits PCGF6-PRC1

(Figure 3A). We also observed association of EZH2 and H3K27me3 with the TetO array, likely medi-

ated by the upstream H2AK119ub1 as reported previously (Blackledge et al., 2014).
To confirm these in vitro findings in vivo, we performed RING1B ChIP-seq in WT and Pcgf6-KO

ESCs. This experiment demonstrated that RING1B binding to PCGF6-PRC1 target genes such as

Tex19.1, Tdrkh, Syce1 (synaptonemal complex central element protein 1) and Mael (maelstrom sper-

matogenic transposon silencer) was indeed considerably depleted in the absence of Pcgf6

(Figure 3B). In contrast, RING1B binding to cPRC1 target sites, such as the Hoxb cluster, was

unaffected.
To determine the role of PCGF6 in RING1B recruitment at ncPRC1 targets in a comprehensive

manner, we divided RING1B-bound genes into four categories (Figure 3C). The first category con-

sisted of genes bound by RING1B but not PCGF6 or CBX7 (PCGF6-CBX7-RING1B+). Genes in the

second category were bound by both PCGF6 and RING1B, but not CBX7 (PCGF6+CBX7-RING1B+);

and therefore represented the core targets of the non-canonical PCGF6-PRC1 complex. The third

category consisted of the cPRC1 target genes, which were bound by CBX7 and RING1B, but not

PCGF6 (PCGF6-CBX7+RING1B+). Finally, the fourth category was marked by all three factors

(PCGF6+CBX7+RING1B+). We observed considerable reduction of RING1B binding to the core

PCGF6-PRC1 target genes (PCGF6+CBX7-RING1B+) in Pcgf6-KO (green dot plots in Figure 3C,

left; green lines in Figure 3C, right). In contrast, cPRC1 target genes (PCGF6-CBX7+RING1B+) were

not affected. Consistent with these observations, genetic ablation of Pcgf2 (Mel18) and Pcgf4

(Bmi1), both of which are essential components of the cPRC1 complex, led to reduction of RING1B

binding of only cPRC1 target genes (PCGF6-CBX7+RING1B+) (blue dot plots in Figure 3C, left; blue

lines in Figure 3C, right). These observations were further confirmed by ChIP-qPCR for selected tar-

get genes (Figure 3—figure supplement 1A). Taken together, these findings indicate that PCGF6

preferentially recruits RING1B to PCGF6-PRC1 targets, but not to cPRC1 targets.
To determine whether PCGF6-dependent RING1B recruitment involved direct physical interac-

tions between these two proteins, we tested a PCGF6 mutant with an amino acid substitution

(H155Y) in a conserved residue critical for interaction with RING1B (Buchwald et al., 2006). We

expressed the mutant in Pcgf6-KO ESCs, and noted that it indeed failed to interact with RING1B,

while retaining the ability to associate with L3MBTL2 and MAX (Figure 3—figure supplement 1B).

ChIP-qPCR analysis showed that although the mutant PCGF6 could bind the indicated target genes,

it failed to recruit RING1B (Figure 3D) and, as a result, H2AK119ub1 and H3K27me3 marks were

also not established in the target genes. Consistent with this interpretation, the mutant PCGF6 failed

to repress PCGF6-PRC1 targets genes (Figure 3—figure supplement 1C).
Based on these observations, we concluded that PCGF6 contributes to the assembly and recruit-

ment of the PCGF6-PRC1 complex by direct physical interactions with RING1B, which likely plays a

critical role to mediate the repression. Previous and these studies, however, suggest potential

involvement of other mechanisms, such as L3MBTL2, G9A/GLP and CBX1/3 for the repression by

PCGF6-PRC1 (Maeda et al., 2013; Qin et al., 2012; Trojer et al., 2011). Indeed, we noted that

PCGF6 was dispensable for L3MBTL2 binding of gene promoters (Figure 3E). As L3MBTL2 has been

reported as a recruiter of ncPRC1 (Qin et al., 2012; Trojer et al., 2011), this observation suggests

that PCGF6 and L3MBTL2 may function in parallel to recruit ncPRC1 complexes. We went on to

examine contribution of H3K9me2, which is mediated by G9A/GLP, for PCGF6-PRC1-target repres-

sion (Figure 3—figure supplement 1D). Unlike L3mbtl2-KO ESCs (Qin et al., 2012), we did not

observe considerable changes in H3K9me2 levels in Pcgf6-KO. Together, we suggest that the
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Figure 3. The role of PCGF6 in recruiting PCGF6-PRC1 to its target genes. (A) Forced tethering of PCGF6 to a TetO array induced activation of PCGF6-

PRC1 recruitment. A schematic illustrating the de novo targeting of the TetR-PCGF6 fusion protein to the TetO sequences (left). ChIP analysis for TetR,

RING1B, EZH2, MAX, H2AK119ub1, H3K27me3 and H3 across the TetO-containing locus in ESCs revealed TetR-PCGF6-mediated local activation of the

PCGF6-PRC1 pathway (bottom). ChIP experiments were performed at least in biological duplicate with error bars showing SEM. (B) Screenshot views of
the RING1B distribution at selected target genes in wild type (WT) and Pcgf6-KO ESCs. RING1B distribution in Pcgf6fl/fl;Rosa26::CreERT2tg/+ ESCs

before (WT; red) or 4 days after OHT treatment (Pcgf6-KO; blue) revealed by ChIP-seq is shown. The chromosome numbers and locations are indicated

on the x-axis. The transcription start sites (TSSs) are denoted by arrows. (C) A heat map view of RING1B distribution in ±4 kb genomic regions around

TSS in wild type (WT; brown), Pcgf6-KO (green), Mel18/Bmi1-dKO (blue) and Ring1A/B-dKO (gray) ESCs. RING1B-bound genes are further subclassified

by binding of PCGF6 and CBX7 (left). Average distribution and p-value for its change in respective KO are also shown (right). (D) PCGF6-mediated

RING1B recruitment to its target via a direct molecular interaction. Local levels of Flag-tagged PCGF6, RING1B, H2AK119ub1 and H3K27me3 at Ddx4

and Mael promoters in mock-transfected Pcgf6fl/fl;Rosa26::CreERT2tg/+ ESCs before (WT) and after OHT treatment (Pcgf6-KO) and in ESCs stably

expressing WT [Pcgf6-KO_F-Pcgf6(WT)] or H155Y Pcgf6 [Pcgf6-KO_F-Pcgf6(HY)] constructs were determined by ChIP-qPCR. The relative amount of

ChIPed DNA is depicted as a percentage of input DNA. Error bars represent standard deviation determined from at least three independent

experiments. (E) PCGF6 is dispensable for local L3MBTL2 binding to target genes. Local levels of L3MBTL2 at the promoter regions of the indicated

genes in Pcgf6fl/fl;Rosa26::CreERT2tg/+ ESCs before (WT) or 4 days after OHT treatment (Pcgf6-KO) were determined by ChIP-qPCR. Underlined genes

are canonical PRC1 targets.

DOI: 10.7554/eLife.21064.007
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L3MBTL2/G9A axis is marginally involved in PCGF6-mediated repression. We further investigated

the role of CBX1/3 for the regulation of PCGF6-PRC1 targets by using tamoxifen-inducible Cbx1

and Cbx3 double knockout (Cbx1/3-dKO) ESCs (Figure 3—figure supplement 1E). We did not

observe a significant change in the expression levels of PCGF6+CBX7-RING1B+ in Cbx1/3-dKO

ESCs, suggesting that CBX1/3 have, if any, a marginal role for the repression of PCGF6-PRC1 targets

in ESCs (Figure 3—figure supplement 1F).

The MAX/MGA heterodimer is required for recruitment of PCGF6-
PRC1 to target genes
The above results establish a role for PCGF6 in the recruitment of RING1B, however, the mechanism

by which PCGF6-PRC1 is targeted to such loci is not understood. According to the canonical model,

H3K27me3 facilitates PRC1 binding via direct recruitment of CBX proteins (Bernstein et al., 2006;

Cao et al., 2002; Czermin et al., 2002; Fischle et al., 2003; Kuzmichev et al., 2002); we therefore

examined whether H3K27me3 plays a role in PCGF6 recruitment (Figure 4—figure supplement 1A,

B). For this purpose, we stably expressed a FLAG-tagged PCGF6 in WT or Eed-KO ESCs (deficient

for H3K27me3), and compared PCGF6-binding levels at target genes. We did not observe any signif-

icant differences in FLAG-PCGF6 binding between WT and Eed-KO cells (Figure 4—figure supple-

ment 1B), suggesting that H3K27me3 is dispensable for locus-specific recruitment of PCGF6-PRC1.

Consistently, H2AK119ub1 levels at genes bound by PCGF6 were not affected in the Eed-KO (Fig-

ure 4—figure supplement 1C). In contrast, PCGF2, a component of cPRC1, barely associates with

PCGF6 targets irrespective of H3K27me3 status, while it strongly associates with cPRC1 targets such

as Zic1 and Hoxb3 in an EED-dependent manner (Figure 4—figure supplement 1C). These findings

suggests that the H3K27me3-dependent pathway to recruit cPRC1 is barely active at PCGF6-PRC1

targets.
To determine the molecular mechanism that mediates recruitment of PCGF6-PRC1 to target loci,

we surveyed the DNA sequences of PCGF6-bound promoters to extract potential transcription fac-

tor binding motifs. We observed enrichment of the E-box motif CACGTG, a DNA sequence that is

recognized by the bHLH-containing transcription factors including MAX (Blackwood and Eisenman,

1991), within these promoters (Figure 4—figure supplement 1D). Importantly, this motif was not

enriched in RING1B- or CBX7-bound genes (Figure 4—figure supplement 1D), suggesting that the

E-box motif is a feature of PCGF6-PRC1 targets. Consistent with this notion, we observed consider-

able overlap between PCGF6-bound and MAX-bound genes, while the overlap between PCGF6-

bound and MYC-bound genes was much less (Figure 4A). Interestingly, MGA, a transcription factor

that also forms a heterodimer with MAX and binds the CACGTG E-box motif (Hurlin et al., 1999), is

included in the PCGF6 complex determined by us (Figure 1B) and others (Gao et al., 2012;

Hauri et al., 2016; Kloet et al., 2016; Ogawa et al., 2002; Qin et al., 2012; Trojer et al., 2011).

Therefore, we hypothesized that MAX/MGA heterodimer could play a role in PCGF6-PRC1

recruitment.
To examine this possibility, we depleted MAX or MGA by siRNA-mediated knockdown (KD) in

FLAG-PCGF6 expressing ESCs. The Max or Mga mRNA levels were reduced to less than 20% of con-

trol by their respective siRNAs (Figure 4—figure supplement 1E, top). Western blot analysis

revealed that MAX protein was undetectable in the Max-KD ESCs, while the expression of FLAG-

PCGF6 and RING1B was unchanged (Figure 4—figure supplement 1E, bottom). To determine the

impact of MAX or MGA depletion, we performed RNA-seq in Max-KD or Mga-KD ESCs. Interest-

ingly, genes that were bound by MAX, PCGF6 and RING1B (MAX+PCGF6+RING1B+) showed signif-

icant up-regulation in Max-KD or Mga-KD ESCs (Figure 4B). We performed locus-specific RT-qPCR

assays in the Ddx4 [DEAD (Asp-Glu-Ala-Asp) box polypeptide 4], Tdrd1 (Tudor domain containing

1), Stag3 (stromal antigen 3) and Mael loci, and confirmed our RNA-seq results (Figure 4—figure

supplement 1F).

Figure 3 continued

The following figure supplement is available for figure 3:

Figure supplement 1. The role of PCGF6 in recruiting PCGF6-PRC1 to its target genes.

DOI: 10.7554/eLife.21064.008
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Figure 4. The role of MAX/MGA in recruiting PCGF6-PRC1 to its target genes. (A) Considerable overlap of genes bound by PCGF6 and MAX. Venn

diagram depicts the overlap of PCGF6, MAX and MYC target genes in ESCs. Published ChIP-seq data for MAX and MYC were obtained from NCBI

GEO (accession number GSM1171650 and GSM1171648, respectively). Odds ratio (OR) and p-values for the overlap between respective groups are

indicated. Numbers represent the number of genes bound by each protein or included in each fraction seen in the Venn diagram. (B) Dot plot
representation for gene expression changes in Max-KD (left) and Mga-KD (right) ESCs. Expression levels of respective genes (FPKM: determined by

RNA-seq) in each group (classified by ChIP-seq) in control (Ctrl) and respective knockdowns (KD) are shown by grey and yellow dots, respectively. The

same codes as described in Figure 2A are used. (C) Changes in binding of FLAG-tagged PCGF6, MAX and MGA at the selected targets induced by

knockdown of Max or Mga. Local levels of FLAG-tagged PCGF6, MAX and MGA at the respective promoter regions in untreated ESCs or ESCs treated

with either control siRNA, Max siRNA or Mga siRNA were determined by ChIP-qPCR. The relative amount of ChIPed DNA is depicted as a percentage

of input DNA. Error bars represent standard deviation determined from at least three independent experiments. (D) Changes in local deposition of

RING1B, H2AK119ub1, H3K27me3, RYBP and L3MBTL2 at the indicated targets in Max-KO ESCs. Underlined genes are canonical PRC1 targets. Their

deposition in Max conditional KO ESCs before (WT) or after doxycycline treatment (Max-KO) was determined by ChIP-qPCR. The relative amount of

Figure 4 continued on next page
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In contrast, genes bound by PCGF6 and RING1B, but not MAX (MAX-PCGF6+RING1B+), were
barely up-regulated (Figure 4B). Intriguingly, we observed significant up-regulation of genes bound

only by RING1B (MAX-PCGF6-RING1B+). We however also noted that the expression level of up-

regulated genes in this category was considerably lower compared to MAX+PCGF6+RING1B+

genes (Figure 4B). We thus suggest MAX and MGA primarily contribute to the repression of MAX

+PCGF6+RING1B+ genes. GO analysis revealed that genes bound by PCGF6, RING1B and MAX

but not by MYC (PCGF6+RING1B+MAX+MYC-), were significantly enriched in germ cell- and meio-

sis-related functions (Figure 4—figure supplement 1G), further supporting our model that PCGF6-

PRC1 functions as a dedicated repressor of genes associated with germ cells and meiosis.
We investigated whether binding of PCGF6-PRC1 to gene promoters required MAX and its

cofactor MGA. Indeed, ChIP-qPCR in the Max-KD or Mga-KD ESCs revealed that PCGF6 binding to

target loci depends on MAX and MGA (Figure 4C). Importantly, MAX and MGA bind these targets

in mutually dependent manner (Figure 4C). This suggests that MAX and MGA may form a dimer to

bind to their targets. We further used a previously reported Max-KO ES cell line to test MAX-depen-

dent recruitment of PCGF6-PRC1 (Hishida et al., 2011). RING1B and RYBP, which form stoichiomet-

ric complexes with PCGF6 (Figure 1B), did not bind to PCGF6-PRC1 target loci in the Max-KO ESCs

(Figure 4D). Likewise, local H2AK119ub1 and H3K27me3 levels were considerably decreased, and

binding of L3MBTL2, another key regulator of ncPRC1, into PCGF6-PRC1 target genes was also

depleted in the Max-KO ESCs (Figure 4D). In contrast, enrichment of RING1B, H2AK119ub1,

H3K27me3 and RYBP at Zic1, a cPRC1 target, did not show considerable changes in the Max-KO

ESCs. These results suggest that recruitment of both PCGF6 and L3MBTL2 requires MAX. We finally

checked whether the decreased binding of PCGF6 is not due to secondary effects of transcriptional

activation upon MAX depletion. We have selected genes bound by MAX and PCGF6, which were

not up-regulated in Max-KO ESCs, and confirmed MAX-dependent binding of PCGF6 at these tar-

gets (Figure 4—figure supplement 1H). Collectively, these findings indicate that the MAX/MGA

heterodimer recruits PCGF6-PRC1 to its targets.

Interactions between MAX and PCGF6 play a role in ESC maintenance
A role for MAX in maintaining ESC proliferation and self-renewal ability has been reported in a previ-

ous study (Hishida et al., 2011). We also observed that conditional deletion of Max (Max-KO) led to

slower ESC proliferation and cell differentiation (Figure 4—figure supplement 2A, right). Rescuing

the induced Max-KO cells with an exogenous WT MAX restored cell proliferation and blocked spon-

taneous differentiation, as expected. In contrast, mutant MAX proteins harboring defects in the basic

region of the bHLH (basic helix-loop-helix) domain [hereafter referred to as MAX(VD) or MAX(Db)]

(Figure 4—figure supplement 2A, left), failed to do so (Figure 5A, right). These findings indicate

that DNA motif recognition by MAX plays a role in maintaining ESCs, at least partly by recruiting the

PCGF6-PRC1 complex.
Mechanistically, co-IP analyses showed that a FLAG-tagged MAX protein physically interacts with

HA-PCGF6, RING1B and L3MBTL2. The mutant MAX proteins also retained the ability to associate

and form stable complexes with HA-PCGF6, RING1B and L3MBTL2 (Figure 4—figure supplement

2B). As expected, ChIP-qPCR revealed that the FLAG-tagged MAX could restore binding of the HA-

tagged PCGF6 into target loci in Max-KO ESCs (Figure 4—figure supplement 2C,D), whereas the

mutant MAX proteins failed to bind targets and recruit HA-tagged PCGF6. These observations dem-

onstrate a role of the MAX/MGA heterodimer in recruiting PCGF6-PRC1 by direct DNA motif

Figure 4 continued

ChIPed DNA is depicted as a percentage of input DNA. Error bars represent standard deviation determined from at least three independent

experiments.

DOI: 10.7554/eLife.21064.009

The following figure supplements are available for figure 4:

Figure supplement 1. The role of MAX/MGA in recruiting PCGF6-PRC1 to its target genes.

DOI: 10.7554/eLife.21064.010

Figure supplement 2. Sequence recognition by MAX/MGA is critical for recruiting PCGF6-PRC1 to its target genes.

DOI: 10.7554/eLife.21064.011
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recognition for maintenance of ESCs. To further examine this model, we expressed MAX/TETR, and

ectopically tethered this fusion protein to a pre-integrated TetO array in ESCs (Figure 4—figure

supplement 2E). ChIP-qPCR analysis showed binding of the MAX/TETR fusion protein at the TetO

array, which was accompanied by mild enrichment of HA-tagged PCGF6, H2AK119ub1 and
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Figure 5. A role for PCGF6 in maintaining ESCs in an undifferentiated state. (A) Colony morphology of Pcgf6-KO ESCs in the presence of fetal bovine

serum (FBS) and 3i. Phase-contrast views of OHT-untreated and –treated (day six) Pcgf6fl/fl;Rosa26::CreERT2tg/+ ESCs are shown. Scale bars indicate 200

mm. (B) Decreased growth rate of Pcgf6-KO ESCs. Proliferation of OHT-untreated or -treated Pcgf6fl/fl;Rosa26::CreERT2tg/+ ESCs in the presence of FBS

and 3i is shown. (C) A schematic representation of the in vitro differentiation scheme for Pcgf6fl/fl;Rosa26::CreERT2tg/+ ESCs towards EpiLCs and

PGCLCs is shown. OHT was added to deplete Pcgf6 at the indicated time points (closed arrowheads with ‘OHT’). Cells used for RNA-seq analysis were

collected at the time points indicated as ‘Sampling’. (D) PCGF6 is indispensable to maintain proliferation of ESCs in serum-free condition. Phase

contrast views of Pcgf6-KO [TAM(+); at two days after OHT treatment] and the control [TAM(!)] (left). Growth rates of OHT-treated (yellow) and –

untreated (green) cells (right). (E) PCGF6 is indispensable to maintain proliferation of epiLCs. Phase contrast views of Pcgf6-KO [TAM(+); at 2 days after

OHT treatment] and the control [TAM(!)] (left). Growth rates of OHT-treated (yellow) and –untreated (green) cells (right). (F) PCGF6 is dispensable for

differentiation of post-epiLCs towards PGCLC. OHT-treatment considerably expanded the SSEA1+CD61+ fraction. (G) Gene expression changes upon

induced deletion of Pcgf6. Pcgf6fl/fl;Rosa26::CreERT2tg/+ ESCs (red), EpiLCs (blue), and PGCLCs (green) induced upon depletion of Pcgf6 by OHT

treatment for each subset of total genes (left) or meiosis-related genes (right) classified by the presence (+) or absence (!) of PCGF6- and RING1B-

binding in ESCs. The average, deviation and distribution of the expression changes for the respective subsets of genes determined by RNA-seq

analysis are shown. The box plots represent the median (horizontal line), interquartile range (box), range (whiskers), and outliers (circles). The number of

genes included in each subset is shown at the bottom. p-values for average gene expression change in each subset upon Pcgf6 depletion were

calculated by the Student’s t-test and are indicated at the top.

DOI: 10.7554/eLife.21064.012
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H3K27me3 (Figure 4—figure supplement 2E), but barely RING1B (data not shown). These data

again support MAX-dependent recruitment of PCGF6-PRC1. The limited effect of MAX/TETR to

recruit PCGF6 could be due to a potential dimerization of MAX with other partners than MGA in this

experimental setup.

PCGF6-PRC1 is required for maintenance of ESCs and epiLCs in an
undifferentiated state
Given that MAX and PCGF6 interact with each other, and that genetic ablation of Max causes

reduced cell growth and germ cell-directed differentiation of ESCs (Hishida et al., 2011;

Suzuki et al., 2016), we wondered whether knocking out Pcgf6 would also lead to similar pheno-

types. Indeed, the growth rate of Pcgf6-KO ESCs was significantly slower than the WT in the pres-

ence of three inhibitors (3i: SU5402 for FGFR, PD184352 for ERK, and CHIR99021 for GSK3) and

fetal bovine serum as suggested previously (Zdzieblo et al., 2014) (Figure 5A,B). The growth of

Pcgf6-KO ESCs was further halted under serum-free condition (Figure 5D). Unlike the Max-KO, how-

ever, Pcgf6-KO ESCs maintained an ESC-like morphology. These findings support the notion that

PCGF6-PRC1 has a role in ESC proliferation, but may not be essential to maintain ES cell

morphology.
Genetic ablation of Pcgf6 leads to ectopic expression of meiosis-related and germ cell-related

genes in ESCs. We therefore examined the impact of Pcgf6 deletion in primordial germ cell-like cells

(PGCLCs), which already express such germ cell-related genes. We induced the PGCLCs via epi-

blast-like cells (epiLCs), using an in vitro culture system that we have previously developed

(Hayashi et al., 2011). In particular, we cultured the ESCs in 2i-containing (MAPK inhibitor and

GSK3 inhibitor) media without feeders for 3 days (from day !5 to day !2 in Figure 5C), and induced

epiLC by adding Activin A and bFGF into the media for 2 days (from day !2 to day 0). We further

differentiated the epiLCs into the germ cell-lineage by adding BMPs, SCF, LIF, and EGF for 6 days

(from day 0 to day 6). Genetic ablation of Pcgf6 at day !5 induced growth arrest and cell death of

ESCs (Figure 5D); while ablation of Pcgf6 at day !2 caused significant growth defects in epiLCs

(Figure 5E), revealing a stage-specific role of PCGF6 for growth and survival of ESCs and epiLCs. In

contrast, OHT-treatment at day +2 (post-epiLC stage) did not induce growth arrest or cell death

and, surprisingly, even accelerated differentiation and proliferation (Figure 5F).
The disparate effects of Pcgf6 ablation in ESCs, epiLCs and PGCLCs raised the question of

whether the PCGF6 targets in these cell types are different. We therefore performed RNA-seq

before and after knocking out Pcgf6 in ESCs, epiLCs and PGCLCs (Figure 5G). We observed that

the same group of genes (the PCGF6+RING1B+ category in ESCs) were de-repressed in ESCs,

epiLCs and PGCLCs in the absence of Pcgf6. Furthermore, the extent of derepression of PCGF6 tar-

get genes was also similar among these three cell types. We observed similar trends for meiosis-

and germ cell-related genes (Figure 6G, right). Thus, these results indicate that the different pheno-

typic impacts of Pcgf6 ablation in ESCs, epiLCs and PGCLCs are not due to up-regulation of differ-

ent sets of genes, but rather suggest that PCGF6-PRC1-mediated gene silencing is essential to

maintain ESC and epiLC, but not PGCLC. PCGF6, therefore, plays a role in maintaining pluripotency,

likely by suppressing germ cell potential in ESCs.

A role of PCGF6 for pre- and peri-implantation embryonic development
As PCGF6 plays a role in pluripotency and suppression of germ cell-specific genes in ESCs, we won-

dered whether PCGF6 possessed similar functions in vivo during mouse embryogenesis. Consis-

tently, Pcgf6 is expressed in broad range of tissues and cell types and even abundantly in testis,

ESCs and pre-implantation embryos (Figure 6—figure supplement 1A,B). To examine this possibil-

ity, we used a constitutive mutant Pcgf6 allele (Figure 6A,B,C). We found that Pcgf6-KO (!/!) mice

were viable and fertile, but were not born at the normal Mendelian ratio (Figure 6D). Lethality

among Pcgf6!/! homozygous embryos could be observed as early as the blastocyst stage [3.5 days

post coitum (dpc)]. Furthermore, embryonic death in the Pcgf6!/! line could be continuously

detected during post-implantation development. Consistently, we found that about one third of the

surviving Pcgf6!/! embryos at 10.5 dpc exhibited growth retardation (Figure 6E).
To determine the impact of Pcgf6 ablation during the pre-implantation stage, we examined WT

and Pcgf6!/! ICMs (inner cell mass). We mated homozygous or heterozygous males with

Endoh et al. eLife 2017;6:e21064. DOI: 10.7554/eLife.21064 14 of 26

Research article Cell Biology Developmental Biology and Stem Cells

http://dx.doi.org/10.7554/eLife.21064


K

+/+ –/–

10.5 dpc

D

����GSF �����GSF �����GSF 1HZERUQ $GXOW
:7������ �� �� �� �� ��
+HWHUR]\JRWH������ ��� �� �� �� ���
+RPR]\JRWH������ �� � � �� ��
7RWDO ��� �� �� ��� ���

*
*

*
*

*
*

*
*

*

* Statistically significant (P < 0.05)

Genotype of ESC clones derived from embryos from cross between Pcgf6 +/- or -/- male and +/- female

No. of collected embryos No. of obtained ESC clones +/+ or +/- -/-

73 22 22 0

G H I

P
l1

T
p
b

p

E

F

A B

C

18S

28S

Pcgf6

rRNA
(EtBr)

+/+ -/-

10.5
>18

kb

+/+ +/- -/-

1.5
2.2

kb

+/+ +/- -/-

Southern

PCR

J

La

La

* **

*
* *

**
*

Ch
Al

Ch

Al

H
E

+/+ -/-

Figure 6. Pleiotropic effects of PCGF6 loss during development. (A) Schematic representation of the Pcgf6 locus, the targeting vector, and the

constitutive mutant allele. To disrupt Pcgf6, most of the exon 2 and the entire exon 3 which code for the RING finger domain were replaced with neo.

The neo and HSV-tk cassettes were used for positive and negative selection, respectively. The positions of the restriction sites (XhoI, EcoRI and KpnI),

external probe and PCR primers, and sizes of diagnostic fragments are indicated. Coding regions and untranslated regions of Pcgf6 are indicated by

closed and open boxes, respectively. (B) Southern (top) and PCR (bottom) analyses for genotyping. For Southern blotting, genomic DNA was digested

by KpnI and probed with the 3’ probe, as indicated in A. For PCR, a mixture of three primers (p1, p2 and p3 in A) was used. (C) Northern analysis of

Pcgf6 mRNA expression in wild type (+/+) and homozygous (!/!) adult kidney (top). Ethidium bromide (EtBr) staining of the same gel is shown below.

(D) Genotype distribution of progeny of Pcgf6 heterozygous intercrosses. *p-value<0.05 (c2 test), indicating a < 5% probability of conforming to the

Mendelian law, which predicts a 1:2:1 ratio between +/+:+/!: !/!. (E) Delayed and/or abnormal development of Pcgf6-KO (!/!) embryos at 10.5 dpc.

Wild-type (+/+) embryos are shown as controls. (F) Genotype distribution of ESC lines derived from embryos from intercrosses between Pcgf6+/+ or !/

! male and +/! female is shown. Genotypes of 22 ESC lines were determined using genomic PCR. (G) Skeletal alterations in Pcgf6!/! newborn mice.

(a, d) Lateral views of the cervical and thoracic regions revealed the prominent spinous process on the 9–10 in Pcgf6!/! (d, indicated by an arrow) but

on the nine in the wild type (a, indicated by an arrow). (b, e) Overviews of the seventh vertebrae identified association of an anterior tubercle on seven

in Pcgf6!/!, which appears on six in the wild type (e, indicated by an arrow). (c, f) Ventral views of rib cages identified an ectopic sternal rib in Pcgf6!/

! (f, labeled 15). (H) Schematic representation summarizing the axial alterations in Pcgf6!/! newborn mice. Each arrow represents the following

morphological changes in the vertebrae; (a) 1 2: association of the anterior arch of the atlas with the atlas; (b) 6 7: the anterior tubercle(s) on 7, which

are normally on 6; (c) 8 9: fusion of rib(s) on 9 to 8; (d) 9 10: the prominent spinous process on 10, which is normally on 9; (e) 14 15: fusion of ribs on

15 to the sternum. (I) Changes in Hoxb6 expression in Pcgf6-KO mice. Hoxb6 expression in 11.5-dpc wild-type (a) and Pcgf6!/! (c) embryos. Segment

boundaries are indicated by red lines and segment numbers of anterior expression domains of Hoxb6 are shown. Bright field views are shown in (b, d).

Figure 6 continued on next page
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heterozygous females, and cultured the blastocysts in ESC inducing conditions until ESC-like colo-

nies appeared. From 73 blastocysts collected, we could establish 22 ESC-like lines. Remarkably,

among these 22 lines, not a single one was homozygous Pcgf6!/! (Figure 6F). As ESCs could not be

established from Pcgf6!/! lines, we surmised that Pcgf6-deficient ICMs are functionally different

from their WT counterparts. Collectively, these results reveal a role for PCGF6 in both pre- and peri-

implantation development.
A role of cPRC1 in the regulation of anterior-posterior (A-P) specification of the axial skeleton is

well characterized (Akasaka et al., 1996; Isono et al., 2005; Suzuki et al., 2002). Given the essen-

tial role of PCGF6 in the PCGF6-PRC1 complex, we therefore asked whether Pcgf6!/! mice also

exhibited defects in A-P specification. Intriguingly, we observed morphological alterations of the ver-

tebrae that represent anterior transformations of the axis in these mice (Figure 6G,H). To further

confirm the role of PCGF6 for A-P patterning, we then tested the impacts of PCGF6 over-expression

and, indeed, observed posterior transformations of the axis (Figure 6—figure supplement 1C,D).

We further found that skeletal alterations in Pcgf6!/! mice were accompanied by aberrant repres-

sion of Hoxb6 at the eighth pre-vertebra (Figure 6I). These suggest that PCGF6 regulates A-P pat-

terning presumably through regulation of Hox genes. We then examined whether skeletal defects in

Pcgf6!/! involved potential interactions of PCGF6-PRC1 with cPRC1 at Hox genes (Figure 1D, Fig-

ure 6—figure supplement 1E,F). We indeed observed that anterior transformations in Pcgf6!/!

mice were suppressed by the Pcgf2 mutation, suggesting mutually counteracting properties of

PCGF6 and PCGF2.
In addition to the skeletal phenotypes, we also noted significant reduction of placental size, mani-

fested by hypoplasticity and malformation of the labyrinth layer, in the Pcgf6!/! mice (Figure 6J,K).

In particular, the number of spongiotrophoblast cells and trophoblast giant cells (TGCs), identified

by expression of Pl1 (placental lactogen-I, also known as Prl3d1) and Tpbpa (trophoblast specific

protein alpha), respectively, was dramatically decreased. These findings demonstrate further roles of

PCGF6 in peri-implantation development, including A-P specification and regulation of placental

development.

Discussion

PCGF6 constitutes a non-canonical PRC1 in association with RING1B
In the present study, we show that PCGF6 constitutes a non-canonical PRC1 complex, PCGF6-PRC1,

that includes the core PRC1 component RING1B. PCGF6 physically interacts with RING1B, and plays

a role in recruitment of RING1B to target genes, followed by deposition of H2AK119ub1 and tran-

scriptional silencing. We have previously reported that the PCGF1-associated ncPRC1 (PCGF1-

PRC1) recruits PRC2 to target genes (Blackledge et al., 2014). Here, we demonstrate that PCGF6-

PRC1 also has a similar role, as ectopic targeting of a PCGF6 protein fused to the Tet repressor

(PCGF6/TETR) to a pre-integrated TetO array leads to sequential binding of RING1B, H2AK119ub1

deposition and PRC2 recruitment in cis (Figure 3A).

Figure 6 continued

(J) HE sections of 11.5 dpc wild type (+/+) and Pcgf6-deficient (!/!) placentae. Al: allantois, Ch: chorion, La: labyrinth layer, asterisks: enucleated

erythrocytes from the mother, arrows: fetus-derived nucleated erythrocytes. Note that fetus-derived nucleated erythrocytes are observed in well-

developed labyrinth layer in Wild-type mice but not in Pcgf6-KO mice. Expression of trophoblast lineage-restricted markers was analyzed by RNA in situ

hybridization. Pl1 identifies trophoblast giant cells. Tpbp identifies spongiotrophoblasts. (K) Quantification of placental area from 10.5 dpc HE sections

of wild type (+/+), Pcgf6 heterozygote (+/!) and Pcgf6-deficient (!/!) embryos.

DOI: 10.7554/eLife.21064.013

The following source data and figure supplement are available for figure 6:

Source data 1. HE sections of placentae of wild type (+/+) and Pcgf6-KO (!/!) embryos used for analysis shown in Figure 6K.

DOI: 10.7554/eLife.21064.014

Figure supplement 1. Skeletal alterations in Pcgf6KI/KI and Pcgf6/Pcgf2 dKO newborn mice.

DOI: 10.7554/eLife.21064.015
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PCGF6-PRC1 target genes are different from those of PCGF1-PRC1 and
canonical PRC1
Like PCGF1-PRC1, PCGF6-PRC1-mediated targeting of PRC2 also takes place in endogenous geno-

mic loci, in particular at promoters of a certain group of genes that are enriched for germ cell-spe-

cific and meiosis-specific functions (Figure 2—figure supplement 1D). However, these genes are

distinct from those bound by PCGF1-PRC1 and canonical PRC1, which mainly include developmental

genes (Figure 1D–G). Such developmental genes are evolutionarily conserved targets of PcG com-

plexes, and are characterized by long CpG island (CGI) promoters that are usually not marked by

DNA methylation (Sharif et al., 2013). The CXXC domain containing protein KDM2B recruits

PCGF1-PRC1 into these loci by binding unmethylated CGIs (Blackledge et al., 2014). In contrast,

PCGF6-PRC1 target loci tend to have slightly shorter and more DNA methylated CGIs (Figure 1—

figure supplement 1E), where KDM2B seems to play distinct roles from PCGF1-PRC1. Indeed,

H3K27me3 depositions at PCGF6-PRC1 targets are less active to recruit cPRC1 though underlying

mechanisms await elucidative (Figure 1G, Figure 4—figure supplement 1C). Thus, our findings

reveal that there are at least two major modes of gene silencing by PRC1; the first involves PCGF1-

PRC1 and cPRC1 and silences developmental genes, while the second involves PCGF6-PRC1 and

silences germ cell-specific and meiosis-specific genes (see the model in Figure 7A).

The MAX-MGA heterodimer plays a role in recruiting PCGF6-PRC1 to
target loci
By surveying DNA sequences of the PCGF6-PRC1 target genes, we find that they are enriched for

the binding motif of the bHLHZ (basic helix-loop-helix, also containing a leucine zipper) transcription

factor MAX (Figure 4—figure supplement 1D). Previous reports showed that MAX forms a hetero-

dimer with MGA, another E-box binding protein (Hurlin et al., 1999). Interestingly, we identified

MGA as a PCGF6 interacting factor by mass-spectrometry (Figure 1A,B), indicating that MAX and

MGA may be directly involved in recruitment of PCGF6-PRC1 into target genes. Consistent with this

hypothesis, both MAX and MGA were enriched at PCGF6-PRC1 target genes (Figures 1G, 4A and

C); and depletion of MAX or MGA by siRNA caused a reduction of PCGF6 binding to these loci

(Figure 4C).

The MAX/MGA heterodimer independently recruits PCGF6 and
L3MBTL2
Previous studies show that the MAX/MGA heterodimer also plays a role in recruitment of the

ncPRC1 component L3MBTL2 (Suzuki et al., 2016). Our results demonstrate that MAX/MGA inde-

pendently associates with PCGF6 or L3MBTL2, as ablation of PCGF6 does not affect binding of

L3MBTL2 (Figures 3E and 4D). These findings indicate that MAX/MGA represses target genes

through multiple mechanisms that may function in parallel. Consistent with this notion, ESCs defi-

cient for MAX or MGA show a more drastic phenotype than the Pcgf6-KO ESCs (Figure 6A,B,D)

(Hishida et al., 2011; Washkowitz et al., 2015).
Interestingly, L3MBTL2 associates with the H3K9me2 methyltransferases G9A and GLP

(Ogawa et al., 2002; Qin et al., 2012). As G9A and GLP silence germ cell-specific genes in ESCs

(Maeda et al., 2013), we speculate that L3MBTL2 contributes to transcriptional repression of these

genes in association with G9A and GLP; while the same group of genes are silenced by a parallel

pathway involving PCGF6 and RING1B (see the model in Figure 7B). The existence of several repres-

sive epigenetic mechanisms that target germ cell-specific genes suggests the importance of prevent-

ing aberrant activation of such genes during pre- and peri-implantation embryonic development.

Pleiotropic roles of PCGF6 in pre- and post-implantation embryonic
development
Consistent with this idea, genetic ablation of Pcgf6 leads to growth defects in both ESCs and epiLCs

(Figure 5C, D and E), stem cells lines that approximate pre- and post-implantation embryonic devel-

opmental stages, respectively. Furthermore, constitutive deletion of Pcgf6 causes impaired develop-

ment of the placenta, in particular of the spongiotrophoblast layer and trophoblast giant cells

(TGCs) (Figure 6J and K). Such aberrant phenotypes are also observed in the embryo proper,

Endoh et al. eLife 2017;6:e21064. DOI: 10.7554/eLife.21064 17 of 26

Research article Cell Biology Developmental Biology and Stem Cells

http://dx.doi.org/10.7554/eLife.21064


including defects in anterior-posterior (A-P) axis specification and ectopic expression of developmen-

tal genes such as Hoxb6 (Figure 6G, H and I).

Concluding remarks
Taken together, we demonstrate a previously unappreciated function of the non-canonical PRC1

component PCGF6 for repression of germ cell-specific genes in ESCs. We further show that tran-

scriptional silencing of such genes requires the function of RING1B and H2AK119ub1, but not PRC2

and H3K27me3. PCGF6-bound genes are enriched for short CGIs, frequently marked by methylated

DNA, and are not bound by PCGF1-PRC1. Indeed, developmental genes, which are the main targets

of PCGF1-PRC1, are not bound by PCGF6-PRC1, revealing distinct functional roles of these two

ncPRC1 complexes. Consistent with this model, PCGF6-PRC1 is recruited to target sites by the

MAX/MGA heterodimer, while PCGF1-PRC1 is recruited by the unmethylated CpG binding protein
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Figure 7. Our model for the role of PCGF6-PRC1. (A) Schematic representation for two major modes of gene silencing by PRC1. The first involves

PCGF1-PRC1 (PCGF6) and cPRC1 (MEL18/BMI1), which silences developmental genes, and the second involves PCGF6-PRC1 (PCGF6), which silences

germ cell-related and meiosis-related genes. (B) Schematic representation of PCGF6-PRC1-mediated regulation of germ cell-related and meiosis-

related genes in ESCs and pre-/peri-implatation embryos.

DOI: 10.7554/eLife.21064.016
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KDM2B (Farcas et al., 2012). Our work thus shows a link between sequence specific DNA binding

by the MAX/MGA heterodimer with PRC1-mediated transcriptional silencing of germ cell-specific

genes by PCGF6, for regulation of pre- and post-implantation embryonic development.

Materials and methods

Construction of expression vectors
The full length mouse Pcgf6, mouse Pcgf2, mouse Ring1B, and mouse Max were PCR-amplified and

inserted into a pCAG-IRES-Puro, a pCAG-IRES-BlaS, or a pCAG-IRES-HisD eukaryotic expression

vector (Kindly gifts from Dr. Hitoshi Niwa in Kumamoto University) that was modified to express an

N-terminal Flag and 2XStrep2 tag, an N-terminal 3xFlag tag, or an N-terminal HA tag. All PCR gen-

erated constructs were verified by sequencing. Mutations of the PCGF6 RING-finger domain

(H155Y) and the MAX basic domain (L31V and E32D) were introduced into the wild type Pcgf6 and

Max constructs, respectively, using the PrimeSTAR Mutagenesis Basal Kit (Takara, Japan).

Antibodies
The RING1B mouse monoclonal antibody has been described previously (Atsuta et al., 2001). A

rabbit polyclonal antibody against the Flag-2XStrepII sequence was generated as described previ-

ously (Farcas et al., 2012). Commercially available antibodies were used to detect FLAG-tag

(Sigma-Aldrich, St. Louis, MO,, F1804, RRID:AB_262044), HA-tag (Santa Cruz, Dallas, TX, sc-805),

RYBP (Millipore, Billerica, MA, AB3637, RRID:AB_631618), L3MBTL2 (Active Motif,

Carlsbad, CA, 39569, RRID:AB_2615062), MAX (Santa Cruz, sc-197X, RRID:AB_2281783), MGA

(Bethyl, Montgomery, TX, A302-864A, RRID:AB_2615457), PCGF1 (Santa Cruz, E-8: sc-515371),

PCGF2 (Santa Cruz, H-115: sc-10744, RRID:AB_2267885), PCGF6 (ORIGENE, Rockville, MD,

TA324658), EZH2 (Cell Signaling, Danvers, MA, 4905, RRID:AB_2278249), SUZ12 (Cell Signaling,

3737, RRID:AB_2196850), SET1 (Bethyl, A300-289A, RRID:AB_263413), trimethylated Histone H3

lysine 27 (H3K27me3) (Millipore, 07–449, RRID:AB_310624), dimethylated histone H3 lysine 9

(H3K9me2) (MBL, Japan, MABI0317), H3K27ac (Cell Signaling, 8173, RRID:AB_2616015), monoubi-

quitinated histone H2A lysine 119 (H2AK119ub1) (Millipore, 05–678, RRID:AB_309899; Cell Signal-

ing, 8240, RRID:AB_10891618), mouse IgM (Millipore, 12–488, RRID:AB_390193), histone H3

(Millipore, 07–690, RRID:AB_417398), and LAMIN B (Santa Cruz, sc-6216, RRID:AB_648156).

Mice and ESC lines
Targeting vectors to knock out Pcgf6 (Figure 1—figure supplement 1A) were introduced into R1 or

M1 ESCs. Chimeras were generated by the morula aggregation method. Conditional mutants were

mated with Rosa26::CreERT2 (ERT2-Cre) transgenic mice purchased from Artemis Pharmaceuticals

(Germany)(Seibler et al., 2003). ESCs were generated from respective blastocyst embryos as

described previously (Endoh et al., 2008). Male ESCs were used in this study. 4-hydroxy tamoxifen

(OHT) at a final concentration of 800 nM was added to culture medium to induce Cre recombinase

activity and delete Pcgf6. Cbx1/Cbx3 conditional KO ESCs (Figure 3—figure supplement 1E) were

generated as described above. Ring1A!/!; Ring1Bfl/fl; Rosa26::CreERT2tg/+ ESCs (Endoh et al.,

2008), Pcgf2/4-dKO ESCs (Elderkin et al., 2007), Kdm2b-KO ESCs (Blackledge et al., 2014), and

Max conditional KO ESCs (Hishida et al., 2011) were described previously. For generation of ESC

lines stably expressing exogenous cDNAs, 5 mg of the expression constructs were transfected into

ESCs using electroporation and stable transfectants were selected using 1.0 mg/mL puromycin as

described previously (Endoh et al., 2012). Prior to their use in ChIP experiments, ESCs were cul-

tured for two passages under feeder-free conditions. All ESC lines used in this study were tested

negative for mycoplasma before use. All animal experiments were carried out according to the in-

house guidelines for the care and use of laboratory animals of the RIKEN Center for Integrative Med-

ical Sciences, Yokohama, Japan [Approval number: Kei-27-001(7)]. All gene recombination experi-

ments were carried out according to the in-house guidelines for the genetic recombination

experiments of the RIKEN Center for Integrative Medical Sciences (Approval number: Sho-Y2015-

018-10).
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Max/Mga knockdown
The siRNAs for Max and Mga were selected according to a previous report (Maeda et al., 2013)

and purchased from Qiagen (Germany). ES cells were transfected with individual siRNAs using Lipo-

fectamine RNAiMAX reagent (Thermo Fisher Scientific, Waltham, MA) according to the manufac-

turer’s instructions.

PCGF6 protein complex purification
To purify PCGF6 and associated proteins, a mouse ESC line stably expressing Flag-2XStrepII-tagged

PCGF6 was generated. Nuclear extracts were isolated from this cell line, the PCGF6 complex was

affinity purified, and the co-purified proteins were subject to mass spectrometry as described previ-

ously (Farcas et al., 2012).

Immunoprecipitation (IP) analysis
Cells expressing each of the tagged constructs were suspended in IP buffer [10 mM Tris-HCl

(pH8.0), 1 mM EDTA, 140 mM NaCl, 0.4% NP-40, and 0.5 mM PMSF] and sonicated for several sec-

onds. After centrifugation, the supernatant was collected, and then incubated with anti-FLAG anti-

body (Sigma-Aldrich; M2) for 120 min at 4˚C. The immune complexes were captured by incubation

with protein A/G magnetic Dynabeads (Invitrogen, Carlsbad, CA) for 60 min at 4˚C. The bead-bound

proteins were washed with IP buffer, eluted in SDS sample buffer under reducing condition, sepa-

rated on SDS-PAGE gels, and subjected to western blot analysis. Tandem mass spectrometry (LC–

MS/MS) was performed as described previously (Farcas et al., 2012). Materials eluted with desthio-

biotin were collected and precipitated using chloroform/methanol and re-suspended materials were

subjected to in-solution tryptic digestion followed by nano-liquid chromatography-tandem mass

spectrometry (nLC-MS/MS) analysis using a nano-Acquity UPLC (Waters, Milford, MA) coupled to an

Orbitrap Velos/Elite mass spectrometer (Thermo Fisher Scientific). MS/MS spectra were searched

against the UniProt SwissProt Mouse database (16,683 sequences) in Mascot v2.3.01. Protein assign-

ment was based on at least two identified peptides. Mascot scores and peptide coverage are indi-

cated for each protein (Figure 1B).

Gene expression analysis
Total RNA was extracted using the RNeasy Mini kit (Qiagen) with the RNase-Free DNase Set (Qia-

gen) according to the manufacturer’s instructions. Genomic DNA-free RNA samples were further

purified using the RNeasy kit RNA cleanup protocol. For subsequent RT-PCR analysis, cDNA was

synthesized with the SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific). Quanti-

tative real-time PCR was performed by using the Brilliant III SYBR Green QPCR Master Mix (Agilen-

tLaboratories, Santa Clara, CA), using Gapdh as housekeeping gene. For RNA-seq studies, RNA

integrity was assessed on a BioAnalyzer; all samples had a RNA Integrity Number (RIN) "9.5 (Agilent

Laboratories). Sequencing libraries were generated according to Illumina’s instructions and

sequenced on the Illumina HiSeq platform as described previously (Sharif et al., 2016).

ChIP-qPCR analysis
Chromatin immunoprecipitation (ChIP) was performed as previously described (Endoh et al., 2012),

with minor modifications. Sonication was performed using a Covaris focused-ultrasonicator (Covaris,

Woburn, MA) to produce fragments of approximately 0.5–1 kb. Immunoprecipitation was performed

overnight at 4˚C with approximately 2–5 mg of antibody and chromatin corresponding to 5 # 106

cells. Antibody bound proteins were isolated on protein A/G magnetic Dynabeads (Invitrogen),

washed extensively, eluted, cross-links were reversed, and then the samples were sequentially

treated with RNase and proteinase K before being purified using phenol-chloroform extraction.

Real-time qPCR was performed using the Brilliant III SYBR Green QPCR Master Mix (Agilent). For

H2AK119u1-ChIP using E6C5 (Millipore #05–678), pre-cleared chromatin from 2–3 # 106 cells was

incubated with 40 ul of E6C5 antibody (Millipore #05–678) (overnight, 4˚C), and 30 ul of original Pro-

tein A dynabead slurry (Invitrogen) was incubated with 3 ug (=3 ul) of rabbit anti-mouse IgM anti-

body (Millipore #12–488) (overnight, 4˚C). Next day, the chromatin-1st antibody complexes were

immunoprecipitated with second antibody - preconjugated protein A dynabeads, and subjected to

the conventional ChIP experiments as described above.
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ChIP-seq analysis
ChIP-seq libraries were prepared according to Illumina’s instructions accompanying the NEBNext

ChIP-Seq Library set (NEB, Ipswich, MA, #E6200) and quantified by the KAPA Library Quantification

Kit (KAPA, Wilmington, MA), and their sizes were confirmed by Bioanalyzer (Agilent). Libraries were

sequenced using Illumina (San Diego, CA) HiSeq system as described previously (Isono et al., 2013).

The peak calling of ChIP-seq data was performed with MACS2 program. Published ChIP-seq data

for CBX7, MAX, and MYC were obtained from NCBI GEO (accession numbers GSM1041373,

GSM1171650, GSM1171648, respectively). Published ChIP-seq data for RING1B in wild-type and

Kdm2b-KO ESCs were also obtained from NCBI GEO (Series GSE55698).

Motif analysis
Binding motifs of PCGF6, RING1B, CBX7, MAX and MYC were detected using a computer program

DREME included in the motif analysis suite MEME version 4.9.1 (http://meme-suite.org/). Briefly, 500

bp sequences around the centers of ChIP-seq peaks were collected from the mouse genome and

enriched motifs were calculated using the above program with default parameters. Graphical repre-

sentation of the sequence logo, where letter height was determined by Shannon entropy, was gen-

erated using our in-house program.

Generation of the de novo targeting system
E14 mouse ES cells containing a single copy of TetO BAC were generated as described previously

(Blackledge et al., 2014). Mouse Pcgf6 or Max coding sequence was inserted into pCAGFS2TetR to

generate a mammalian expression plasmid for N-terminal FLAG STREPx2 (FS2) tagged PCGF6 or

MAX, respectively. Either of these plasmids was transfected into the TetO-containing ESCs and sta-

ble clones expressing TetR-PCGF6 or TetR-MAX fusion protein were detected in ChIP experiments

using an FS2-specific antibody as previously described (Blackledge et al., 2014).

Induction of EpiLCs and PGCLCs
PGCLCs were induced from Pcgf6fl/fl ES cells through an epiblast-like state as described previously

(Hayashi et al., 2011; Hayashi and Saitou, 2013). Briefly, the ESCs were first cultured in 2i (MEK

inhibitor PD0325901 and GSK-3 inhibitor CHIR99021)-containing media without a feeder layer for 3

days (from day !5 to day !2 in Figure 5C) and then subjected to EpiLC induction culture by using

media containing Activin A and bFGF for 2 days (from day !2 to day 0). Induced EpiLCs were further

differentiated into the germ cell-linage by culturing them with BMPs, SCF, LIF, EGF and others for 6

days (from day 0 to day 6). The impact of PCGF6 loss at different stages was tested by adding OHT

at day !5, day !2, or day +2 (Figure 5C).

Histological and skeletal analysis of Pcgf6-KO mice
Skeletal preparations were made from newborn mice and cleared skeletons were analyzed under a

stereomicroscope as described previously (Akasaka et al., 1996). RNA in situ hybridization was per-

formed as described previously (Akasaka et al., 1996).

Data access
Sequencing and microarray data can be accessed via the geo accession GSE84480 (http://www.ncbi.

nlm.nih.gov/geo/query/acc.cgi?token=wdmlougulbwbtgr&acc=GSE84480) and GSE87484 (https://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=sbebmckgtlyhlat&acc=GSE87484).
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Abstract

mTOR complex 2 (mTORC2) signaling is upregulated in multiple types of human cancer, but the molecular
mechanisms underlying its activation and regulation remain elusive. Here, we show that microRNA-mediated
upregulation of Rictor, an mTORC2-specific component, contributes to tumor progression. Rictor is upregulated via
the repression of the miR-424/503 cluster in human prostate and colon cancer cell lines that harbor c-Src
upregulation and in Src-transformed cells. The tumorigenicity and invasive activity of these cells were suppressed by
re-expression of miR-424/503. Rictor upregulation promotes formation of mTORC2 and induces activation of
mTORC2, resulting in promotion of tumor growth and invasion. Furthermore, downregulation of miR-424/503 is
associated with Rictor upregulation in colon cancer tissues. These findings suggest that the miR-424/503–Rictor
pathway plays a crucial role in tumor progression.
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Introduction

The evolutionarily conserved Ser/Thr kinase mTOR
(mammalian target of rapamycin) plays pivotal roles in
regulating cell growth, proliferation, and survival [1,2].
Dysregulation of mTOR signaling is frequently observed in
many types of cancers, implicating it in promotion of tumor
growth and malignancy [3-5]. mTOR assembles with alternative
binding partners to generate two functionally distinct protein
complexes: mTOR complex 1 (mTORC1), containing Raptor,
and mTOR complex 2 (mTORC2), containing Rictor [6,7].
mTORC1 controls cell growth by regulating mRNA translation
via phosphorylation of its downstream substrates, ribosomal S6
kinase (S6K) and 4E binding protein 1 (4E-BP1) [8,9]. By
contrast, mTORC2 regulates cell proliferation, survival and
actin cytoskeleton by activating AKT, protein kinase C-α (PKC-
α) and serum-glucocorticoid-induced protein kinase-1 (SGK1)
[7,10-12]. Although both complexes are activated by growth
factor signaling, the signaling cascade leading to activation and

regulation of mTORC2 are considerably less known compared
to those of mTORC1.

The mTORC2 complex consists of mTOR, Rictor, mLST8,
mSin1, Protor, and Deptor [13,14]. Overexpression of Rictor, a
specific component of mTORC2, is observed in some cancers
such as gliomas, and its forced expression promotes mTORC2
assembly and activity, conferring increased proliferative and
invasive potential on cancer cells [15]. In mice that lack the
tumor suppressor PTEN, mTORC2, and more particularly
Rictor, is required for the development of prostate cancer [16].
In melanoma and colon cancer cells, mTORC2-ribosome
association is important in oncogenic PI3K signaling [17].
Although these recent studies indicate that mTORC2 plays
important roles in cancer signaling, little is known about the
signaling cascade leading to mTORC2 activation and
regulation.

Recently, potential roles have been proposed for microRNAs
(miRNAs) in the regulation of mTORC2 components. miRNAs
are non-coding small RNA molecules that control diverse
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cellular functions, such as cell proliferation and differentiation,
by regulating expression of target genes. Because
dysregulation of miRNA expression is associated with a variety
of human cancers, specific miRNAs can be considered to act
as oncogenes or tumor suppressors [18,19]. For example,
miR-100 and miR-199a-3p suppress mTOR expression
[20-22], and miR-152 and miR-218 suppress Rictor in some
cancers [23,24]. These findings suggest that mTORC2 function
can be regulated by a set of miRNAs under the control of
oncogenic signals.

The tyrosine kinase c-Src is upregulated in various human
cancers and plays a crucial role in tumor progression [25-29].
Once activated by extracellular signals such as EGF, c-Src
acts as a common upstream regulator of multiple oncogenic
pathways, including the Ras/MAPK and PI3K/AKT pathways,
thereby inducing tumor progression [30]. In normal cells, the
kinase activity of c-Src, corresponding to the phosphorylation at
Y418 in human sequence, is rigorously controlled by the C-
terminal Src kinase (Csk) [31]; therefore, the oncogenic
potential of c-Src is suppressed. We have investigated the
mechanism of c-Src–mediated tumorigenesis using Csk-
deficient fibroblasts (Csk-/- cells), which can be transformed by
wild-type c-Src, as a model system [27]. In previous work using
this system, we investigated c-Src–induced tumor progression,
focusing on the roles of microRNAs. Recently, we showed that
miR-99a, which is downregulated by the activation of Src-
related oncogenic pathways, controls mTOR expression in
various human cancers. This novel regulatory role of miR-99a
suggests a missing link between Src and mTOR in cancer
progression [32]. Earlier studies suggested that Src-induced
cell transformation is mediated via the mTOR signaling
pathway [33,34], but the mechanism underlying Src-mediated
activation of mTOR signaling remains to be addressed.

To elucidate the molecular link between the activation of the
Src-related oncogenic pathway and mTOR-mediated tumor
progression, we investigated the expression of mTOR complex
components and the activity of downstream signaling
molecules in human colon and prostate cancer cells in which
the Src pathway is activated. In cancer cells and Src-
transformed fibroblasts, we found that Rictor is upregulated via
the repression of the miR-424/503 cluster, resulting in
promotion of mTORC2 formation and activation implicated in
cell proliferation and migration. Furthermore, the significant
correlation of downregulation of miR-424/503 and Rictor
upregulation in human colon cancer cells strongly suggests
that the upregulation of the miR-424/503–Rictor pathway is
crucial for promoting growth and invasive potential of various
human cancers.

Results

Rictor upregulation is associated with tumor growth
We first investigated the expression of distinctive mTOR

complex components in several lines of human colon and
prostate cancer cells in which Src is upregulated. Western-blot
analysis of whole-cell lysates revealed significant (P<0.05)
upregulation of Rictor in all colon and prostate cancer cell lines
tested (Figure 1A and 1B). By contrast, there was no significant

change in the expression of Raptor. In these cells, we also
observed upregulation of mTOR protein, consistent with our
previous observations [32]. We next examined the effects of
Src transformation on Rictor expression. For this experiment,
we used Csk-deficient fibroblasts (Csk-/- cells), which can be
transformed by wild-type c-Src [27]. Using these cells, we
found that Rictor and mTOR, but not Raptor, were dramatically
upregulated by c-Src–induced cell transformation (Figure 1C).
Similarly, c-Src activation by EGF stimulation induced
upregulation of Rictor and mTOR (Figure S1A). These findings
suggest that Rictor is preferentially upregulated in various
human cancer cell lines, as well as in Src-transformed cells.

To assess the role of Rictor upregulation, we examined the
effects of short hairpin RNA (shRNA) knockdown of Rictor on
Src transformation. Rictor knockdown efficiently suppressed
anchorage-independent growth in c-Src transformed cells
(Figures S1B and S1C). Tumorigenesis of c-Src–transformed
cells in nude mice was also suppressed by Rictor knockdown
(Figure 1D). Furthermore, Rictor-/- MEFs were relatively
resistant to v-Src–induced transformation, as compared to
Rictor+/+ cells (Figures 1E and S1D). These results indicate that
Rictor upregulation is tightly associated with promotion of cell
transformation as well as tumor growth.

The effect of Rictor upregulation on the formation of the
mTOR complex was confirmed by immunoprecipitation assays.
mTOR was co-precipitated with Rictor in quantities that
paralleled the levels of Rictor expression. By contrast, Raptor
was not co-precipitated with Rictor, and the interaction of
mTOR with Raptor (i.e., mTORC1 formation) was not affected
by Rictor expression (Figure S1E). These observations suggest
that upregulated Rictor contributes to promotion of tumor
growth by enhancing mTORC2 formation.

Rictor expression is regulated by the miR-424/503
cluster

To address the mechanism for Rictor upregulation, we
focused on our previous observations in c-Src–transformed
cells, where c-Src upregulation induced selective
downregulation of a set of potentially tumor-suppressive
miRNAs [32]. The bioinformatic search (TargetScan) analysis
predicted that Rictor is included in the conserved targets of one
of the downregulated miRNAs, the miR-424/503 cluster. We
thus investigated the role of the miR-424/503 cluster in
regulation of Rictor expression.

As shown in Figure 2A, the 3’-untranslated region (3’-UTR)
of human RICTOR mRNA contains two potential miR-424
binding sequences (3’-UTR-1; 1681–1687 and 3’-UTR-2;
4074–4081), the latter of which (3’-UTR-2) partly overlaps with
a potential miR-503 binding sequence. However, a luciferase
reporter assay in c-Src–transformed cells revealed that
miR-424 and miR-503 selectively target 3’-UTR-1 and 3’-
UTR-2, respectively (Figure 2B). By the expression of miR-503
or miR-424, Rictor protein was downregulated as well as the
activity of AKT, a critical downstream effector of mTORC2,
whereas phosphorylation of the mTORC1 target S6K was not
affected in c-Src–transformed cells (Figure 2C, left panels); this
indicates that miR-424/503-mediated Rictor specifically
controls the mTORC2 pathway. Inversely, functional
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Figure 1.  Rictor upregulation in human cancer cells and c-Src–transformed cells.  (A and B) Whole-cell lysates from the
indicated colon (A) and prostate (B) cancer cells were immunoblotted with the indicated antibodies. Data were obtained from three
independent experiments and analyzed by one-way analysis of variance (ANOVA), followed by Bonferroni post-hoc tests using
GraphPad Prism (GraphPad Software Inc., San Diego, CA, USA). Rictor upregulation in cancer cells were validated (P<0.05, FHC
versus colon cancer cells; P<0.05, PNT1 or PNT2 versus prostate cancer cells). The difference of Rictor levels between normal
prostate cells (PNT1 and PNT2) was not significant (P>0.05). (C) Whole-cell lysates from Csk-/- cells expressing Csk [Csk], empty
vector [mock], c-Src [c-Src], and c-Src plus Csk [c-Src+Csk]) were subjected to immunoblotting with the indicated antibodies. (D)
Csk-/-/c-Src cells expressing control (sh-cont) or Rictor shRNA #1 (sh-Rictor) were inoculated subcutaneously into nude mice.
Averages ± S.D. of tumor volume (mm3) obtained from four mice are plotted versus days after inoculation. (E) MEF (Rictor+/+) and
Rictor-deficient MEFs (Rictor-/-) were infected with retrovirus expressing v-Src, and cell morphology at a magnification of 200× and
soft-agar colony-formation activity were analyzed. Scale bar = 20 μm. The mean numbers of colonies per cm2 ± S.D. obtained from
three independent experiments are shown. Relative levels of expression of Rictor and Raptor are shown below panels A-C.
doi: 10.1371/journal.pone.0080300.g001
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knockdown using anti-miR-503 or anti-miR-424 increased
Rictor expression and the activity of AKT (Figure 2C, right
panels). qRT-PCR analyses revealed that transfection with
miR-503 or miR-424 reduced the level of RICTOR mRNA in
parallel with Rictor protein level, suggesting that Rictor
expression is downregulated by miRNA-mediated mRNA
degradation (Figure 2C and 2D). These findings demonstrate
that Rictor is directly targeted by miR-424/503 and suggest that
downregulation of miR-424/503 by c-Src activation is tightly
associated with the upregulation of mTORC2 in c-Src-
transformed cells.

To determine whether Rictor is regulated by miR-424/503 in
human cancers, we measured the expression of miR-424/503
in several human colon cancer cell lines that overexpress
Rictor (Figure 1A). qRT-PCR analyses revealed that the
expression of miR-424/503 was greatly reduced in most colon
cancer cell lines relative to the level in normal cells (Figure 2E),
suggesting an inverse correlation between Rictor and
miR-424/503 expressions. The ectopic expression of
miR-424/503 in HCT116 colon cancer cells and LNCaP
prostate cancer cells was able to suppress the expression of
Rictor and the activity of mTORC2 in these cells (Figure 2F).
These observations suggest that miR-424/503 can target Rictor
and controls mTORC2 activity even in human cancers.

The miR-424/503 cluster regulates tumor growth
We next investigated the contribution of miR-424/503 to

tumor growth. Overexpression of miR-503 and 424 significantly
suppressed anchorage-independent growth of c-Src–
transformed cells in an additive manner, because the two
miRNAs independently recognize different sites in the 3’-UTR
of RICTOR mRNA (Figure 3A). Tumorigenesis of c-Src–
transformed cells in nude mice was also significantly
suppressed by the expression of miR-424/503 (Figure 3B).
Inversely, when miR-424/503 was inactivated using anti-
miR-424/503, untransformed Csk-/- cells acquired the ability to
form colonies in soft agar (Figure 3C). Furthermore, the
expression of miR-424/503 in HCT116 cells significantly
suppressed not only in vitro tumor growth (Figure 3D) but also
in vivo tumorigenesis (Figure 3E). The importance of Rictor
upregulation in tumor growth was further confirmed by
observing that shRNA-mediated Rictor knockdown in HCT116
cells significantly suppressed colony-forming activity (Figure 3F
and 3G). Similar effects of miR-424/503 and Rictor knockdown
on colony-forming activity were also observed in LNCaP cells
(Figures S2A and S2B). However, when Rictor open reading
frame (ORF) cDNA was introduced into miR-424/503-treated
HCT116 cells, the colony-forming activity was considerably
rescued (Figure 3H and 3I). These results suggest that the
miR-424/503 cluster can function as a suppressor of tumor
growth via repressing Rictor expression.

The miR-424/503 regulates invasive potential
In addition to the effects on tumor growth, we also

recognized that expression of miR-424/503 induced a dramatic
change in cell morphology in HCT116 cells (Figure 4A).
Staining for F-actin and paxillin, a marker of focal contact,
revealed that miR-424/503 transfection induced disruption of

polarized stress fibers and a reduction in the numbers of focal
contacts (Figure 4B). These findings suggest that the
miR-424/503 can also affect cytoskeletal organization.

The dramatic effects of miR-424/503 treatment on
cytoskeletal organization and formation of focal adhesions
suggest that the miR-424/503 might also regulate the invasive
potential of cancer cells. We therefore assessed the effects of
perturbation of the pathway on the in vitro invasion potential of
HCT116 cells in Matrigel-based assays. The introduction of
miR-424/503 potently suppressed the invasive activity of
HCT116 cells. Similar effects were also observed by shRNA-
mediated knockdown of Rictor in these cells. (Figure 4C).
These findings suggest that the miR-424/503-mediated Rictor
function plays crucial roles in controlling cytoskeletal
organization, formation of focal contacts and invasive potential
of cancer cells.

The miR-424/503–Rictor pathway in human cancers
Finally, we verified the role of the miR-424/503–Rictor

pathway in human cancers by determining the expression
levels of the pathway’s components in primary colon tumors as
well as adjacent non-cancerous tissues. qRT-PCR analyses
revealed that the expression of the miR-424/503 cluster was
significantly downregulated in seven of the ten tumor samples
we tested (Figure 5A), indicating that downregulation of
miR-424/503 is associated with some types of human colon
cancers. Western-blot analysis of these samples supported
that there is a significant correlation between miR-424/503
repression and Rictor expression even in human cancer
tissues (Figure 5B). To examine whether Rictor upregulation is
observed in human cancer tissues, immunohistochemistry for
Rictor was performed in 20 other colon tumor specimens.
Compared to adjacent non-cancerous tissues, levels of Rictor
were upregulated in 19 of 20 primary tumor regions (Figure
5C). These observations suggest that downregulation of
miR-424/503 promotes cancer progression via Rictor
upregulation in various human cancers.

Discussion

In this study, we identified the miR-424/503–Rictor pathway
as a crucial pathway involved in the tumor progression. A
schematic of the function of this axis is depicted in Figure 5D.
In this model, when oncogenic signaling is initiated by
upregulation of oncogenic molecules, e.g., c-Src, expression of
the miR-424/503 cluster is specifically repressed. Rictor, a
target of miR-424/503, is consequently upregulated, promoting
mTORC2 formation. Then, activated mTORC2 induces
activation of AKT to promote tumor growth as well as invasive
activity of cancer cells.

miR-424 and miR-503 are co-transcribed as a polycistronic
primary transcript (pri-miRNA) and thus comprise the
miR-424/503 gene cluster [35]. The mature miRNAs recognize
different regions in 3'UTR of RICTOR mRNA and act additively
(Figure 3A). Although the mechanism for transcriptional
regulation of this gene cluster remains unclear, formation of
miRNA clusters whose members share common target genes
might still be evolutionarily advantageous, as small changes in

MiR-424/503-Mediated Tumor Progression
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Figure 2.  Rictor expression is regulated by the miR-424/503 cluster.  (A) Alignment of RNA sequences of hsa-miR-424/503
(corresponding to mmu-miR-322/503 in mouse), and potential miR-424/503–binding sequences in Rictor 3’-UTRs. The seed
sequence of miR-424/503 and its binding sequences are shown in red; mutated sequences are shown in blue. (B) pMIR-Rictor-1
and pMIR-Rictor-2 luciferase reporter constructs, containing either wild-type or mutated (mt) Rictor 3’UTR-1 and 3’UTR-2, were co-
transfected with 30 nM of control, miR-503, or miR-424 into c-Src–transformed cells. Relative Renilla luciferase expression was
standardized to a transfection control. The mean values of relative luciferase activity ± S.D. were obtained from three independent
assays. *, p < 0.05 by Student’s t-test. (C) Csk-/- cells and c-Src–transformed cells (Csk-/-/c-Src) were transfected with 30 nM of
control, miR-503, or miR-424 (left panels). Csk-/- cells were transfected with 30 nM of control, anti-miR-503, or anti-miR-424 (right
panels). Whole-cell lysates were immunoblotted with the indicated antibodies. (D) Csk-/- and Csk-/-/c-Src cells were transfected with
30 nM of control, miR-503, or miR-424. The expression of RICTOR mRNA was analyzed by real-time PCR. (E) The expression
levels of miR-503 (black) and miR-424 (grey) in the indicated colon cell lines were assessed by qRT-PCR. (F) Whole-cell lysates
from HCT116 and LNCaP cells transfected with 30 nM of control, miR-503, or miR-424 were immunoblotted with the indicated
antibodies. The relative expression levels of Rictor are shown at the bottom of the panels (C, D, and F).
doi: 10.1371/journal.pone.0080300.g002
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Figure 3.  miR-424/503 cluster as a suppressor of tumor growth.  (A) Csk-/-/c-Src cells were transfected with 5 nM of control,
miR-503 and/or miR-424 and subjected to the soft-agar colony-formation assay for 7 days. (B) Csk-/-/c-Src cells treated with 15 nM
each of miR-503 and miR-424, or 30 nM control, were inoculated subcutaneously into nude mice. Averages ± S.D. of tumor volume
(mm3) obtained from five mice are plotted versus days after inoculation. (C) Csk-/- cells were transfected with the 30 nM of control,
anti-miR-503, or anti-miR-424 and subjected to the soft-agar colony-formation assay for 21 days. (D) HCT116 cells were treated
with 30 nM of miR-503, miR-424, or cont-miR and subjected to the soft-agar colony-formation assay for 8 days. (E) HCT116 cells
treated with 15 nM each of miR-503 and miR-424, or 30 nM control, were inoculated subcutaneously into nude mice. Averages ±
S.D. of tumor volume (mm3) obtained from four mice are plotted versus days after inoculation. (F) HCT116 cells were expressed
with control (sh-cont) or Rictor shRNA (sh-Rictor). Whole-cell lysates were immunoblotted with the indicated antibodies. Relative
levels of Rictor expression are shown below panels. (G) Colony-forming activity of HCT116 cells expressing control (sh-cont) or
Rictor shRNA. (H) HCT116 cells were treated with 15 nM each of miR-503 and miR-424, or 30 nM control with or without Rictor
transfection, and the total cell lysates were immunoblotted with the indicated antibodies. (I) HCT116 cells indicated in (H) were
subjected to soft-agar colony-formation assay. Colonies were scored 8 days after plating. The mean number of colonies ± S.D. was
obtained from three independent experiments (A, C, D, G and I). *, p < 0.05 and **, p < 0.01 by Student’s t test.
doi: 10.1371/journal.pone.0080300.g003
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cluster expression would exert an amplified effect on the
mRNA targets of individual miRNAs. miR-424/503 has been
reported to target several genes such as cdc25A [36], FGF2
and FGFR1 [37]. While we cannot exclude the possibility that
miR-424/503 act via these targets, we found that the growth-
suppressive effect of miR-424/503 is largely attributed to Rictor
downregulation in colon cancer cells. Two other miRNAs that
also target Rictor, miR-218 and miR-152, has shown to be
downregulated in oral squamous cell carcinoma and
endometrial cancer [23,24]. Taken together, it is possible that
miRNA-mediated Rictor upregulation contributes to tumor
progression in a wide array of human cancers.

Previously, we identified several tumor-suppressive miRNAs
that are repressed in c-Src–transformed cells: miR-99a targets
mTOR to suppress tumor progression, and miR-542-3p targets

ILK to suppress tumor malignancy [32,38]. miR-99a–mediated
mTOR upregulation collaborates with miR-424/503–mediated
Rictor upregulation to promote mTORC2 activation.
Furthermore, it is possible that upregulation of ILK by
repression of miR-542-3p also contributes to the activation of
invasive potential induced via the miR-424/503–Rictor
pathway. The direct interaction between ILK and Rictor further
supports a functional interaction between these molecules [39].
Based on these findings, we suspect that mTOR complex
components and their interacting molecules are convergent
targets of tumor-suppressive microRNAs controlled by
oncogenes, such as Src and EGF. This in turn highlights
crucial roles of the mTOR pathways, particularly the mTORC2
pathway, in controlling tumor growth as well as aspects of
tumor malignancy such as invasion and metastasis.

Figure 4.  Role of the miR-424/503–Rictor pathway in cytoskeletal organization and invasive activity of human colon cancer
cells.  (A) The morphology of HCT116 cells expressing 30 nM of miR-424, -503, or control was observed by phase-contrast
microscopy at a magnification of 200×. Scale bar = 50 μm. (B) Cells indicated in (A) were subjected to immunocytochemistry. F-
Actin (green) and Paxillin (red) were analyzed by immunostaining of the indicated cells grown on fibronectin-coated dishes. Boxed
images are enlarged in right panels. Locations of focal contacts are indicated by arrowheads. Scale bar = 20 μm. (C) In vitro
invasiveness of HCT116 cells transfected with the indicated materials was analyzed. Cells (1.0 × 105) were seeded into Matrigel
invasion chambers. After 48 h, membranes were detached; cells were stained and counted. The mean number of cells per mm2 ±
S.D. was obtained from three independent experiments. *, p < 0.05 and **, p < 0.01 by Student’s t-test.
doi: 10.1371/journal.pone.0080300.g004
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Figure 5.  miR-424/503–Rictor pathway in human colon cancer tissues.  (A) The relative expression levels of miR-503 (black)
and miR-424 (grey) in colon tumors in comparison with adjacent non-cancerous tissues (white) were assessed by qRT-PCR. The
mean values ± S.D. were obtained from three independent experiments. (B) Whole-tissue lysates from colon tumors (T) and
adjacent non-cancerous tissues (N) indicated in (A) were analyzed by immunoblotting with the indicated lysates. (C)
Immunohistochemistry for Rictor (200×) in colon adenocarcinoma (arrow) and non-cancerous (arrowhead) tissue samples.
Representative images from 19 of 20 samples are shown. Scale bar corresponds to 100 μm. (D) A schematic model of the role of c-
Src–miR-424/503–Rictor pathway. The downregulation of miR-424/503 mediated by Src activation results in the upregulation of
Rictor, which in turn induces mTORC2 formation, leading to the promotion of tumor growth and progression.
doi: 10.1371/journal.pone.0080300.g005
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Here, we provided the first evidence that Rictor is
substantially upregulated in a subset of human colon and
prostate cancer cell lines. Furthermore, it is upregulated in
human colon cancer tissues at a very high incidence (19/20;
95%). To confirm the significance of Rictor upregulation in
cancers, we examined human cancer mRNA profiles available
at the Gene Expression Omnibus. Rictor is significantly
upregulated in endometrial (GSE17025), adrenocortical
(GSE12368), and pancreatic carcinoma (GSE15481) relative to
non-cancerous tissues. These observations suggest that Rictor
upregulation deserves further investigation in a wide variety of
human cancers. Together with our previous observation that
mTOR kinase is frequently upregulated via activation of
oncogenic signaling [32], these findings demonstrate that
upregulation of mTORC2 contributes broadly to the
progression of human cancers.

These findings suggest that inhibition of mTOR kinase
activity within mTORC2 would be valuable in treatment of
cancers. This idea is supported by our observations that
downregulation of Rictor suppressed tumorigenicity of cancer
cells without any effects on normal cells, whereas
downregulation of either Raptor, a component of mTORC1, or
mTOR itself strongly suppressed the growth of normal cells
(Figure S3). Taken together with the previous finding that
deletion of Rictor in a mouse model causes no defects in
normal prostate function [16], these observations indicate that
selective inhibitors of mTORC2 kinase will be valuable as
cancer therapeutics.

In summary, we have demonstrated a critical role for the
miR-424/503–Rictor pathway in controlling cancer progression.
Considering that this novel axis is activated in both human
colon and prostate cancer cells and transformed mouse
fibroblasts, it is likely to represent a fundamental mechanism
underlying mTOR signaling in cancers. Therefore, study of this
pathway should be valuable in the investigation of many types
of human cancers. Our findings reveal new avenues for
anticancer therapeutic intervention targeted on this pathway.

Materials and Methods

Cancer specimens and cell lines
Snap-frozen colon tissues were divided visually into tumor

(T) and non-cancerous (N) regions that were then confirmed
histologically (see Immunohistochemistry). The research
protocol for the collection of human samples was approved by
the ethical review board of the Graduate School of Medicine,
Osaka University, Japan. Informed consent was obtained from
all patients in writing before enrollment in the study. Csk-/-

mouse embryonic fibroblasts (Csk-/- MEFs) were a kind gift
from Dr. Akira Imamoto [40]. Rictor-/- MEFs and Rictor+/+ MEFs
were kind gifts from Dr. David M Sabatini [11]. Human colon-
cancer cell lines (Caco-2, HT-29, HCT116, SW480, and
SW620), human prostate-cancer cell lines (PC3, LNCaP, and
DU145), normal human prostate cells (PNT1A and PNT2),
FHC (normal human colon cells), and HaCaT (normal human
keratinocyte cells) were obtained from the American Type
Culture Collection (ATCC). MEFs, PC3, and colon cancer cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM).

LNCaP, DU145, PNT1A, and PNT2 cells were cultured in
RPMI medium. Media were supplemented with 10% fetal
bovine serum (FBS). FHC cells were cultured in DMEM/Ham’s
F-12 (1:1) with 10% FBS, 5 μg/ml insulin, 5 μg/ml transferrin,
and 100 ng/ml hydrocortisone.

Soft-agar colony-formation assay
Soft-agar colony-formation assay was performed as

described [32]. Briefly, single-cell suspensions of 2 × 104 cells
were plated in 6-well culture dishes in 1.5 ml of DMEM
containing 10% FCS and 0.36% agar on a layer of 2.5 ml of the
same medium containing 0.7% agar. Colonies were stained
with 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium
bromide (MTT; Sigma, St Louis, MO, USA) 7-14 days after
plating, and micrographs of the stained colonies were used to
count the numbers of colonies.

Tumorigenesis assays
Immunodeficient mice (BALB/c AJc1-nu/nu, CLEA Japan,

Inc.) were injected subcutaneously (s.c.) as described [32].
Briefly, mice were injected subcutaneously (s.c.) with 1 × 106

cells suspended in 200 μl of serum-free DMEM at one location.
Tumors were monitored every 2 or 3 days and the tumor
volume was estimated using the following formula: 0.5 × L ×
W2. At least three mice were used in each experiment. The
mice used for this study were housed in environmentally-
controlled rooms of the animal experimentation facility at
Osaka University and sacrificed under deep anesthesia with
isoflurane. All experiments were conducted under the
applicable laws and guidelines for the care and use of
laboratory animals in the Research Institute for Microbial
Diseases, Osaka University, approved by the Animal
Experiment Committee of the Research Institute for Microbial
Disease, Osaka University.

Invasion assay
Invasion assays were performed as described [38]. Briefly,

Invasion assays were conducted using a BioCoat Matrigel
Invasion Chamber (BD Biosciences) according to the
manufacturer’s instructions. A cell suspension (1 × 105 cells) in
serum-free medium was added to the inserts and each insert
was placed in the lower chamber, which contained NIH3T3
cell-conditioned medium. After 48 h of incubation, invasiveness
was evaluated by staining the cells that migrated through the
extracellular matrix layer. Numbers of invading cells were
counted for five microscopic fields per well at a magnification of
100 ×, and the extent of invasion was expressed as the
average number of cells per mm2.

Pre-miRNA and anti-miRNA transfection
miR-503 precursor (PM10378), miR-424 (PM10306),

antisense miR-503 (AM10378), and anti-miR-424 (AM10306)
were purchased from Applied Biosystems. miRNA transfection
was performed as described previously [32]. The day before
transfection, 2.5 × 105 cells were seeded onto 6-well plates.
Different concentrations (5, 15 or 30 nM) of precursor and 30
nM of inhibitor, as well as the negative control, were
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transfected using Lipofectamine RNAiMAX in 16 μl per 6-well
plate according to the manufacturer’s instructions (Invitrogen,
Carlsbad, CA, USA). Using this approach, 90% of cells were
transfected as judged by comparison to FAM-labeled controls
(AM17121; Applied Biosystems).

Immunochemical analysis
Cells were lysed in n-octyl-β-D-glucoside (ODG) buffer (20

mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM
sodium orthovanadate, 20 mM NaF, 1% Nonidet P-40, 5%
glycerol, 2% ODG and protease inhibitor cocktail), and
immunoblotting was performed as described previously [29].
Immunocytochemistry was performed as described previously
[41]. Immunoprecipitation of mTOR complex was performed
was carried out as described previously [42]. The following
antibodies were used: anti-Src (Ab-1, Calbiochem), anti-Src
pY418 (Biosource), anti-Csk, anti-GAPDH (Santa Cruz), anti-
Rictor, anti-Raptor, anti-mTOR, anti-AKT pS473, anti-AKT,
anti-S6K pT389, anti-S6K (Cell Signaling), and Alexa Fluor
594-conjugated goat anti-mouse IgG (Molecular Probes). The
chemical used was Alexa Fluor 488-phalloidin (Molecular
Probes).

Immunohistochemistry
Histologic specimens were fixed in 10% formalin and

routinely processed for paraffin embedding. Histological
sections 4-μm thick were stained with hematoxylin and eosin
and reviewed by two pathologists (JI and EM) to define the
cancerous and corresponding normal tissues. An
immunoperoxidase procedure was performed on the paraffin-
embedded sections as described previously [32]. After antigen
retrieval using a Pascal pressurized heating chamber (Dako
A/S, Glostrup, Denmark), the sections were incubated with
anti-Rictor antibody that was diluted at 1:50. Cells were then
treated with a ChemMate EnVision kit (Dako).
Diaminobenzidine (Dako) was used as a chromogen. As a
negative control, staining was carried out in the absence of
primary antibody. Stained sections were evaluated
independently by two pathologists (JI and EM).

Luciferase assay
Luciferase assay was performed as described previously

[32]. Two sets of complementary oligonucleotides from the
human Rictor 3’UTR containing the putative miR-503 or
miR-424 binding sites were designed. The primers used were
as follows:

Rictor 3’UTR-1-F:
5’-

AGCTTAGCAGATAAGGGCTGTAAGCTGCTGCTTATGTTGA
AAAGTGGTTCTTA -3’;

Rictor 3’UTR-1-R:
5’-

CTAGTAAGAACCACTTTTCAACATAAGCAGCAGCTTACAG
CCCTTATCTGCTA -3’;

Rictor 3’UTR-2-F:
5’-

AGCTTTTCTTTTTTATTTAGTAATACGCTGCTACATATTTGG
AGGTTCTGGTGA -3’;

Rictor 3’UTR-2-R:
5’-

CTAGTCACCAGAACCTCCAAATATGTAGCAGCGTATTACTA
AATAAAAAAGAAA -3’;

Rictor-mt 3’UTR-1-F:
5’-

AGCTTAGCAGATAAGGGCTGTAAGCGCGGCGGTATGTTG
AAAAGTGGTTCTTA-3’;

Rictor-mt 3’UTR-1-R:
5’-

CTAGTAAGAACCACTTTTCAACATACCGCCGCGCTTACAG
CCCTTATCTGCTA-3’;

Rictor-mt 3’UTR-2-F:
5’-

AGCTTTTCTTTTTTATTTAGTAATAGCGGCGGCATATTTGG
AGGTTCTGGTGA-3’; and

Rictor-mt 3’UTR-2-R:
5’-

CTAGTCACCAGAACCTCCAAATATGCCGCCGCTATTACTA
AATAAAAAAGAAA-3’.

Retroviral gene transfer
Retroviral gene transfer was performed as described

previously [27]. Retroviral vectors carrying wild-type chicken c-
Src and v-Src were kindly provided by Dr. Tsuyoshi Akagi
(KAN Institute, Kobe).

Knockdown of genes by shRNA
Lentiviral vectors, empty and carrying human mTOR (ID:

NM_004958.2-8344s1c1) were purchased from Sigma.
Lentiviral vectors carrying human Rictor, mouse Rictor, and
human Raptor were kind gifts from Dr. David M Sabatini. The
production of lentiviruses and the infection of cells were
performed according to the manufacturer’s instructions.

Real-time PCR analysis of miRNAs
Expression of mature miRNA was assayed using TaqMan

MicroRNA assays (Applied Biosystems) as described
previously [32]. miRNA expression was calculated relative to
the expression of snoRNA202 (ID: 001232, for mouse) or
RNU48 (ID: 001006, for human) (Applied Biosystems).
MicroRNA-specific primers for miR-503 (ID: 001048) and
miR-424 (ID: 000604) were obtained from Applied Biosystems.

Real-time PCR analysis of target gene
Total RNA was prepared using Sepasol (Nacalai Tesque)

and reverse transcribed using SuperScript II reverse
transcriptase (Invitrogen). The expression of housekeeping
gene gapdh was used to normalize the amount of total RNA.
Real-time quantitative PCR analysis was performed as
described [41]. Specific primers for mouse RICTOR (ID:
Mm01307318_m1) and GAPDH (ID: Mm99999915_g1) were
obtained from Applied Biosystems. Experiments were carried
out in triplicate for each data point.
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Supporting Information

Figure S1.  Role of Rictor on tumor growth of c-Src–
transformed cells. (A) Whole-cell lysates from MEFs were
stimulated with or without 10 ng/ml EGF for 4 days and
immunoblotted with the indicated antibodies. (B) Whole-cell
lysates from Csk-/-/c-Src cells expressing control (sh-cont) or
Rictor shRNA (sh-Rictor#1, #2, and #3) were immunoblotted
with the indicated antibodies. The relative expression levels of
Rictor are shown. (C) Soft-agar colony-formation assay for the
cells indicated in (B). The mean number of colonies ± S.D. was
obtained from three independent experiments. *, p < 0.05 by
Student’s t-test. (D) MEFs (Rictor+/+) and Rictor-deficient MEFs
(Rictor-/-) were infected with retrovirus expressing empty vector
(Mock) or v-Src. Cell lysates were immunoblotted with the
indicated antibodies. (E) Cell lysates from Csk-/- cells (mock)
and Csk-/-/c-Src cells expressing control (sh-cont) or Rictor
shRNA #1 (sh-Rictor) were subjected to immunoprecipitation
(IP) with anti-Rictor or anti-mTOR, followed by immunoblotting
with the indicated antibodies. The relative expression levels of
mTOR and Rictor are shown at the bottom of the panels.
(TIF)

Figure S2.  miR-424/503 cluster as a tumor suppressor of
tumor growth. (A) LNCaP cells were treated with 30 nM of
miR-503, miR-424, or cont-miR and subjected to the soft-agar
colony-formation assay for 8 days. (B) Colony-forming activity
of LNCaP cells expressing control (sh-cont) or Rictor shRNA.

Colonies were scored 8 days after plating. The mean number
of colonies ± S.D. was obtained from three independent
experiments. *, p < 0.05 and **, p < 0.01 by Student’s t test.
(TIF)

Figure S3.  Rictor downregulation does not affect cell
proliferation of human normal epithelial cells. (A) Whole-
cell lysates from HaCaT cells expressing control, mTOR,
Raptor or Rictor shRNA (sh-cont, sh-mTOR, sh-Raptor and sh-
Rictor, respectively) were immunoblotted with the indicated
antibodies. (B) Cell proliferation of the indicated HaCaT cells
indicated in (A) was examined by an in vitro proliferation assay
using WST-1. Mean values ± S.D. were obtained from three
independent experiments.
(TIF)
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EBAG9 modulates host immune defense against tumor
formation and metastasis by regulating cytotoxic activity
of T lymphocytes
T Miyazaki1, K Ikeda1, K Horie-Inoue1, T Kondo2, S Takahashi3 and S Inoue1,4,5

Estrogen receptor-binding fragment-associated antigen 9 (EBAG9) is a primary estrogen-responsive gene that we previously
identified in MCF-7 breast cancer cells using the CpG genomic binding-site cloning technique. The expression of EBAG9 protein is
often upregulated in malignant tumors, suggesting that this protein is involved in cancer pathophysiology. In the present study, we
investigated the role of EBAG9 in host defense against implanted tumors in Ebag9-knockout (Ebag9KO) mice. MB-49 mouse bladder
cancer cells were subcutaneously implanted into Ebag9KO and control mice. We found that tumor formation and metastasis to the
lung by MB-49 cells were substantially reduced in Ebag9KO mice compared with control mice. The infiltration of CD8+, CD3+ and
CD4+ T cells into the generated tumors was enhanced in Ebag9KO mice compared with controls. Notably, CD8+ T cells isolated from
tumors in Ebag9KO mice exhibited substantial upregulation of immunity- and chemoattraction-related genes, including interleukin-
10 receptor, interferon gamma, granzyme A, granzyme B and chemokine (C-X-C motif) receptor 3 compared with CD8+ T cells from
tumors in control mice. The CD8+ T cells isolated from tumors in Ebag9KO mice also exhibited enhanced degranulation and
increased cytolytic activity. Furthermore, the adoptive transfer of CD8+ T cells isolated from tumors in Ebag9KO host could repress
tumor growth by MB-49 cells implanted in wild-type host. These results suggest that EBAG9 modulates tumor growth and
metastasis by negatively regulating the adaptive immune response in host defense. EBAG9 could be a potential target for tumor
immunotherapy.

Oncogenesis (2014) 3, e126; doi:10.1038/oncsis.2014.40; published online 3 November 2014

INTRODUCTION
Estrogen receptor-binding fragment-associated antigen 9 (EBAG9)
is an estrogen-responsive gene that was originally isolated from a
CpG island library of MCF-7 human breast cancer cells using a
genomic binding-site cloning method.1 EBAG9 is expressed in
estrogen target organs as well as several other organs including
the brain, liver, heart and kidney.2 EBAG9 expression can be
induced by estrogen, as observed in cell lines and in ovariecto-
mized mice treated with 17β-estradiol. Although the physiological
function of EBAG9 has not been well defined, the molecule may
be implicated in cancer pathophysiology based on protein
expression studies in breast,3 ovarian,4 prostate,5 hepatocellular,6

renal cell7 and bladder cancers.8 Furthermore, it has been shown
that the immunoreactivity of EBAG9 positively correlates to
advanced tumor grades and poor prognosis.3–9 Therefore, EBAG9
is assumed to promote the progression of malignant tumors.
It has been reported that EBAG9 is localized in the Golgi

apparatus and increases O-linked glycan expression.10 The
O-linked glycans, sialyl-Tn, is a carbohydrate antigen over-
expressed in several epithelial cancers.11 It has been shown that
sialyl-Tn expression and concomitant changes in the overall
O-glycan profile lead to a decreased adhesion and increased
migration of MDA-MB-231 breast cancer cells. sialyl-Tn-positive

MDA-MB-231 clones exhibit increased tumor growth in severe
combined immunodeficiency mice.11

We have previously shown that EBAG9 has no significant effect
on proliferation of Renca cells in vitro, whereas EBAG9 over-
expression in Renca cells promotes tumor formation in vivo when
the cells are implanted in BALB/c mice. Interestingly, in
immunodeficient BALB/c nude mice, tumors generated by
EBAG9-overexpressing Renca cells and vector-expressing Renca
cells had similar volumes. Thus, EBAG9 is assumed to be a tumor-
promoting factor rather than an essential oncoprotein by itself.
The difference between EBAG9-overexpressing and vector-
expressing Renca cells in terms of tumor growth in BALB/c mice
could be owing to reduced numbers of infiltrating CD8+ T cells in
EBAG9-overexpressing Renca cell tumors, as a result of suppres-
sion of antitumor immunity in the micrenvironments.7

Cytotoxic T lymphocytes exclude tumor cells by releasing
secretory lysosomes, which contain granzymes and perforin.
These lysosomes are produced in the endoplasmic reticulum
and subsequently transported to the Golgi complex.12 It has been
shown that the absence of EBAG9 enhances the cytotoxic activity
of CD8+ T cells in EBAG9-knockout mice. Although the absence of
EBAG9 did not affectlymphocyte development, it led to an
increased secretion of granzyme A from cytotoxic T lymphocytes
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treated with CD3 antibody. EBAG9 is considered to inhibit
endosomal-lysosomal trafficking of cytotoxic effectors.13

To assess the functional relevance of EBAG9 in host defense
against tumors, we generated Ebag9-knockout (Ebag9KO) mice by
crossing Ebag9f/f mice with Ayu1-Cre mice, which ubiquitously
express Cre recombinase.14 We show that Ebag9KO mice exhibit
strong antitumor immune responses including tumor suppression
of lung metastasis. Notably, in Ebag9KO mice, CD8+ T-cell
infiltration is significantly increased in generated tumors. We
show that CD8+ T cells in Ebag9KO mice exhibit increased
expression of interleukin-10 receptor (Il10r), interferon gamma
(Ifng), granzyme A (Gzma), granzyme B (Gzmb) and chemokine (C-
X-C motif) receptor 3 (Cxcr3), as well as increased degranulation
and cytotoxic activity. Moreover, adoptively transferred CD8+

T cells isolated from tumors generated in Ebag9KO mice suppress
tumor growth in wild-type mice.

RESULTS
Generation of Ebag9KO mice
To assess the physiological function of EBAG9 in host defense
against tumors, we generated Ebag9KO mice by the following
steps. We first generated Ebag9f/f mice by homologous recombi-
nation in embryonic stem cells (Figure 1a). Then, Ebag9f/f mice
were crossed with Ayu1-Cre mice, which ubiquitously expressed
Cre recombinase,14 to remove the neomycin-resistance cassette
and exon 2 of the Ebag9 gene. The resulting heterozygous
Ebag9f/+; Ayu1-Cre mice were interbred to generate homozygous
Ebag9f/f; Ayu1-Cre (Ebag9KO) mice. Genotypes of progeny were
confirmed by PCR using genomic DNA prepared from tails
(Figure 1b). To confirm the absence of full-length Ebag9 mRNA
and protein expression in Ebag9KO mice, we examined Ebag9
expression in mouse embryonic fibroblasts (MEFs) using quanti-
tative real-time PCR (qRT–PCR) (Figure 1c) and western blot
analysis (Figure 1d). Furthermore, we confirmed whether full-
length Ebag9 mRNA was deleted in brain, liver, spleen, bone
marrow and thymus in Ebag9KO and control Ebag9+/+;Ayu1-Cre
mice using qRT–PCR (Figure 1e). The expression of full-length
Ebag9 mRNA and protein was completely abolished in Ebag9KO
MEFs and tissues (including brain, liver, spleen, bone marrow and
thymus). Ebag9KO mice seemed to be healthy and fertile without
any apparent morphological abnormalities. In addition, mating of
Ebag9KO mice produced normal litters.

Loss of Ebag9 in host suppresses tumor growth and lung
metastasis by MB-49 bladder cancer cells
We investigated the role of EBAG9 in host tumor immunity using
Ebag9KO mice with implanted tumors. MB-49 bladder cancer cells,
which originated from a carcinogen-induced tumor of bladder
epithelial origin in male C57BL/6 mice,15 were inoculated into
Ebag9KO and control mice. MB-49 cells developed smaller tumors
in Ebag9KO mice than in control mice 4 weeks after inoculation
(Figures 2a and b). After 4 weeks, the volume of tumors was
significantly smaller in Ebag9KO mice than in control mice
(2733± 1216 versus 5218 ± 1895mm3, n= 8, Po0.01) (Figure 2c).
Furthermore, to determine whether loss of EBAG9 is also involved
in tumor metastasis, we investigated lung tissue in Ebag9KO
and control mice. Tumor metastasis to the lung was signi-
ficantly reduced in Ebag9KO mice compared with control
mice (Figures 3a and b). After 4 weeks, the number of
metastatic foci in the lung was significantly lower in Ebag9KO
mice than in control mice (2.63 ± 2.39 versus 10.50 ± 3.39;
Ebag9KO mice, n= 8; control mice, n= 6; Po0.01) (Figure 3c).
These results indicate that EBAG9 is involved in tumor growth and
metastasis in vivo.
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Figure 1. Generation of Ebag9KO mice. (a) Schematic representation
of the strategy employed to disrupt the Ebag9 gene. Ebag9f/f

mice possess alleles including loxP sites flanking the neomycin-
resistance cassette and Ebag9 exon 2 (top). Ebag9f/f mice were
crossed with Ayu1-Cre mice. After removal of the loxP-flanked
neomycin-resistance cassette via Cre-mediated recombination
(bottom), the resulting offspring has a heterozygous deletion of
Ebag9 (that is, Ebag9f/+;Ayu1-Cre). Ebag9f/+;Ayu1-Cre mice were bred
to generate homozygous Ebag9f/f;Ayu1-Cre mice, designated as
Ebag9KO mice. Positions of the PCR primers A and B, used for
genotyping, are shown. (b) Representative PCR analysis of genomic
DNA from mouse tails. Genotyping was performed by PCR using
primers A and B for the wild-type allele and the null allele. The
genotypes and their corresponding PCR products are as follows:
control (Ebag9+/+;Ayu1-Cre), 1757 bp; heterozygous (Ebag9f/+;Ayu1-
Cre), 1757 and 312 bp; Ebag9KO (Ebag9f/f;Ayu1-Cre), 312 bp. (c) qRT–
PCR analysis of full-length Ebag9mRNA expression in MEFs obtained
from Ebag9KO and control mice. Gapdh was used as an internal
control. (d) Western blot analysis of EBAG9 protein expression in
MEFs obtained from Ebag9KO and control mice. β-Actin was used as
a loading control. (e) Ebag9 mRNA expression in several tissues
derived from Ebag9KO and control mice. Ebag9 mRNA expression
was analyzed by qRT–PCR. Gapdh was used as an internal control.
The results shown are mean values± s.d. *Po0.05; **Po0.01 by
Student’s t-test.
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Increased infiltration of CD8+, CD3+, and CD4+ T cells in implanted
tumors of Ebag9KO mice
To explore whether EBAG9 modulates the subtype-specific
reactivity of T cells against tumors, we examined the number of
tumor-infiltrating T cells in the tumors generated in Ebag9KO and
control mice by immunohistochemistry using antibodies specific
for CD8, CD3, and CD4. Significant increases in the number of
CD8+ T cells (56.17 ± 22.05 versus 10.33 ± 11.07; Ebag9KO mice,
n= 8; control mice, n= 6; Po0.01) (Figure 4a), CD3+ T cells
(225.40 ± 39.06 versus 177.92 ± 31.87; Ebag9KO mice, n= 8; control
mice, n= 6; Po0.01) (Figure 4b), and CD4+ T cells (62.32 ± 27.83
versus 42.91 ± 21.06; Ebag9KO mice, n= 8; control mice, n= 6;
Po0.05) (Figure 4c) in implanted tumors were observed in
Ebag9KO mice.

Upregulation of expression of immunity- and chemoattraction-
related genes in CD8+ T cells isolated from tumors generated in
Ebag9KO mice
To investigate the role of EBAG9 in CD8+ T-cell-mediated immune
surveillance, we examined the expression of immunity- and
chemoattraction-related genes in CD8+ T cells isolated from
tumors generated in Ebag9KO and control mice. The expression of
Il10r (Figure 5a), Ifng (Figure 5b), Gzma (Figure 5c), Gzmb
(Figure 5d) and Cxcr3 (Figure 5e) was upregulated in CD8+

T cells isolated from tumors generated in Ebag9KO mice
compared with control mice (each n= 3, Po0.05). We also
confirmed that there was no detectable expression of full-length
Ebag9 mRNA (Figure 5f) in the CD8+ T cells isolated from tumors
generated in Ebag9KO mice by qRT–PCR (n= 3, Po0.01). To
measure the purity of CD8+ T cells isolated from tumors generated
in Ebag9KO and control mice, we stained the isolated cells with
anti-CD8a-FITC antibody and analyzed the cells by flow cytometry.
CD8+ T cells typically constituted 490% of the isolated cells
(data not shown). These results indicate that loss of EBAG9
resulted in the upregulation of genes related to cytotoxicity and
chemoattraction.

Loss of EBAG9 induces host immune surveillance
We next performed a degranulation assay (Figure 6a) and a
cytotoxicity assay (Figure 6b) to investigate whether the loss of
EBAG9 expression influenced the activity of CD8+ T cells. CD8+

T cells isolated from tumors generated in Ebag9KO mice exhibited
increased degranulation and cytotoxicity, suggesting that the loss
of EBAG9 contributes to the fusion of lysosomes with the plasma
membrane in CD8+ T cells. Furthermore, we investigated whether
the CD8+ T cells isolated from tumors generated in Ebag9KO mice
are involved in the suppression of bladder cancer MB-49 tumor
growth. We intravenously transferred CD8+ T cells isolated from
tumors generated in Ebag9KO or control mice into C57BL/6 mice.
Then, MB-49 cells were inoculated into the recipient mice.
Adaptively transferred CD8+ T cells isolated from tumors
generated in Ebag9KO mice suppressed tumor growth of MB-49
cells (Figures 6c and d). After 13 days, adaptive transfer of CD8+

T cells from Ebag9KO mice significantly inhibited tumor growth
in C57BL/6 mice compared with those from control mice
(333.9 ± 183.3 versus 616.5 ± 107.3 mm3, Ebag9KO mice, n= 5;
control mice, n= 7; Po0.01) (Figure 6e).

DISCUSSION
In the present study, we demonstrated that tumor formation and
lung metastasis by implanted MB-49 mouse bladder cancer cells
were substantially reduced in Ebag9KO mice compared with
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suspended in 50 μl of PBS were injected with 50 μl of Matrigel
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sacrificed 28 days after implantation and tumors were excised.
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Figure 3. Reduced numbers of lung metastatic foci of MB-49 bladder cancer cells in Ebag9KO mice. Shown are representative photographs of
control (a) and Ebag9KO mice (b) 4 weeks after inoculation with tumor cells. (c) Corresponding numbers of lung metastatic foci (control mice,
n= 6; Ebag9KO mice, n= 8). The data shown are mean values± s.d. **Po0.01 by Student’s t-test.
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control mice. Notably, in Ebag9KO mice, the numbers of
infiltrating CD8+, CD3+ and CD4+ T cells were significantly
increased in tumors derived from MB-49 cells, and the expression
of immunity- and chemoattraction-related genes was upregulated
in CD8+ T cells isolated from these tumors. EBAG9 was also found
to be involved in the regulation of lysosome-mediated degranula-
tion and cytotoxic activity of CD8+ T cells. Furthermore, the
adoptive transfer of CD8+ T cells isolated from tumors in Ebag9KO
host could repress tumor growth by MB-49 cells implanted in wild-
type host. These results suggest that EBAG9 acts as a negative
regulator of CD8+ T cells in host immune surveillance against
tumors.
In antitumor immunity, T-cell-mediated immune surveillance is

a main host defense mechanism.16 In this context, IL-10 is
assumed to be an immunosuppressive cytokine within the tumor
microenvironment. Recent studies have revealed, however, that
IL-10 has rather diverse functions, as the molecule also induces
potent antitumor responses.17–19 It has been shown that IL-10
induces the proliferation and cytotoxic activity of CD8+ T cells and
functions as a chemoattractant for CD8+ T cells.20–23 Here we have
shown that the loss of EBAG9 enhances antitumor responses in
CD8+ T cells, as these cells exhibited higher expression of Il10r in
Ebag9KO mice than in controls. IL-10 activates CD8+ T cells in vitro,
and treatment with IL-10 leads to tumor rejection in multiple
tumor-bearing mouse models.24,25 IL-10 also increases the
expression of IL-10R in activated CD8+ T cells.26 Furthermore,
IL-10 treatment induces expression of interferon γ (IFN-γ) by CD8+

T cells, which in turn increases levels of chemokines, such as
CXCL9 (monokine induced by interferon, or MIG) and CXCL10
(interferon-induced protein of 10 kDa, or IP-10), in the tumor and
serum.27 These chemokines act as chemoattractants for T cells,
suggesting a positive feedback loop of IFN-γ-producing CD8+

T-cell recruitment into the tumor, initiated by IL-10. Indeed, such a
feedback loop was proposed for mice bearing mammary tumors
and treated with IL-10.28 Overall, these results suggest that EBAG9
in CD8+ T cells may act as a negative regulator of antitumor
responses and that loss of EBAG9 function results in the activation
of IL-10/IL-10R signaling.
CXCR3 is an inflammatory chemokine receptor present on

activated T cells, particularly CD4+ T cells and CD8+ T cells.29,30

CXCR3 has an important role in T-cell trafficking and function.
Chemokines such as CXCL9, CXCL10 and CXCL11 function as
CXCR3 ligands that induce cell migration.29–32 It has been reported
that these chemokines are abundantly expressed in CXCR3-
positive cells involved in human and mouse cancers.33–37 We have
shown here that the expression of Ifng and Cxcr3 is upregulated in
Ebag9-deficient CD8+ T cells. Our findings suggest that EBAG9
could be a negative regulator of cytotoxic activity and chemoat-
traction of T cells, resulting in the suppression of tumor
immunosurveillance.
Degranulation of mature antigen-specific CD8+ T cells is a

requisite process for perforin- and granzyme-mediated killing of
target cells.38 We found that the loss of EBAG9 increased the
expression of a degranulation marker, CD107, in CD8+ T cells that
had infiltrated tumors. This suggests that EBAG9 is involved in the
regulation of endosomal trafficking of lytic granules in tumor-
infiltrating T cells. Our findings are consistent with a previous
report that EBAG9 deficiency increased the release of lytic granule
contents and enhanced cytolytic capacity.13

We assume that the enhanced degranulation activity of CD8+

T cells will primarily contribute to the magnitude of tumor
inhibitory effects of Ebag9KO host in this study. We also consider
that CD8+ T cells with increased degranulation activity will secrete
more amounts of cytokines and chemokines, such as IL-10, which
lead to further chemoattraction of CD8+ T cells and other immune-
related cells into the tumors.20–23 The number of infiltrating
effector cells can be another major important factor for the
magnitude of antitumor immunity, if the secretion of lytic
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Figure 4. Increased numbers of CD8+, CD3+ and CD4+ T cells in
tumors generated in Ebag9KO mice. Paraffin sections of tumors
generated in Ebag9KO and control mice were blocked in 0.3% H2O2
and incubated with specific antibodies for CD8 (a), CD3 (b) or CD4
(c). Sections were then incubated with antirabbit EnVision+ reagent
and counterstained with hematoxylin. Tumor-infiltrating lympho-
cytes positive for CD8 (a), CD3 (b) or CD4 (c) expression were
microscopically counted in a high-power field of view at a
magnification of 400× (Ebag9KO, n= 8; control, n= 6). The data
shown in lower panels are mean values± s.d. *Po0.05; **Po0.01 by
Student’s t-test. Scale bar, 20 μm.
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granules from CD8+ T cells is stable and the cell frequency is a
unique factor for the total amount of cytolytic activity.
In summary, our results show that EBAG9 is a critical factor that

regulates T-cell-mediated antitumor immunity in vivo. Given these
results and our previous findings regarding EBAG9 overexpression
in cancers, we conclude that EBAG9 contributes to the promotion
of tumor proliferation and the reduction of tumor immune
surveillance. The management of EBAG9 expression in both
tumors and their microenvironment could be an alternative
therapeutic option for advanced stages of cancers.

MATERIALS AND METHODS
Reagents
Human anti-EBAG9 monoclonal antibody was generated against a
glutathione S-transferase–EBAG9 fusion protein.9 Antibodies against CD3
(Dako, Tokyo, Japan), CD4 (H-370; Santa Cruz Biotechnology, Dallas, DX,
USA), CD8a (H-160; Santa Cruz Biotechnology), CD107-PE (1D4B; BD
Pharmingen, Tokyo, Japan), CD8a–FITC (53-6.7; BD Pharmingen) and anti-
β-actin (AC-74; Sigma-Aldrich, Tokyo, Japan) were purchased.

Bladdercancer cells
MB-49 mouse bladder cancer cells, which originated from a carcinogen-
induced tumor of bladder epithelial origin in male C57BL/6 mice,15

were maintained in RPMI 1640 containing 10% fetal calf serum, penicillin
(50 U/ml) and streptomycin (50 mg/ml).

Generation of Ebag9KO mice
To generate Ebag9 floxed (Ebag9f/f) mice, genomic DNA covering the
Ebag9 locus was obtained from a 129SV/J mouse genomic library (Agilent
Technologies, Santa Clara, CA, USA) by screening with a mouse Ebag9
cDNA probe. The resulting DNA fragments were assembled into a
targeting vector in which the Venus gene was inserted in frame at the
translation initiation codon of the Ebag9 gene and exon 2 was floxed by
loxP sites (Figure 1a). After linearization, the targeting vector was
electroporated into E14 embryonic stem cells.39,40 G418-resistant colonies
were selected and analyzed for homologous recombination by PCR and

Southern blot hybridization. The primers for the PCR screening were
5′-GAGCACAAGGACAGATTGACCACGTCATGCAGGA-3′ and 5′-GTTGTGCCC
AGTCATAGCCGAATAGCCTCTCCAC-3′. Positive clones were verified by
Southern blot hybridization in which genomic DNA digested with PvuII
was probed with a 414-bp DNA fragment corresponding to the 5ʹ
upstream region of the Ebag9 gene. The correctly targeted embryonic
stem cells were injected into C57BL/6 blastocysts and transferred into
pseudopregnant females. Chimeric offspring were bred to C57BL/6 mice
expressing the Cre recombinase gene under the control of the ubiquitous
Ayu1 promoter (Ayu1-Cre).14 Genotypes were determined by PCR analysis
of tail DNA (Figure 1b). For amplification of the wild-type allele, the sense
and antisense primers A (5′-GGGAAATTACTGTTGCTGGC-3′) and B
(5′-CAGCTGAAGTATGTGTGCC-3′) were used (Figure 1a). For genotyping
of Ayu1-Cre mice, primers derived from Cre (5′-CCTGGAAAATGCTTCTG
TCCGTTTGCC-3′ and 5′-GAGTTGATAGCTGGCTGGTGGCAGATG-3′) were
used to amplify a 653-bp product. Mice were kept under specific
pathogen-free conditions and fed dry food and water ad libitum. All
experiments were performed according to the guidelines for the care and
use of laboratory animals of both the University of Tsukuba and Saitama
Medical University.

Quantitative real-time PCR
Total RNAs were extracted from MEFs, brain, liver, spleen, bone marrow,
thymus and CD8+ T cells of Ebag9KO and control mice using ISOGEN
reagent (Nippon Gene, Tokyo, Japan), and first-stand cDNA was generated
with 1 μg of total RNA using SuperScript III reverse transcriptase
(Invitrogen, San Diego, CA, USA) and oligo(dT)20 primer. To evaluate the
expression of mouse Ebag9, Cd8, Il10r, Ifng, Gzma, Gzmb and Cxcr3 mRNA,
RT-PCR was done using primers specific for mouse Ebag9 (sense,
5′-GCAACAGTGTTCTCGTTCCT-3′; antisense, 5ʹ-TGGGCAAAGTTATTTGATC
TCC-3′), Cd8 (sense, 5′-GCTACCACAGGAGCCGAAAG-3′; antisense, 5ʹ-TGG
GCTTGCCTTCCTGTCT-3′), Il10r (sense, 5′-GAGCCCGTCTGTGAGCAAAC-3′;
antisense, 5′-GATGGCCACGACGATCCA-3′), Ifng (sense, 5′-CCTTCTTCAGCAA
CAGCAAGGCGAA-3′; antisense, 5′-GCAACAGCTGGTGGACCACTCG-3′),
Gzma (sense, 5′- TGACTGCTGCCCACTGTAACG-3′; antisense, 5′-CGGCATCT
GGTTCCTGGTTTCACA-3′), Gzmb (sense, 5′-CCATCGTCCCTAGAGCTGAG-3′;
antisense, 5′-TTGTGGAGAGGGCAAACTTC-3′) and Cxcr3 (sense, 5′-TCGGAC
TTTGCCTTTCTTCTG-3′; antisense, 5′-CTCTCGTTTTCCCCATAATCGT-3′).
Mouse Gapdh was used as an internal control. The results are shown as
mean values ± s.d. Statistical analysis was carried out using Student’s t-test.
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data shown are mean values± s.d. *Po0.05, **Po0.01 by Student’s t-test.
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Western blot analysis
Cells were suspended in lysis buffer (20mM HEPES, pH 7.9, 300 mM NaCl,
1 mM EDTA, 15% glycerol, 0.5% Nonidet P-40, 1 mM Na3VO4, 1 mM

phenylmethylsulfonyl fluoride), rocked gently for 50min at 4 °C, and
centrifuged at 14 000× g for 5 min at 4 °C. The supernatants were used as
cell lysates. Cell lysates were resolved by sodium dodecyl sulfate
polyacrylamide gel electrophoresis and electrophoretically transferred
onto polyvinylidene difluoride membranes (EMD Millipore, Billerica, MA,
USA). Membranes were probed with mouse anti-EBAG9 antibody or anti-β-
actin monoclonal antibody.

In vivo tumor challenge
For subcutaneous implantation, MB-49 bladder cancer cells (5× 105 cells
per mouse) suspended in 50 μl of PBS were injected with 50 μl of Matrigel
(Becton Dickinson, San Jose, CA, USA) into the flanks of Ebag9KO and
control mice. Tumor volume was calculated three times a week. Mice were
sacrificed 28 days after implantation and tumors were excised. The results
are shown as mean values ± s.d. Statistical analysis was carried out using
Student’s t-test.

Immunohistochemistry
Immunohistochemical studies were done using the streptavidin–biotin
amplification method with horseradish peroxidase detection. Paraffin
sections of tumors were blocked in 0.3% H2O2 (15 min) and incubated
overnight with specific antibodies against CD3, CD4 or CD8 for bladder
cancer tumors (1:200 dilution). Sections were incubated with antirabbit
EnVision+ reagent (Dako) and counterstained with hematoxylin (Wako,
Tokyo, Japan). The numbers of tumor-infiltrating lymphocytes positive for
CD8, CD3 or CD4 expression were microscopically examined in the high-
power field of view at a magnification of 400× . A spleen specimen from a
control mouse was used as a positive control.

CD8+ T-cell isolation
Mouse CD8+ T cells were isolated from tumor tissue using a mouse CD8α-
positive selection kit (STEMCELL Technologies, Vancouver, BC, Canada),
according to the manufacturer’s protocol. Isolated CD8+ T cells were
activated and expanded using a T-cell activation/expansion kit (Miltenyi
Biotec, Bergisch Gladbach, Germany).

Degranulation assay
CD8+ T cells isolated from tumors generated in Ebag9KO and control mice
were washed with PBS and fixed with 70% ethanol. Cells were then
washed and resuspended in FACS buffer (10mM HEPES (pH 7.4), 140mM

NaCl, 2.5 mM CaCl2) in the presence of anti-CD107a or IgG2a conjugated
with PE. Degranulation was evaluated by flow cytometry and calculated as
the percentage of cells that showed an increase in CD107a membrane
fluorescence.

Cytotoxicity assay
MB-49 mouse bladder cancer cells were used as target cells. Target cells
were incubated with effector CD8+ T cells isolated from tumors generated
in Ebag9KO and control mice at various effector/target ratios in a final
volume of 100 μl for 8 h at 37 °C. Lactate dehydrogenase released from
cells with damaged membranes was examined using the CytoTox 96 Non-
Radioactive Cytotoxicity Assay (Promega, Madison, WI, USA) and absor-
bance was measured at 490 nm. Experiments were done in triplicate. The
results are shown as mean values ± s.d. Statistical analysis was carried out
using Student’s t-test.

Adaptive CD8+ T-cell transfer
Mouse CD8+ T cells were isolated from tumor tissue in Ebag9KO and
control mice using mouse CD8α-positive selection kit (STEMCELL
Technologies). The CD8+ T cells were intravenously injected into C57BL/6
mice (2× 106 cells per mouse), after 2 days, the mice were inoculated with
MB-49 cells (5× 105 cells per mouse) that were suspended in 50 μl of PBS
with 50 μl of Matrigel into the flank. Tumor volume was measured once or
twice a week. The results are shown as mean values ± s.d. Statistical
analysis was carried out using Student’s t-test.
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Aberrant overexpression of ERG induced by the TMPRSS2-ERG gene fusion is
likely involved in the development of prostate cancer. Synthetic pyrrole–imidaz-
ole (PI) polyamides recognize and attach to the minor groove of DNA with high
affinity and specificity. In the present study, we designed a PI polyamide target-
ing TMPRSS2-ERG translocation breakpoints and assessed its effect on human
prostate cancer cells. Our study identified that this PI polyamide repressed the
cell and tumor growth of androgen-sensitive LNCaP prostate cancer cells. Target-
ing of these breakpoint sequences by PI polyamides could be a novel approach
for the treatment of prostate cancer.

T he androgen receptor (AR) plays a key role in the physio-
logical development of the normal prostate epithelium as

well as in the onset and progression of prostate cancer.(1) AR
is a member of the nuclear receptor superfamily and functions
as a ligand-dependent transcription factor.(2) Upon activation
by androgens, AR translocates into the nucleus and binds to
androgen responsive elements (ARE).
Recently, fusion of the prostate-specific androgen-regulated

TMPRSS2 gene to the E26 transformation-specific (ETS) fam-
ily transcription factor gene ERG was reported as a common

event in prostate cancer.(3–7) ETS family members modulate
many cellular functions, including proliferation, apoptosis,
differentiation, tissue remodeling, migration, invasion and
angiogenesis.(8) Altered expression or properties of ETS tran-
scription regulators affect the control of these processes and are
involved in carcinogenesis and cancer progression. Several
studies have demonstrated that ETS family gene re-arrange-
ments are linked to clinicopathological indicators in prostate
cancer.(6,9,10) Because TMPRSS2, 50-fusion partners, are upreg-
ulated by androgen, AR has been supposed to be important to
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regulate the fusion of genes in prostate cancer. A recent study
shows that AR induces intronic binding sites in TMPRSS2 and
ERG to facilitate specific chromosomal translocations by utiliz-
ing a common motif (TGT ⁄AGGGA ⁄T: break fusion site) for
break ⁄ ligation in the human prostate cancer cell line LNCaP,
which does not harbor TMPRSS2-ERG endogenously.(11–14)

Pyrrole–imidazole (PI) polyamides are small synthetic mole-
cules that recognize and form non-covalent bonds to the minor
groove of DNA, followed by inhibition of DNA–protein inter-
actions with high affinity and sequence specificity.(15–17) DNA
recognition depends on a code of side-by-side pairing of pyr-
role and imidazole in the hairpin polyamide, which binds to
the minor groove. A pairing of imidazole opposite pyrrole tar-
gets for the G–C base pair, and pyrrole–pyrrole targets for
both T–A and A–T base pairs. Recently, various types of
sequence-specific PI polyamides have been developed to con-
trol gene expression.(18–22) These investigations indicate that
targeted PI polyamides could be potential gene silencers for
the treatment of cancer. The aim of the present study is to
investigate the effects of a PI polyamide targeting the

TMPRSS2-ERG translocation break fusion site (fusion polyam-
ide) in prostate cancer. We demonstrate that the fusion poly-
amide decreases the expression of TMPRSS2-ERG and ERG in
LNCaP cells. In addition, we show that this polyamide
represses the growth and migration of prostate cancer cells
in vitro and in vivo.

Material and Methods

Cell culture, treatment with pyrrole–imidazole polyamide and
antibody. The human prostate cancer cell lines LNCaP, VCaP
and PC3 were purchased from the American Type Culture
Collection (Rockville, MD, USA). LNCaP cells were main-
tained as previously described;(23) VCaP and PC3 cells were
cultured in DMEM supplemented with 10% FBS. PI polya-
mides were synthesized at Nihon University (Tokyo, Japan), as
previously described.(18) LNCaP cells were treated with nega-
tive control PI polyamide (negative control) and PI polyamide
that targets break fusion sites (fusion polyamide) as previously
described.(18) A rabbit polyclonal anti-cleaved caspase-3

(a)

(b)

(c)

Fig. 1. Target sequence and structure of synthetic
pyrrole–imidazole (PI) polyamide that targets the
break fusion sites in TMPRSS2 and ERG. (a) PI poly-
amide targeting break fusion sites. The polyamide
was designed to bind to the break fusion site in
TMPRSS2 and ERG. (b) Structure of the fusion
polyamide and negative control polyamide. They
were synthesized by employing a solid-phase
method and purified by high performance liquid
chromatography (0.1% AcOH ⁄ CH3CN, 0–66% linear
gradient, 0–20 min, 254 nm, through a Chemcobond
5-ODS-H column). (c) Gel mobility shift assay and
distribution of fluorescein isothiocyanate (FITC)-
labeled PI polyamide in vitro. FITC-labeled DNA
corresponding to the break fusion sites in TMPRSS2
was synthesized and incubated with vehicle (water),
fusion PI polyamide, or negative control PI
polyamide for 1 h at 37°C and loaded onto a 20%
polyacrylamide gel.

(a) (b)

Fig. 2. Presence of the fusion polyamide resulted
in decreased androgen receptor-induced and
chromosomal interactions of TMPRSS2 and ERG loci.
(a, b) Following treatment of LNCaP cells with the
fusion polyamide for 72 h, cells were stimulated
with dihydrotestosterone (DHT) for 24 h, and FISH
was performed with TMPRSS2 (green) and ERG
(red) probes. (***P < 0.0001 versus negative control
polyamide).
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antibody was purchased from Cell Signaling Technology
(Danvers, MA, USA).

DNA binding assay. FITC-labeled oligonucleotides were
synthesized for gel mobility shift assays as described below.

TMPRSS2: 50-FITC-TGTTAAGCTGAGGGTTGTGGGAGA
GTGTTTTTCACTCTCCCACAACCCTCAGCTTAACA-30.
ERG: 50-FITC-TTCATGTTTGTGGGTGGGTGTATGTTTT
TCATACACCCACCCACAAACATGAA-30.

Both TMPRSS2 and ERG nucleotides contain the sequence
TGT ⁄AGGGA ⁄T, which is the break fusion site in TMPRSS2
and ERG. Next, 1 lM of FITC-labeled oligonucleotides were
dissolved in annealing buffer (20 mM Tris–HCl, 2 mM EDTA,
200 mM NaCl) and incubated at 100°C for 3 min. The solu-
tion was cooled down gradually to 30°C in the next 70 min to
anneal the oligonucleotides in such a way that hairpin struc-
tures were formed. Then, 15 lL of annealed oligonucleotides
and 5 lL of 2, 4 or 20 lM polyamides were mixed and incu-
bated at 37°C for 1 h. The mixtures were separated by electro-
phoresis in 19 Tris-buffered EDTA on a 4–20% acrylamide

gel and visualized with the luminescent image analyzer LAS-
4000 (Fujifilm, Tokyo, Japan).

FISH. LNCaP cells were stimulated with vehicle or 100 nM
dihydrotestosterone (DHT) in the presence of negative control
or fusion polyamide for 24 h. Isolation of nuclear proteins and
DNA-FISH were carried out according to methods previously
described (Ourgenic, Tokushima, Japan).(24) The probes were
synthesized by Integrated DNA Technologies (Coralville, IA,
USA) as listed bellow:

ERG
Biotin-GACTCCAGGAGCGCTCCCCAGAATCCCCTTCC
TTAACCCAAACTCGAGCC.
TMPRSS2
FITC(FAM)-GATCTTTGGAGACCCGAGGAAAGCCGTG
TTGACCAAAAGCAAGACAAATG.
Quantitative RT-PCR. Total RNA extraction, first-strand

cDNA synthesis and quantitative RT-PCR (qRT-PCR) were
performed as previously described.(23) LNCaP cells were trea-
ted with 5 lM of negative control PI polyamide or 1 or 5 lM

(a)

(b)

Fig. 3. Efficacy of the pyrrole–imidazole (PI) polyamide targeting the
break fusion site for fusion transcript and endogenous ERG expres-
sions. (a, b) The presence of the fusion polyamide resulted in reduced
expression of TMPRSS2-ERG and ERG expressions. LNCaP cells were
treated with 5 lM of negative control PI polyamide or 5 lM of fusion
polyamide (Fusion). Two days after treatment with DHT (100 nM), the
mRNA expression levels of TMPRSS2-ERG and ERG were analyzed by
quantitative RT-PCR. We used VCaP cells as positive and PC3 cells as a
negative control for TMPRSS2-ERG expression.

(a)

(b)

(c)

Fig. 4. Effect of the fusion polyamide on cell growth. The fusion
polyamide reduced (a) LNCaP cell growth in an androgen-dependent
manner. (b) VCaP cells and (c) PC3 cells in phenol red-free DMEM and
LNCaP cells in phenol red-free RPMI medium were treated for 48 h
with 5 lM of negative control polyamide (negative control) or 1 or
5 lM of pyrrole–imidazole (PI) polyamide targeting the break fusion
site (fusion polyamide). After stimulation with 100 nM dihydrotestos-
terone (DHT), an MTS assay was performed to assess the cell prolifera-
tion rate of PI polyamide-treated cells. Results are presented as mean
and SD of triplicate assays (*P < 0.05).

© 2014 The Authors. Cancer Science published by Wiley Publishing Asia Pty Ltd
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of fusion polyamide. Two days after treatment with DHT
(100 nM), the mRNA expression levels of TMPRSS2-ERG and
ERG were analyzed. As a negative control, cDNA samples
prepared without reverse transcriptase were used. The primer
sequences were as listed below:(11,25)

ERG
Forward: 50- ACCGTTGGGATGAACTACGGCA-30

Reverse: 50- TGGAGATGTGAGAGAAGGATGTCG
TMPRSS2-ERG
Forward: 50- AGCGCGGCAGGTTATTCCA-30

Reverse: 50- ATCATGTCCTTCAGTAAGCCA-30.
Cell proliferation assay. The cell growth rate was measured

using an MTS proliferation assay (CellTiter 96 AQueous One
Solution Cell Proliferation Assay; Promega, Madison, WI,
USA), as previously described(26) following the manufacturer’s
instructions. Briefly, 5000 cells ⁄well were seeded in 96-well
plates and cultured in phenol red-free RPMI 1640 (LNCaP
cells) or phenol red-free DMEM (PC3 and VCaP cells) med-
ium supplemented with 2.5% charcoal-stripped FBS for 24, 48
and 96 h. Each condition was tested in quadruplicate wells and
each experiment was repeated at least twice.

Cell migration assay. The cell migration assay was per-
formed as previously described.(26) Briefly, 50 000 cells were
suspended in 30 lL of RPMI 1640 (LNCaP cells) or DMEM
(PC3 and VCaP cells) medium containing 10% FBS and
added to the upper chamber. After incubation for 24 h in
LNCaP and PC3 cells or 48 h in VCaP cells at 37°C in a
humid 5% CO2 atmosphere, the cells on the lower surface of
the filter were fixed in methanol for 30 min, then stained
with Giemsa solution (Muto Pure Chemicals, Tokyo, Japan)
for 30 s. The cells on the lower surface were counted in at
least five fields at a magnification of 9200 under a micro-
scope.

Analysis of the in vivo effects of polyamides. Three million
LNCaP cells were injected subcutaneously into each side of
7-week-old male nude mice (n = 12). When the tumor size
reached 100 mm3, fusion polyamide or negative control poly-
amide (6 mg ⁄ kg body weight) dissolved in dH2O were injected
via the tail vein once a week for 4 weeks. The tumor size was

measured every week until 1 week after the final injection, at
which point the animals were killed and dissected. Tumor tis-
sues were collected and kept both frozen and fixed in 10% for-
malin for analysis. Immunohistochemistry analysis was
performed as previously described.(25) The sections were incu-
bated with the cleaved caspase-3 polyclonal antibody (1:100
dilution) overnight, followed by a 60-min incubation with His-
tofine Simple Stain MAX-PO (Nichirei, Tokyo, Japan).

Statistical analysis. Data are presented as mean ! SD or
SEM. Statistical differences between the results of each group
and its corresponding control were evaluated using Student’s
t-test. A P-value of <0.05 was considered significant.

Results

Binding of the polyamide to double-stranded DNA. The fusion
polyamide was designed to bind to the break fusion site in
TMPRSS2 and ERG. As a control, negative control polyamide,
which does not bind to these sites, was used (Fig. 1a,b). To
determine the binding affinity and specificity of polyamide to
target DNA, gel mobility shift assays were performed.
Whereas oligonucleotides containing the break fusion site of
TMPRSS or ERG showed mobility retardation when they were
incubated with the fusion polyamide, nucleotides incubated
with negative control polyamide did not show a clear mobility
shift. The degree of mobility shift by the fusion polyamide
was shown to be dose-dependent (Fig. 1c). The distribution of
FITC-labeled fusion polyamide and negative control polyamide
in LNCaP cells are shown in Fig. S1. After 2 h of incubation
of LNCaP cells with 5 lM of FITC-labeled polyamide, strong
fluorescent signals were detected in nuclei.

Pyrrole–imidazole polyamide targeting the break fusion site
decreased fusion transcript and endogenous ERG. Because pre-
vious reports show that TMPRSS2-ERG transcripts are induced
in LNCaP cells by stimulation of DHT (100 nM) for 24 h,(11–
14) we analyzed LNCaP cells treated with the same protocol.
To determine whether the fusion polyamide affects DHT-
dependent inter-chromosomal movement and TMPRSS2-ERG
expression in LNCaP cells, we performed FISH analysis and

Fig. 5. Effect of the fusion polyamide on cell
migration. Effect of the fusion polyamide on cell
migration. A cell migration assay was performed to
analyze the motility of fusion polyamide-treated
LNCaP, PC3 and VCaP cells and negative control
polyamide-treated cells. Migrated cells were stained
with Giemsa solution. Right panel shows average
number of cells that migrated through the PET filter.
Five representative fields in each well were quantif-
ied to determine the number of migrated cells under
a light microscope. Results are presented as the
mean and SD of triplicate assays (***P < 0.0001).
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measured TMPRSS2-ERG expression levels using qRT-PCR.
After DHT treatment, the number of cells showing co-localiza-
tion of TMPRSS2 and ERG was significantly increased in
LNCaP cells cultured in the presence of 5 lM of negative con-
trol polyamide (Fig. 2). This DHT-induced inter-chromosomal
movement, however, was significantly decreased in cells cul-
tured with 5 lM of fusion polyamide. Although the
TMPRSS2-ERG transcript was significantly and constantly
expressed in VCaP cells, which harbor this fusion gene, its
expression was induced to a detectable level by the stimulation

with DHT in LNCaP cells. The expression of the TMPRSS2-
ERG transcript was significantly suppressed in the presence of
5 lM of the fusion polyamide compared with 5 lM of nega-
tive control polyamide in LNCaP cells. In contrast, the fusion
polyamide did not affect its expression in VCaP cells (Fig. 3a).
Moreover, we tested whether the fusion polyamide could
downregulate endogenous ERG gene expression. Both 1 and
5 lM of fusion polyamide substantially reduced mRNA
expression levels of ERG in LNCaP cells (Fig. 3b).

Fusion polyamide repressed cell growth and cell migration. To
assess the effect of the fusion polyamide on the viability of
prostate cancer cells, we analyzed the cell proliferation activity
by MTS assay.(26) LNCaP cells treated with 1 and 5 lM fusion
polyamide showed a significant decrease in cell proliferation
after 96 h of DHT treatment compared to cells treated with
negative control polyamide (P < 0.05; Fig. 4). The MTS assay
also revealed that the fusion polyamide had no significant
effect on cell proliferation in AR-negative and TMPRSS2-
ERG-negative prostate cancer cell line PC3 cells and VCaP
cells (Fig. 4). Next, we assessed the effects of the fusion poly-
amide on the migratory ability of LNCaP cells by conducting
cell migration assays. Cell migration was significantly reduced
in fusion polyamide-treated cells compared to negative control
polyamide-treated cells (P < 0.0001, Fig. 5). Neither PC3 nor
VCaP cells showed significant differences in average number
of migratory cells between fusion polyamide-treated cells and
negative control polyamide-treated cells (Fig. 5).

Fusion polyamide repressed tumor growth in vivo. Athymic
male mice bearing LNCaP cell-derived tumors were treated
with the fusion polyamide or negative control polyamide.
Tumor growth was prominent in mice treated with the nega-
tive control polyamide, but it was substantially reduced in
mice treated with the fusion polyamide (Fig. 6a,b). Moreover,
the expression of cleaved caspase-3 tended to increase in
LNCaP xenografts derived from mice treated with the fusion
polyamide (Fig. 6c).

Discussion

Activation of AR signaling mediated by androgens promotes
cancer progression. Several studies have shown that AR
expression is positively correlated with standard clinical and
pathologic parameters, including the Gleason grade, clinical
stage, lymph node status, extracapsular extension and seminal
vesicle invasion.(27,28) The reports of the fusion of TMPRSS2
with ETS family members in prostate cancer have opened a
new field in prostate cancer research.(3,5–7,29–31) Approximately
80% of prostate tumors harbor genomic fusions of TMPRSS2
and members of the ETS family of transcription factors.
Among them, approximately 50% contain TMPRSS2-ERG
fusions.(32,33) Recently, urine testing to detect TMPRSS2-ERG
has been reported to demonstrate significant correlation of the
expression level of this fusion transcript with Gleason score,
clinical stage and extracapsular extension of the tumor.(34,35)

In addition, the expression of TMPRSS2-ERG promoted by AR
has been associated with a poor clinical outcome.(36,37) Those
findings indicate that evaluation of the expression level of
TMPRSS2-ERG is valuable not only for diagnosis but also for
predicting prognosis. Furthermore, it is also indicated that
repressing the mechanism of TMPRSS2-ERG expression is cru-
cial for the development of therapeutic approaches. In the
present study, we attempted to develop a new compound that
can repress the fusion gene formation and ⁄ or expression and to
assess its effect on prostate cancer growth.

(a)

(b)

(c)

Fig. 6. The fusion polyamide represses tumor formation of LNCaP cells
in nude mice. (a, b) Seven-week-old male mice were implanted with
3 9 106 tumor cells and fusion polyamide or negative control polyam-
ide was injected into the tail vein once weekly. (a) Photographs of mice
bearing tumors after 4 weeks of treatment with pyrrole–imidazole (PI)
polyamide. (b) Treatment with the fusion polyamide significantly
reduced the tumor volume compared to treatment with the negative
control polyamide. Line plots, means of tumor volume (V mm3) formed
in mice; bars, SEM (n = 6 each), as determined by the formula:
V = 0.5 9 maximal diameter 9 middle diameter 9 minimal diameter.
*P < 0.05 for fusion polyamide versus negative control polyamide. (c)
Representative image of immunohistochemistry for cleaved caspase-3 in
tumor xenograft tissues. (Magnification: 9400.)
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A previous report showed that the expression of fusion
transcripts was inhibited by siRNA, which target specific
components involved in homologous recombination of
DNA.(11) Shao et al. (2012) report that siRNA targeting most
common isoforms of the TMPRSS2-ERG fusion transcript effi-
ciently suppressed the growth of prostate cancer in vivo.(38)

Those data strongly suggest that inhibition of TMPRSS2-ERG
fusion gene formation or expression could be a good thera-
peutic approach for prostate cancer. siRNA can effectively
repress the expression of specific genes. However, there is a
disadvantage in its application; that is, siRNA can be easily
degraded by nucleases. One of the most important advantages
of PI polyamide is that it is resistant to biological degradation
(e.g. by nucleases and proteases). It can be taken up by cells
and transported to nuclei without requiring any specific drug
delivery system. Moreover, PI polyamide can inhibit DNA–
protein interaction by binding to the minor groove of double-
helical DNA with high affinity and sequence specificity.(15,16)

Another important advantage is that intravenous, subcutane-
ous or peritoneal injections of PI polyamide have never indu-
ced significant health injuries when tested in mice and
rats.(18,19,39,40) Raskatov et al.(41) report that intra-peritoneal
or subcutaneous administration of 120 nmol ⁄mouse (4.5–
7 mg ⁄kg body weight) of PI polyamide in cyclic form had an
acute toxic effect on mice; however, they showed that the
hairpin form of PI polyamide did not have any toxic effect at
the same dose. In addition, Yang et al.(39) report that subcuta-
neous injection of PI polyamides targeting RNA polymerase
II resulted in growth reduction in LNCaP xenografts without
detectable DNA damage. Therefore, in the present study, we
designed and examined PI polyamide, which binds to break
fusion sites, to inhibit double-stranded breaks. It has been
reported previously that PI polyamide that recognizes ARE
suppresses DHT-dependent gene expression in LNCaP
cells,(42) and it was revealed that this polyamide inhibits the
binding of RNA polymerase II to the transcription start site
of AR-driving genes.(39)

Our present data clearly show that this fusion polyamide
suppresses the formation and expression of TMPRSS2-ERG
fusion genes. In addition, it suppressed endogenous ERG
expression and cellular proliferation in in vitro models and
also induced cellular apoptosis in in vivo models. Interest-
ingly, the effect of PI polyamide on the inhibition of cell
migration and in vivo tumor growth appeared to be drastic
compared to its inhibitory effect on in vitro cell prolifera-
tion. Recent study has shown that the TMPRSS2-ERG fusion

gene expressed in prostate cancer changes tumor microenvi-
ronment to that associated with more aggressive phenotype
of cancer, and affects the cellular migration activity.(43–45)

For example, prostate cancer tissues with higher expression
levels of TMPRSS2-ERG fusion transcripts showed increased
vascular density, hyaluronan, von Willebrand factor and
PDGFRb, and decreased Caveolin-1. In addition, the in vivo
tumor growth of prostate cancer cells is shown to be depen-
dent on the microenvironment.(46,47) These factors could
explain the difference of the efficacy of the fusion polyam-
ide between in vitro cell proliferation and in vivo tumor
growth.
Endogenous ERG expression in prostate tissues was shown

to be correlated with biochemical relapse and poor progno-
sis.(48,49) Moreover, ERG overexpression in prostate cancer
specimen is a strong predictor of the progression of the disease
during active surveillance.(50) Recently, it has been reported
that the TMPRSS2–ERG fusion gene product binds to the ERG
locus and promotes wild-type ERG expression in human pros-
tate cancers.(51) This mechanism activated the feed-forward
regulation of ERG expression, thereby promoting prostate can-
cer invasion. This report also showed that the reduction of
endogenous ERG expression prevented the invasion of prostate
cancer cells. Furthermore, the report showed that overexpres-
sion of wild-type ERG was observed in 38% of clinically
localized prostate cancers and 27% of metastatic prostate can-
cers bearing TMPRSS2-ERG fusion genes.(51) These reports
indicate that TMPRSS2-ERG plays a critical role in prostate
cancer progression.
In summary, we developed a PI polyamide that can target

the TMPRSS2-ERG fusion site, prevent formation of the fusion
gene, and inhibit proliferation and migration of LNCaP cells
as well as in vivo tumor growth. The present findings show
that break fusion sites, which have a critical role in the forma-
tion of AR-dependent fusion genes, could be a novel therapeu-
tic target for prostate cancer.
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Introduction

It is well- known that breast cancer is one of the most com-
mon malignancies in women worldwide. Invasive breast 
cancer is regarded as a disease that metastasizes in an early 
phase [1], and clinical outcome of the cases is markedly 
influenced by proliferative activity of the carcinoma cells 
[2]. Indeed, a multitude of prognostic factors identified in 
cases with breast cancer have been demonstrated to be directly 

or indirectly correlated with carcinoma cells’ proliferation. 
Adjuvant therapy such as endocrine therapy (tamoxifen, 
aromatase inhibitor, fulvestrant etc.) and chemotherapy is 
frequently used after the surgical treatment, however, it is 
true that a part of these carcinomas obtain clinical resistance 
and recur despite the therapy [3, 4]. Therefore, it is very 
valuable to evaluate clinical and biological markers in the 
breast cancer cases to predict their recurrence after surgery 
and indications of additional therapies appropriately.
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Abstract

Transforming acidic coiled- coil protein 2 (TACC2) belongs to TACC family 
proteins and involved in a variety of cellular processes through interactions 
with some molecules involved in centrosomes/microtubules dynamics. Mounting 
evidence suggests that TACCs is implicated in the progression of some human 
malignancies, but significance of TACC2 protein in breast carcinoma is still 
unknown. Therefore, in this study, we examined the clinical significance of 
TACC2 in breast carcinoma and biological functions by immunohistochemistry 
and in vitro experiments. Immunohistochemistry for TACC2 was performed in 
154 cases of invasive ductal carcinoma. MCF- 7 and MDA- MB- 453 breast car-
cinoma cell lines were transfected with small interfering RNA (siRNA) for TACC2, 
and subsequently, cell proliferation, 5- Bromo- 2′- deoxyuridine (BrdU), and inva-
sion assays were performed. TACC2 immunoreactivity was detected in 78 out 
of 154 (51%) breast carcinoma tissues, and it was significantly associated with 
Ki- 67 LI. The immunohistochemical TACC2 status was significantly associated 
with increased incidence of recurrence and breast cancer- specific death of the 
patients, and multivariate analyses demonstrated TACC2 status as an independ-
ent prognostic factor for both disease- free and breast cancer- specific survival. 
Subsequent in vitro experiments showed that TACC2 significantly increased the 
proliferation activity of MCF- 7 and MDA- MB- 453. These results suggest that 
TACC2 plays an important role in the cell proliferation of breast carcinoma 
and therefore immunohistochemical TACC2 status is a candidate of worse prog-
nostic factor in breast cancer cases.
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Transforming acidic coiled- coil proteins (TACCs) are 
known to be the centrosomes/microtubules interaction- 
associated proteins containing a highly conserved 
C- terminal coiled- coil “TACC domain” in themselves. 
TACC family contains TACC1- 3 in mammals, and these 
participated in many cellular processes through the 
interactions with some molecules involved in centro-
some–microtubules dynamics [5]. Mounting evidence 
suggests that TACCs participated in the progression of 
some carcinomas. For instance, TACC1 was an estrogen- 
regulated gene [6] and its amplification was correlated 
with decrease in survival duration or distant recurrence 
in breast cancer [7]. While, TACC3 was suggested a 
potential glioblastoma multiforme oncogene [8] and an 
association with cervical tumorigenesis [9]. On the other 
hand, TACC2 has been demonstrated to promote 
androgen- mediated growth in the prostate cancer [10], 
but previous evidences of TACC2 in breast cancer were 
inconsistent and its significance remains largely unclear. 
TACC2 was mentioned as a putative breast tumor sup-
pressor [11], whereas Cheng et al. (2010) reported that 
high expression of TACC2 mRNA in tumor tissue was 
associated with shorter disease- free survival of breast 
carcinoma patients by real- time PCR analysis [12]. It 
may be partly due to that significance of TACC2 protein 
has not tested in the breast carcinoma tissues, to the 
best of our knowledge. Therefore, in our study, we 
examined TACC2 in breast carcinoma by immunohis-
tochemistry and in vitro experiments to investigate its 
clinical significance and biological functions. Since 
TACC2 consists of two isoforms (i.e., major 4.2 kb 
transcript and minor 9.7 kb transcript) and the major 
isoform is predominantly expressed in the breast [13], 
we examined the major isoform of TACC2 in the present 
in vitro studies.

Materials and Methods

Patients and tissues

One hundred and fifty- four specimens of invasive ductal 
carcinoma (IDC), not other specified were obtained 
from Japanese female cases who underwent surgical 
treatment from 1995 to 1999 (n = 56) and 2007 to 
2008 (n = 98) in the Tohoku University Hospital (Sendai, 
Japan) (range of age; 27–87). Review of the charts 
revealed that 120 cases received adjuvant endocrine 
therapy, and tamoxifen and aromatase inhibitor were 
mainly used in the former and later periods, respec-
tively. In addition, 88 patients received chemotherapy 
before (n = 17) and/or after the surgery. The clinical 
outcome of the cases was evaluated by disease- free and 
breast cancer- specific survival in this study. Disease- free 

survival was defined as the duration from surgery to 
the time of the first locoregional recurrence or first 
distant metastasis within the follow- up time after sur-
gery, and breast cancer- specific survival was defined as 
the duration from surgery to death from the breast 
cancer. The mean follow- up duration was 77 months 
(range; 3–175 months) in this study.

Research protocols for this study were approved by the 
Ethics Committee at Tohoku University School of Medicine.

Immunohistochemistry

Rabbit polyclonal antibody for TACC2 (GTX110516) and 
mouse monoclonal antibodies for Ki- 67 (MIB1) and 
androgen receptor (AR; AR441) were purchased from Gene 
Tex (Hsinchu, Taiwan ROC), DAKO (Carpinteria, CA) 
and DAKO, respectively. A Histofine Kit (Nichirei 
Biosciences, Tokyo, Japan), which employs the method 
of streptavidin- biotin amplification was used in this study. 
The visualization of antigen–antibody complex was pos-
sible with 3,3′- diaminobenzidine (DAB) solution and after 
that counterstained with hematoxylin. As a positive control 
for TACC2 immunostaining, human prostate carcinoma 
tissue was used [10]. Immunohistochemistry for estrogen 
receptor (ER) (CONFIRM anti- ER (SP1)) and progesterone 
receptor (PR) (CONFIRM anti- PR (1E2); Roche 
Diagnostics, Tokyo, Japan) was performed with Ventana 
Benchmark XT (Roche Diagnostics), and that for HER2 
was performed by HercepTest (DAKO). Ki- 67 (MIB1) 
was purchased from DAKO, and a Histofine Kit (Nichirei 
Bioscience, Tokyo, Japan) was used for the 
immunohistochemistry.

Scoring of immunoreactivity

TACC2 immunoreactivity was detected in the cytoplasm, 
and cases that had more than 10% of positive carcinoma 
cells were considered “positive” in this study [10]. 
Immunoreactivity for ER, PR, AR, and Ki- 67 was detected 
in the nuclei and was evaluated in not less than 1000 
carcinoma cells for each case. Subsequently, the percentage 
of immunoreactivity (labeling index (LI)) was determined, 
and cases with an ER LI of more than 1% were consid-
ered “ER- positive” according to a previous report [14]. 
HER2 status was evaluated according to the grading system 
proposed in the HercepTest (DAKO), and strongly cir-
cumscribed membrane immunoreactivity of HER2 present 
in more than 10% carcinoma cells (score 3+) was con-
sidered “HER2- positive”. Also, HER2 gene amplification 
was investigated by fluorescence in situ hybridization 
(FISH) in intermediate scoring (score 2+) cases, and the 
score 2+ cases that were positive were considered “posi-
tive” for HER2 status.



1975© 2016 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. 

TACC2 in Breast CarcinomaY. Onodera et al.

Cell lines

MCF- 7 was supplied by the Cell Resource Center for 
Biomedical Research, Tohoku University (Sendai, Japan) 
and MDA- MB- 453 was purchased from the American Type 
Culture Collection (ATCC) (Manassas, VA), respectively. 
MCF- 7 and MDA- MB- 453 were cultured in RPMI 1640 
(Sigma- Aldrich, St. Louis, MO) which contains 10% heat- 
inactivated fetal bovine serum (FBS; Sigma- Aldrich) and 
1% penicillin–streptomycin (Invitrogen, Carlsbad, CA), and 
Leiboviz’s L- 15 (Gibco BRL, Palo Alto, CA) which contains 
10% heat- inactivated fetal bovine serum (FBS; Sigma- 
Aldrich) and 1% penicillin–streptomycin (Invitrogen), 
respectively. Both MCF- 7 and MDA- MB- 453 were retro- 
authenticated by ATCC with short tandem repeat (STR) 
profiling and confirmed to be the original cell line (in 
2015). All experiments were carried out by both cell lines 
at passage below 20.

Small interfering RNA (siRNA) transfection

Two siRNA oligonucleotides for TACC2 used in this study 
were Stealth RNAi siRNA Duplex Oligoribonucleotides 
(Invitrogen). The target sequences of siRNA against TACC2 
were TACC2HSS116287 (si1): 5′- GCUAAAGGUACUUA 
CACCUUGAUA- 3′ (sense) and 5′- UAUCAAAGGUGU 
AAGUACCUUUAGC- 3′ (anti- sense) and TACC2HSS1162 
88 (si2): 5′- CCCUUCAGAAGCGAUUGAAAUUACA- 3′ 
(sense) and 5′- UGUAAUUUCAAUCGCUUCUGAAGG 
G- 3′ (anti- sense). Universal RNAi Negative Control 
Duplexes (NC; Sigma–Aldrich) were also used as the nega-
tive control siRNAs. The siRNAs (10  nmol/L) were trans-
fected with the Lipofectamine RNAiMAX Transfection 
Reagent (Invtrogen) in accordance with the manufacturer’s 
protocol.

Real- time PCR

Total RNA was extracted from cultured cells using the 
TRIzol Reagent (Invitrogen), subsequently complemen-
tary DNA (cDNA) was synthesized using an RT kit 
(Superscript II preamplification system) (Gibco BRL). 
The LightCycler System (Roche Diagnostics) was used 
to semi- quantify the mRNA expression levels by real- 
time PCR. The primer sequences used in real- time PCR 
were as follows: TACC2 major isoform (NM_206860): 
forward, 532–549 and reverse, 671–689; and ribosomal 
protein L13a (RPL13A) (NM_012423): forward, 487–509 
and reverse, 588–612. The DNA binding dye SYBR Green 
I (Roche Diagnostics) was used for the detection of 
PCR products, and the relative mRNA level in each 
sample was calculated as the ratio of RPL13A in this 
study.

Immunoblotting

The whole- cell proteins from MCF- 7 and MDA- MB- 453 
cells were extracted using M- PER mammalian protein 
extraction reagent (Thermo Fisher Scientific Pierce 
Biotechnology, Rockford, IL). The lysate proteins (10  µg) 
were subjected to SDS–PAGE (10% acrylamide gel). 
Following SDS–PAGE, the proteins were transferred 
onto Hybond PVDF membranes (GE Healthcare, 
Buckinghamshire, UK). Primary antibody used was anti- 
TACC2 antibody (Gene Tex), ER (6F11, Novocastra, 
Newcastle upon Tyne, UK) and AR (AR441, DAKO). 
In addition, anti- β- actin (AC- 15, Sigma- Aldrich) anti-
body was used as an internal control. Antibody- protein 
complexes on the blots were detected using ECL- Plus 
Western Blotting Detection Reagents (GE Healthcare), 
and the protein bands were visualized using ChemiDoc™ 
XRS+ system (Bio- Rad Laboratories, Inc., Hercules, CA).

Cell proliferation assay

After 24 h, transfection of the MCF- 7 and MDA- MB- 453 
cells with TACC2 siRNA, the medium was changed to 
phenol red- free RPMI 1640 medium containing 10% 
dextran- coated charcoal–FBS. After 72 h, the transfection 
status of cell proliferation was measured according to the 
WST- 8 (2- (2- methoxy- 4- nitrophenyl)- 3- (4- nitrophenyl)- 5
- (2,4- disulfophenyl)- 2H- tetrazolium, monosodium salt) 
method using Cell Counting Kit- 8 (Dojindo Molecular 
Technologies, Kumamoto, Japan).

BrdU assay

The percentage of cells in the cell cycle was evaluated 
with the 5- Bromo- 2′- deoxyuridine (BrdU) Labeling and 
Detection Kit II (Roche Diagnostics) in MCF- 7 and MDA- 
MB- 453 cell lines. Briefly, the cells were grown on chamber 
slides at a density of 1 × 106/mL. After 24 h of incuba-
tion, they were transfected with siRNA for TACC2 or 
control siRNA. The cells were incubated with control 
siRNA or siRNA for TACC2 for 24 h. Cells were then 
fixed after BrdU incorporation using ethanol fixative at 
−25°C. After primary and secondary labeling with anti- 
BrdU working solution, BrdU detection was performed 
according to the manufacturer’s protocol. The percentage 
of BrdU- positive cells was evaluated in no less than 1000 
cells three times [15].

Wound- healing assay

The migration property of MCF- 7 and MDA- MB- 453 
cells transfected with siRNA for TACC2 was evaluated 
by wound scratch healing assay. Briefly, the confluent 
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cell layer was scratched using a sterile plastic P- 200 pipette 
tip after transfection and incubated for 48  h. The migra-
tion area was evaluated using the MultiGauge v3.1 Software 
(Fuji Photo Film, Tokyo, Japan), and the relative migra-
tion area was then calculated as the ratio of that in the 
control cells transfected with negative control (NC) in 
this study [16].

Statistical analysis

In the immunohistochemistry, Student’s t- test or a cross- 
table using the chi- squared test were used to evaluate 
TACC2 status and clinicopathological factors. Disease- free 
and breast cancer- specific survival curves were generated 
by the Kaplan–Meier method. Then, statistical significance 
was calculated using the log- rank test. Univariate and 
multivariate analyses were evaluated by a proportional 
hazard model (Cox). P < 0.05 and 0.05 ≤ P < 0.10 were 
considered significant and borderline- significant, respec-
tively, in this study [17]. In the in vitro experiments, the 
statistical analyses were performed using one- way ANOVA 
and Fisher’s protected least significant difference. The 
statistical analyses were performed using the StatView 5.0J 
software (SAS Institute, Cary, NC).

Results

Immunolocalization of TACC2 in human 
breast carcinoma

TACC2 immunoreactivity was detected in the cytoplasm 
of breast carcinoma cells (Fig. 1A, B), while it was nega-
tive in the morphologically normal glands or stroma 
(Fig. 1C). Associations between TACC2 immunoreactivity 
and various clinicopathological parameters in the breast 
carcinoma cases were summarized in Table 1. The number 
of TACC2- positive cases was 78 out of 154 (51%) in this 
study. Immunohistochemical TACC2 status was signifi-
cantly associated with Ki- 67 LI (P = 0.047), but no sig-
nificant association was detected between TACC2 status 
and other clinicopathological parameters examined, such 
as patients’ age, menopausal status, stage, status of neo-
adjuvant chemotherapy, pathological tumor factor (pT), 
lymph node metastasis, histological grade, ER status, PR 
status, AR status, and HER2 status.

Association between TACC2 status and 
clinical outcome of the patients

As shown in Figure 2A, TACC2 status was significantly 
associated with an increased incidence of recurrence in 
breast cancer patients (P = 0.0009 by log- rank test). Similar 
trend was shown regardless of the sample collection period 

(1995–1999 [n = 56]: P = 0.039, and 2007–2008 [n = 98]: 
P = 0.011) (data not shown). A significant correlation 
was also shown between TACC2 status and adverse 

Figure 1. Immunolocalization of TACC2 in human breast carcinoma. 
(A) TACC2 was immunolocalized in the cytoplasm of carcinoma cells. (B) 
TACC2- negative breast carcinoma case. (C) TACC2 immunoreactivity 
was negative in the morphologically normal mammary gland or stroma. 
Bar = 100 µ m, respectively.

A

B

C



1977© 2016 The Authors. Cancer Medicine published by John Wiley & Sons Ltd. 

TACC2 in Breast CarcinomaY. Onodera et al.

clinical outcome of these cases (P = 0.013). Significant 
correlations between TACC2 status and increased risk of 
recurrence were detected regardless of the lymph node 
metastasis (cases with lymph node metastasis (n = 60): 
P = 0.020 (Fig. 2C), and cases without lymph node metas-
tasis (n = 94): P = 0.035) and pT (pT2- 4 cases (n = 62): 
P = 0.0036 (Fig. 2D), and pT1 cases (n = 92): P = 0.047). 
Moreover, TACC2 status was significantly correlated with 
recurrence also in the cases who received adjuvant endo-
crine therapy (n = 120; P = 0.012 (Fig. 2E) and the cases 
who received chemotherapy (n = 88; P = 0.0004 (Fig. 2F).

Results of univariate analysis of disease- free survival 
using Cox (Table 2), Ki- 67 LI, pT, PR status, lymph node 

metastasis, TACC2 status, adjuvant endocrine therapy, and 
chemotherapy were demonstrated to be significant prog-
nostic factors for disease- free survival and histological 
grade was detected as the borderline significance. Following 
multivariate analysis revealed that pT (P = 0.0018), TACC2 
status (P = 0.0027), and PR status (P = 0.036) were 
independent prognostic factors.

As shown in Table 3, univariate analyses for breast 
cancer- specific survival revealed Ki- 67, chemotherapy, his-
tological grade, PR status, pT, adjuvant endocrine therapy, 
ER status, lymph node metastasis, and TACC2 status as 
significant prognostic variables in these cases, and subse-
quent multivariate analysis turned out that only PR status 
(P = 0.016) and TACC2 status (P = 0.040) were inde-
pendent parameters of these cases in this study.

Effects of TACC2 on cell proliferation and 
migration in breast carcinoma cells

In order to further evaluate biological functions of TACC2 
in human breast carcinoma cells, we transfected specific 
siRNA for TACC2 in MCF- 7 (ER+ and AR+) and MDA- 
MB- 453 (ER-  and AR+) breast carcinoma cells (Fig. S1). 
The major isoform of TACC2 protein was detected as a 
specific band, and it was markedly decreased both in 
MCF- 7 (Fig. 3A) and MDA- MB- 453 (Fig. 3B) cells trans-
fected with specific TACC2 siRNA (i.e., si1 and si2) at 
24 hours after transfection compared to cells transfected 
with negative control siRNA (NC).

Effects of TACC2 expression on cell proliferation in 
breast carcinoma cell lines were summarized in Figures 3C 
and D. The number of cells was significantly lower in 
MCF- 7 cells transfected with TACC2 siRNA (P < 0.05 
and 0.84- fold in si1, and P < 0.001 and 0.75- fold in 
si2) than the control cells transfected with NC at 72 h 
after the transfection. Similar tendency was also detected 
in MDA- MB- 231 cells under the same condition 
(P < 0.01 and 0.69- fold in si1, and P < 0.01 and 0.77- 
fold in si2).

When we performed BrdU assay under the same condi-
tion, % BrdU incorporation was also significantly lower 
in MCF- 7 and MDA- MB- 453 cell lines transfected with 
TACC2 siRNA (MCF- 7; P < 0.001 and 0.95- fold in si1, 
and P < 0.001 and 0.94- fold in si2 (Fig. 3E), and MDA- 
MB- 453; P < 0.001 and 0.94- fold in si1, and P < 0.001 
and 0.93- fold in si2 (Fig. 3F)) than the control cells 
transfected with NC.

On the other hand, relative migration areas in MCF- 7 
and MDA- MB- 453 cells transfected with siRNA against 
TACC2 were not significantly changed compared to their 
controls in this study (MCF- 7; P = 0.46 in si1 and P = 0.45 
in si2 (Fig. 3G), and MDA- MB- 453; P = 0.19 in si1 and 
P = 0.45 in si2 (Fig. 3H)).

Table 1. Association between TACC2 immunohistochemical status and 
clinicopathological parameters in 154 breast carcinoma cases.

TACC2 status

+(n  = 78) −(n  = 76) P- value

Age1 (years) 56.1 ± 1.5 57.4 ± 1.3 0.53
Menopausal status

Premenopausal 30 25
Postmenopausal 48 51 0.47

Stage
I 36 37
II 29 27
III 13 12 0.95

NAC
Received 11 6
Not received 67 69 0.23

Pathological T factor (pT)
pT1 46 46
pT2- 4 32 40 0.84

Lymph node metastasis
Positive 32 28
Negative 46 48 0.59

Histological grade
1 (well) 25 24
2 (moderate) 31 36
3 (poor) 22 16 0.52

Estrogen receptor (ER) status
Positive 63 62
Negative 15 14 0.90

PR status
Positive 54 55
Negative 24 21 0.67

AR LI1 (%) 29.7 ± 3.0 32.8 ± 3.0 0.46
HER2 status

Positive 13 10
Negative 65 66 0.54

Ki- 67 LI1 (%) 17.5 ± 1.6 13.4 ± 1.3 0.047

1Data are presented as mean ±SEM.
All other values represent the number of cases. Statistical analysis was 
evaluated by the Student’s t- test or a cross- table using the chi- squared 
test. P-values less than 0.05 were considered significant, and described 
as boldface.
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Effects of sex steroids on TACC2 expression 
in breast carcinoma cells

Bioactive androgen dihydrotestosterone (DHT) did not 
significantly change the mRNA level of TACC2 major 
isoform in AR- positive MCF- 7 (1 and 10 nmol/L DHT; 
P = 0.14 and 0.19, respectively) (Fig. 4A) and MDA- MB- 453 
(1 and 10 nmol/L DHT; P = 0.34 and P = 0.11, respec-
tively) (Fig. 4B). Also, the TACC2 mRNA was similar 
level in ER- positive MCF- 7 cells regardless of the treatment 
of bioactive estrogen estradiol in this study (1 and 10 nmol/L 
estradiol; P = 0.14 and 0.19, respectively) (Fig. 4C).

Discussion

This is a first study which demonstrates clinical signifi-
cance of TACC2 immunoreactivity in breast carcinoma. 

In this study, immunoreactivity of TACC2 was detected 
in 51% of breast carcinoma, while it was negligible in 
morphologically normal mammary glands. Previously, 
Cheng et al. showed that TACC2 mRNA level was approxi-
mately four times higher in breast carcinoma tissues than 
the background tissues from the breast cancer patients 
[12], which is in good agreement with our present results. 
On the other hand, Takayama et al. reported that TACC2 
was overexpressed and its immunoreactivity was positive 
in 23% of the prostatic carcinoma [10]. Our present results 
suggest that immunoreactivity of TACC2 is increased in 
a subset of breast carcinoma compared to normal breast 
tissues, and the relatively wide distribution of immuno-
reactivity of TACC2 may also indicate biological importance 
of TACC2 in human breast carcinomas.

In this study, immunoreactivity of TACC2 was positively 
associated with Ki- 67 LI in breast carcinomas. Ki- 67 

Figure 2. Disease- free (A, C–F) and breast cancer- specific survival (B) of breast cancer patients according to TACC2 status by the Kaplan–Meier 
method. (A, B) whole cases (n  = 154), (C) cases positive for lymph node metastasis (n  = 60), (D) pT2- 4 cases (n  = 62), (E) cases receiving adjuvant 
endocrine therapy following surgery (n  = 120), and (F) cases receiving chemotherapy before and/or after the surgery (n  = 88). The solid line shows 
TACC2- positive cases and the dashed line shows TACC2- negative cases. Statistical analysis was performed using the log- rank test. P- values <0.05 
were considered significant and shown in bold.
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antibody recognizes cells in all phases of the cell cycle 
except G0 (resting) phase, and Ki- 67 LI is well correlated 
with proliferation activity of breast cancer [2]. In addi-
tion, results of in vitro studies demonstrated that both 
MCF- 7 and MDA- MB- 453 cells transfected with siRNA 
against TACC2 significantly decreased the cell proliferation 
and BrdU incorporation rate. TACC2 is strongly concen-
trated at centrosomes throughout the entire cell cycle [18]. 
Previously, Takayama et al. showed that TACC2 knock-
down lead to G2/M accumulation and overexpression of 
TACC2 increased S- phase entry after release from G2/M 
synchronization in prostate carcinoma cells [10]. Our 
present results demonstrated these findings, and it is sug-
gested that TACC2 plays an important role in the cell 
proliferation of breast carcinoma.

Functional AR- binding sites were existed in the vicinity 
of TACC2 gene, and TACC2 expression was markedly 
induced by androgen in the prostate carcinoma cells [10]. 
However, in this study, we could not find significant 
association between TACC2 status and AR LI in breast 
carcinoma cases (Table 1) or induction of TACC2 mRNA 
expression by DHT treatment in breast carcinoma cells 
(Fig. 4A, B). We previously identified 610 DHT- induced 
genes in T- 47D breast carcinoma cells by microarray 

analysis [19], but TACC2 was not included in this list 
(data not shown). Androgens immensely contribute to 
growth of prostate cancer through binding with AR, but 
significance of androgens actions remains largely unclear 
[20]. Previous studies using in vitro techniques demon-
strated that DHT predominantly exerted anti- proliferative 
effects on mitogenic effects of estrogens in breast carci-
noma cells [21], although divergent findings have been 
reported [22]. Moreover, androgen responsive element 
(ARE)- dependent transactivation by DHT was markedly 
suppressed by estrogen in T- 47D breast carcinoma cells, 
suggesting that androgen actions are, in general, sup-
pressed in breast carcinoma by predominant estrogen 
actions, even if the carcinoma cells expressed AR and 
intratumoral DHT level induced significantly [23]. 
Therefore, TACC2 does not necessarily involve in AR 
signaling and other factors can be important in the regu-
lation of TACC2 expression in the breast carcinoma, 
different from the prostate carcinoma. For instance, it 
has been reported that TACC2 was up- regulated by SMYD2 

Table 2. Univariate and multivariate analyses of disease- free survival in 
154 breast cancer patients examined.

Univariate Multivariate

Variable P-value P-value
Relative risk 
(95% CI)

Ki- 67 LI
 (0–60) <0.0001 0.12

pT
 (pT1/pT2- 4) <0.0001 0.0018 0.2 (0.1–0.5)

PR status
 (positive/negative) 0.0011 0.036 0.4 (0.2–0.9)
Lymph node metastasis

 (positive/negative) 0.0011 0.36
TACC2 status

 (+/−) 0.0021 0.0027 3.8 (1.6–9.2)
Adjuvant endocrine therapy

 (+/−) 0.0028 0.63
Chemotherapy (+NAC)

 (+/−) 0.012 0.27
Histological grade

 (1,2/3) 0.056
Estrogen receptor (ER) status

 (positive/negative) 0.11
HER2 status

 (positive/negative) 0.61

Statistical analysis was evaluated by a proportional hazard model (Cox). 
Data considered significant (P < 0.05) in the univariate analyses were 
described as boldface, and these were examined in the multivariate 
analyses.

Table 3. Univariate and multivariate analyses of breast cancer- specific 
survival in 154 breast cancer patients examined.

Variable

Univariate Multivariate

P-value P-value
Relative risk 
(95% CI)

Ki- 67 LI

 (0–60) <0.0001 0.27
Chemotherapy(+NAC)

 (+/−) 0.0017 0.46
Histological grade

 (1,2/3) 0.0021 0.41
PR status

 (positive/negative) 0.0037 0.016 0.1 
(0.002–0.6)

pT
 (pT1/pT2- 4) 0.011 0.34

Adjuvant endocrine  
therapy
 (+/−) 0.012 0.47

Estrogen receptor  
(ER) status
 (positive/negative) 0.020 0.65

Lymph node metastasis
 (positive/negative) 0.023 0.36

TACC2 status
 (+/−) 0.039 0.040 7.1 

(1.1–146.6)
HER2 status

 (positive/negative) 0.75

Statistical analysis was evaluated by a proportional hazard model (Cox). 
Data considered significant (P < 0.05) in the univariate analyses were 
described as boldface, and these were examined in the multivariate 
analyses.
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(SET-  and MYND- containing protein 2) gain of function, 
and it occurred as a result of SMYD2 binding to the 
TACC2 promoter where it methylated histone H3 at lysine 

4 (H3K4) [24]. Further examinations are needed to clarify 
molecular regulatory mechanisms of TACC2 expression 
in breast carcinoma.

Figure 3. Effects of TACC2 on cell proliferation and invasion in breast 
carcinoma cells. (A, B) Protein expression of TACC2 major isoform in 
MCF- 7 (A) and MDA- MB- 453 (B) cells transfected with TACC2- specific 
siRNA (si1 and si2) or negative control siRNA (NC). In the immunoblotting, 
10 µ g of protein was loaded in each lane, and β- actin immunoreactivity 
was shown as the internal control. (C, D) Proliferation activity of MCF- 7 
(C) and MDA- MB- 453 (D) cells transfected with siRNA summarized as a 
ratio (%) compared to that at 0 day after treatment. (E, F)Percentage of 
BrdU incorporated cells in the MCF- 7 (E) and MDA-MB-453 (F). (G, H) 
Wound- healing assays in MCF- 7 and MDA- MB- 453 cells. The relative 
migration area was evaluated as a ratio (%) compared to the control 
cells (left bar). Open bar: NC, gray bar: si1; and closed bar: si2. Data are 
presented as the mean ±S.D. (n  = 3), respectively. *P < 0.05, **P < 0.01, 
and ***P < 0.001 compared with negative control group (left bar). The 
statistical analyses were performed using one- way ANOVA and Fisher’s 
protected least significant difference.
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Figure 4. Effects of sex steroids on major TACC2 isoform expression in 
breast carcinoma cells. (A, B) Effects of DHT on the TACC2 expression in 
MCF- 7 (A) and MDA- MB- 453 (B) cells, and (C) Effects of estradiol on the 
TACC2 expression in MCF- 7 cells. These cells were treated with 
indicated concentration of dihydrotestosterone (DHT) or estradiol for 
24 h. The mRNA level of TACC2 major isoform was examined by real- 
time PCR analysis (upper panels). TACC2 mRNA level was evaluated as 
a ratio of RPL13A mRNA level, and subsequently relative TACC2 mRNA 
level was summarized as a ratio (%) compared with the basal level 
(nontreatment). Data are presented as the mean ±S.D. (n  = 3). The 
statistical analyses were performed using one- way ANOVA and Fisher’s 
protected least significant difference. Lower panels summarized the 
TACC2 protein level by immunoblotting. 10 µ g of protein was loaded in 
each lane, and β- actin immunoreactivity was shown as the internal 
control.
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In this study, TACC2 status was significantly associated 
with recurrence and worse prognosis of female breast 
cancer cases, and a similar tendency was also shown in 
the cases which received adjuvant endocrine therapy and/
or chemotherapy. Moreover, using multivariate analyses, 
we demonstrated that TACC2 status turned out an inde-
pendent worse prognostic factor for both disease- free and 
breast cancer- specific survival. Significance of TACC2 in 
breast cancer is controversial. TACC2 was identified as a 
putative breast tumor suppressor [11] and overexpression 
of TACC2 reverted a malignant phenotype to a benign 
phenotype [13]. On the other hand, single- nucleotide 
polymorphisms (SNPs) in TACC2 were significantly asso-
ciated with a risk of low- grade breast cancer [25], and 
TACC2 mRNA expression was significantly correlated with 
shorter disease- free survival of breast carcinomas patients 
[12]. An association between TACC2 expression and worse 
prognosis was also shown in the prostate cancer [10] and 
infant acute lymphoblastic leukemia [26]. Little informa-
tion is available about association between TACC2 and 
resistance to adjuvant therapy, however, Takayama et al. 
showed that TACC2 contributed to hormone- refractory 
proliferation in prostate carcinoma [10]. Previous studies 
have also demonstrated that TACC1 was involved in 
endocrine therapy (tamoxifen and fulvestrant) resistance 
in breast cancer [27] and TACC3 was associated with 
chemoresistance (paclitaxel) in uterine cervical cancer [9]. 
Therefore, it is suggested that TACC2 plays an oncogenic 
role in breast carcinoma by promotion of the cell pro-
liferative activity, and residual carcinoma cells following 
surgical treatment in TACC2- positive breast carcinomas 
may still have the high potential to rapidly grow and/or 
metastasize, despite the adjuvant therapy.

In summary, immunoreactivity of TACC2 was detected 
in 51% of breast carcinoma cells, and the TACC2 status 
was significantly correlated with Ki- 67 LI in these cases. 
Moreover, TACC2 status was significantly associated with 
worse prognosis of the cases and it turned out an inde-
pendent prognostic factor for both the disease- free and 
breast cancer- specific survival. Following in vitro study 
demonstrated that RNA interference of TACC2 significantly 
decreased the proliferation activity of both MCF- 7 and 
MDA- MB- 453 cell lines. These results suggest that TACC2 
plays an important role in the cell proliferation of breast 
carcinoma and immunohistochemical TACC2 status may 
become a potent prognostic factor in these patients.
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loaded in each lane, and β- actin immunoreactivity was 
shown as the internal control.
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Prognostic value of CD66b positive tumor-
infiltrating neutrophils in testicular germ
cell tumor
Yuta Yamada1, Tohru Nakagawa1*, Toru Sugihara1, Takamasa Horiuchi1, Uran Yoshizaki1, Tetsuya Fujimura1,
Hiroshi Fukuhara1, Tomohiko Urano2, Kenichi Takayama3, Satoshi Inoue3, Haruki Kume1 and Yukio Homma1

Abstract

Background: Prognostic value of immune cells is not clear in testicular germ cell tumors (TGCTs). We aimed to
investigate the prognostic value of tumor-infiltrating neutrophils in TGCTs.

Methods: A total of 102 patients who underwent orchiectomy for TGCT were investigated for CD66b positive
tumor-infiltrating neutrophils (CD66b + TINs). Immmunostaining for CD66b was performed in 102 sections as
described. Clinicopathological parameters as well as cancer specific survival and overall survival were assessed for
correlation with CD66b + TIN density.

Results: High density group was significantly correlated with tumor diameter ≥ 10 cm, presence of nodal/distant
metastasis, S stage, diagnosis of nonseminomatous germ cell tumor (NGCT), and presence of venous invasion
(p = 0.0198, p < 0.0001, p = 0.0275, p = 0.0004, and p = 0.0287, respectively). It was also significantly associated
with cancer-specific and overall survival (logrank p = 0.0036, and p = 0.0002, respectively). Multivariate analysis
showed that increased CD66b + TIN was an independent prognostic factor for overall survival (p = 0.0095).

Conclusions: Increased CD66b + TIN was significantly associated with presence of metastasis, S stage, and
nonseminomatous germ cell tumor diagnosis. It was also an independent prognostic factor of overall survival
in patients with TGCT.

Keywords: Tumor-inflitrating neutrophil, Testicular cancer, CD66b, Neutrophil

Background
Inflammation is considered to play a significant role in
tumor progression in many malignancies [1]. Tumors
that produce various inflammatory cytokines recruit
immune cells such as neutrophils, and activate them
to favor tumor growth and progression [2]. Increased
levels of neutrophils are observed both in peripheral
bloods and tumor environment in various cancers [3–11].
However, to our knowledge, there has been no literature
regarding association between neutrophils and testicular
germ cell tumors (TGCTs).
The aim of this study was to investigate the prognostic

value of tumor-infiltrating neutrophils (TINs) in TGCT.

By assessing the intra-tumoral environment using im-
munohistochemistry, we considered that it would pro-
vide more direct information than parameters based
on peripheral blood samples. Relationships between
TIN and clinico-pathological parameters including
prognosis in patients with TGCT are described in the
present study.

Methods
Patient characteristics and tissue preparation
The study included 102 patients who underwent orchi-
ectomy for TGCT at The Tokyo University Hospital
between 1985 and 2008. Clinicopathological parame-
ters were retrospectively investigated from clinical re-
cords. Peripheral blood white blood cell and neutrophil
counts were not available in 22 and 36 patients, re-
spectively. Tumors were restaged using the TNM 2009
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staging system [12]. Patients with nodal and/or distant
metastasis (30 cases) were classified according to the
International Germ Cell Consensus Classification
(IGCCC) [13]. No patients received chemotherapy or
radiation before orchiectomy.
CD66b immunostaining was performed to evaluate

intra-tumoral neutrophils, since CD66b is uniquely
expressed by neutrophils and not expressed in mono-
cytes or myeloid cells [14]. In addition, CD66b is a
preferable marker of aggressiveness in cancer when
compared with other markers such as myeloperoxidase
[6]. Sections were available in all 102 patients for
CD66b immunohistochemistry. Sections were obtained
from the same tumor blocks used for routine patho-
logical evaluation. Therefore, haematoxylin and eosin
(H&E) stained sections were also available for reference
regarding areas of tumors and vessels.
Informed consent was obtained from all individual

participants included in the study. This study was ap-
proved by the Ethics Committee of the University of
Tokyo Hospital (approval number #2283), and is in ac-
cordance with the Helsinki declaration.

Immunohistochemistry
Immunohistochemistry for CD66b staining was per-
formed by the streptavidin-biotin method as previously
described [15]. Six-micrometer-thick sections were
deparaffinized with 2 changes of xylene for 3 min each,
then dehydrated using decreasing concentrations of
ethanol, and rinsed in Tris-buffered saline (TBS). Anti-
gen retrieval was carried out immersing the sections in
citric acid buffer (2 mM citric acid and 9 mM trisodium
citrate dehydrate, pH 6.0) and autoclaved at 121 °C for
10 min. After cooling period of 3 min, the sections were
washed with TBS and blocked with endogenous peroxid-
ase with 0.3% H2O2. The sections were then incubated
in 10% bovine serum albumin (BSA) for 30 min. The
slides were incubated overnight at 4 °C with a primary
mouse antibody for CD66b which was diluted at 1:200
(#305102, Biolegend®, San Diego, USA). After the sec-
tions were washed in TBS, they were incubated with
CSA-2 kit (DAKO, Carpinteria, CA, USA). The antigen-
antibody complex was visualized with 3,3′-diaminoben-
zidine tetrachloride (DAB) solution (1 mM DAB, 50 mM
Tris-HCL buffer, pH 7.6, and 0.006% H2O2). All sections
were counter-stained by Carazzi’s hematoxylin for 60 s.
For negative controls, normal mouse IgG was used in-
stead of primary antibodies.

Immunohistochemical assessment
The density of CD66b + TINs was assessed in immuno-
stained sections as in previous literature [7, 16]. Stained
cells with clear boundary and sufficient intensity were
recognized as CD66b + neutrophils. Cells with blurry

stains and unclear boundary were neglected. TINs were
evaluated within the tumor, but not in the area showing
necrosis or artifacts. TIN was counted from ten random
microscopic fields (×200). TIN Counts of entire 102 sec-
tions were 14.8 ± 38.8 counts/microscopic field (mean ±
SD), or median value of 1 (range 0 - 262). By using the
receiver operating characteristic (ROC) curve analysis,
cutoff value was selected from overall survival status
from which the largest AUC was obtained (AUC =
0.80217, Additional file 1: Figure S1). Cutoff value was
selected from the point which was closest to both max-
imum sensitivity and specificity (21.6 counts/micro-
scopic field). Therefore, high and low TIN density was
defined as counts ≤ 21 and counts > 21, respectively.
Two independent observers (YY and TN) evaluated

the stained sections, blinded to the patients’ clinic-
pathological details. The third observer (TF) determined
the density (high or low) in case of disagreement be-
tween the 2 observers.

Statistical analyses
We used the statistical software JMP ®Pro version 10.0.2
(©2012 SAS Institute Inc., Cary, CA, USA) for data
analysis. All continuous variables did not show normal
distribution, and therefore Wilcoxon rank-sum test was
used to compare differences between continuous vari-
ables between low and high TIN density groups. Pear-
son’s chi-square test and Fisher’s test (used when
frequency was under 5) was used in analyzing differ-
ences of categorical variables between low and high
TIN density groups in Table 2 and Table 3. Log-rank
test was performed to analyze the statistical difference
of cancer-specific and overall survival in low and high
density groups. Multiple regression model was used to
identify associated factors of cancer specific and overall
survival. Variables that were significantly associated in
univariate survival analysis were included in the multi-
variate analysis. Since the hypothesis ‘high TIN density
increases the risk of cancer specific and overall mortality’
was considered unilateral, P value of < 0.025 was consid-
ered to be statistically significant in analysis regarding sur-
vival and multiple regression models. P value < 0.05 was
considered to be statistically significant in statistical ana-
lysis evaluating association between other variables.

Results
Clinical characteristics of 102 patients with TGCT are
presented in Table 1. Median value (interquartile range
(IQR)) of patient age was 34 (26 - 40) years. Fifty-eight
patients had pathological stage T1, and 44 had T2–T4.
Median values (IQR) of LDH, βhCG, AFP levels were
240 (170 - 463) IU/ml, 1.7 (0 – 20.2) mIU/ml, and 5 (2 -
141) ng/ml, respectively. Eighty and sixty-eight patients
had preoperative clinical records of white blood cell and
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neutrophil counts from peripheral blood samples, re-
spectively. Median values (IQR) of white blood cell and
neutrophil counts were 6800 (5900-8375) counts/μl and
4300 (3542-5937) counts/μl, respectively.
A total of 102 sections were examined for CD66b im-

munostaining. The number of intravascular neutrophils
(Fig. 1) was considered negligible (mean count: 0.095
cells per microscopic field), and was not included in the
TIN count. There were 81 cases for low, and 21 for high
density group. There were no significant differences
between high and low TIN density groups in terms of
individual tumor markers and IGCCC risk (Table 2).

TIN density did not show correlation with peripheral
neutrophil counts (Wilcoxon rank-sum test p = 0.7947).
High density group was significantly correlated

with diagnosis of NGCT (p = 0.0004), tumor diameter
> 10 cm (p = 0.0198), and presence of venous invasion
(p = 0.0287) (Table 3).
Relationship of CD66b + TIN density to survival is

shown in Fig. 2. High density group was significantly
associated with poor survival for cancer-specific and
overall survival in TGCT patients (logrank p = 0.0036,
p = 0.0002, respectively). In addition, high TIN density
group had lower cancer-specific and overall survival
rates in SGCT patients (P = 0.0376 and P < 0.0001, re-
spectively), whereas it showed tendency towards lower
overall survival in NGCT patients (P = 0.0657).
In univariate analysis, clinical factors significantly asso-

ciated with poor cancer specific and overall survival in
TGCT patients were N stage (N1-3 vs N0), M stage (M1
vs M0), and TIN density status (High vs Low) (Table 4).
In multivariate analysis, M stage was an independent
factor of cancer-specific survival (P = 0.0126). High TIN
density remained an independent prognostic factor of
overall survival (p = 0.0095).

Discussion
To our knowledge, this study is the first report to show
that increased CD66b + TIN is an independent prognos-
tic factor for overall survival in patients with TGCT. In
addition to this finding, our results also revealed that in-
creased CD66b + TIN was significantly associated with
diagnosis of non-seminomatous germ cell tumor, S stage
of S2 and over, tumor size > 10 cm, presence of nodal
and/or distant metastasis, and presence of venous
invasion.
In general, neutrophils are viewed as one of the first

recruited effectors involved in acute inflammatory re-
sponse [1, 14]. Neutrophils that are recruited to the
tumor environment are discriminated from naϊve neu-
trophils, since they are characterized with low amounts

Table 1 Clinical characteristics of 102 patients with TGCT
Variables Median (IQR) or

number of cases (%)

Age (years) 34 (26 - 40)

LDH (IU/ml) 240 (170 - 463)

αFP (ng/ml) 5 (2 - 141)

βhCG (mIU/ml) 1.7 (0 – 20.2)

Peripheral blood white blood
cell count (/μl)

(n = 80) 6800 (5900 - 8375)

Peripheral blood neutrophil
count (/μl)

(n = 68) 4300 (3542 - 5937)

T stage T1 58 (56.9)

T2 29 (28.4)

T3 13 (12.7)

T4 2 (2.0)

N stage N0 72 (70.6)

N1 9 (8.8)

N2 7 (6.9)

N3 14 (13.7)

M stage M0 92 (90.2)

M1a 9 (8.8)

M1b 1 (1.0)

TGCT testicular germ cell tumor, IQR interquartile range, LDH lactate
dehydrogenase, AFP α feto protein, βhCG β human chorionic gonadotropin

Fig. 1 Representative examples of CD66b positive neutrophils in TGCT patients. Representative examples of CD66b + tumor-infiltrating
neutrophils. Yellow arrow shows CD66b + neutrophil. Scale bars, 100 μm. a A patient with seminoma. b A patient with pure embryonal
carcinoma. Abundant number of tumor-infiltrating neutrophil can be observed within the tumor
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of granules, and reactive oxygen species (ROS) [17].
They also express elevated levels of CXCL1, CXCL2
[17], that are potent chemoattractant promoting neutro-
phil recruitment [18]. Neutrophil recruitment is also
supported by cancer cells that produce granulocyte col-
ony stimulating factor (GCSF), which leads to an incre-
ment of neutophils via stimulation of bone marrow
granulocytic cells [19]. In addition, tumor microenviron-
ment stabilizes and prolongs the survival of neutrophils
[18].
The function of neutrophils in tumor environment is

complex, since they have conflicting function in cancer
environment according to their activation state [17].
Tumor cells produce immunosuppressive transforming
growth factor β (TGFβ) that promotes the polarization
of tumor-associated neutrophils to a pro-tumoral “N2
phenotype” [20]. This type of neutrophil may contribute
to cancer progression, since it produces growth factors
such as vascular endothelial growth factor (VEGF), hep-
atocyte growth factor (HGF), MMP9, Bv8, and also have
the capability to suppress cytotoxic lymphocytes [17, 18,
21, 22].
In this study, increased TINs correlated with presence

of nodal and/or distant metastasis. This finding may be
explained from the results of several studies that have
identified the function of neutrophils to promote tumor
migration and invasion. Head and neck squamous cell
carcinoma (HNSCC) cells stimulated neutrophils to re-
lease proinflammatory cytokines which accelerated the

Table 2 Relationships between TIN density and clinical
characteristics in TGCT patients (N = 102)

TIN density

Low (N = 81) High (N = 21) P value

Age (years ± SD)a 34.7 ± 11.2 31.7 ± 12.3 0.1438

Tumor marker

LDH (N = 99) Normal 41 (42%) 7 (7%) 0.1768

High 38 (38%) 13 (13%)

AFP (N = 99) Normal 55 (56%) 12 (12%) 0.2449

High 23 (23%) 9 (9%)

βhCG (N = 101) Normal 31 (31%) 7 (7%) 0.6484

High 49 (48%) 14 (14%)

T stage T1 50 (49%) 8 (8%) 0.0513

T2-T4 31 (30%) 13 (13%)

S stage (N = 97) S0-1 58 (60%) 10 (10%) 0.0275

S2-3 19 (20%) 10 (10%)

Stage Stage I 65 (64%) 7 (7%) <0.0001

Stage II-III 16 (15%) 14 (14%)

IGCCC riskb Good 10 (33%) 8 (27%) 0.8051

Intermediate 4 (13%) 3 (10%)

Poor 2 (7%) 3 (10%)

TIN tumor-infiltrating neutrophil, TGCT testicular germ cell tumor, LDH lactate
dehydrogenase, αFP α feto protein, βhCG β human chorionic gonadotropin,
IGCCC International Germ Cell Consensus Classification. aWilcoxon rank-sum test
was used for statistical analysis in evaluating age between low and high density
groups. Pearson’s chi square test was performed for other parameters. bNote
that the IGCCC risk classification is applied only in patients with metastatic
TGCT patients

Table 3 Relationships between TIN density and pathological findings in TGCT patients (N = 102)
TIN density

Low (N = 81) High (N = 21) P value

Pathology SGCT 57 (56%) 6 (6%) 0.0004

NGCT 24 (23%) 15 (15%)

Tumor diameter (N = 91) ≤10 cm 69 (76%) 16 (18%) 0.0198

>10 cm 2 (2%) 4 (4%)

Tunica albuginea invasion Absent 61 (60%) 12 (12%) 0.1001

Present 20 (19%) 9 (9%)

Venous invasion Absent 62 (61%) 11 (11%) 0.0287

Present 19 (18%) 10 (10%)

Lymphatic vessel invasion Absent 68 (67%) 17 (16%) 0.7473

Present 13 (13%) 4 (4%)

Tunica vaginalis invasion Absent 72 (71%) 17 (16%) 0.4607

Present 9 (9%) 4 (4%)

Epididymis invasion (N = 100) Absent 70 (70%) 19 (19%) 1.0000

Present 9 (9%) 2 (2%)

Spermatic cord invasion Absent 72 (71%) 16 (16%) 0.1318

Present 9 (9%) 5 (5%)

TIN tumor-infiltrating neutrophil, TGCT testicular germ cell tumor. Pearson’s chi square test was used for statistical analysis except for ‘Tumor diameter’, ‘Lymphatic
vessel invasion’, ‘Tunica vaginalis invasion’, and ‘Epididymis invasion’, which were analyzed by using Fisher’s test
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migration of tumor cells [23]. Shamamian P et al. have
shown that neutrophil serine proteases activated MMP2
via MT1-MMP, which lead to an invasion of fibrosar-
coma cells [24].
In a clinical level, recent studies have shown that rela-

tionship between immune cells and tumor microenvir-
onment is important in oncologic outcomes. In a study
comprised of 121 patients undergoing nephrectomy for
localized renal cell carcinoma, the presence of intra-
tumoral neutrophils was an independent prognostic
factor for cancer specific and overall survival [3]. In he-
patocellular carcinoma patients, mean counts of intratu-
moral neutrophil were 27.3 ± 56.1 counts/microscopic

field (×200), and presence of intratumoral neutrophil
was a poor prognostic factor for hepatocellular carcin-
oma after resection [4]. Patients with low intratumoral
neutrophils had a significantly longer 5-year recurrence
free rate and overall survival (53% vs < 37% and 57% vs
18%, respectively). In colorectal cancer patients, in-
creased intra-tumoral CD66b + neutrophil was not only
positively correlated with pT status, M status, and clin-
ical stage, but was also an independent prognostic factor
in multivariate analysis [5]. Limitations include a pos-
sible bias in groups divided by TIN density because of
the potential differences in comorbidity and treatment
history.

Fig. 2 Survival analysis of CD66b + TIN density in testicular germ cell tumor patients. a, b Cancer specific and overall survival in patients with
non-seminomatous germ cell tumor. c, d Cancer specific and overall survival in patients with seminomatous germ cell tumor. e, f Cancer specific
and overall survival in patients with testicular germ cell tumor. Log rank test was used to analyze the differences in survival
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Conclusions
Increased CD66b + TIN was an independent prognostic
factor for overall survival in TGCT patients. Thus,
evaluating density of TINs may be beneficial as an add-
itional prognostic tool. However, larger and prospective
studies are necessary to further elucidate the present
findings.

Additional file

Additional file 1: Figure S1. Receiver operating characteristic (ROC)
curve analysis was performed to determine the cutoff value of TIN counts
by using the 0, 1 criterion. In the present study, overall survival status had
the largest AUC (0.80217), and we selected cutoff value determined by
overall survival status. Cutoff value was selected from the point which
was closest to both maximum sensitivity and specificity (21.6 counts/
microscopic field). Therefore, high and low TIN density was defined as
counts ≤ 21 and counts > 21, respectively. (TIF 217 kb)
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Tripartite motif 44 (TRIM44) is one of the TRIM family proteins that are involved
in ubiquitination and degradation of target proteins by modulating E3 ubiquitin
ligases. TRIM44 overexpression has been observed in various cancers. However,
its association with testicular germ cell tumor (TGCT) is unknown. We aimed to
investigate the clinical significance of TRIM44 and its function in TGCT. High
expression of TRIM44 was significantly associated with a feto-protein levels, clini-
cal stage, nonseminomatous germ cell tumor (NSGCT), and cancer-specific survival
(P = 0.0009, P = 0.0035, P = 0.0004, and P = 0.0140, respectively). Multivariate
analysis showed that positive TRIM44 IR was an independent predictor of cancer-
specific mortality (P = 0.046). Gain-of-function study revealed that overexpression
of TRIM44 promoted cell proliferation and migration of NTERA2 and NEC8 cells.
Knockdown of TRIM44 using siRNA promoted apoptosis and repressed cell prolif-
eration and migration in these cells. Microarray analysis of NTERA2 cells revealed
that tumor suppressor genes such as CADM1, CDK19, and PRKACB were upregu-
lated in TRIM44-knockdown cells compared to control cells. In contrast, oncogenic
genes including C3AR1, ST3GAL5, and NT5E were downregulated in those cells.
These results suggest that high expression of TRIM44 is associated with poor
prognosis and that TRIM44 plays significant role in cell proliferation, migration,
and anti-apoptosis in TGCT.

T esticular germ cell tumors (TGCTs) represent 90–95% of
testicular cancer, which is a relatively rare cancer that

accounts for approximately 1–2% of male cancers.(1) TGCT is
classified into seminomatous germ cell tumor (SGCT) or non-
seminomatous germ cell tumor (NSGCT) depending on types
of histological components. NSGCTs include yolk sac tumors,
embryonal cell carcinomas, teratomas, and choriocarcinomas,
with or without the presence of a seminomatous component.
The cure rates for the good prognosis group is excellent with a
5-year overall survival of 86% and 92% for SGCT and
NSGCT, respectively.(1) However, in the poor prognosis group,
the disease could be lethal with a 5-year overall survival of
48% for NSGCT.
Tripartite motif (TRIM) protein family is known to contain

the RING finger domain, which mainly functions as E3 ubiqui-
tin ligases.(2) By functioning as E3 ubiquitin ligases, TRIM
family proteins modulate ubiquitination leading to degradation,
activation or functional modification of target proteins. Thus,
they are involved in various biological processes including reg-
ulation of transcriptions, cell proliferation, apoptosis, and
development.(3) Among the known 70 genes of the TRIM fam-
ily, approximately 20 genes are associated with malignancies
by regulating oncogenesis.(2–12)

TRIM44 was originally isolated from a mouse brain cDNA
library.(13) TRIM44 is considered to be associated with several
malignancies, such as lung cancer,(14) gastric cancer,(15) eso-
phageal cancer,(16) and head/neck squamous cell carcinoma.(17)

For instance, TRIM44 was upregulated in non-small cell lung
cancer (NSCLC) tumors in a study analyzing 30 pairs of
NSCLC tumors and the matched adjacent normal tissue.(14)

Another study found that TRIM44 was significantly associated
with higher recurrence rate and worse cancer-specific survival
in patients with gastric cancer.(15) However, to our knowledge,
there are no previous reports suggesting association between
TRIM44 and TGCT.
In the present study, we investigated clinical significance of

TGCT, and further carried out functional studies of TRIM44
using TGCT cell lines.

Materials and Methods

Patient characteristics and tissue preparation. One hundred
and three testicular specimens were obtained from orchiec-
tomies performed between 1985 and 2006. In 103 testicular
specimens, 62 and 41 specimens were diagnosed as SGCT and
NSGCT, respectively. Specimens that contained pure NSGCT
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component included seven embryonal carcinomas, one ter-
atoma, one yolk sac tumor, and one choriocarcinoma. Thirty-
one specimens showed a mixed component for NSGCT cases.
Staging was performed according to the TNM 2009 staging
system.(1) Patients with metastasis (31 cases) were also classi-
fied in terms of prognosis according to the International Germ
Cell Consensus Classification (IGCCC).(18) No patient received
chemotherapy or radiation before orchiectomy for TGCT. Of
note, there were seven cancer-specific deaths, one of which
had SGCT who developed late recurrence and died at
153 months after orchiectomy. At the time of recurrence, this
patient already had multiple metastases including the liver, and

had died of the disease before having been treated with
chemotherapy.
This study was approved by our institutional ethical commit-

tee (#2283), and is in accordance with the Helsinki declaration.
All the patients or their parents provided a written informed
consent.

Immunostaining and immunohistochemical assessment. Sec-
tions were obtained from the same tumor blocks used for rou-
tine pathological evaluation. Therefore, hematoxylin and eosin
(H&E) stained sections were also available for reference
regarding areas of tumor and benign lesions.
Immunohistochemistry for TRIM44 expression was per-

formed by the streptavidin-biotin method as previously

Table 1. Relationships between TRIM44 IR and clinical characteristics

in TGCT (n = 103)

Clinical data
TRIM44 IR

Negative (n = 62) Positive (n = 41) P value

Age (years ! SD) 35.4 ! 10.8 31.9 ! 12.1 0.198

Tumor marker

LDH (n = 98)

Normal 31 17 0.5037

High 29 21

Unknown 2 3

AFP (n = 99)

Normal 47 19 0.0009

High 12 21

Unknown 3 1

bhCG (n = 102)

Normal 25 14 0.5892

High 37 26

Unknown 0 1

Tumor diameter (n = 92)

≤10 cm 55 30 0.1006

>10 cm 2 5

Unknown 5 6

T stage

T1 35 24 0.8341

≥T2 27 17

N stage

N0 50 22 0.0035

≥N1 12 19

M stage

M0 58 34 0.1093

M1 4 7

S stage (n = 102)

S0 17 7 0.2489

≥S1 45 33

Unknown 0 1

Stage (TNM classification)

Stage 1 50 22 0.0035

≥Stage 2 12 19

IGCCC risk group† (n = 31)

Good 9 9 0.3142

Intermediate 2 7

Poor 1 3

†A total of 31 patients had metastasis (IGCCC can only be applied
to cases associated with metastasis). AFP, a-fetoprotein; IGCCC,
International Germ Cell Consensus Classification; IR,
immunoreactivity; LDH, lactate dyhydrogenase; TGCT, testicular germ
cell tumor;TRIM44, tripartite motif 44; bhCG, b human chorionic
gonadotropin.

(a)

(b)

(c)

Fig. 1. TRIM44 was strongly expressed in nonseminomatous germ
cell tumor (NSGCT). (a–c) Representative images of immunohistochem-
istry. (a) anti-TRIM44 in seminomatous germ cell tumor (SGCT), (b)
anti-TRIM44 in nonseminomatous germ cell tumor (NSGCT), (c) nega-
tive control (NSGCT immunostained with rabbit IgG antibody). Scale
bar = 100 lm.
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described.(19) For primary antibody, we applied 1:200 diluted
rabbit polyclonal antibody for TRIM44 (constructed as
described elsewhere).(20) Sections were washed in TBS after
applying primary antibody overnight at 4°C, and then they
were incubated with CSAII (Dako, Carpentaria, CA, USA).
For negative controls, normal rabbit IgG was used instead of
primary antibodies.
Immunostained slides were evaluated for intensity scores as

described in previous literature.(19) IR was evaluated by inten-
sity score of immunostaining, which was rated from 0 to 3+
(0: none, 1: weak, 2: moderate, 3: strong). “Positive IR” of
TRIM44 protein was defined as having intensity score of 1+
and over. A score of 1+ was considered the cut-off point, since
the average and median value of intensity score of TGCT was
0.51 and 0 in TGCT, respectively. The optimal cut-off value
in receiver operating characteristic (ROC) curve analysis for
predicting cancer-specific survival was also 1+ in TGCT
patients. Two observers (YY and TF) evaluated the slides, and
a third observer (JK) estimated the scores of the slides in case
of disagreement between the two observers.

Antibodies. Anti-DYKDDDDK tag antibody (anti-flag anti-
body) was purchased from Wako Pure Chemical Industries
(Osaka, Japan) and anti-glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) antibody was purchased from Sigma-Aldrich
Japan (Tokyo, Japan). Anti-TRIM44 polyclonal antibody was
manufactured at our laboratory as described elsewhere in the

previous report.(20) This antibody is an affinity purified rabbit
polyclonal antibody raised by immunizing rabbits with a glu-
tathione S-transferase (GST) fusion protein with amino acids
of full-length mouse TRIM44 protein as an antigen. The anti-
serum was absorbed with GST-bound resin and anti-GST anti-
body was removed. The non-absorbed components were
further purified by using an affinity column filled with the anti-
gen. The quality and characterization of these antibodies were
confirmed by Western blotting analysis of the human TRIM44-
transfected 293 T cells.

Plasmid construction and transfection. N-terminally flag-
tagged human TRIM44 cDNA was amplified by polymerase
chain reaction (PCR) with specific primers. The generated
amplicon was then subcloned into pCDNA3 (Invitrogen, St.
Louis, MO, USA) to generate mammalian expression plasmid.
Cells were cultured in 6-well plates 24 h before transfection.

Transfection of expression vectors containing flag-tagged
human TRIM44 cDNA and expression vector alone was per-
formed using Lipofectamine 3000 (Invitrogen), according to
the manufacturer’s protocol. The cell extracts were analyzed
after 48 h by Western blotting.

Cell culture. 293T cells, and testis-originated NSGCT cells
(NTERA2 and NEC8) were used in this study. All cell lines
were cultured at 37°C in a humidified chamber with a 5% CO2

atmosphere. Dulbecco’s modified Eagle’s medium (DMEM)
and Roswell Park Memorial Institute (RPMI) were purchased
from Sigma-Aldrich Japan, and supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin.

Western blot analysis. Western blot analysis was performed
as previously described.(21) 293T cells were plated in 100 mm
culture dishes, and were transfected with 5 lg of expression
vectors with TRIM44 recombinant plasmids (pCI-FLAG-
TRIM44). These transfected 293T cells were used as positive

Table 2. Relationships between TRIM44 IR and pathological findings

in TGCT (n = 103)

TRIM44 immunoreactivity

Negative (n = 62) Positive (n = 41) P-value

Pathology

SGCT 46 16 0.0004

NSGCT 16 25

Tunica albuginea invasion

Absent 44 29 0.4596

Present 18 11

Unknown 0 1

Venous invasion

Absent 46 28 0.5145

Present 16 13

Lymphatic vessel invasion

Absent 54 31 0.1329

Present 8 10

Tunica vaginalis invasion

Absent 53 36 0.5603

Present 9 4

Unknown 0 1

Epididymis invasion

Absent 53 36 0.5078

Present 7 5

Unknown 2 0

Spermatic cord invasion

Absent 54 34 0.5570

Present 8 7

IR was evaluated by using the intensity score. Intensity (0, none; 1,
weak; 2, moderate; and 3, strong). Intensity score of 1 or over was
defined as positive IR. Pearson’s v2 test was used for statistical analysis
except for ‘Tunica vaginalis invasion’, which was analyzed using a
Fisher’s test. IR, immunoreactivity; NSGCT, noseminomatous germ cell
tumor; TGCT, testicular germ cell tumor; SGCT, seminomatous germ
cell tumor; TRIM44, tripartite motif 44.

Table 3. Univariate and multivariate analyses with respect to cancer-

specific survival in testicular germ cell tumor

Parameters

Univariate Multivariate

OR (95% CI)
P-

value
OR (95% CI)

P-

value

S stage

(S0 versus ≥S2)
3.2 (0.7–17.1) 0.144

T stage

(T1 versus ≥T2)
3.7 (0.7 – 26.4) 0.112

N stage

(N0 versus ≥N1)
17.0 (2.7–330.1) 0.001 7.9 (0.6–220.3) 0.127

M stage

(M0 versus M1)

17.0 (3.2–102.2) 0.001 6.9 (0.9–74.0) 0.058

Vascular and/or

lymphatic

invasion

(No versus Yes)

2.9 (0.6–15.7) 0.174

Histology type

(SGCT versus

NSGCT)

4.2 (0.8–30.1) 0.079 0.4 (0–4.5) 0.417

TRIM44 IR

(negative

versus positive)

10.5 (1.7–201.7) 0.009 10.5 (1.0–299.0) 0.046

Logistic regression models were used for univariate and multivariate
analysis. P-value of <0.05 was considered to be statistically significant.
CI, confidence interval; IR, immunoreactivity; NSGCT, nonseminoma-
tous germ cell tumor; OR, odds ratio; SGCT, seminomatous germ cell
tumor; TRIM44, tripartite motif protein 44.
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control for TRIM44 expression. 293T cells transfected by
empty vector (without tagged TRIM44) were used as negative
control.
293T, NTERA2, and NEC8 cells were plated in 100 mm

culture dishes. Cells were lysed with NP40 buffer (50 mM

Tris, pH 8.0, 150 mM NaCl, 1% NP-40) containing proteinase
inhibitor. TGCT and 293T cell lysates were prepared in
sodium dodecyl sulfate (SDS) sample buffer, and the proteins
were separated by 10% SDS-polyacrylamide gel electrophore-
sis (PAGE). Membranes were incubated with a primary anti-
body of anti-TRIM44, anti-flag, and anti-GAPDH antibody in
a dilution of 1:500, 1:1000, 1:10 000, respectively. Bands were
detected with either anti-rabbit IgG or anti-mouse IgG (GE
Healthcare Japan K.K., Tokyo, Japan). Bands were then visual-
ized with an enhanced chemiluminescence system (GE Health-
care Japan K.K., Tokyo, Japan).
Transfection efficiency of TRIM44 was extremely high in

293T cells compared to those with TGCT cells. Therefore, b-
actin levels of 293T cells were adjusted separately from TGCT
cells.

RNA extraction and quantitative reverse transcription-polymer-
ase chain reaction (qRT-PCR). Total RNA extraction was per-
formed using ISOGEN reagent (Nippon Gene, Tokyo, Japan).
First-strand cDNA was generated by using PrimeScript (Takara,
Kyoto, Japan). The resulting cDNA was subjected to real-time
PCR using an Applied Biosystems 7300 real time PCR system
based on SYBR Greenfluorescence (Thermo Fisher Scientific
K.K., Kanagawa, Japan). mRNA expression levels were nor-
malized by GAPDH. qRT-PCR was performed as previously
described.(19) Sequences of PCR primers are described below.

GAPDH forward: 50 – GGTGGTCTCCTCTGACTT-
CAACA
GAPDH reverse: 50 – GTGGTCGTTGAGGGCAATG
TRIM44 forward: 50 – GTGGACATCCAAGAGGCAAT
TRIM44 reverse: 50 – AGCAAGCCTTCATGTGTCCT
CDK19 forward: 50 – GAGCATGACTTGTGGCATATT
CDK19 reverse: 50 – TGGATACCATCAAGAATCTGGT
CADM1 forward: 50 – TAAAAGGCAAATCGGAGGTG
CADM1 reverse: 50 – AGATCACTGGGACCCCATC
PRKACB forward: 50 – TTTACCAGAGGAAGGTT-
GAAGC
PRKACB reverse: 50 – GAGACACGGATATCTTCTTCTT-
CAT
C3AR1 forward: 50 – ATGGCGTCTTTCTCTGCTG
C3AR1 reverse: 50 – CCTGGCAATCCCAGTAAAAA
ST3GAL5 forward: 50 – GAGCAATGCCAAGTGAGTACA
ST3GAL5 reverse: 50 – GGGCCTTCTCATCTTGCTT
NT5E forward: 50 – TGAATTATTAAGACAT-
GACTCTGGTGA
NT5E reverse: 50 – TGGAAAACTTGATCCGACCT

Small interfering RNA transfection. Downregulation of
TRIM44 was carried out using small interfering RNA (siRNA)
transfection. Three specific siRNAs targeting TRIM44, and one
non-targeting siRNA (siRNA control) were purchased from
Funakoshi (Tokyo, Japan). These siRNAs were transfected into
TGCT cells (NTERA2 and NEC8) by using Lipofectamine
RNAiMAX (Invitrogen) according to the manufacturer’s instruc-
tions. Downregulation of TRIM44 was confirmed by qRT-PCR
and Western blot analysis. siRNA sense sequences were

siControl: 50 – GUACCGCACGUCAUUCGUAUC – 30

siTRIM44 #1: 50 – GAAUCAGUCGGAUACUCAUAG – 30

siTRIM44 #2: 50 – CCGAGUAAGCAGGGAUGUACU – 30

siTRIM44 #3: 50 – CCGCUAUGAUCGAAUUGGUGG – 30

Cell proliferation assay. Cells were seeded in 96-well plates
24 h before transfection (4.0 9 103 cells/well for NTERA2
overexpression experiment and 3.0 9 103 cells/well for

Fig. 2. Overexpression of TRIM44 was associated with cancer-specific
survival in patients with testicular germ cell tumor (TGCT). (a) Cancer-
specific survival of patients with TGCT according to TRIM44 immunore-
activity (IR); n = 103. Patients with positive TRIM44 IR showed worse
prognosis (P = 0.0140, log-rank test). (b) There was a trend towards
lower rate of cancer-specific survival in positive TRIM44 IR in patients
with NSGCT (P = 0.0604, log-rank test). (c) There was no significant dif-
ference between positive and negative TRIM44 IR in terms of cancer-
specific survival rate in SGCT patients (P = 0.5159, log-rank test).
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others). MTS assay was carried out using The Cell Titer 96
Aqueous One Solution Cell Proliferation Assay (Promega KK,
Osaka, Japan) according to the manufacturer’s instructions at
24 and 48 h after transfection. Assays were performed in five
wells and data are presented as mean value ! SD.

Cell migration assay. Migration assay was performed by
using a cell culture insert with an 8.0 lm-pore sized polyethy-
lene terephthalate (PET) filter (Becton Dickinson). DMEM
medium without FBS was added to the lower chamber for
NTERA2 cells. Similar procedure was carried out with NEC8
except by using RPMI instead of DMEM as medium. The cells
on the upper surface of the filter were carefully removed 48 h
after transfection and were wiped with a cotton swab. Then
the filter was dipped in methanol for 30 min, washed with
fresh PBS, and stained with Giemsa for 30 s. After three times
of washing with fresh PBS, filters were mounted on glass
slides. The cells migrated on the lower surface were counted
in five randomly selected fields under a microscope at a mag-
nification of 9200. Data are presented as mean value ! SD.

Cell apoptosis assay. Terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling (TUNEL) assay was per-
formed using the DEADEND Fuorometric TUNEL System
(Promega, Madison, WI, USA). Cells (1.0 9 105 per well)
were seeded in 6-well culture plates and incubated for 24 h.
Cells were transfected with siRNAs as described, and were re-
plated to Poly-L-Lysine coated glass (Matsunami Glass Ind.,
Osaka, Japan) inside a 24-well culture plate. Forty-eight hours
after transfection, cells were then treated with TUNEL staining

according to the manufacturer’s protocol. The slides were trea-
ted with 4060-diamidino-2-phenylindole dihydrochloride (DAPI)
for nuclear staining. Signals were captured using digital micro-
scope (VH-8000; Keyence, Osaka, Japan). Percentage of apop-
totic cells were evaluated in five randomly selected fields
(9100), and data are presented as mean value ! SD.

Microarray analysis. To identify genes regulated by TRIM44
in NTERA2 cells, NTERA2 cells were transfected with
siTRIM44 or siControl. Total RNAs from NTERA2 transfected
with siTRIM44 #3 or siControl were extracted by using Qia-
gen RNeasy Micro Kit (Qiagen K.K., Tokyo, Japan) according
to the manufacturer’s instructions. We confirmed that RNA
integrity number (RIN) values were above 8.0 in all RNA
samples. The GeneChip Human Exon 1.0 ST array (Affyme-
trix Japan, Tokyo, Japan) was used according to the manufac-
turer’s protocol. Microarray procedure and data analysis were
performed as previously described.(22) Fold changes of gene
expressions were log2 transformed and cutoff values were set
at 0.3 (upregulated) or –0.3 (downregulated).

Statistical analyses. We used the statistical software JMP Pro
version 11.0.2 (SAS Institute Japan, Tokyo Japan.) for data
analysis. Pearson’s v2 test and Fisher’s test were (used when
frequency was <5) used for analysis of association between
TRIM44 IR and clinicopathological parameters. Student’s t-test
was used in the analysis of qRT-PCR, MTS assay, TUNEL
assay and migration assay. Log-rank test was performed to
analyze the statistical difference of cancer-specific survival.
Univariate and multiple logistic regression models were used

Fig. 3. Overexpression of TRIM44 promoted cell
proliferation and migration in NTERA2 cells. (a)
TRIM44 protein levels were analyzed in NTERA2
cells. 293T cells were transfected with TRIM44 DNA
plasmid to obtain positive control for TRIM44.
NTERA2 cells were transfected with pcDNA3-FLAG-
TRIM44 or an empty vector. TRIM44 is
overexpressed in NTERA2-TRIM44 cells. b-actin was
used as loading control. (b) MTS assay of NTERA2-
TRIM44 cells. NTERA2-TRIM44 cells promoted cell
growth 48 h after transient transfection of TRIM44
(*P < 0.05). Results are presented as means and SD
of five wells for NTERA2-Vector and NTERA2-
TRIM44 cells. (c) Representative images of
migration assay of NTERA-Vector and NTERA2-
TRIM44 cells. Cell migration assay was performed in
NTERA-Vector and NTERA2-TRIM44 cells. Average
numbers of migrated cells were counted in five
representative fields. (d) NTERA2-TRIM44 cells had
higher motility (*P < 0.05; Student’s t-test) than
NETRA2-Vector cells. Migrated cells were counted
in five randomly selected fields. Data are presented
as mean value ! SD. Scale bar = 200 lm.
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to evaluate independent predictors of cancer-specific mortality
in TGCT patients. P-values < 0.05 were considered to be sta-
tistically significant.

Results

Clinical significance of TRIM44 IR in TGCT. Positive TRIM44 IR
was significantly associated with elevated AFP level (normal ver-
sus high, P = 0.0009), N stage (N0 versus N1-3, P = 0.0035),
and clinical stage (stage 1 versus ≥stage 2, P = 0.0073)
(Table 1). Other tumor markers such as LDH and bhCG did not
show significant association with positive TRIM44 IR.
Representative pictures of TRIM44 immunostaining in SGCT,

NSGCT, and negative control are shown in Figure 1(a–c).
SGCT and NSGCT showed positive IR for TRIM44 in 16/62
(25.8%) and 25/41 (86.8%) (Table 2). The rate of positive
TRIM44 IR was significantly higher in patients with NSGCT
compared with those of SGCT (P = 0.0004, Table 2). No sig-
nificant findings were observed between TRIM44 IR and other
pathological parameters other than histological types (Table 2).
We then investigated risk factors of cancer-specific mortal-

ity. N stage, M stage, and positive TRIM44 IR were signifi-
cantly associated with cancer-specific mortality in the
univariate analysis (P = 0.001, P = 0.001, and P = 0.009,

respectively, Table 3). In the multivariate analysis, positive
TRIM44 IR was an independent predictor of cancer-specific
mortality in patients with TGCT (P = 0.046, Table 3).
Kaplan–Meier curves were evaluated for the difference

between patients with negative and positive TRIM44 IR.
Patients with positive TRIM44 IR had significantly higher
mortality compared to those with negative TRIM44 IR in
TGCT patients (P = 0.0140, Fig. 2a). NSGCT patients with
positive TRIM44 had higher cancer-specific mortality than
patients with negative TRIM44, although the difference was
not significant (P = 0.0604, Fig. 2b). No difference was
observed in SGCT patients (P = 0.5159, Fig. 2c).

TRIM44 overexpression promoted proliferation and migration
of germ cell tumor cells. NTERA2 and NEC8 cells were tran-
siently transfected with TRIM44 (Fig. 3a and Fig. S1a).
TRIM44 transfected NTERA2 (Fig. 3b–d) and NEC8
(Fig. S1b–c) cells showed significantly higher cell proliferation
and motility compared to control-transfected cells.

TRIM44 knockdown repressed cell proliferation and motility,
and promoted cell apoptosis of TGCT cells. To assess the role of
TRIM44 in TGCT, we performed loss-of-function study for
TRIM44. Three TRIM44-specific siRNAs (siTRIM44 #1,
siTRIM44 #2, siTRIM44 #3) were used for TRIM44 knock-
down (Fig. 4a,b and Fig. S2a,b, respectively). Significant

Fig. 4. Inhibition of TRIM44 showed an anticancer
effect in vitro in NTERA2 cells. Three TRIM44-specific
siRNAs (siTRIM44 #1, siTRIM44 #2, siTRIM44 #3) were
used for TRIM44 knockdown. (a) TRIM44 protein
levels were analyzed by Western blot analysis.
NTERA2 cells treated with siControl showed
expression of TRIM44 protein, whereas NTERA2-
siTRIM44 cells showed reduced expression levels of
TRIM44 protein. (b) Measurement of TRIM44 mRNA
levels of NTERA2-siControl and NTERA2-siTRIM44
cells was performed. The results are presented as the
average of three wells ! SD (***P < 0.0001). (c) Cell
proliferation was measured by MTS assay at the
indicated time points after siTRIM44 or siControl
transfection (*P < 0.05, **P < 0.005, Student’s t-test).
Results are presented as means and SD of five wells
for NTERA2-siControl and each type of NTERA2-
siTRIM44 cells. (d) Representative images of cell
migration assay of NTERA2-siControl and NTERA2-
siTRIM44 cells. Scale bar = 200 lm. (e) Migrated cells
of NTERA2-siControl and NTERA2-siTRIM44 were
counted in five randomly selected fields. NTERA2-
siTRIM44 cells had significantly lower motility
compared to that of NTERA2-siControl
(***P < 0.0001). Data are presented as mean
value ! SD.
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suppression of cell proliferation was observed after 48 h in
NTERA2 and NEC8 cells (Fig. 4c and Fig. S2c).
Next, cell migration assay was carried out to determine the

motility of TGCT cells. The number of migrated cells was sig-
nificantly decreased in siTRIM44-treated cells than in siCon-
trol-treated cells (Fig. 4d,e and Fig. S3a,b).
In addition, TUNEL assay was performed to assess the role

of TRIM44 on apoptosis in TGCT cells. TRIM44 knockdown
using siRNAs increased apoptosis in NTERA2 and NEC8 cells
(Fig. 5 and Fig. S4).

TRIM44 knockdown upregulates apoptosis-related genes and
downregulates oncogenic genes. We conducted a microarray
analysis to investigate genes that were potentially regulated by
TRIM44 by identifying differentially expressed genes in
NTERA2 cells treated with TRIM44 knockdown. Top 20
TRIM44 upregulated and downregulated genes were listed in
Table 4. Oncogenic genes were highlighted in dark gray color
and tumor suppressive genes were in light gray. Nine out of
top 20 downregulated genes were oncogenes, and 8 out of 20
top upregulated genes were tumor suppressive genes (Table 4).
We then chose six candidate genes from these oncogenic

and tumor suppressive genes as candidates for evaluating
mRNA levels by qRT-PCR, since these genes were well-
known cancer-related genes (Fig. 6a–f).
Together with the results of gain-of-function and loss-of-

function experiments, TRIM44 is involved in anti-apoptosis
and may directly or indirectly affect cell proliferation and
migration via regulating tumorigenesis-related genes (Fig. 6g).

Discussion

The present study shows that TRIM44 expression is an indepen-
dent significant prognostic factor of cancer-specific survival in
patients with TGCT. TRIM44 overexpression was markedly cor-
related with NGCT, which may lead to the difference in malig-
nant outcome. In vitro studies revealed that overexpression of
TRIM44 promoted cell proliferation and motility. In addition,
we also found that TRIM44 knockdown induces apoptosis and
represses cell proliferation and migration of TGCT cells. Our
findings suggest that TRIM44 plays an important role in the
growth, migration and anti-apoptosis in TGCT.
The mechanism of TRIM44 related tumorigenesis is not well

known. Ong et al.(16) have investigated the TRIM44 gene by
gene expression arrays, and found that TRIM44 overexpression
was associated in 15.9% of esophageal cancers, 19.8% of breast
cancers, and 16.1% of all epithelial cancers. TRIM44 knock-
down of gastric cancer cells using a small interfering RNA
caused a decreased enrichment in the mTOR signature com-
pared with cells treated with control siRNA.(16) In another
study, TRIM44 promoted invasion and migration of NSCLC
cells through activating NF-jB signaling pathway.(14) In the
present study, we performed microarray analysis to explore
TRIM44-regulated genes. In contrast, neither of these reported
pathways was associated with TRIM44. Interestingly, microar-
ray analysis showed that nine out of top 20 downregulated
genes had oncogenic function (C3AR1,(23) FMN1,(24) GBP1,(25)

ST3GAL5,(26) NT5E,(27–32) RAB27B,(33) FBP2,(34) HIPK3,(35)

PLAU,(36) and 8 out of 20 top up-regulated genes had tumor
suppressive function (NUPR1,(37,38) CDK19,(39) CADM1,(40–45)

INHBA,(46) TNFSF10,(47) PRKACB,(48) PCDHB6,(49) DDIT4
(50)). Furthermore, six of these eight tumor suppressive genes
are associated with apoptotic mechanisms (NUPR1,(38)

CDK19,(39) CADM1,(43,45) INHBA,(46) TNFSF10,(47) DDIT4(50)).
This finding is in line with the present results of the apoptosis

assay, that TRIM44-knockdown promoted apoptosis in TGCT
cells.
Among the top TRIM44-regulated genes that are presented

from our microarray data, NT5E is a unique oncogenic gene

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i)

Fig. 5. Inhibition of TRIM44 promoted apoptosis in NTERA2 cells.
TUNEL (TdT-mediated dUTP Nick-End Labeling) assay was performed
to investigate apoptosis in TRIM44 knockdown NTERA2 (NTERA2-
siTRIM44) and NTERA2-siControl cells. Cells showing blue light (stained
with DAPI) were counted as total number of cells, and cells showing
green light (stained with TdT) were counted as apoptotic cells. Per-
centage of apoptotic cells to total number of cells were calculated in
five randomly selected microfields (9100). Significantly more apop-
totic cells were observed in NTERA2-siTRIM44 cells than in NTERA2-
siControl cells (***P < 0.0001, versus control, Student’s t-test).

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Cancer Sci | January 2017 | vol. 108 | no. 1 | 38

Original Article
TRIM44 promotes tumorigenesis in TGCT www.wileyonlinelibrary.com/journal/cas



Table 4. Genes involved in TRIM44 knockdown NTERA2 cells (Top 20 regulated genes)

Upregulated Downregulated

Gene symbol Description Fold change Gene symbol Description Fold change

ZNF487P Regulation of transcription 2.55 TRIM44 0.42

IL2ORB Blood coagulation 2.19 C3AR1 Melanoma tumorigenesis(23) 0.42

TMEM178 Integral to membrane 2.02 FMN1 Cell proliferation(24) 0.44

NUPR1 Reduces tumor growth in PCa(37,38) 1.97 CDRT1 Biological process 0.53

DDR2 Regulation of cell growth 1.86 IFIT1 Inhibits viral replication 0.54

ALDH1L2 One-carbon metabolic process 1.83 GBP1 Glioma cell proliferation(25) 0.55

CDK19 Cyclin-dependent protein

kinase activity(39)
1.81 PIG-S Attachment of GPI anchor

to protein

0.56

CADM1 Apoptosis, cell adhesion(40–45) 1.80 UGT2B7 Lipid metabolic process 0.56

INHBA Cell cycle arrest(46) 1.72 GBP3 Nucleotide binding 0.57

ITGA11 Cell migration 1.71 EFCAB4B Ca(2+)-binding protein 0.57

SLC7A11 Amino acid transport 1.70 KIR2DL3 Immune response 0.57

TNFSF10 Induction of apoptosis(47) 1.70 ST3GAL5 Cell proliferation(26) 0.57

ZSCAN5B Regulation of transcription 1.68 NT5E Cancer progression(27–32) 0.58

PRKACB Protein phosphorylation,

inhibits cell proliferation(48)

1.67 IGKC Prognostic marker in

breast cancer

0.59

CMPK1 Nucleobase 1.65 RAB27B Member of RAS oncogene(33) 0.59

B3GALT5 Protein glycosylation 1.65 RNF185 Protein binding 0.59

COL11A2 Skeletal system development 1.64 FBP2 Tumor growth in HCC(34) 0.61

TAGAP Signal transduction 1.64 HIPK3 Anti-apoptosis(35) 0.62

PCDHB6 Cell adhesion(49) 1.62 PLAU Cell migration(36) 0.62

DDIT4 Apoptosis, inhibits mTORC1(50) 1.61 ZNRF4 Protein degradation 0.62

Differentially expressed genes were identified by microarray analysis in TRIM44 knockdown NTERA cells. Top 20 regulated genes are presented
for upregulation and downregulation. Genes highlighted with light gray are tumor suppressive genes, while genes with dark gray are oncogenic
genes. siTRIM44 #3 was used for TRIM44 knockdown in NTERA2 cells. HCC, hepatocellular carcinoma; PCa, prostate cancer; TRIM, tripartite
motif.

Fig. 6. mRNA levels of oncogenic and tumor
suppressive genes regulated by siTRIM44 in NTERA2
cells and a proposed model of TRIM44 action in
TGCT. (a–f): qRT- PCR was used for measuring mRNA
levels of the six tumorigenesis-related candidate
genes that were highly regulated by siTRIM44.
mRNA levels of these tumorigenesis-related
candidate genes were in line with the microarray
results. P-values are presented versus control;
*P < 0.05, **P < 0.005, ***P < 0.0001, Student’s t-
test. (g): Schematic figure of proposed mechanism of
TRIM44 involvement in tumorigenesis. TRIM44 may
promote cell proliferation, migration, and inhibit
apoptosis by regulating oncogenic (C3AR1, ST3GAL5,
NT5E) and tumor suppressive (CDK19, CADM1,
PRKACB) genes.
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that is involved in ATP metabolism. This purine salvage
enzyme generates adenosine from ATP/AMP.(29) Since adeno-
sine binds to purine receptors and inhibits cell-mediated
immune responses to tumor cells, NT5E is considered to have
a key role in promoting cancer cell proliferation, migration,
and tumor immune escape.(29) Clinical significance of NT5E
overexpression has also been observed in various types of can-
cers including gastric cancer,(30) colorectal cancer,(31) and pros-
tate cancer.(32) Together with our findings, TRIM44 may
promote tumorigenesis via upregulation of NT5E.
CADM1 was also one of the top regulated genes by

TRIM44-knockdown in a microarray analysis. CADM1 is a
well-known tumor suppressor gene that encodes an
immunoglobulin superfamily cell adhesion molecule.(41,42) It
involves intercellular adhesion via calcium-independent hemo-
philic cell–cell interaction.(41) Therefore, loss of CADM1 func-
tion may enable cancer cells to metastasize. In fact, expression
of CADM1 is commonly down regulated in many types of
cancer, and is associated with cancer cell invasion, migration,
and poor prognosis.(40–45) Since our microarray results showed
that CADM1 was overexpressed in TRIM44-knockdown
NTERA2 cells, TRIM44 may promote cancer migration
through suppressing CADM1.
There are several concerns to this study. First of all, NSGCT

patients with positive TRIM44 IR had higher cancer-specific
mortality than patients with negative TRIM44 IR. However,
the difference was not significant, probably due to the limited
number of cases.
Secondly, there were concerns regarding the effect of

siTRIM44 #1 on the biological phenomena of cancer cells in our
experiment. Although the protein level of TRIM44 was most
strongly downregulated by siTRIM44 #3, cell proliferation and
motility were most strongly affected by siTRIM44. One possible
explanation was that there might be some off-target effects of
siTRIM44 #1 on cell function. Nevertheless, the differences
between the effect of siTRIM44 #1 and #3 were not statistically
significant in the cell proliferation and migration assay. More-
over, we observed similar results by using three siRNAs for
these experiments, indicating the reliability of these results.
Of note, in some genes such as CDK19 and PRKACB,

mRNA levels were not statistically significant in siTRIM44 #3
treated NTERA2 cells. However, the changes in mRNA levels

showed similar changes that were in line with the microarray
results, and moreover we observed similar results by using
three siRNAs for these experiments, indicating the reliability
of these results.
Finally, we have yet to evaluate the molecular regulation by

TRIM44 in a protein level. It is notable that TRIM44 is
involved in ubiquitination,(3) and the substrates involved in this
pathway are not clear. Thus, we assume that it is necessary in
the future studies to show these substrates at the protein level.
In conclusion, our study suggests that TRIM44 represses

apoptosis and promotes cell proliferation and migration, lead-
ing to poor prognosis in patients with TGCT via regulating
cancer-related genes such as NT5E and CADM1. These find-
ings may shed new light to a new prognostic marker for
TGCTs.
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