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厚生労働科学研究費補助金（難治性疾患等克服研究事業）	

総括・分担研究報告書	

	

ミトコンドリア病に関する調査研究	

	

研究代表者	 	 後藤	 雄一	 	 国立精神・神経医療研究センター神経研究所	

	

研究要旨	 ミトコンドリア病の症状は多臓器に及び、心疾患、眼疾患、代謝性疾患としても重要な

病気である。本研究班ではミトコンドリア病の正確な診断とそれに基づく適切な治療を目的として、

グローバルな観点から診断基準・重症度スケールの策定、診療ガイドラインの策定、患者レジスト

リー構築を実施した。アウトリーチ活動については、市民公開講座を主催し、患者会勉強会に協力

した。患者レジストリーについては、種々の要因で本格稼働には至っていないが、グローバルな活

動との連携、新しい倫理ガイドラインへの準拠などを着実に行って、次年度に構築する予定である。

診療ガイドラインの作成は、実用化研究班（村山班）と連携して行い、平成28年12月に、「診療

マニュアル」を刊行した。	

	

研究分担者	

(1)	小坂	 仁	 自治医科大学小児科	

(2)	大竹	 明	 埼玉医科大学小児科	

(3)	北風政史	 国立循環器病研究センター病院・	

	 	 	 	 	 	 	 研究開発基盤センター		

(4)	古賀靖敏	 久留米大学医学部小児科	

(5)	小牧宏文	 国立精神・神経医療研究センター	

(6)	佐野	 輝	 鹿児島大学学術研究院医歯学系	

	 	 	 	 	 	 	 精神機能病学	

(7)	末岡	 浩		慶應義塾大学医学部産婦人科	

(8)	田中雅嗣		東京都健康長寿医療センター	

(9)	三牧正和	 帝京大学医学部小児科	

(10)	山岨達也	 東京大学医学部耳鼻咽喉科	

(11)	米田	 誠	 福井県立大学看護福祉学部	

	

研究協力者	

(1)	太田成男	 日本医科大学大学院医学研究科	

(2)	岡崎康司	 埼玉医科大学・ｹﾞﾉﾑ医学研究ｾﾝﾀｰ	

(3)	金田大太	 東京都健康長寿医療センター	

(4)	木村	 円	 国立精神・神経医療研究センター	

(5)	砂田芳秀	 川崎医科大学神経内科	

(6)	須藤	 章		楡の会こどもクリニック	

(7)	竹下絵里	 国立精神・神経医療研究センター	

(8)	杉本立夏		国立精神・神経医療研究センター	

(10)	中野和俊	 東京女子医科大学病院小児科	

(11)	西野一三	 国立精神・神経医療研究センター	

(12)	中川正法		京都府立医科大学付属北部医療	

															センター	

(13)	中村	 誠	 神戸大学大学院医学系研究科	

	 	 	 	 	 	 	 	外科系講座眼科学	

(14)	萩野谷和裕	拓桃医療療育センター	

(15)	村山	 圭	 	千葉県こども病院代謝科	

	

Ａ．目的	

	 ミトコンドリアはすべての細胞内にあって、エネ

ルギーを産生する小器官である。ミトコンドリアに

異常があると、大量のエネルギーを必要とする神

経・筋、循環器、代謝系、腎泌尿器系、血液系、視

覚系、内分泌系、消化器系などに障害が起こる。な

かでも、中枢神経や筋の症状を主体とするミトコン

ドリア病が代表的な疾患である。	

	 国内においてミトコンドリア病の患者数の厳密

な実態調査は行われていない。その理由は患者が多

くの診療科に分散していること、診断基準が明確で

はなかったことなどが挙げられるが、そのもっとも

大きな要因は確定診断に必要な病理、生化学、遺伝

子検査の専門性が高いことにある。平成27年1月

にミトコンドリア病が指定難病に認定され認定基

準を制定したが、本診断基準はミトコンドリア病を
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包括的にとらえる事を目指したために、やや複雑な

基準となっており、今後の診療・研究においては個

別の病型の診断基準の作成が必要という状況にな

っている。	

	 また英国では，ミトコンドリア病の一部の病型で、

核移植を用いた生殖補助医療の適応が本格的に試

みられようとしている（Nature	465:	82-85,	2010）。

そのようなグローバルな研究や医療の流れに遅れ

ないような本邦での調査研究が必要である。	

	 本研究班では、ミトコンドリア病の検査手段（病

理検査、生化学検査、DNA検査）の標準化と集約的

診断体制の確立、本疾患に関する情報提供手段の整

備等を行い、臨床病型、重症度、合併症、主な治療

の内容などの標準化をめざす。患者レジストリーを

進め、具体的な治療に関する臨床研究や治験を進め

るコーディネーター役を行うこと、また主に小児の

ミトコンドリア病を対象としているAMED難治性疾

患実用化研究事業の村山班と連携して診療ガイド

ラインを作成するとともに、市民公開講座や難病情

報センター等を活用し、広報活動を行うことを目的

とする。	

	

Ｂ．方法	 	

１）診断フローチャートの作成と検査標準化	

	 ミトコンドリア病の診断に必要な3種類の検査方

法（病理検査、生化学検査、遺伝子検査）の標準化

と集約的な診断体制の構築を継続する。特に遺伝子

検査の重要性が一段と増しており、臨床検査として

の遺伝子検査実施体制の構築が行われる中に、ミト

コンドリア病の遺伝子検査を位置づける。	

	 ①	 遺伝子検査の実施と標準化	

	 AMED難治性疾患実用化研究事業の村山班と協力

して、国立精神・神経医療研究センター、埼玉医

科大学などを中心として、mtDNA検査と核DNA上

の原因遺伝子について、医療の中にどのように組

み込むかを明確にする。また、先端的遺伝子検査

（出生前診断）や適切な遺伝カウンセリングの提

供体制を整備する。＜後藤、大竹、田中、末岡、

杉本＞	

	 ②	 病理検査の実施	

	 ミトコンドリア異常を病理学的に捉えること

は現在でも重要であり、国立精神・神経医療研究

センターを中心に検査実施と標準化を行う。骨格

筋以外の罹患臓器（心、肝など）の病理所見につ

いても検討する。＜後藤、西野＞	

	 ③	 生化学検査の標準化	

	 ミトコンドリア代謝系の異常を捉える生化学

検査も確定診断に必要であり、特に小児期早期に

発症する重症な代謝疾患を適切の診断できる体

制を、国立精神・神経医療研究センター、埼玉医

科大学等で拠点化して検査を実施し、標準化を行

う。＜後藤、大竹、村山＞	

２）認定基準の改定、重症度スケール、グローバ

ルな診断基準作成に参加	

	 新たな難病政策における指定難病として、診断

基準と重症度分類を策定する。欧米で進んでいる

新たな診断基準作成の動きに応じて、わが国の代

表として参加する。この動きは、患者レジストリ

ーにおける情報項目の共通化、将来の国際共同治

験を推進するための基盤整備として行う。	

＜後藤、古賀、大竹、小牧＞	

３）診療ガイドラインの作成	

	 ミトコンドリア病では、多くの臨床病型が知ら

れている。ミトコンドリア病に比較的よく合併す

る臓器症状を診ている関連診療科（循環器科：北

風、耳鼻科：山岨、精神神経科：佐野、など）の

専門医も参加し、AMED難治性疾患実用化研究事

業の村山班と協力して、診療ガイドラインを作成

する。＜全員＞	

４）ミトコンドリア病に詳しい医師のネットワー

クと情報提供体制の整備とアウトリーチ活動	

	 患者・家族や本疾患を診ている医療従事者に対

して、本疾患の医療情報をホームページ等で提供

する。また保健所等でのセミナーも積極的に行う。

＜小牧、三牧＞	

５）実態調査を兼ねた患者レジストリーの構築	

	 全国の主要な総合病院に対して、小児科、神経

内科ばかりでなく、耳鼻咽喉科、眼科、精神科、
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循環器内科、腎臓内科、糖尿病内科などにも、調

査用紙を配布する実態調査を行う。AMED 難治性

疾患実用化研究事業の村山班と連携して、日本に

おけるミトコンドリア病患者レジストリーを構

築する。＜小牧、大竹、三牧＞	

６）生殖補助医療の情報収集と見解のまとめ	

	 ミトコンドリア病、特にミトコンドリアDNA変異

で発症するリー脳症においては、出生前診断や受精

卵診断が欧米では行われている。日本においても、

受精卵診断が慶應大学病院で2例行われている。し

かし、受精卵診断では得られない発症リスクの低い

受精卵を得るために「核移植治療」が検討されてお

り、2015 年 2 月に英議会は、その臨床応用を認め

る判断を行った。この技術の有用性や倫理的問題に

ついて、本研究班で検討した。＜末岡、後藤＞	

	

Ｃ．結果と考察	

１）診断フローチャートの作成と検査標準化	

	 ミトコンドリア病の確定診断には、病理検査、

生化学検査、遺伝子検査を行い、総合的な評価が

必要である。	

①	 病理検査	

	 骨格筋の病理検査は国立精神・神経医療研究セ

ンター（以下NCNP）が中心となって実施した。	

②	 生化学検査	

	 検体は線維芽細胞もしくは各臓器を用いている。	

	 NCNPと埼玉医科大学（千葉こども病院）で行わ

れている。NCNPは神経症状を主体とする小児・成

人例を、埼玉医科大学では主に代謝異常症状を中

心とする乳児、小児例を中心に生化学検査を行っ

た。＜後藤、大竹、村山＞	

③	 遺伝子検査	

（拠点形成、検査会社の関与、集約化について）	 	

	 本疾患は、ミトコンドリアDNA変異の場合は遺伝

型と表現型が一対一に対応しない、核DNA上に200

近くの原因遺伝子が報告されている、という特徴が

あるため、可能であれば解析可能な施設に集約すべ

きである。	

	 ミトコンドリア DNA の全周シークエンスを行え

る施設としてNCNPなどのいくつかの施設、検査会

社があるが、検査依頼に際しての基準、検査体制の

整備、啓発が必要である。NCNP では、次世代シー

クエンサーを用いたミトコンドリア DNA 検査を確

立した。	

	 この方法は、ミトコンドリアDNA全体を1セット

のプライマーで増幅させ、核DNA上のミトコンドリ

アDNA類似配列を除外した後に、MiSeqを用いてカ

バーレージを1500〜3000程度までにあげることで、

点変異の位置と種類、変異率が容易に計測できる。

また、ミトコンドリアDNAの欠失は比較的頻度の高

い変異であるが、その断点同定に時間がかかる作業

であったが、この方法で断点周辺が簡単に見いだせ

ることから作業の効率が格段に上昇した。	

	 研究分担者の大竹らは、埼玉医科大学を中心に、

千葉こども病院、自治医科大学、東京都健康長寿医

療センターと協力して、特に乳児期発症の重症ミト

コンドリア病に関して、酵素診断から網羅的な遺伝

子検査にいたる系統的病因検索システムを構築し

た。＜大竹＞	

	

2）診断基準、重症度スケールについて	

	 2015 年 1 月の指定難病の認定に際して、新たな

認定基準を作成した。本研究班の分担研究者の多く

は、自らの患者における申請作業や各都道府県にお

ける認定作業に携わっており、概ね妥当なものと認

識していた。	

	 一方で、乳児期、小児期に発症するミトコンドリ

ア病は重症例が多く、「代謝病」としての性格が前

面にでる傾向がある。そのため、小児慢性特定疾患

の認定基準は、そのような分類での認定方式を基本

にしている。したがって、指定難病と小児慢性特定

疾患の摺り合わせをどのようにするかが依然とし

て問題になっている。さらに、本年度は、平成 29

年4月に追加してされる指定難病の中に、ミトコン

ドリア内酵素異常症が含まれており、その整合性に

ついて協議を行った。	

	 さらに、本診断基準はできるだけ多くの患者を網

羅できるようにと意図して作成しており、いわば

「包括的診断基準」となっている。しかしながら、
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新薬等の臨床試験等を考慮した場合には、個別の病

型ごとに明確な診断基準を設定しておくことが望

ましいという考え方がある。そこで、AMED 難治性

疾患実用化研究班（村山班）と共同で、個々の病型

の診断基準の作成に着手し、まずはMELASとLeigh

脳症について確定させた。さらに、ミトコンドリア

肝症やミトコンドリア心筋症の新たな診断基準の

作成を試みた。	

３）診療ガイドラインの作成	

	 実用化研究班（村山班）と協力して、診療ガイ

ドライン作成を行う予定であった。ミトコンドリ

ア病は診断基準が確定されていないこともあっ

て、エビデンスとして採用できる研究成果が少な

い。したがって、Minds方式のガイドライン作成

は極めて困難な状況であり、「診療マニュアル」

として平成28年12月に刊行した。	

４）ミトコンドリア病に詳しい医師のネットワー

クと情報提供体制の整備とアウトリーチ活動	

	 市民向けのセミナーとしては、平成28年11月

19日に札幌で「市民公開講座：ミトコンドリア病

を知る」を開催した。また、難病情報センターの

HPの情報を更新した。患者会主催の勉強会でセミ

ナーを行った（平成28年7月2日：大阪）。	

	 「ミトコンドリア病に詳しい医師のネットワー

ク」を構築する計画については、当初予定していた

全国を7つの地域に分け、それぞれの地域毎にミト

コンドリア病をよく知る小児科、神経内科の専門医

が担当し、医療情報の提供や実態調査の援助をする

計画であったが、平成28年度にはその準備に止ま

った。	

５）実態調査を兼ねた患者レジストリーの構築	 	

	 実態調査については、平成25年度にミトコンド

リア病の１病型であるMELASに関して、「ミトコン

ドリア脳筋症 MELAS の脳卒中用発作に対するタウ

リン療法の開発」研究班（研究代表者：砂田芳秀、

川崎医科大学）で行った、日本小児神経学会及び日

本神経学の会員に対するアンケート調査に協力し

た。しかし、他の臨床病型を含め、ミトコンドリア

病全体の状況がつかめていないためので、平成 27

年 1 月に制定された新たな診断基準に基づく実態

調査を行う計画であった、しかし、以下の述べるウ

ェブを用いた患者レジストリー構築に手間取り、そ

れに合わせて行う予定の実態調査はさらに遅れて

いる。	

	 患者レジストリーについては、AMED 難治性疾患

実用化研究班（村山班）と連携して行うこととし、

村山班では主に先天代謝異常症として小児（成人）

患者レジストリーを、国立精神・神経医療研究セン

ターでは、神経症状を中心とする成人（小児）患者

レジストリーを行うこととした。	

	 国立精神・神経医療研究センターにおけるミトコ

ンドリア病患者レジストリーは、トランスレーショ

ナル・メディカルセンターが実施している筋ジスト

ロフィーの登録事業（Remudy）を敷衍する形態で作

業を進めているが、費用等の面，新たな個人情報保

護法施行に伴う倫理ガイドライン変更への対応、欧

米での患者レジストリー事業との連携待ちの状況

があり、平成28年度は明確な進展を得られず、平

成29年以降に持ち越した。	

	 一方、病気の原因や病態解析を進めて、新たな治

療法、予防法を開発するには、患者の詳細は情報と

患者由来の試料が不可欠である。こちらのレジスト

リーはバイオリソースとの連携で進めて行く必要

があり、この点も欧米との連携を目指している。	

６）生殖補助医療の情報収集と見解のまとめ	

	 平成28年10月に、米国ニューヨークの不妊クリ

ニックが、「核移植治療」で8993変異をもち、リー

脳症の母から健常な子が産まれたと発表した。この

方法では、父と母（核ゲノム）に加えて別の女性（ミ

トコンドリアゲノム）が関わっており、「3人の親」

がいる子となる。英国内でも、英国外でも倫理的問

題があると議論されてきており、米国では禁止され

た行為であった。しかし、今回の米国にあるクリニ

ックでは、この行為のほとんどをメキシコで行う事

で法をすり抜けていた。	

	 日本においては、核移植を行う技術は十分備わっ

ていることから、実際に行うクリニック等が出現し

ないか懸念がある。したがって、日本においては、
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臨床研究として情報公開をしながら施行すること

を認めることが必要ではないか、という意見が班会

議において大勢を占めた。	

	

Ｄ．結論	

	 本研究班の活動はAMED難治性疾患実用化研究班

（村山班）と連携しながら進め、「診療マニュアル」

を刊行した。全国レベルの診断体制の整備、診断基

準や重症度スケールの改定作業を進めた。アウトリ

ーチ活動として、市民公開講座や患者会勉強会での

講演を行い、生殖補助医療の情報収集と日本での実

現可能性について議論した。患者レジストリーは、

種々の要因で進んでいないが、グローバルな視点で

バイオバンクとの連動を図りながら、着実に進めて

ゆく必要がある。	

	

Ｅ．健康危険情報	

なし	

	

Ｆ．研究発表	

１．論文発表	

著書、総説	

日本ミトコンドリア学会	編集	村山圭，小坂仁，米

田誠	：	「ミトコンドリア病診療マニュアル2017」	

診断と治療社,	東京，pp.1-172	 2016，		

	

後藤雄一：Kearns-Sayre症候群．小児の症候群．

小児科診療2016年増刊号，診断と治療社，東京，

pp.102,	2016		

	

後藤雄一：ミトコンドリア病．特集	 慢性疾患児の

一生を診る，小児内科増刊号，東京医学社，東京，

pp.	1527-1529,	2016	

	

後藤雄一：ミトコンドリア病の病因研究の現状，特

集ミトコンドリア研究UPDATE，医学のあゆみ	 260	

(1):	63-66,	2017		

	

後藤雄一：ミトコンドリア病に対する医療体制の現

状と課題．特集ミトコンドリア研究	 UPDATE,	医学

のあゆみ	260	(1):	123-127,	2017	

	

三牧正和：MELAS症候群.	小児科診療増刊号	小児

の症候群	pp.108頁,	診断と治療社,	東京,	2016	

	

三牧正和：呼吸鎖複合体Iアセンブリー機構とミト

コンドリア病.	医学のあゆみ	第１土曜特集	ミト

コンドリア研究UPDATE.	Vol.260,	No.1	pp.49-54,

医歯薬出版株式会社,	東京,	2017	

	

Arakawa,	K	Ikawa	M,	Tada	H,	Okazawa	H,	Yoneda.	

M:	Mitochondrial	cardiomyopathy	and	usage	of	

L-arginine.	Arginine	in	Clinical	Nutrition.	Ed.	

Victor	R.	Preedy.	Springer,	NY.	USA,	pp.461-470,	

2016.	

	

井川正道，米田誠：ミトコンドリア病の脳機能画像

解析．医学の歩み	260，67-72,	2017．	

	

井川正道，岡沢秀彦，米田誠：酸化ストレスイメー

ジング．Annual	Review神経2017，p87-93,		2017.	

	

原著論文	

Yokota	M,	Hatakeyama	H,	Ono	Y,	Kanazawa	M,	Goto	

Y:	Mitochondrial	respiratory	dysfunction	

disturbs	neuronal	and	cardiac	

lineage-commitment	of	human	iPSCs.	Cell	Death	

Dis	8(1):	e2551,	2017	

	

Hatakeyama	H,	Goto	Y:	Respiratory	chain	complex	

disorganization	impairs	mitochondrial	and	

cellular	integrity:	Phenotypic	variation	in	

cytochrome	c	oxidase	deficiency.	Am	J	Pathol	

187(1):	110-121,	2017	

Ling	F,	Niu	R,	Hatakeyama	H,	Goto	Y,	Shibata	T,	

Yoshida	M:	Reactive	oxygen	species	stimulate	
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mitochondrial	allele	segregation	toward	

homoplasmy	in	human	cells.	Mol	Biol	Cell	27(10):	

1684-1693,	2016	

	

Suzuki	T,	Yamaguchi	H,	Kikusato	M,	Hashizume	O,	

Nagatoishi	S,	Matsuo	A,	Sato	T,	Kudo	T,	

Matsuhashi	T,	Murayama	K,	Ohba	Y,	Watanabe	S,	

Kanno	SI,	Minaki	D,	Saigusa	D,	Shinbo	H,	Mori	N,	

Yuri	A,	Yokoro	M,	Mishima	E,	Shima	H,	Akiyama	Y,	

Takeuchi	Y,	Kikuchi	K,	Toyohara	T,	Suzuki	C,	

Ichimura	T,	Anzai	JI,	Kohzuki	M,	Mano	N,	Kure	S,	

Yanagisawa	T,	Tomioka	Y,	Tohyomizu	M,	Tsumoto	K,	

Nakada	K,	Bonventre	JV,	Ito	S,	Osaka	H,	Hayashi	

KI,	Abe	T:	Mitochonic	acid	5	binds	mitochondria	

and	ameliorates	renal	tubular	and	cardiac	

myocyte	damage.	Am	J	 Soc	Nephrol,	27(7):	

1925-1932,	2016	

	

Gorman	GS,	Chinnery	PF,	DiMauro	S,	Hirano	M,	Koga	

Y,	McFarland	R,	Suomalainen	A,	Thorburn	DR,	

Zeviani	M,	Turnbull	DM.	Mitochondrial	diseases.	

Nature	Reviews	Disease	Primers	2:16080,	2016	

	

Yoshimuta	H,	Nakamura	M,	Kanda	E,	Fujita	S,	

Takeuchi	K,	Fujimoto	T,	Nakabeppu	Y,	Akasaki	Y,	

Sano	A:	The	effects	of	olanzapine	treatment	on	

brain	 regional	 glucose	 metabolism	 in	

neuroleptic-naive	first-episode	schizophrenic	

patients.	Hum	Psychopharmacol	31,	419–426,	2016	

	

Fujimoto	C,	Yamamoto	Y,	Kamogashira	T,	

Kinoshita	M,	Egami	N,	Uemura	Y,	Togo	F,	Yamasoba	

T,	Iwasaki	S.	Noisy	galvanic	vestibular	

stimulation	induces	a	sustained	improvement	in	

body	balance	in	elderly	adults.	Sci	Rep.	

6:37575,	2016	

Kamogashira	T,	Hayashi	K,	Fujimoto	C,	Iwasaki	

S,	Yamasoba	T.	Functionally	and	

morphologically	damaged	mitochondria	observed	

in	auditory	cells	under	senescence-inducing	

stress.	npj	Aging	and	Mechanisms	of	Disease	23:	

2,	2017	

	

２．学会発表	

国際学会	

Goto	Y	:	Overview	-	mtDNA	medicine,	The	13th	

Conference	of	Asian	Society	for	Mitochondrial	

Research	and	Medicine	(ASMRM),	Tokyo,	10.31，

2016	

	

Ling	F,	Niu	R,	Hatakeyama	H,	Goto	Y,	Shibata	T,	

Yoshida	M:	An	oxidative	stress-stimulated	

mechanism	for	human	mitochondrial	alleles.	The	

13th	Conference	of	Asian	Society	for	

Mitochondrial	Research	and	Medicine,	Tokyo,	

10.30-11.1,	2016	

	

国内学会	

石山昭彦，遠藤ゆかり，斎藤義朗，中川栄二，小牧

宏文，須貝研司，佐々木征行，佐藤典子，後藤雄一，

西野一三：鉄硫黄アッセンブリング調節因子である	

IBA57	遺伝子は	progressive	cavitating	

leukoencephalopathy	をひきおこす．第58回日本

小児神経学会学術集会，東京，6.3,	2016	

	

笠毛渓、中村雅之、大毛葉子、梅原ひろみ、佐野輝：

精神症状を来し、	mtDNA 多重欠失を認めたミトコ

ンドリア脳筋症の家系例.	第38回日本生物学的精

神医学会総会,	福岡,	9.8,	2016	

	

井川正道，岡沢秀彦，松永晶子，山村修，濱野忠則，

清野泰，中本安成，米田誠：抗 Evaluation	of	

cerebral	oxidative	stress	in	patients	with	ALS	

using	62Cu-ATSM	PET．第57回日本神経学会総会,	

神戸,	5.18-21,	2016	

	

米田誠，井川正道，辻川哲也，木村浩彦，岡沢秀彦．
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脳分子イメージングによる MELAS 脳卒中様発作の

病態解明：第34回日本神経治療学会，米子，11.3-5,	

2016	

	

その他	

後藤雄一:	ミトコンドリア病とはどんな病気？-難

病研究班の活動と目標-，市民公開講座-ミトコンド

リア病を知る,	札幌，11.19,	2016	

	

後藤雄一:	ミトコンドリア病,第7回遺伝カウンセ

リング研修会,	札幌,	7.17,	2016	

	

後藤雄一:	ミトコンドリア病をとりまく医療と治

療研究の現況,ミトコンドリア病患者家族の会

2016年大阪勉強会,	大阪,	7.2,	2016	

	

後藤雄一:	エナジーメタボリズムとミトコンドリ

ア病,	ゲノム創薬・医療フォーラム第5回懇話会,	

東京,	4.26,	2016	

	

Ｇ．知的財産権の出願・登録状況（予定を含む）	

１.	 特許取得	

	 なし	

	

２.	 実用新案登録	

	 なし	

	

３.	 その他	

	 なし	

	

	

	

	



厚生労働科学研究費補助金難治性疾患政策研究事業	 

「ミトコンドリア病の調査研究」H26-難治等(難)-一般-053	 

	 

日本医療研究開発機構（AMED）難治性疾患実用化研究事業	 

   「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」	 

	 

	 

	 

	 

	 

	 

平成 28	 年度合同班会議	 

	 

	 

プログラム	 

	 

	 

	 

	 

	 

	 

	 

	 

	 

日時：平成	 28	 年	 10	 月	 29	 日	 (土)	 13：30〜17：00	 

場所：東京国際フォーラム	 G610	 

	 	 	 〒100-0005	 東京都千代田区丸の内3丁目5番1号	 

	 	 	 電話	 :	 03-5221-9000	 
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13：30	 〜	 13：35	 開会のことば（政策班班長）	 	 	 	 後藤雄一	 

	 

13：35	 〜	 13：40	 ミトコンドリア病政策班の活動概要	 	 後藤雄一	 

13：40	 〜	 13：45	 ミトコンドリア病実用化班の活動概要	 	 村山	 圭	 

	 

13：45	 〜	 14：30	 診断基準	 	 	 	 	 	 

	 	 

	 	 	 現行の診断基準について（指定難病）	 	 	 後藤雄一	 

	 	 	 現行の診断基準について（小児慢性特定疾患）	 	 村山	 圭	 

	 	 	 個別病型の診断基準の制定と取り扱い	 	 	 	 

	 	 	 【ディスカッション】（問題点の抽出と対策）	 

	 	 ①	 包括的診断名か個別的診断名か？	 

	 	 ②	 指定難病と小漫の摺り合わせについて	 	 

	 	 ③	 遺伝学的検査以外の検査について	 

	 	 ④	 その他の論点	 

	 

14:30	 〜	 14:50	 	 遺伝学的検査	 

	 

	 遺伝子検査システム・遺伝子パネルについて	 	 	 岡崎康司	 

	 	 	 【ディスカッション】（問題点の抽出と対策）	 

	 	 ①	 保険適用について	 

	 	 ②	 IRUDとの関係について	 

	 	 ③	 その他の論点	 

	 

14:50	 〜	 15:20	 	 診療マニュアルについて	 

	 

	 村山班作成マニュアルについて	 	 小坂	 仁・米田	 誠	 

	 難病情報センター情報の更新	 	 	 後藤雄一	 

	 国内外の臨床試験現況情報	 	 	 後藤雄一	 

	 	 	 【ディスカッション】（問題点の抽出と対策）	 

	 	 ①	 エビデンスをどう得るか（特に、治療に関して）	 

	 	 ②	 医師、医師以外の医療関係者、行政、患者に対する	 

	 	 	 	 広報について	 

	 	 ③	 今後の方針	 

	 	 ④	 その他の論点	 
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15:20	 〜	 15:30	 	 コーヒーブレーク	 

	 

	 

15:30	 〜	 16:00	 	 レジストリー	 	 	 	 

	 

	 	 レジストリー事業の進捗状況	 	 	 	 後藤雄一	 

	 小児レジストリー事業の進捗状況	 	 	 	 村山	 圭	 

	 	 【ディスカッション】（問題点の抽出と対策）	 

①	 だれのためのレジストリーか？	 

②	 運営資金の根拠	 

③	 国際協力の可能性	 

④	 ゲノム情報の取り扱い（個人情報保護法）	 

⑤	 その他の論点	 

	 

16:00	 〜	 16:30	 	 生殖補助医療	 	 	 	 

	 

	 	 	 ミトコンドリア病を取り巻く生殖補助医療の新たな状況	 	 	 後藤雄一	 

	 	 	 	 	 	 	 	 	 末岡	 浩	 

	 	 	 【ディスカッション】（問題点の抽出と対策）	 

①	 世界の動向	 

②	 研究班としての対応をどうするか？	 

③	 その他の論点	 

	 

16:30	 〜	 16:40	 	 まとめと今後の活動計画	 

	 	 	 特にアウトリーチ活動	 	 	 	 	 	 	 後藤雄一	 

	 

16:40	 〜	 16:45	 	 総評	 	 

日本医療研究開発機構	 戦略推進部・難病研究課	 井坂弘道様	 

	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 厚生労働省	 	 	 	 	 

	 

16:45	 〜	 16:50	 	 閉会のことば（実用化班班長）	 	 村山	 圭	 
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厚生労働科学研究費補助金難治性疾患等政策研究事業 
「ミトコンドリア病の調査研究」 
AMED難治性疾患政策研究事業 

「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 
 

平成 28年度合同班会議 
 
日	 時： 
平成 28年 10月 29日	 13:30〜16:50 
場	 所： 
東京国際フォーラム	 G610 
出席者（敬称略）： 
後藤雄一、村山圭、松永綾子、志村	 優、大竹明、山崎太郎、原嶋宏子、 
太田成男、岡崎康司、木下善仁、水野洋介、小坂仁、宮内彰彦、金田大太、 
武田充人、阿部二郎、池田善彦、岡本裕嗣、中島葉子、小川えりか、和田敬仁、 
今井敦子、福田晃也、野口篤子、伊藤玲子、濱田悠介、田中雅嗣、末岡浩、 
三牧正和、内野俊平、西野一三、米田誠、竹下絵里、杉本立夏（記録） 
井坂弘道（AMED） 
欠席者（敬称略）： 
木村円、小牧宏文 
 
ミトコンドリア病政策班の活動概要（後藤雄一） 
l 診断に関する検査（遺伝学的検査、病理検査、生化学検査）の標準化 
l 日本全体をカバーするような検査体制整備 
l 成人レジストリー構築からの治療研究への発展 
l 生殖補助医療に関して、研究班としてのどのような働きを担うか 
	 来年度以降の継続を目標に上記について 3年間のまとめを行う。 
 
ミトコンドリア病実用化班の活動概要（村山圭） 
l 創薬に結びつける病態解明 
l 各病型の診療マニュアル（12月に発刊予定）、診断基準の作成 
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l 小児レジストリーの運営 
⇒	 成育医療センターの患者登録制度 JaSMInより移行したデータも合
わせて 99例が登録済みである。 

l 特殊診断システムの確立 
検査実施内容と実施施設一覧を日本ミトコンドリア学会およびMO 
Bankホームページ、診療マニュアルに掲載した。 
今後は CPEO・KSSの診断基準作成、自然歴調査、ミトコンドリア病に	 	 	
関連する糖尿病・難聴・腎症などの診療マニュアル作成が課題となる。 

 
1. 診断基準 

i. 現行の診断基準について（指定難病）：後藤雄一 
l 昨年 1月に指定難病の対象となった際に作成したものを継続使用。 
l なるべく多くの臓器を対象とし、症状のある患者を拾い上げるよ
う診断基準を作成した。 

l 遺伝学的検査、病理検査、生化学検査を中心に確定診断を行う 
l 単独検査では非特異的な可能性があるため、なるべく 2種類以上
の検査を行うよう推奨する。 

l 資料 2に村山班から青字の部分の改訂案が出されている。 
新生児のミトコンドリア肝症を考慮して主要項目に腹部所見が追

加され、検査所見に CT・MRI検査が追加されている。次回改訂
時に追加を検討したい。 

l 平成 29年度には 24疾患が追加指定予定されており、その中で 5
疾患がミトコンドリアに関連している。 

l 非ケトーシス型高グリシン血症、メチルグルタコン酸尿症につい
て難病対策課より従来のミトコンドリア病の診断基準との整合性

についての質問があり、いずれかの基準で患者が拾い上げられれ

ば問題ないのではないかという趣旨の回答をした（別紙資料）。 
l 今回のように複数の診断基準に当てはまる疾患が出てくるであろ
う。すでにレーベル病については指定難病として単独で存在しな

がらミトコンドリア病の現行の基準でも診断は可能となっている

ため、最終的に患者を拾い上げられれば問題ないと考えるが、当

局は厳密な種分けを主張してくるかもしれない。 
l カルニチン回路異常症、メチルグルタコン酸尿症は現行のミトコ
ンドリア病の基準では抜けてしまう可能性はある。 

l 小児慢性特定疾患から指定難病へスムーズに移行できる体制を整
備したい	 ⇒	 今後の課題 
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ii. 	 現行の診断基準について（小児慢性特定疾患）：大竹明 
l 小児慢性特定疾患については、病名は生化学的な診断名を用いた。 
l 以前の後藤斑で作成した診断基準から作成されているため、小児
慢性特定疾患も指定難病も診断基準を同等と考える。 

l 指定難病の改訂案を小児慢性特定疾患にも取り入れていきたい。 
l 指定難病の診断のカテゴリーとして、Definiteを遺伝子診断＋別
の項目とすれば良いのではないかと考えており、遺伝子診断につ

いて厚労省に問い合わせたところ、診断基準で遺伝子診断が必須

になっていないために保険収載していないという返答だった。 
（参加者の発言） 
ü ミトコンドリア病でも遺伝子診断の保険収載は困難ではないか、
どの疾患でも診断基準で必須とすれば保険収載されるわけではな

いのではないか。 
ü 遺伝子診断を進めていくという姿勢をアピールするという意味で
は、遺伝子変異がある場合に Definiteにするのは良いと思うし分
かりやすいとも思うが、一方で臨床的に診断している現場では混

乱も生じると思う。 
ü 現行の指定難病の診断基準には除外診断が書かれていないが、原
因遺伝子が確定しているものはそれを基準に分類されている方が

シンプルだと考えられるので、今後は除外項目の作成も検討すべ

きかもしれない。 
ü 遺伝子診断の重みを重視するのは良いが、除外しないといけない
ものも出てくるので難しい。 

ü 遺伝子診断を必須とする流れは理解出来るが、罹患臓器でしか変
異を検出できない場合に、罹患臓器から検体を得られないために

遺伝子診断が実施出来ない場合もあるので、必須というよりは多

少緩めた方がいいのではないか。 
ü 二次的にミトコンドリア機能が障害される疾患は診断基準におい
てはミトコンドリア病と分けて考えるべきだろう。 

ü ミトコンドリア肝症については多くの患者が成長障害を伴い消化
器症状がメインになるため、改訂案の内容を追記した。 

ü 改訂案について、主要項目-(1)⑥は症状ではなく検査所見に含まれ
るのではないか←先天性高乳酸血症という診断名が昔から使用さ

れており、苦肉の策でこのような記載となったが、『新生時期また

は乳児期の哺乳不良、発達遅滞』だけを残すと幅広くなり過ぎる 
ü 改訂案について、主要項目-(1)③の『凝固低下』は症状ではなく検
査所見に含まれるのではないか。 
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ü 新生児期、幼児期発症の場合には小児慢性特定疾患での対応とな
るため、成人で指定難病に移行することを想定すると、指定難病

の基準にどこまで組み込むのかという問題もある。 
ü 乳酸値が繰り返し高い、ということが『具体的に何回なのか』と
聞かれることもあるが、Nature reviewに包括的な内容が書かれて
いるので、それとの整合性をつけてはどうか	 ⇒	 回数は書いて

いない。 
ü 今後新たな病気が出てくると診断基準が広がってくるのは仕方な
いことであり、状況に合わせて改訂していくことになるだろう。 
 

2. 遺伝学的検査 
i. 遺伝子検査システム・遺伝子パネルについて：岡崎康司 

	 （参加者の発言） 
ü 臨床現場に実装する場合の費用、診断率の問題はどうか？40％く
らいで VUSが検出されるとなると、臨床検査として認められるの
か、保険収載は可能か？パネルであれば実装可能か？ 
⇒	 費用の問題がクリア出来れば可能と考える。 

ü 実施施設が 1カ所の場合、そこに検体が集中することになるが、
それに対応可能か？ 
	 ⇒	 保険収載は難しいかもしれないが、技術的には診断は可能

と考えるし、サンガーシークエンスで確認するので質も問題ない

が、CLIA化するのか、基準化するのか、東大では CLIA化ラボを
作る動きもあるが保険点数化するかどうかはまた難しい問題と考

える。 
ü 保険収載されると、よく分かっていない医師も検査を依頼可能に
なるので、検査施設・検査依頼方法・検体受付については、臨床

検査としての区分けを考えていかないといけない。 
ü 臨床検査として費用は患者負担で実施すべきだろう 
⇒	 他疾患の研究班とも横断的に連携して、各疾患の遺伝学的検

査を保険収載していけるかどうか、具体的な提言を出していかな

いといけない状況と考える。 
ü 検査会社が現在の遺伝学的検査の保険点数 3,880点で実施するの
は無理と考える 
⇒	 1疾患ではなく 1遺伝子で点数をとれればパネルでもある程
度の金額を設定出来るし、検査会社としても利益を出すことが出

来るかもしれない。 
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⇒	 疑い病名で解析を依頼されるものの、実際には該当しないと

考えられる症例も多いので、何とか工夫して研究費の範囲内で解

析を引き受けてはいるが、そういった症例も含めてとなると検査

会社が実施するには保険点数を上げていくしかないだろう。 
ü ミトコンドリア DNAの解析のみであれば検査会社も実施可能か
もしれないが、核 DNAとなると検査会社には困難ではないか。 

ü 全ゲノムシークエンスを 19万 8千円で東芝に依頼しているが、出
てきたデータを読むのは非常に大変ではあるものの、色んな種類

のパネルを重ねるより全ゲノムで見てしまうという方法もある。 
ü 解析したデータに対して有料でフィルターをかけることも可能。 
ü ミトコンドリア病を理解していない医師から IRUDへ解析の依頼
が入る可能性もあるが、整合性がついていない状況。 

ü 指定難病の臨床調査個人票には遺伝子診断の項目があるが、患者
によって実施されている検査は多様であるため、記載法は来年度

以降の検討事項に加えて欲しい、『どこまでの検査を実施した』と

いうことを書けるように改訂してはどうか。 
 

3. 診療マニュアルについて 
i. 村山班作成マニュアルについて：小坂仁・米田誠 

l Minds診療ガイドライン 2014に準拠した形での作成を目指した
が、診療ガイドラインとせず、診療マニュアルに変更した。 

l 将来的には診療ガイドライン作成に備えたい。 
l すでに 12月刊行予定であり、著作権は日本ミトコンドリア学会に
おき、PDF版はホームページで公開することになった（閲覧のみ）。 

l 肝症については日本小児栄養消化器肝臓学会より推薦された 8名
で作成しており、診療ガイドラインに準じた内容となっている。 

l 学校や日常生活指導についても触れているのが特徴である。 
（参加者の発言） 

ü インターネットで公開するのであれば継続的な問い合わせ先を掲
示し実際の臨床現場で使用する医師からの意見を受け付けて改訂

に繋げていけば良いのではないか。 
⇒	 数年で新しいエビデンスはまた出てくるので、改訂に向けて

意見は取り入れていきたい。 
	 頻度の高い難聴、糖尿病、眼症を含めて欲しいというパブリッ

クコメントもあったので、次版での検討課題にしたい。 
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ü 臨床医は治験に関する情報を知りたいと考えるだろうから、臨床
試験情報は公開していきたい。 
 

4. レジストリー 
i. レジストリー事業の進捗状況：後藤雄一 

l NCNPの倫理申請を行っている段階であるが、金銭的な問題から
独立した事務局の設置は困難である。Remudy登録システムに加
わることを考えている。 

l 個人情報保護法の施行に伴って各種指針等が変更される可能性が
あり、特に病歴は要配慮情報とされる可能性が懸念されているた

め、倫理申請後の承認過程で中断している状況である。 
ii. 小児レジストリー事業の進捗状況：村山圭 

l 患者自身が自身の意思にて実名で登録する以上、個人情報の問題
は乗り切れると考えている。 

l 小児と成人のレジストリーはいずれ統合予定。 
l 関連研究、治療薬に関わる研究に患者レジストリーが貢献出来る
ようリンクしていきたい。 
 

5. 生殖補助医療 
i. ミトコンドリア病を取り巻く生殖医療の新たな状況：末岡浩 

l ミトコンドリア病の生殖補助医療としては、核移植など様々な技
術が開発されており、実際に諸外国では新たな技術を用いた生児

獲得が報告されているため、国内でも医療機関や患者から実施を

希望する声が出てくる可能性がある。 
l 日本国内ではルールがあってないようなものというのが現状であ
る。我々医療者が進めることというよりは、希望する患者家族が

前に出て、我々医療者がそれをサポートする立場となるべきであ

る。 
l 最新の技術を求めて希望者が海外へ渡航する可能性もある。 

ii. ディスカッション 
l 卵子核移植の承認が得られたイギリスでの生児獲得のニュースか
と考えていたら、アメリカからのニュースで大変驚いた。 

l 技術自体は難しくないとは聞いているので、日本国内のクリニッ
クでも実施可能だろう 
⇒	 国内の指針に照らし合わせると、研究として実施するとして

も侵襲を伴う軽微な介入研究になるため、実施施設はモニタリン
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グもしっかりやる、コンプライアンスもみるという組織作りが必

要。やろうと思えばやれるかもしれないが、倫理委員会がゴーサ

インを出すかどうか。デメリットはあるけど進めようという人が

倫理委員にいるかどうか、ただ「自分達にはこれが必要だ」と言

ってくれる人達、つまり希望する患者家族が前に出ていければ、

進めていくことは出来るかもしれない（末岡）。 
l 日本としてどう対応すべきなのか、研究として実施し、研究成果
の公表や長期の追跡調査も実施すべきではないか。 
⇒	 日本ではやっと着床前スクリーニング検査（染色体）を研究

として実施開始するところ。 
l 研究班としてまとまった声明を出せれば良いのではないか。 
l ミトコンドリア病を防ぐという名目で始まっても、いずれは不妊
治療に使用されていく可能性はあるだろう 
⇒	 イギリスでは病気に限って実施すべきとルールを定めている

が、アメリカのクリニックでは今回のケースを突破口にしようと

している可能性はあるし、アメリカが容認していない研究を他国

（UAEなど）で実施しているケースも知られているし、費用が高
額でも希望するという患者家族は日本国内にもいるだろう（末岡）。 

l 卵子の老化、ということを NHKのクローズアップ現代で取り上げ
られるまで日本人が知らなかったという知識の無さに驚いた 
⇒	 日本では卵子提供実施可能な施設は限られている（末岡）。 

l 卵子提供などについてブログで記事を作成すると関心が高いこと
が分かるが、知りたいけど情報や技術にアクセスする術がないと

いうこともあるだろう。 
l 保守的な倫理委員からは「養子縁組みでもしたらいいんじゃない
か」なんて言われることもあるが、自分の子どもを生みたいとい

う気持ちを持つことは自然なことであり、それに対して「他から

もらえば良い」などと言うことは、無責任な責任回避と考える。 
l ミトコンドリアと核との不整合もあるのかもしれないという意見
もあるが、男児を選んでおけば少なくとも子孫への影響はないと

言えるだろう。 
l ゲノム編集の議論の一番のポイントは、エビデンスを動物実験で
求めるというところで、ミトコンドリア病の場合には動物実験で

病気をみることは難しい。 
l 自分達（研究者／医療者）が実施したいのではなく、他に方法の
ない、患者家族が希望しているんだ、というメッセージが重要で

はないか。 
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l ミトコンドリアだけを提供する女性は“母”として“親”にカウ
ントされるのか、ミトコンドリアの情報が親子で繋がっていなく

てもいいと割り切れるかどうか。 
l 非難されることを気にしなければ、日産婦から除名されても良い
と考える人は実施することは可能か？→技術があれば可能ではな

いか。法律的には罰則はない。 
l 今回のケースをきっかけに、科学的な視点から声を上げる必要が
あると考える。 

 
6. まとめと今後の活動計画 

i. 特にアウトリーチ活動：後藤雄一 
l 後藤斑では 11月 19日に札幌にて市民講座を実施予定 
l 村山班も来年のどこかで市民公開講座を実施予定 
 

以上 
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ミトコンドリア代謝・酸化ストレスの
分子イメージング

E盟国 ミトコンドけ酸化ストレス分子イメージング， PET,MRI 

井川正道（写真）米田誠
Masamichi IKAWA 1・2 and Makoto YONEDA3.4 

福井大学医学部病態制御医学講座内科学（2)1’同附属病院神経内科・遺伝診療部2.

福井県立大学看護福祉学部3’福井大学高エネルギー医学研究センター4

ミトコンドリア機能・代謝障害および酸化ストレスは，ミ卜コンドリア病や多くの神経変性疾患の病態

に関与していることが基礎研究から示唆されているか＼これまで生体での評価は困難であった．最近の

PET, SPECT, MRIによる分子イメージング技術の進歩によって 患者生体における局所的な病態変化

を直接的・非侵襲的に評価することが可能となってきている．著者らは分子イメージングによって，ミト

コンドリア心筋症患者におけるミ卜コンドリア代謝の変化，パーキンソン病（PD）や筋萎縮性側索硬化症

(ALS）患者における病態関連脳部位での酸化ストレスの増強， ミトコンドリア病（MELAS）の脳卒中様発

作における病態の進展機序を明らかにしてきた．これらの知見は ミトコンドリアや酸化ストレスを標的

とした治療法の開発が重要であることを示唆している．今後の分子イメージングの発展が，ミトコンドリ

アがかかわる疾患における病態解明や治療薬開発を促すことが期待される．

ミトコンドリアは生命活動に不可欠なエネル

ギ、一産生を行っている細胞内小器官であり，独自

の遺伝子（ミトコンドリア遺伝子）を有し，ヒトの

ほぼすべての細胞に存在している ミトコンドリ

アでは解糖系や TCA回路から得られた電子

(NADH）を，その内部にある呼吸鎖で受け渡し，

最終的にエネルギー（ATP）を得ている（図 1)' し

かし何らかの理由により，いったんその活動が

低下すると，エネルギー産生の不足だけでな く，

活性酸素種（ROS）の発生による酸化ストレス（酸

化的傷害）を招色疾患の原因あるいは一因とな

りうる 実際に多くの疾患，とくに，ミトコンド

リア遺伝子変異によるミトコンドリア病（脳筋症）

や心筋症，パーキンソン病（Parkinson’sdisease 

PD），筋萎縮性側索硬化症（amyotrophiclateral 

sclerosis : ALS），アルツハイマー病（Alzheimer’s

disease AD）などの神経変性疾患など，エネル

ギー需要の高い臓器である脳や心筋の障害をきた

す疾患において，ミトコンドリア機能障害および

酸化ストレスの関与が病理や遺伝子，モデル動物

などの研究によって以前から強く示唆されてい

る1-3).

これまで患者生体ではミトコンドリア機能 ・代

謝や酸化ス トレスの直接的な評価は困難で、あった

が， PET(positronemission tomography). 

SPECT(single-photon emission computed 

tomography) , MRS (MR spectroscopy）などの分

子イメージング技術（「サイドメモ」参照）の開発・

進歩によって脳や心筋などの臓器・病変における

非侵襲的 ・リ アルタイムな病態解析が可能となっ

てきている．本稿ではその一端を紹介する．

やミトコンドリア代謝のイメージング

前述のようにミトコンドリアは，グルコースや

遊離脂肪酸の代謝によってNADH（電子）を得て，

内蔵する呼吸鎖（電子伝達系と ATP産生酵素）で

ATPを産生している（図 1）.このいずれの系が障

害されてもミトコン ドリア機能低下をきたす． し

たがって，ミトコ ンドリ アで行われる代謝の評価

はミトコンドリアがかかわる疾患の理解にとって

医学のあゆみぬI.260 No. 1 2017 1. 7167 
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図 1 ミトコンドリアにおけるヱネルギ一代謝とその分子イメージング6)

I・ II・III・lV ・ V呼吸鎖酵素複合体， CPT力ルニチンパルミトイルトランスフエラーゼ， DHAP.
ジヒドロアセトンリン酸， G-3-P：グリセロール三リン酸，mtDNA：ミトコンドリアDNA,NAO 
ニコチンアミドアデ二ンジヌクレオチド， ROS 活性酸素種
楕円形は代謝の各段階に対する分子イメージング手法を示す（桃色 PET，緑色 SPECT，青色。

MRI). 詳細は本文参照

非常に重要で、ある．

著者らは， ミトコ ンドリ ア遺伝子変異による心

筋症（ミ トコン ドリ ア心筋症）患者におけるミ トコ

ンドリア代謝の変化を， PET,SPECTを用いた

分子イメージングによって明らかに している ミ

分子イメージング

分子イメ ージング（molecularimaging）は， PETや
SPECTなどの核医学検査， MRSやASL撮影法などの機
能的 MRI検査を用いて生体内における分子レベルでの生
物学的現象・過程を可視化（イメージンク）する技術の総
称である とくに PETでは，ナノモ ラ (10-9～ 
10一12M）レベルの非常に高い検出感度を有し， 特異性の
高いリガンドの設計・投与によって生体における受容体
や代謝の微小な変化をとらえることが可能である．さら
に，PETにおいては薬理作用を起こさないほどのごく少
量（マイクロドース）のリガンド（薬物）投与によって， イ
メージングによる動態解析を介して治療標的における薬
物動態が評価できる このためPETをはじめとした分子
イメージンタは病態解明の有力な手段としてだけでなく，
より効果的な創薬のツールとしての期待が高まっている
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トコンドリ ア心筋症はおもに肥大型心筋症による

心機能低下・心不全を呈し， A3243G変異をはじ

めとするミトコンドリア遺伝子の点突然変異など

が原因となって発症する A3243G変異は，代表

的なミトコンドリ ア病である MELAS(mitochon-

drial myopathy, encephalopathy, lactic acidosis. 

and stroke-like episodes）症候群の原因にもなり，

MELASの部分症として心筋症が現れることも多

SPECT用イメージング剤である99mTc-MIBIは

ミトコン ドリア呼吸鎖がつくる膜電位に応 じて心

筋細胞内に取り込まれるため， ミトコンドリア呼

吸鎖の活性を反映する 同じく SPECT用製剤で

ある123IBMIPPは脂肪酸のアナログであるが，

F酸化で代謝されず，アシル CoAを介して脂質

プールに取り込まれる ミトコンドリ ア代謝， す

なわち好気的エネルギー産生が低下すると，解糖

系による ATP産生（嫌気的代謝）が尤進するが，

その際に発生したNADHの過剰状態（過還元状

態）を解消するために，解糖系の中間代謝物を乳
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④ 

)j:: 
Jしs/cu~sA

図 2 62Cu-ATSM PETによる酸化ストレスイメージンク
A 62Cu ATSMの構造式ー

B PD患者での検討 平均画像において患者群で健常人群に比べて，線条体（矢印）

における集積増加が認められる13)

C ALS患者での検討統計学的解析（SPM）画像において，患者群で健常人群に比べ

て運動里子 ・運動関連皮質（矢印）での集積場加が認められる15)

D: MELAS患者での検討脳卒中様発作の亜急性期病変（矢印）において集積増加が

認められる23).

酸発酵（ピルビン酸から乳酸へ）や，グリセロール

リン酸シャ トル〔 ジヒ ドロアセ トンリン酸

(DHAP）からグリセロール三リン酸（G-3-P）へ〕

によって処理し，代謝を維持している．変換され

たG3 Pは遊離脂肪酸由来のアシルCoAと結合

し 中性脂肪（脂質プール）と なるため， 123I_ 

BMIPPの集積増加， すなわち脂質プールの増加

は好気的代謝から嫌気的代謝（解糖系）へのシフ ト

を反映している．また，PET用イメージング剤で

あるnc-acetateは，アセチルCoAを介してTCA

回路で代謝されるため， TCA回路における代謝

の活動性を評価するのに有用である（図 1).

これらの PET.SPECTイメージングを用いて

著者らは， ミトコン ドリ ア心筋症患者においては

心機能の重症度に比例して， 99mTc-MIBIの心筋

への集積は低下（洗い出し率が充進）しそれに対

して123I-BMIPPの集積は増加することを見出し

このような123IBMIPP/99mTc-MIBIのミスマッ

チがミトコン ドリ ア心筋症の特徴であるこ とを明

らかにした4）.さ らに， 健常人と比較して， nc-

acetateで評価したTCA回路の代謝低下が認めら

れた5）. 以上の結果より， ミトコンドリア心筋症

においてはミトコンドリア呼吸鎖の障害， TCA

回路代謝の低下，およびそれに伴う嫌気的代謝へ

のシフ トが起こ っている こと が明 らかになっ

た6）.これらの代謝変化はミ トコン ドリア心筋症

に特徴的であり，ほかの心筋症との鑑別にも用い

ることができる．

上記以外にもミトコ ンドリ ア代謝のイメ ージン

グ手法として，従来からの18FDGPETによる糖

代謝（解糖系）.1H-MRSによる乳酸（嫌気的代謝）

の測定に加え，近年では13cピルビン酸の投与に

よる超偏極（hyperpolarized)MRI (13C-MR）を用

いたピルビン酸代謝（乳酸発酵，TCA回路など）

の評価がおもに腫蕩の領域で臨床応用されつつあ

る7) また，まだ動物による前臨床の段階である

が， ミトコン ドリ ア呼吸鎖複合体 Iに選択的な

PETリガンド(18FBCPP-EF）が塚田らによって
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開発されており8）， 臨床応用がまたれる これら

の分子イメージング手法を複合的に組み合わせる

ことで＼ ミトコンドリア代謝が詳細かっ包括的に

評価できるようになりつつある（図 1).

令酸化ストレスのイメージング

冒頭で，ミトコンドリアはエネルギー産生の要

だけでなく， ROS発生による酸化ストレスの源で

あることを述べた．解糖系などから得られた電子

(NADH）はミトコンドリア呼吸鎖で受け渡され，

最終的に酸素分子に捕獲されるが，呼吸鎖機能に

障害があると，電子が過剰に滞留し（過還元状

態），酸素分子との不均衡が生じて大量の ROSが

発生・漏出して酸化的損傷を引き起こす（酸化ス

トレス） 実際に PDやALS.ADにおいて，患者

剖検脳や髄液での酸化物増加や， 家族性疾患の原

因遺伝子の機能解析からミトコンドリア機能低下

や酸化ストレス増強が示唆されてきたが，これま

で患者生体での酸化ストレスの直接的な評価は困

難であった

著者ら は酸化ストレスイメ ージングとして

62Cu A TSM PETを開発し，各種の神経変性疾患

における酸化ストレスの増強を患者生体で明らか

にしてきた9>.62Cu -A TSMは二価銅 Cu(II）が中

心に配位されたキレート錯体であり（図2-A），電

子が滞留している部位（過還元状態）にて銅〔Cu

(II）〕が還元によ り一価銅〔Cu(I）〕となって錯体

から外れ組織内に集積し，同時に銅（62Cu）がfJ+ 

崩壊により陽電子を放出して集積部位を知らせ

る10）.すなわち， 62Cu-ATSMはROSの発生素

地である過還元状態に集積するため，生体での酸

化ストレスの直接的な評価（イメージング）を可能

とする．実際に著者らおよびオーストラリアのグ

ループは基礎的研究として，ミトコ ンドリア遺伝

子 A3243G変異を導入した細胞を用いて過還元状

態に比例したCu-ATSMの集積増加を明らかに

してお りiuz>,62Cu -A TSMの集積は酸化ス トレ

スを反映することを証明している．

実際にPD患者に対して62CuA TSM PETを施

行したところ，健常人群と比較して患者群におけ

る脳線条体への集積の有意な増加が認められた13)

（図2-8). 線条体への集積は UPDRS (Unified 
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Parkinson’s Disease Rating Scale）で評価した重

症度と正の相関を示しており， PDにおける神経

変性への酸化ストレスの関与を明らかにすること

ができたさらに著者らは， 123I-FP-CIT（ドパミ

ントランスポータ DaT)SPECTを62CuATSM 

PETと同時期に撮影し，得られた DaTの分布密

度，すなわち残存ドパミン神経細胞の密度

で、62Cu-ATSMの集積を補正すること によって

重症度（UPDRS）との相闘がより強くなることを

明らかにしている（投稿中）．この結果より，残存

するドパミン神経細胞における酸化ストレスは疾

患の進行に伴ってさらに増強しており，変性を加

速させていると考えられた 近年， Parkin,

PINKI, CHCHD2といった家族性PDの原因遺

伝子がミ トコンドリアの品質管理（mitophagy）に

関与していることが明らかになっており 1），遺伝

子機能の面からも PDの病態におけるミトコンド

リア機能低下・ 酸化ス トレスの関与が強く示唆さ

れている． 多系統萎縮症においてもミトコンドリ

ア内の代謝酵素遺伝子の異常が示されている14).

今後，これらPDの遺伝性あるいは関連疾患にお

いても酸化ストレスイメージングによる病態解明

が期待される．

著者らは ALS患者においても62Cu-ATSM

PETによる酸化ストレスイメージングを実施し，

健常人群に比べて患者群における運動野および運

動関連皮質での有意な集積増加を見出している15)

（因子C）.これらの領域における集積はALS

FRS R (Revised ALS Functioning Rating Scale) 

で評価した重症度と正の相聞を示しており， ALS

における運動ニューロン変性への酸化ス トレスの

関与を明らかにすることができた.Cu ATSMは

治療薬としての可能性も示されており，オースト

ラリアのグループから非放射性Cu-ATSMの経

口投与によるSODI変異ALSモデルマウスの運

動機能 ・生存率の改善，病変部位における神経保

護が報告されている16>. ALSではすでに，抗酸化

薬であるエダラボンが治療薬として承認されてい

るが，Cu-ATSMでは抗酸化作用に加えて変異

SODlへの銅の補充が作用機序と して推定されて

おり， Cu-ATSMはあらたな ALS治療薬の候補

としても期待されている．
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PD, ALSだけでなくほかの神経変性疾患，と

くに ADにおいてもミトコンドリア機能障害およ

び酸化ストレスの関与が以前から示唆されてい

る3) 脳血管障害においても同様であり，著者ら

のグループでは慢性期脳虚血性疾患患者におい

て， 150ガス PETによる脳酸素摂取率（OEF）類似

の画像を62CuA TSM PETによって得ている17)

今後，これらの疾患において も酸化スト レスイ

メージングによる検討を予定している

62Cu-ATSMはこれまでのところ，酸化ス トレ

スに対する唯一のPETイメージング剤であるが，

半減期が短く（10分），信号ノイズ比が比較的低い

ことが問題点であった現在，著者らはより半減

期の長い（13時間）“CuATSMの臨床応用を開始

しており，さらに PET/MR一体型スキャナで撮

影することによって，より感度 ・特異度の高い画

像データが得られるようになっている．このほか

に，まだ動物による前臨床の段階であるが，中国

のグループによってスーパーオキシ ドに選択的な

PETリガンド(18F-12）も開発されており18），今

後，酸化ストレスを標的としたイメージングはさ

らに発展していくものと考えられる

。MELAS脳卒中様発作のイメージング

ミトコンドリア遺伝子変異によるミトコンドリ

ア病である MELASはおもに A3243G変異が原因

となり， 心筋症，糖尿病，難聴といった症状のほ

かに，繰り返し出現する脳卒中様発作が特徴的で

ある．心筋症と並んで脳卒中様発作がMELAS患

者の予後を規定するため，発作の出現 ・進展機序

の解明が望まれている．著者らはこれまでイメ ー

ジングを用いて， MELAS脳卒中様発作の病態解

明を行ってきた19)（図3).

まず， MRIでの ASL(arterial spin labeling）撮

影法によって，脳卒中様発作の急性期では発作病

変の局所脳血流は著明に上昇し，経過とともに低

下することを明らかにした20> ASLは造影剤を使

用せずに濯流画像が得られる撮影法であり，通常

のMRIと同時に撮影できるため，局所脳血流の経

時的な評価に適している．さらに，後方視的に検

討すると，発作発現の3カ月以上前の間欠期から，

発作病変の出現に先行して潜在的な局所脳血流の

増加が阿部位に認められた21) 脳卒中様発作の病

態として脳血管の機能不全（angiopathy）が唱えら

れており， angiopathyを反映した所見として，発

作急性期における病変部位の血管拡張や， ADC

(apparent diffusion coefficient）画像による血管原

性浮腫が知られているが22），今回の結果は発作出

現のはるか以前から angiopathyが潜在的に先行

していることを示すものであった．続いて著者ら

は，脳卒中様発作をきたした患者に62Cu-ATSM

PET（酸化ストレス）と18FDGPET（糖代謝）の撮

影を経時的に行い，発作病変においては急性期に

は糖代謝が尤進し，それに続く亜急性期には酸化

ストレスが増強していることを明らかにした23)

（図2四 D). さらに， 1H-MRSを長期間にわた り経

時的に撮影したところ，発作病変以外の見かけ上

正常な部位においても，潜在的な乳酸の蓄積と神

経細胞密度（NAA）の低下が認められた20).

以上の結果より， MELAS脳卒中様発作ではも

ともとのミトコンドリア機能障害に由来する潜在

的な脳血管（内皮・平j骨筋細胞）の機能不全（angi-

opathy）があり，感染やストレスなどへの反応に

よるエネルギー需要の増大（hyperexcitability）な

どの要因によって発作が誘発され，急性期には血

管拡張 ・血流増加による血流不均衡や血管原性浮

腫に加え，脳細胞（神経 ・グリア細胞）におけるエ

ネルギー産生・細胞機能の低下（cytopathy）， およ

びそれに伴う嫌気的代謝へのシフト（解糖系の充

進，乳酸発酵の増加）が起こり，その結果として酸

化ストレスの増強を招き，最終的には細胞機能が

障害されて神経細胞死に至るという病態機序が明

らかとなった23)（図3)

病態機序の解明によって，特異的治療薬の開発

促進が期待できる．さらに，イメージングは治療

標的における治療薬の効果の直接的な判定に用い

ることができる．実際に， MELASではすでにL-

アルギニンによる脳卒中様発作の軽減や抑制が古

賀ら によ って示されているが24），著者らはnc
acetate PETによって， L－アルギニンによる心筋

での TCA回路の代謝改善を明らかにしてお り，

臨床症状だけでなく代謝面でも改善効果がある こ

とを示している5) 現在 ミトコンドリ ア代謝を

改善させる ピルビン酸や，抗酸化作用を有する
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ミトコンドリア機能低下・エネルギー需要増大

脳血管細胞
(Angiopathy) 

神経細胞／グリア細胞

(Cytopathy) 

図 3 分子イメージングによる知見をもとにしたMELAS脳卒中様発作の病態機序23)

楕円形は代謝の各段階に対する分子イメージング手j去を示す（桃色 PET，青色MRI)

詳細は本文参照

EPI-743などのあらたな治療薬が臨床応用の段階

となっており，今後，分子イメージングで解明さ

れた病態機序の各段階に対する治療薬の開発が期

待される．と くに， ASL画像で脳卒中様発作の前

段階がとらえられたように，顕在化前に変化をと

らえて治療介入を行えれば，発作の抑制にもっと

も有効である と考えられるため，経時的に病態 ・

病期を評価できるイメ ージング手法は， 適切な治

療戦略を考えるうえで不可欠なものになってくる

であろうー

令おわりに

以上，ミトコンドリ ア代謝，酸化スト レスを中

心とした分子イメージングの現状と可能性につい

て概説した 分子イメージングによって各疾患の

病態におけるミ トコンドリア代謝の変化や酸化ス

トレスの増強が明らかになり，今後より多くの疾

患において詳細 ・包括的な評価が可能になること

が期待される．さらに，病態評価だけでなく，イ

メージングで得られた病態機序をもとにした治療

薬の開発や，患者生体における治療効果のリアル

タイムな評価方法と して，分子イメ ージングの果

たす役割は今後ますます大きくなると考えられる．
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Mitochondrial respiratory dysfunction disturbs
neuronal and cardiac lineage commitment of
human iPSCs

Mutsumi Yokota1,2, Hideyuki Hatakeyama*,1,2, Yasuha Ono1, Miyuki Kanazawa3 and Yu-ichi Goto*,1,2,3

Mitochondrial diseases are genetically heterogeneous and present a broad clinical spectrum among patients; in most cases,
genetic determinants of mitochondrial diseases are heteroplasmic mitochondrial DNA (mtDNA) mutations. However, it is uncertain
whether and how heteroplasmic mtDNA mutations affect particular cellular fate-determination processes, which are closely
associated with the cell-type-specific pathophysiology of mitochondrial diseases. In this study, we established two isogenic
induced pluripotent stem cell (iPSC) lines each carrying different proportions of a heteroplasmic m.3243A4G mutation from the
same patient; one exhibited apparently normal and the other showed most likely impaired mitochondrial respiratory function. Low
proportions of m.3243A4G exhibited no apparent molecular pathogenic influence on directed differentiation into neurons and
cardiomyocytes, whereas high proportions of m.3243A4G showed both induced neuronal cell death and inhibited cardiac lineage
commitment. Such neuronal and cardiac maturation defects were also confirmed using another patient-derived iPSC line carrying
quite high proportion of m.3243A4G. In conclusion, mitochondrial respiratory dysfunction strongly inhibits maturation and
survival of iPSC-derived neurons and cardiomyocytes; our presenting data also suggest that appropriate mitochondrial maturation
actually contributes to cellular fate-determination processes during development.
Cell Death and Disease (2017) 8, e2551; doi:10.1038/cddis.2016.484; published online 12 January 2017

Mitochondria possess multiple copies of their own genome
(mitochondrial DNA; mtDNA) and play some crucial roles in
cellular energy metabolism. From the viewpoint of develop-
mental biology, several recent studies have clearly indicated
that mitochondria are functionally and morphologically reor-
ganized for adaptation to an embryonic stem cell (ESC)-like
intracellular environment during induced pluripotent stem cell
(iPSC) generation.1–6 Moreover, mtDNA haplogroups (i.e.,
genetic population groups that share a common ancestor),
which are known to be associated with various phenotypes
(e.g., disease susceptibility, environmental adaptation or
aging), also affect their intrinsic gene expression signatures
involved in pluripotency, differentiation, DNA methylation
and mitochondrial energy metabolism.7 Thus, appropriate
mitochondrial rejuvenation or maturation may be one impor-
tant step for bona fide cellular reprogramming or differentia-
tion, as well as for epigenetic modification or resetting in
nuclear DNA.
Most parts of pathogenic mutations in mtDNA-specific tRNA

genes responsible for various types of mitochondrial diseases
have been reported as heteroplasmy (i.e., wild-type mtDNA
and mutant mtDNA coexist within a single cell), and induced
mitochondrial dysfunction emerges only when mutation ratios
of mtDNA exceed their intrinsic pathogenic thresholds at a
cellular level.8 Mitochondrial diseases caused by hetero-
plasmic mtDNA mutations present a wide variety of affected

tissues and organs (e.g., central nervous system or cardio-
vascular system) among patients,9,10 probably due
to variations in mutant mtDNA proportions at each tissue
and organ level. Therefore, disease-relevant iPSCs carrying
heteroplasmic mtDNA mutations will greatly help us to open
new avenues for studying the patient-specific definitive
genotype–phenotype relationship of affected tissues and
organs in mitochondrial diseases.11 In fact, several groups
and we have reported the generation and the application of
patient-derived iPSCs carrying various heteroplasmic mtDNA
mutations toward in vitro human mitochondrial disease
modeling;12–18 however, it remains uncertain whether and
how such heteroplasmic mtDNA mutations affect particular
cellular fate-determination processes during development.
Recently, we also demonstrated that mitochondrial respiratory
dysfunction caused by a heteroplasmic m.3243 A4G muta-
tion inMT-TL1 gene,19 which is themost representativemutant
mtDNA, strongly inhibits cellular reprogramming but does not
affect maintenance of the pluripotent state.20 Our findings may
indicate that the degree of the molecular pathogenic influence
of heteroplasmic mtDNA mutations actually changes during
cellular lineage-commitment processes along with the degree
of functional maturation in mitochondria.
In this study, we established two isogenic iPSC lines

carrying different proportions of m.3243 A4G from the same
patient; one exhibited apparently normal and the other showed
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most likely impaired mitochondrial respiratory function. Using
these isogenic iPSC lines, we demonstrated that induced
mitochondrial respiratory dysfunction triggered by high pro-
portions of m.3243 A4G strongly inhibits maturation and
survival of iPSC-derived neurons and cardiomyocytes. Such
in vitro neuronal and cardiac maturation defects were also
confirmed by using another patient-derived iPSC line carrying
quite high proportion of m.3243 A4G. Our presenting data
therefore demonstrate that isogenic iPSC lines with different
proportions of m.3243 A4G would make enormous contribu-
tions as in vitro human cellular disease models to greatly
facilitate iPSC-based drug discovery and regenerative ther-
apeutics in mitochondrial diseases.

Results

Generation of patient-derived isogenic iPSC lines
carrying different proportions of m.3243A4G. First, we
generated two isogenic iPSC lines from the same patient,
each of which possessed different proportions of m.3243A4G
(approximately 40 and 90% proportions of mutant mtDNA;
denoted as P1-3243[40] and P1-3243[90], respectively).
We also established two additional iPSC lines, each of
which were derived from healthy control subject (denoted
as Control) and from another patient carrying over 90%
proportion of m.3243A4G (denoted as P2-3243[490]),
respectively. We have previously reported that the molecular
pathogenic threshold level of m.3243A4G with regard to
mitochondrial respiratory function is ~ 90% in patient-derived
clonal fibroblasts.20 We confirmed that no marked difference
was observed between all iPSC lines with regard to ESC-like
pluripotent characteristics such as pluripotency markers
expression and embryoid body (EB)-mediated in vitro spon-
taneous differentiation into three germ layers (Figures 1a and
b), in addition to pluripotency genes expression and silenced
transgenes expression (Supplementary Figures S1A and B).
Genetic identity of these isogenic iPSC lines was also verified
by analysis of short tandem repeat variations (Figure 1c). We
measured the overall mitochondrial respiration profile of
all iPSC lines by a flux analyzer. Although no statistical
significance was observed between two isogenic iPSC lines
(P1-3243[40] and P1-3243[90]), mitochondrial energy meta-
bolic potentials (e.g., basal respiration and ATP production) of
P1-3243[90] iPSC line were both lower than those of P1-3243
[40] iPSC line (Figure 1d). We further analyzed enzymatic
activities of mitochondrial respiratory chain complexes in all
iPSC lines. In fact, mitochondrial respiratory chain complex I
activity was significantly suppressed by over 90% proportion
of m.3243A4G (P2-3243[490] vs Control), whereas mito-
chondrial respiratory chain complex IV activity was appar-
ently unaffected in all iPSC lines (Figure 1e). Although no
statistical significance was observed between two isogenic
iPSC lines (P1-3243[40] and P1-3243[90]), mitochondrial
respiratory chain complex I activity of P1-3243[90] iPSC line
was actually lower than that of P1-3243[40] iPSC line. We
also randomly selected several iPSC colonies from each
patient-derived iPSC line to determine m.3243A4G propor-
tions at each single-iPSC-colony level and found no
significant segregation in m.3243A4G proportions during

self-renewal of iPSCs throughout this study (i.e., at least 5–10
passages in culture of each iPSC line) (Figure 1f). We
therefore concluded that two isogenic iPSC lines with
different proportions of m.3243 A4G from the same patient
(P1-3243[40] and P1-3243[90]) were successfully estab-
lished; one exhibited apparently normal and the other
showed most likely impaired mitochondrial respiratory
function.

Inhibited cardiac maturation triggered by exceeding
the pathogenic threshold level of m.3243A4G. Next, we
asked whether and how heteroplasmy levels of m.3243A4G
affect cardiac maturation (Figure 2a). Using Control iPSC
line, we confirmed the successful specification into cTNT-
positive beating cardiomyocytes. P1-3243[90] iPSC line,
which exhibited most likely impaired mitochondrial respiratory
function, was also able to differentiate into beating cardio-
myocytes expressing the representative cardiac lineage
marker of cTNT similarly to those of isogenic P1-3243[40]
iPSC line; in contrast, no beating cardiomyocytes were
obtained from P2-3243[490] iPSC line, which exhibited
impaired mitochondrial respiratory function (Figures 2b–d
and Supplementary Movies S1–S3). Of note, no marked
difference was observed during the time course of cardiac
induction between these iPSC lines (see also Figure 2b).
Interestingly, however, all cardiomyocytes derived from P1-
3243[90] iPSC line possessed less than 90% proportions
of m.3243 A4G (Figure 2e). To confirm the molecular
pathogenic influence of m.3243A4G on cardiac lineage
commitment, we measured mitochondrial respiratory function
of iPSC-derived cardiomyocytes by a flux analyzer; as
expected, cardiomyocytes derived from P1-3243[90] iPSC
line, all of which exhibited below the molecular pathogenic
threshold level of m.3243A4G, showed apparently normal
mitochondrial respiration profile and mitochondrial energy
metabolic potentials (e.g., basal respiration and ATP produc-
tion) similarly to those derived from P1-3243[40] iPSC line
(Figure 2f). In addition, we found that one out of five iPSC-
derived cardiomyocytes showed a significant decrease in
m.3243A4G heteroplasmy level (approximately 60% propor-
tion of mutant mtDNA) when compared with the distributions
of m.3243A4G heteroplasmy levels in the parental P1-3243
[90] iPSC line (77–92% proportions of mutant mtDNA) (see
also Figure 2e). We also added mtDNA copy number
analysis for iPSC-derived cardiomyocytes and their parental
iPSCs. Cardiomyocytes derived from two isogenic iPSC lines
(P1-3243[40] and P1-3243[90]) had more mtDNA copies per
cell than those in the parental iPSCs; however, no significant
difference in mtDNA copy number was observed between
two isogenic iPSC lines (P1-3243[40] and P1-3243[90]), or
among their iPSC-derived cardiomyocytes (Supplementary
Figure S2). We therefore concluded that mitochondrial
respiratory dysfunction caused by exceeding the pathogenic
threshold level of m.3243A4G induced cardiac maturation
defects.

Induced neuronal cell death triggered by exceeding the
pathogenic threshold level of m.3243A4G. We then
differentiated these iPSC lines into neurons using our
stepwise induction method to clarify whether and how

Mitochondrial respiratory dysfunction
M Yokota et al

2

Cell Death and Disease



Figure 1 Generation of patient-derived isogenic iPSC lines carrying different proportions of m.3243A4G. (a) Representative images of the established iPSC lines; OCT4
(red), NANOG (red), TRA-1-60 (green) and TRA-1-81 (green). Electropherogram of heteroplasmic m.3243A4G mutation in each iPSC line was also shown. Arrowheads
indicate m.3243A4G. (b) Representative images of the embryoid body (EB)-mediated in vitro spontaneous differentiation; TUJ1 (ectoderm, red), αSMA (mesoderm, red) and
AFP (endoderm, red). (c) Representative images of STR variations (4 out of 16 genetic loci analyzed) demonstrated that isogenic iPSC lines carrying different proportions of
m.3243A4G (P1-3243[40] and P1-3243[90]) shared the same nuclear DNA genetic background. (d) Mitochondrial respiratory function of patient-derived iPSC lines. Oxygen
consumption rate (OCR) of each iPSC line was measured by a flux analyzer. Biological replicates of each iPSC line used were as follows: Control (n= 5), P1-3243[40] (n= 3),
P1-3243[90] (n= 5), P2-3243[490] (n= 4). Statistical significance was evaluated by unpaired, two-tailed t-test. NS, not significant. (e) Mitochondrial respiratory chain complexes
activity of patient-derived iPSC lines. Three biological replicates of each iPSC line were used for the measurements. Statistical significance was evaluated by unpaired, two-tailed
t-test. *Po0.05, NS, not significant. (f) Time-dependent changes in the distributions of m.3243A4G proportions in patient-derived iPSC line at each single-iPSC-colony level.
Statistical significance was evaluated by unpaired, two-tailed t-test. NS, not significant
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heteroplasmy levels of m.3243 A4G also affect neuronal
maturation (Figure 3a). Using Control iPSC line, we
confirmed that our neuronal induction protocol showed highly
efficient neural stem cell (NSC) specification and neuronal
differentiation (Figure 3b). Although P1-3243[40] iPSC line
showed no apparent influence of m.3243 A4G on directed
differentiation into TUJ1-positive neurons similarly to that of
Control iPSC line, two other iPSC lines carrying high
proportions of m.3243 A4G (P1-3243[90] and P2-3243
[490]) showed induced cell death during neuronal lineage
commitment; in particular, poorly surviving neurons in P1-
3243[90] iPSC line, which exhibited most likely impaired
mitochondrial respiratory function, and no living neurons in

P2-3243[490] iPSC line, which exhibited impaired mitochon-
drial respiratory function, were observed, respectively
(Figures 3c and d). We also evaluated the completely
detached and collapsed neurospheres in P2-3243[490]
iPSC line as 'dead' in this experiment (see also Figure 3c).
Of note, no cell death was observed during NSC specification
and expansion in these iPSC lines, suggesting that
m.3243 A4G has minimal molecular pathogenic influence
on NSCs. Focusing on P1-3243[90] iPSC line, m.3243 A4G
heteroplasmy levels were significantly higher in 'dead'
neurospheres (86±12% proportions of mutant mtDNA) than
those in 'survival' neurons (73± 17% proportions of mutant
mtDNA) with statistical significance (Figure 3e). To confirm

Figure 2 Induced cardiac maturation defects triggered by exceeding the pathogenic threshold level of m.3243A4G. (a) Experimental design used to identify the molecular
pathogenic influence of m.3243A4G on cardiac differentiation. (b) Representative images of cardiomyocytes derived from each patient-derived iPSC line; cTNT (red). Cell nuclei
were co-stained with Hoechst 33342 (blue). No cTNT-positive cardiomyocytes were observed in P2-3243[490] iPSC line. (c) Total number of beating aggregates after cardiac
differentiation in each patient-derived iPSC line. Cardiac induction was independently performed three times, and data were gathered for graph preparation. ND, not detected.
(d) Beating frequency of cardiomyocytes derived from each patient-derived iPSC line. Statistical significance was evaluated by unpaired, two-tailed t-test. NS, not significant.
Representative movies of beating cardiomyocytes derived from each patient-derived iPSC line were also shown in Supplementary Movies S1–S3, respectively. (e) The
distributions of m.3243A4G proportions in cardiomyocytes derived from patient-derived iPSC lines. Immunostained cells were collected for further mtDNA mutation analysis.
ND, not detected. (f) Relationship between the distributions of m.3243A4G proportions and mitochondrial respiratory function in cardiomyocytes derived from patient-derived
isogenic iPSC lines. Oxygen consumption rate (OCR) of beating cardiomyocytes was measured by a flux analyzer. The proportions of m.3243A4G in cardiomyocytes were
determined after biochemical measurement. Biological replicates of beating cardiomyocytes used were as follows: P1-3243[40] (n= 4), P1-3243[90] (n= 4). Statistical
significance was evaluated by unpaired, two-tailed t-test. NS, not significant
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the molecular pathogenic influence of m.3243 A4G on
neuronal lineage commitment, we measured mitochondrial
respiratory function of iPSC-derived 'survival' neurons by a
flux analyzer; similarly to the case of iPSC-derived cardio-
myocytes, 'survival' neurons derived from P1-3243[90] iPSC
line, all of which possessed less than 90% proportions of
m.3243 A4G, showed apparently normal mitochondrial
respiration profile and mitochondrial energy metabolic poten-
tials (e.g., basal respiration and ATP production) similarly to

those derived from P1-3243[40] iPSC line (Figure 3f). More
remarkable than the case of cardiac lineage commitment,
some iPSC-derived 'survival' neurons also showed drastic
decreases in m.3243 A4G heteroplasmy levels (i.e., 5 out of
15 neurons exhibited less than 70% proportions of mutant
mtDNA) when compared with the distributions of
m.3243 A4G heteroplasmy levels in the parental P1-3243
[90] iPSC line (77–92% proportions of mutant mtDNA) (see
also Figure 3e), suggesting that mutant mtDNA segregation

Figure 3 Induced neuronal cell death triggered by exceeding the pathogenic threshold level of m.3243A4G. (a) Experimental design used to identify the molecular
pathogenic influence of m.3243A4G on neuronal differentiation. (b) Representative images of successive differentiation into neurons via neural stem cell (NSC) specification and
expansion using Control iPSC line; SOX2 (red), Nestin (green), TUJ1 (red). Cell nuclei were co-stained with Hoechst 33342 (blue). (c) Representative images of neurons derived
from each patient-derived iPSC line; TUJ1 (red). Cell nuclei were co-stained with Hoechst 33342 (blue). Representative image of induced neuronal cell death during neuronal
differentiation in P2-3243[490] iPSC line was also shown. (d) Induced neuronal cell death, but stable NSC specification and expansion, in two patient-derived iPSC lines carrying
high m.3243A4G proportions (P1-3243[90] and P2-3243[490]). Neuronal differentiation was independently performed three times, and data were gathered for graph
preparation. (e) The distributions of m.3243A4G proportions in neurons derived from patient-derived iPSC lines. Immunostained 'survival' cells and spontaneously detached
'dead' neurospheres were collected for further mtDNA mutation analysis. Notably, 2 out of 34 neurospheres derived from P1-3243[40] iPSC line were detached from culture
surfaces just before immunostaining (see also d). Therefore, we evaluated these detached neurospheres as 'dead' in this experiment. Statistical significance was evaluated by
unpaired, two-tailed t-test. *Po0.05, NS, not significant; ND, not detected. (f) Relationship between the distributions of m.3243A4G proportions and mitochondrial respiratory
function in neurons derived from patient-derived isogenic iPSC lines. Oxygen consumption rate (OCR) of neurons was measured by a flux analyzer. The proportions of
m.3243A4G in neurons were determined after biochemical measurement. Biological replicates of neurons used were as follows: P1-3243[40] (n= 4), P1-3243[90] (n= 13).
Statistical significance was evaluated by unpaired, two-tailed t-test. NS, not significant
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may occur in some cell populations during neuronal matura-
tion process in a stochastic manner. We further prepared
other lines of iPSC-derived neurons from the parental
P1-3243[90] iPSC line to experimentally reproduce such
mutant mtDNA segregation behavior and to clarify the
relationship between the segregation of m.3243 A4G hetero-
plasmy levels and the changes in mtDNA copy number.
Unfortunately, however, no significant segregation of
m.3243 A4G heteroplasmy levels was observed during the
repetitive neuronal differentiation assays. In contrast to the case
of iPSC-derived cardiomyocytes, 'survival' neurons derived
from two isogenic iPSC lines (P1-3243[40] and P1-3243[90])
possessed less mtDNA copies per cell than those in the
parental iPSCs; however, no significant difference in mtDNA
copy number was observed between two isogenic iPSC lines
(P1-3243[40] and P1-3243[90]), or among their iPSC-derived
neurons (Supplementary Figure S3). We therefore concluded
that mitochondrial respiratory dysfunction caused by exceeding
the pathogenic threshold level of m.3243A4G also induced
neuronal cell death; this phenomenon is similar to, but more
pronounced than, that in cardiac lineage.

Neuronal maturation defect was also recapitulated by
using mtDNA-depleted neuroblastoma cells. We further
addressed whether severe mitochondrial respiratory dys-
function, which is triggered by mtDNA depletion, is also
able to recapitulate neuronal maturation defect and even
neuronal cell death during neuronal lineage commitment. We
used SH-SY5Y neuroblastoma cell line (SH-SY5Y WT) to
prepare its mtDNA-depleted cell line (SH-SY5Y ρ0) and to
differentiate both neuroblastoma cell lines into neurons
(Figure 4a). We confirmed, in advance, that SH-SY5Y
ρ0 line showed severe mitochondrial respiratory dysfunction
triggered by mtDNA depletion (Figure 4b). In fact, cytochem-
ical staining of cytochrome c oxidase (COX), an indicator
of mitochondrial respiration activity, also indicated that
SH-SY5Y WT line showed strongly COX-positive, whereas
SH-SY5Y ρ0 line showed COX-negative (Figure 4d). As
we expected, neuronal maturation was markedly suppressed
by severe mitochondrial respiratory dysfunction triggered
by mtDNA depletion, and in some cells, induced neuronal
cell death was also observed in SH-SY5Y ρ0 line during
neuronal lineage commitment (Figure 4c and Supplementary
Movies S4 and S5) with similar trend to iPSC-derived
neurons carrying high proportions of m.3243 A4G. In this
case, the remaining 'survival' neurons in SH-SY5Y ρ0 line
were COX-negative (Figure 4d). Although neuroblastoma
cells have several distinct genetic, epigenetic and energy
metabolic properties from iPSCs, we concluded that mito-
chondrial respiratory dysfunction caused by defective mtDNA
with various mutation types actually induced neuronal
maturation defect and even neuronal cell death in vitro.

Discussion

In this study, we generated two isogenic iPSC lines from the
same patient; one exhibited apparently normal and the other
showed most likely impaired mitochondrial respiratory func-
tion. Using these isogenic iPSC lines, our lineage-specific
directed differentiation methods demonstrated that induced

mitochondrial respiratory dysfunction triggered by high pro-
portions of m.3243 A4G strongly inhibits maturation and
survival of iPSC-derived neurons and cardiomyocytes. Such
in vitro maturation defects in both neuronal and cardiac
lineages were also confirmed using another patient-derived
iPSC line carrying over 90% proportion of m.3243 A4G. In
addition to our results, Hämäläinen et al.15 reported the
pathogenic influences of a heteroplasmic m.3243 A4G
mutation on neuronal differentiation; briefly, their established
patient-origin iPSC-derived neurons carrying approximately
80–85% proportions of m.3243 A4G exhibited specific down-
regulation of mitochondrial respiratory chain complex I at both
transcript and protein levels and showed accelerated mito-
phagy via the PARKIN–PINK1 pathway, probably due to
clearance of damaged mitochondria for further neuronal
differentiation and maturation. Taking these previous findings
with our presenting data, we propose that appropriate
mitochondrial rejuvenation or maturation must be required
for bona fide cellular reprogramming or differentiation, and the
degree of molecular pathogenic influence of mutant mtDNA
actually determines the severity of the cell-type-specific
disease phenotypes in vitro, including the differentiation
efficiency into particular cell types (Figure 5).
As we noted above, severe mitochondrial respiratory

dysfunction strongly induces neuronal cell death in vitro;
however, most parts of mitochondrial disease patients
carrying mutant mtDNA undergo normal brain development
in vivo before symptomatic appearance. What is the crucial
difference between iPSC-based in vitro cellular disease
phenotypes and in vivo clinical symptoms? Some previous
molecular neuropathological studies using postmortem brain
of mitochondrial disease patients found that neuronal cells
carrying higher proportions of mutant mtDNA frequently
remained in some patients’ cerebellar lesions (e.g., dentate
nucleus neurons, olivary neurons and Purkinje cells).21,22

These findings suggest that neuronal cell death does not
always correlate with mutant mtDNA proportions, leading to
the discrepancy between our iPSC-based in vitro recapitula-
tion of neuronal development and in vivo brain pathology of
mitochondrial disease patients. With regard to this discre-
pancy, it is hypothesized that physiological and physical
interaction with other non-neuronal cell types in the brain (e.g.,
astrocytes) may strongly enhance maturation and long-term
survival of neurons having damaged mitochondria. Astrocytes
are known to play a role as an energy supplier to neurons
through the release of lactate;23 for example, a co-culture
system with astrocytes is generally used for accelerated
functional maturation and long-term survival of neurons
in vitro. Moreover, the predominant energy metabolic system
in astrocytes is glycolysis, while that in neurons is mitochon-
drial respiration,23 suggesting no apparent influence of
mitochondrial respiration defects on physiological function
in astrocytes to support neurons. In fact, we displayed the
successive observation of TUJ1-positive neurons derived
from P2-3243[490] iPSC line through EB-mediated in vitro
spontaneous differentiation, and even this iPSC line did not
produce neurons using the directed neuronal differentiation
method. On the other hand, aberrant early embryogenesis
was reported using fertilized eggs derived from a female
mito-mouse carrying 70% proportion of 4696- bp mtDNA
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Figure 4 mtDNA-depleted neuroblastoma cells recapitulate neuronal maturation defect and even neuronal cell death during neuronal lineage commitment. (a) Experimental
design used to identify whether mtDNA-depleted neuroblastoma cells recapitulate neuronal maturation defect and even neuronal cell death during neuronal lineage commitment.
(b) Mitochondrial respiratory chain complexes activity of neuroblastoma cell lines. Three biological replicates of SH-SY5YWTand SH-SY5Y ρ0 were used for the measurements.
Statistical significance was evaluated by unpaired, two-tailed t-test. **Po0.01, ***Po0.001. (c) Representative images of neurons derived from SH-SY5Y WTand SH-SY5Y ρ0;
NF-H (red). Marked neuronal cell death in SH-SY5Y ρ0 was also observed at day 8. Representative movies of differentiating neurons derived from SH-SY5Y WTand SH-SY5Y
ρ0 were also shown in Supplementary Movies S4 and S5, respectively. (d) Representative images of cytochemical COX staining for undifferentiated and differentiated SH-SY5Y
WTand SH-SY5Y ρ0; COX (brown). Cell nuclei were co-stained with hematoxylin (purple). Both samples of SH-SY5Y WTand SH-SY5Y ρ0 were stained simultaneously for the
same period
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deletion;24 this mouse mutant mtDNA exhibited the intrinsic
pathogenic threshold level (60–80% proportions of mutant
mtDNA) in relation to mitochondrial respiratory function, which
was confirmed by in vitro biochemical analysis using trans-
mitochondrial cellular systems and by in vivo phenotypic
analysis using several lines of mito-mice.25 Although there are
some experimental differences between their findings and our
presenting data (iPSC-based human model vs mouse model,
mtDNA point mutation vs mtDNA partial deletion, etc.), the
defective in vitro differentiation into particular cell types
triggered by severely impaired mitochondrial respiration may
be suggestive of such in vivo embryonic lethality.
Mitochondrial diseases present a broad clinical spectrum

even among patients carrying the same heteroplasmic
mtDNA mutations (e.g., variations in age of onset, in affected
tissues and organs, or in disease progression and pheno-
typic severity), and vice versa, different mtDNA mutations
share similar clinical features in mitochondrial diseases.
Such clinical phenotypic diversity frequently makes us
complicated to understand the overall pathology of mitochon-
drial diseases; therefore, curable treatments have yet to be
established. Thus, our established isogenic iPSC lines from
the same mitochondrial disease patient exhibiting either
apparently normal or impaired mitochondrial respiratory
function must be promising tools not only to recapitulate
tissue- and organ-specific disease phenotypes but also to
efficiently explore candidate chemical compounds (i) that
ameliorate mitochondrial respiratory dysfunction or (ii) that
induce reduced mutant mtDNA proportions. We believe
that our presenting data display new insights not only into
understanding how mitochondrial respiratory dysfunction

triggered by heteroplasmic mtDNA mutations influences
cellular fate-determining processes but also into facilitating
the applications in future iPSC-based drug discovery and
regenerative therapeutics in mitochondrial diseases.

Materials and Methods
Patients. This study was approved by NCNP Institutional Review Board and was
stringently conducted in accordance with the ethical principles of the 'Declaration of
Helsinki'. Patient biopsy was performed for diagnostic purposes only after we
received written informed consent with permission to study patient-derived iPSCs.

Fibroblast culture. Primary fibroblasts were established from patient-derived
skin biopsies via a standard protocol. Patient-derived fibroblasts were maintained
in DMEM/F12 (Gibco, Waltham, MA, USA) supplemented with 10% FBS (Gibco),
100 units/ml penicillin (Gibco), 100 μg/ml streptomycin (Gibco) at 37 °C under
humidified atmosphere of 5% CO2. Culture medium was changed every 3 days.
During establishment of primary fibroblasts, 0.5 μg/ml MC210 (DS Pharm, Osaka,
Japan) as a mycoplasmacidal reagent and 2.5 μg/ml fungizone (Gibco) as a
fungicidal reagent were also added to culture medium.

Generation of patient-derived iPSCs with episomal vector.
Patient-derived iPSCs were generated using episomal vectors as described
elsewhere26 with modifications: briefly, each 1 μg of episomal plasmid vectors
(Plasmid #27077, #27078, #27080; Addgene, Cambridge, MA, USA) were
electroporated into patient-derived myoblasts (5 × 105 cells) with an electroporator
(Neon; Invitrogen, Waltham, MA, USA). Transformed patient-derived myoblasts
(1 × 105 cells) were reseeded onto mouse embryonic fibroblasts (MEF; ReproCELL,
Yokohama, Japan) 4 days after electroporation. The next day, culture medium was
replaced with primate ESC culture medium (ReproCELL) supplemented with 10 ng/
ml bFGF (ReproCELL), 100 units/ml penicillin (Gibco), 100 μg/ml streptomycin
(Gibco) and transformed patient-derived myoblasts were maintained at 37 °C under
humidified atmosphere of 5% CO2. Culture medium was changed every other day.
Emergent colonies with ESC-like morphology were manually picked up to establish
patient-derived iPSCs, and these iPSCs were expanded either on MEF-seeded
dishes in primate ESC culture medium or on Geltrex (Gibco)-coated dishes in
mTeSR1 medium (StemCell Technologies, Vancouver, BC, Canada) supplemented
with 100 units/ml penicillin (Gibco) and 100 μg/ml streptomycin (Gibco) for long-
term maintenance. Culture medium was changed daily.
To evaluate the distributions of m.3243 A4G proportions in each patient-derived

iPSC line, we randomly picked up several iPSC colonies from each patient-derived
iPSC line to extract DNA for determination of m.3243 A4G proportions at each
single-iPSC-colony level.

Characterization of patient-derived iPSCs. Characterization of patient-
derived iPSCs via detection of pluripotency markers was performed according to our
previous report:17 Briefly, cultured and harvested patient-derived iPSCs were
transferred onto MEF-seeded multi-well culture plates and were maintained in
primate ESC culture medium at 37 °C under humidified atmosphere of 5% CO2.
Culture medium was changed daily. After 3 days in culture, patient-derived iPSCs
were characterized by standard immunocytochemical protocol. Fluorophore-
conjugated primary antibodies used were as follows: Cy3-conjugated anti-OCT4
(1:100 dilution; Millipore, Billerica, MA, USA), Cy3-conjugated anti-NANOG
(1:100 dilution; Millipore), AlexaFluor 488-conjugated anti-TRA-1-60 (1:100 dilution;
Millipore), AlexaFluor 488-conjugated anti-TRA-1-81 (1:100 dilution; Millipore). Stained
samples were observed under a fluorescent microscope (IX71 System; Olympus,
Tokyo, Japan).
in vitro spontaneous differentiation of patient-derived iPSCs into EB-mediated

three germ layers was also performed according to our previous report:17 Briefly,
cultured and harvested patient-derived iPSCs were transferred onto ultra-low-
adherent culture dishes (HydroCell; CellSeed, Tokyo, Japan) and were maintained in
primate ESC culture medium without bFGF at 37 °C under humidified atmosphere of
5% CO2. Culture medium was changed every other day. After 7 days in floating
culture, emergent EBs were transferred onto Geltrex (Gibco)-coated multi-well culture
plates and were maintained in primate ESC culture medium without bFGF at 37 °C
under humidified atmosphere of 5% CO2. Culture medium was changed every other
day. After 14 additional days in adherent culture, spontaneously differentiated cells
were characterized by standard immunocytochemical protocol. Primary antibodies
used were as follows: anti-TUJ1 (1:200 dilution; Abcam, Cambridge, UK), anti-αSMA

Figure 5 Graphical summary showing the relationship between mtDNA
pathogenic threshold and inhibited neuronal differentiation. iPSC lines carrying over
the pathogenic threshold level of m.3243A4G showed neuronal maturation
defect and even neuronal cell death during neuronal lineage commitment; however,
no cell death was observed during NSC specification and expansion in these
iPSC lines, suggesting that m.3243A4G has minimal molecular pathogenic
influence on NSCs
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(1:40 dilution; Abcam), anti-AFP (1:200 dilution; Abcam). Secondary antibody used
was AlexaFluor 568 (1:800 dilution; Molecular Probes, Waltham, MA, USA). Stained
samples were observed under a fluorescent microscope (IX71 System; Olympus).
Short tandem repeat (STR) analysis was performed to confirm the genetic

identity of the established isogenic iPSC lines: Briefly, extracted DNA as template
(0.5 ng) was amplified using a thermal cycler (GeneAmp PCR System 9700;
Applied Biosystems, Waltham, MA, USA) with a PowerPlex 16 HS System kit
(Promega, Fitchburg, WI, USA) according to the manufacturer’s instructions. The
amplified DNA fragments were electrophoresed using a DNA analyzer (ABI PRISM
3130xl; Applied Biosystems). The obtained data were analyzed using GeneMapper
Software (Ver. 5.0; Applied Biosystems).

Analysis of mtDNA mutation. Long PCR-based whole-mtDNA sequencing
for the patient was performed as described elsewhere27 with modifications to
eliminate any adverse results arising from pseudo-sequences in nuclear DNA:
Briefly, extracted DNA as a template (10 ng) was amplified via mtDNA-specific long-
range PCR and the following mtDNA-specific nested PCR using a thermal cycler
(GeneAmp PCR System 9700; Applied Biosystems). The amplified mtDNA
fragments were sequenced using a DNA analyzer (ABI PRISM 3130xl; Applied
Biosystems).
Pyrosequencing was performed to determine m.3243 A4G proportions: Briefly,

extracted DNA as a template (10–20 ng) was amplified using a thermal cycler
(GeneAmp PCR System 9700; Applied Biosystems). The amplified mtDNA fragments
were sequenced using a pyrosequencing instrument (PyroMark Q24 Advanced;
Qiagen, Venlo, Netherlands) with a PyroMark Q24 Advanced Reagents kit (Qiagen)
according to the manufacturer’s instructions. The obtained data were analyzed using
PyroMark Q24 Advanced Software (Ver. 3.0.0; Qiagen). Primers used are listed in
Supplementary Table S1.

Analysis of mtDNA copy number. mtDNA copy number analysis was
performed according to our previous report:20 Briefly, extracted DNA as a template
(1 ng) was used for quantitative PCR with a SYBR Green I PCR Master Mix kit
(Roche, Basel, Switzerland) according to the manufacturer’s instructions. A real-
time PCR system (LightCycler 480II; Roche) was used to measure mtDNA
copy number per cell. Measurement for each sample was performed in triplicate.
ΔΔCT-based relative quantification method was adopted for data analysis. Primers
used are listed in Supplementary Table S1.

Analyses of pluripotency genes expression and transgenes
silencing. Reverse transcription was performed with PrimeScript RT Master Mix
kit (TaKaRa Bio, Shiga, Japan) according to the manufacturer’s instructions. After
reverse transcription of extracted total RNA, total cDNA as a template (10 ng) was
used for quantitative PCR with a SYBR Green I PCR Master Mix kit (Roche)
according to the manufacturer’s instructions. A real-time PCR system (LightCycler
480II; Roche) was used to measure pluripotency genes expression and transgenes
silencing. Measurement for each sample was performed in triplicate. ΔΔCT-based
relative quantification method was adopted for data analysis. Primers used are listed
in Supplementary Table S1.

Directed differentiation of iPSCs into cardiomyocytes. Directed
differentiation of patient-derived iPSCs into cardiomyocytes was performed as
described elsewhere28 with modifications: Briefly, patient-derived iPSCs were cut
into uniform-sized pieces of colonies using the STEMPRO EZ Passage (Invitrogen)
to transfer onto Geltrex (Gibco)-coated culture dishes and were maintained in
mTeSR1 medium (StemCell Technologies) at 37 °C under humidified atmosphere of
5% CO2. Culture medium was changed daily. After 7 days in culture, culture medium
was switched to Cardiac induction medium I (RPMI 1640 medium (Gibco)
supplemented with 1 × B27 minus insulin (Gibco), 100 units/ml penicillin (Gibco),
100 μg/ml streptomycin (Gibco), 100 ng/ml Activin A (Peprotech, Rocky Hill, NJ,
USA)) for first 1 day, Cardiac induction medium II (RPMI 1640 medium
(Gibco) supplemented with 1 × B27 minus insulin (Gibco), 100 units/ml penicillin
(Gibco), 100 μg/ml streptomycin (Gibco), 10 ng/ml BMP4 (Peprotech), 10 ng/ml
bFGF (Peprotech)) for next 4 days, and Cardiac induction medium III (RPMI 1640
medium (Gibco) supplemented with 1 × B27 minus insulin (Gibco), 100 units/ml
penicillin (Gibco), 100 μg/ml streptomycin (Gibco), 100 ng/ml DKK-1 (Peprotech))
for further 6 days, sequentially. Culture medium was changed every other day.
Culture medium was finally switched to Cardiac maturation medium (RPMI 1640
medium (Gibco) supplemented with 1 × B27 minus insulin (Gibco), 100 units/ml
penicillin (Gibco), 100 μg/ml streptomycin (Gibco)) and was changed every

other day for terminal differentiation. The beating aggregates began to emerge
at around 15 days of cardiac differentiation. At 26 or 27 days of cardiac
differentiation in total, each beating cardiomyocyte-aggregate was transferred onto
each well of Geltrex (Gibco)-coated multi-well culture plates and were used for
further analyses.

Emergent cardiomyocytes were maintained in cardiac maturation medium and
were characterized according to standard immunocytochemical protocol. Primary
antibody used was as follows: anti-cTNT (1:200 dilution; ThermoFisher Scientific,
Waltham, MA, USA). Secondary antibody used was as follows: AlexaFluor 568 (1:800
dilution; Molecular Probes). Stained samples were observed under a fluorescent
microscope (IX71 System; Olympus).

Directed differentiation of iPSCs into neurons. Directed differentiation
of patient-derived iPSCs into neurons was performed as follows: Briefly, cultured
and harvested patient-derived iPSCs were transferred onto ultra-low-adherent
culture dishes (HydroCell; CellSeed) and were maintained in NSC specification
medium (Essential 6 medium (Gibco) supplemented with 100 units/ml penicillin
(Gibco), 100 μg/ml streptomycin (Gibco), 10 μM SB431542 (Wako, Osaka, Japan),
100 nM LDN193189 (Wako)) for first 8 days at 37 °C under humidified atmosphere
of 5% CO2. Culture medium was changed every other day. After floating culture,
each neurosphere was transferred onto each well of Geltrex (Gibco)-coated multi-
well culture plates and were maintained in NSC expansion medium (1:1 mixture of
DMEM/F12 (Gibco) and Neurobasal medium (Gibco) supplemented with 1 × N2
(Gibco), 1 × B27 minus vitamin A (Gibco), 1 × GlutaMAX (Gibco), 100 units/ml
penicillin (Gibco), 100 μg/ml streptomycin (Gibco), 10 μM SB431542 (Wako),
100 nM LDN193189 (Wako), 20 ng/ml EGF (Peprotech), 20 ng/ml bFGF
(Peprotech)) for next 6 days at 37 °C under humidified atmosphere of 5% CO2.
Culture medium was changed every other day. Culture medium was finally switched
to Neuron induction medium (Neurobasal medium (Gibco) supplemented with
1 × N2 (Gibco), 1 × B27 minus vitamin A (Gibco), 1 × GlutaMAX (Gibco), 100 units/
ml penicillin (Gibco), 100 μg/ml streptomycin (Gibco), 10 ng/ml BDNF (Peprotech),
10 ng/ml GDNF (Peprotech), 10 ng/ml NGF (Peprotech), 500 μM dbcAMP (Sigma),
200 μM ascorbic acid (Wako)) and was changed every other day for terminal
differentiation. At 26 or 27 days of neuronal differentiation in total, neurons were
used for further analyses.

Emergent NSCs were characterized according to the standard immunocytochem-
ical protocol. Fluorophore-conjugated primary antibodies used were as follows: Cy3-
conjugated anti-SOX2 (1:100 dilution; Millipore), AlexaFluor 488-conjugated anti-
Nestin (1:100 dilution; Millipore). Stained samples were observed under a fluorescent
microscope (IX71 System; Olympus).

Emergent neurons were characterized according to standard immunocytochem-
ical protocol. Primary antibody used was anti-TUJ1 (1:200 dilution; Abcam).
Secondary antibody used was AlexaFluor 568 (1:800 dilution; Molecular Probes).
Stained samples were observed under a fluorescent microscope (IX71 System;
Olympus).

Analysis of mitochondrial respiration. Analysis of mitochondrial
respiratory potential was performed using a flux analyzer (Seahorse XFe24
Extracellular Flux Analyzer; Seahorse Bioscience, North Billerica, MA, USA) with a
Seahorse XF Cell Mito Stress Test Kit (Seahorse Bioscience) according to the
manufacturer’s instructions. Basal respiration and ATP production were calculated to
evaluate mitochondrial respiratory function according to the manufacturer’s
instructions. After the measurement, cells were harvested to count the cell number,
and each plotted value was normalized relative to the number of cells used. The
detailed procedures are as follows:

For iPSCs, several pieces of iPSC colonies were transferred onto each well of
Geltrex (Gibco)-coated XFe24 cell culture plates (Seahorse Bioscience) and were
maintained in primate ESC culture medium. After 3 days in culture, iPSCs were
equilibrated in unbuffered XFe assay medium (Seahorse Bioscience) supplemented
with 10 mM glucose, 1 mM sodium pyruvate and transferred to a non-CO2 incubator
for 1 h before measurement. Oxygen consumption rate (OCR) was measured with
sequential injections of 2 μM oligomycin, 1 μM FCCP and each 2 μM of rotenone/
antimycin A.

For iPSC-cardiomyocytes, each beating cardiomyocyte-aggregate at 23 days
of differentiation in total was transferred onto each well of Geltrex (Gibco)-coated
XFe24 cell culture plates (Seahorse Bioscience) and was maintained in Cardiac
maturation medium. At 26 or 27 days of differentiation in total, beating cardiomyocytes
were equilibrated in unbuffered XFe assay medium (Seahorse Bioscience)
supplemented with 10 mM glucose and 1 mM sodium pyruvate, and transferred to
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a non-CO2 incubator for 1 h before measurement. OCR was measured with
sequential injections of 1 μM oligomycin, 0.5 μM FCCP and each 2 μM of rotenone/
antimycin A.
For iPSC-neurons, each neurosphere at 8 days of differentiation in total was

transferred onto each well of Geltrex (Gibco)-coated XFe24 cell culture plates
(Seahorse Bioscience) and was maintained in NSC expansion medium for next
6 days, followed by terminal differentiation in Neuron induction medium. At 26 or
27 days of differentiation in total, neurons were equilibrated in unbuffered XFe assay
medium (Seahorse Bioscience) supplemented with 10 mM glucose and 1 mM
sodium pyruvate, and transferred to a non-CO2 incubator for 1 h before
measurement. OCR was measured with sequential injections of 2 μM oligomycin,
0.5 μM FCCP and each 2 μM of rotenone/antimycin A.

Analysis of mitochondrial respiratory chain complex activity.
Analysis of mitochondrial respiratory chain complex activity was performed
according to our previous report:20 Briefly, mitochondrial respiratory complex activity
was measured with Complex I Human Enzyme Activity Microplate Assay kit
(Abcam) and with Complex IV Human Enzyme Activity Microplate Assay kit
(Abcam) according to the manufacturer’s instructions, respectively. Cell extracts
(150 μg for complex I, 50 μg for complex IV) were used to measure time-dependent
absorbance alterations on a multi-well plate reader (SPECTROstar Nano; BMG
Labtech, Ortenberg, Germany).

Neuroblastoma cell culture and neuronal differentiation. SH-SY5Y
neuroblastoma cell line was maintained in Neuroblastoma growth medium
(DMEM (Gibco) supplemented with 4.5 mg/ml glucose, 110 μg/ml sodium
pyruvate, 50 μg/ml uridine (Sigma, St. Louis, MO, USA), 10% FBS (Gibco),
100 units/ml penicillin (Gibco), 100 μg/ml streptomycin (Gibco)) at 37 °C
under humidified atmosphere of 5% CO2. Culture medium was changed every
other day.
For the establishment of mtDNA-depleted cell line (SH-SY5Y ρ0), sparsely plated

SH-SY5Y cells were expanded in Neuroblastoma growth medium (DMEM (Gibco)
supplemented with 4.5 mg/ml glucose, 110 μg/ml sodium pyruvate, 50 μg/ml uridine
(Sigma), 10% FBS (Gibco), 100 units/ml penicillin (Gibco), 100 μg/ml streptomycin
(Gibco)) with the addition of 5 μg/ml ethidium bromide to induce mtDNA depletion for
at least 1 month in culture at 37 °C under humidified atmosphere of 5% CO2. Culture
medium was changed every other day.
For neuronal lineage commitment, SH-SY5Y WTand SH-SY5Y ρ0 (1 × 105 cells,

respectively) were transferred onto Geltrex (Gibco)-coated multi-well culture plates or
culture dishes and were maintained in Neuroblastoma growth medium (DMEM
(Gibco) supplemented with 4.5 mg/ml glucose, 110 μg/ml sodium pyruvate, 50 μg/ml
uridine (Sigma), 10% FBS (Gibco), 100 units/ml penicillin (Gibco), 100 μg/ml
streptomycin (Gibco)) at 37 °C under humidified atmosphere of 5% CO2. The next
day, culture medium was replaced with Neuron induction medium (Neurobasal
medium (Gibco) supplemented with 1 × N2 (Gibco), 1 × B27 minus vitamin A (Gibco),
1 × GlutaMAX (Gibco), 100 units/ml penicillin (Gibco), 100 μg/ml streptomycin
(Gibco), 10 ng/ml BDNF (Peprotech), 10 ng/ml GDNF (Peprotech), 10 ng/ml NGF
(Peprotech), 500 μM dbcAMP (Sigma), 200 μM ascorbic acid (Wako)) with the
addition of 50 μg/ml uridine (Sigma) and was changed every other day for terminal
differentiation. At 14 days of neuronal differentiation, neurons were used for further
analyses. Time-lapse images of neuronal lineage commitment from day 4 to day 8
were also obtained using a live cell imaging system (BioStudio; Nikon Engineering) at
30 min of interval.
Emergent neurons were characterized according to standard immunocytochem-

ical protocol. Primary antibody used was as follows: anti-NF-H (1:200 dilution;
Abcam). Secondary antibody used was as follows: AlexaFluor 568 (1:800 dilution;
Molecular Probes). Stained samples were observed under a fluorescent microscope
(IX71 System; Olympus).

Cytochemical COX staining. Cytochemical COX staining was performed as
follows: Briefly, undifferentiated and differentiated SH-SY5Y WT and SH-SY5Y ρ0

were stained with COX reaction buffer (pH 5.5; 100 mM sodium acetate, 0.1%
MnCl2, 0.001% H2O2, 10 mM diaminobenzidine) at 37 °C for 1 h, followed by
subsequent incubation with 1% CuSO4 at 37 °C for 5 min. Stained samples were
observed under a microscope (IX71 System; Olympus).
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The relationships between the molecular abnormalities in mitochondrial respiratory chain complexes
and their negative contributions to mitochondrial and cellular functions have been proved to be
essential for better understandings in mitochondrial medicine. Herein, we established the method to
identify disease phenotypic differences among patients with muscle histopathological cytochrome c
oxidase (COX) deficiency, as one of the representative clinical features in mitochondrial diseases, by
using patients’ myoblasts that are derived from biopsied skeletal muscle tissues. We identified two
obviously different severities in molecular diagnostic criteria of COX deficiency among patients:
structurally stable, but functionally mild/moderate defect and severe functional defect with the
disrupted COX holoenzyme structure. COX holoenzyme disorganization actually triggered several
mitochondrial dysfunctions, including the decreased ATP level, the increased oxidative stress level, and
the damaged membrane potential level, all of which lead to the deteriorated cellular growth, the
accelerated cellular senescence, and the induced apoptotic cell death. Our cell-based in vitro diagnostic
approaches would be widely applicable to understanding patient-specific pathomechanism in various
types of mitochondrial diseases, including other respiratory chain complex deficiencies and other
mitochondrial metabolic enzyme deficiencies. (Am J Pathol 2017, 187: 110e121; http://dx.doi.org/
10.1016/j.ajpath.2016.09.003)
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Cytochrome c oxidase [COX; alias complex IV (CIV)] is a
terminal protein in the mitochondrial electron transport
system with oxidative phosphorylation and comprises its 13
structural subunits. The three largest, most hydrophobic
catalytic core subunits are encoded in mitochondrial DNA
(mtDNA), and the others are encoded in nuclear DNA
(nDNA). In addition, COX also requires several nDNA-
encoded assembly factors for its holoenzyme organization
and maintenance. COX deficiency is widely recognized as
one of the representative clinical phenotypes in mitochon-
drial diseases and presents muscle histopathological di-
versity among patients (focally, diffusely, or completely
deficient). Although disease-causative mutations in nDNA-
encoded assembly factors are mostly inherited as auto-
somal recessive,1 only a few detrimental mutations in
nDNA-encoded COX structural subunits have been
stigative Pathology. Published by Elsevier Inc
reported.2,3 Other genetic defects in mtDNA-encoded COX
structural subunits4e10 or in several mitochondrial tRNA
genes are also responsible for COX deficiency; moreover,
infantile reversible COX deficiency (alias reversible infan-
tile respiratory chain deficiency), which is caused by
homoplasmic m.14674T>C or T>G mutations in MT-TE
gene, has recently been identified as a new disease subtype
with rare, distinct disease outcome.11,12 To date, the re-
lationships between pathogenic mutations in COX-
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Phenotypic Variation in COX Deficiency
associating components and the aberrant COX holoenzyme
organization become evident at a molecular level. However,
there still remains no reasonable explanation how such
gene-specific defects actually affect widespread mitochon-
drial and cellular functions, resulting in the variation and the
severity of disease phenotypes at tissue and organ levels.

To overcome this problem, the use of cells derived from
the affected tissues and organs is advantageous, because such
cells faithfully recapitulate cell typeespecific pathophysi-
ology in a patient-specific manner. Herein, we established the
method to identify disease phenotypic differences in patients
exhibiting mitochondrial diseases by using a comprehensive
functional analysis at mitochondrion and cell levels. We
demonstrated that severely disrupted COX holoenzyme
integrity (its function and structure) actually triggered several
mitochondrial dysfunctions, including the decreased ATP
level, the increased oxidative stress level, and the damaged
membrane potential level, followed by the injured cellular
homeostasis like the deteriorated cellular growth, the accel-
erated cellular senescence, and the induced apoptotic cell
death. Therefore, COX holoenzyme disorganization de-
termines the variation and the severity in clinical phenotypes
of patients exhibiting mitochondrial diseases with muscle
histopathological COX deficiency, and our proposed mo-
lecular diagnostic criteria may also be suggestive for effec-
tively exploring disease-causative genetic defects, which are
responsible for patient-specific pathology.

Materials and Methods

Patients

This study was approved by the institutional review board of
the National Center of Neurology and Psychiatry and was
stringently conducted in accordance with the ethical prin-
ciples of the Declaration of Helsinki. Patient skeletal muscle
biopsy was performed for diagnostic purposes only after we
received written informed consent. Note that 10 control
subjects were also used in this study.

mtDNA Mutation Analysis

A long PCR-based whole mtDNA sequence in each patient
was performed to eliminate any adverse results associating
with pseudosequences in nDNA, as described elsewhere13

with modifications: Extracted DNA from cultured patients’
myoblasts (100 ng) was amplified by mtDNA-specific long-
range PCR and the following mtDNA-specific nested PCR
using a thermal cycler (GeneAmp PCR System 9700;
Applied Biosystems, Waltham, MA). The amplified mtDNA
fragments were sequenced using DNA analyzer (ABI
PRISM 3130xl; Applied Biosystems). The obtained mtDNA
sequence data in each patient were compared with the WEB
databases of Human Mitochondrial Genome Database
(MITOMAP) and Human Mitochondrial Genome Poly-
morphism (mtSNP)14 to find any genetic variants.
The American Journal of Pathology - ajp.amjpathol.org
RT-PCR

One-step RT-PCR was performed with the PrimeScript II
High Fidelity RT-PCR kit (TaKaRa Bio, Shiga, Japan),
according to the manufacturer’s instructions. Extracted
total RNA from cultured patients’ myoblasts (100 ng) was
applied for RT-PCR using a thermal cycler (GeneAmp
PCR system 9700; Applied Biosystems). Amplified PCR
products were electrophoresed, stained with ethidium
bromide, and detected using UV transilluminator (GelDoc-
It Imaging System; UVP, Upland, CA).

Primers used were as follows: MT-CO1, 50-TTAGCT-
GACTCGCCACACTCC-30 (forward) and 50-AGTCAGGC-
CACCTACGGTGA-30 (reverse);MT-CO2, 50-CTCATGAG-
CTGTCCCCACATTAG-30 (forward) and 50-TTGACCG-
TAGTATACCCCCGG-30 (reverse); COX4, 50-CGGCA-
GAATGTTGGCTACCA-30 (forward) and 50-AGCGAAA-
AGTCTTCGCTCTTCAC-30 (reverse); COX5B, 50-TGGCA-
TCTGGAGGTGGTGTT-30 (forward) and 50-TGCCTGAA-
GCTCCCTTTGG-30 (reverse); and GAPDH, 50-CAAT-
GACCCCTTCATTGACCTC-30 (forward) and 50-CTCGCT-
CCTGGAAGATGGTG-30 (reverse).

Cell Culture

Small portions of biopsied skeletal muscle tissues from the
patients’ biceps brachii were minced with surgical scissors
and forceps, enzymatically digested with collagenase-trypsin
solution [400 mg/mL collagenase (Wako, Osaka, Japan),
5� trypsin-EDTA (Gibco, Waltham, MA)] at 37�C for 1
hour, and centrifuged at 200 � g for 5 minutes to collect
myoblasts. Cells were resuspended and seeded onto tissue
culture dishes and were maintained at 37�C under humidified
atmosphere of 5% CO2. Myoblast culture medium used was
as follows: Dulbecco’s modified Eagle’s medium with F12
nutrient mixture (Gibco) supplemented with 20% fetal bovine
serum (Gibco), 100 U/mL penicillin (Gibco), and 100 mg/mL
streptomycin (Gibco). During primary culture, 0.5 mg/mL
MC210 (DS Pharm, Osaka, Japan) as a mycoplasmacidal
reagent and 2.5 mg/mL fungizone (Gibco) as a fungicidal
reagent were also added into myoblast culture medium.

For cellular proliferation experiment, patients’ myoblasts
(100 cells/mm2) were seeded onto 96-well culture plates and
were maintained at 37�C under humidified atmosphere of
5% CO2. After 3 days in culture, cells were treated with
bromodeoxyuridine chemiluminescence-based cell prolifer-
ation enzyme-linked immunosorbent assay kit (Roche,
Basel, Switzerland), according to the manufacturer’s in-
structions, and cellular proliferation potential was measured
on chemiluminescent multiwell plate reader (Centro LB
960; Berthold Technologies, Bad Wildbad, Germany).

For cellular growth experiment, patients’ myoblasts
(50 cells/mm2) were seeded onto 6-well culture plates and
were maintained at 37�C under humidified atmosphere
of 5% CO2. Cells were observed under phase contrast
microscope (IX71 System; Olympus, Tokyo, Japan) at
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predetermined time intervals. Cell number per unit area was
randomly counted and averaged in each sample. Cellular
doubling time was also estimated at logarithmic prolifera-
tion stage.

For cellular senescence detection, patients’myoblasts (100
cells/mm2) were seeded onto 4-well culture slides and were
maintained at 37�C under humidified atmosphere of 5% CO2.
After 3 days in culture, cells were treated with senescence-
associated b-galactosidase staining kit (Cell Signaling Tech-
nology, Danvers, MA), according to the manufacturer’s in-
structions, and senescent cells were observed under optical
microscope (BX50 System; Olympus).

For apoptotic cell death detection, patients’ myoblasts
(100 cells/mm2) were seeded onto 6-well culture plates and
were maintained at 37�C under humidified atmosphere of
5% CO2. After 3 days in culture, cells were treated with
caspase-3 detection kit (Biotium, Fremont, CA), according
to the manufacturer’s instructions, and apoptotic cell death
was observed under fluorescent microscope (IX71 System;
Olympus).

For terminal differentiation into myotubes, patients’
myoblasts (200 cells/mm2) were seeded onto 6-well culture
plates and were maintained at 37�C under humidified
atmosphere of 5% CO2. After 3 days in culture, culture
medium was switched to differentiation medium (Cell
Applications, San Diego, CA) supplemented with 100 U/mL
penicillin (Gibco) and 100 mg/mL streptomycin (Gibco),
and cells were maintained for 2 weeks.

Cytochemistry

Patients’myoblasts (100 cells/mm2) were seeded onto 4-well
culture slides and were maintained at 37�C under humidified
atmosphere of 5% CO2. After 3 days in culture, cells were
stained with COX reaction buffer (pH 5.5; 100 mmol/L so-
dium acetate, 0.1% MnCl2, 0.001% H2O2, and 10 mmol/L
diaminobenzidine) at 37�C for 1 hour and were incubated
with 1% CuSO4 at 37�C for 5 minutes. Cell nuclei were
costained with hematoxylin. Stained cells were rinsed, fixed,
and dehydrated according to standard histological protocol.
Samples were sealed with cover glass and were observed
under optical microscope (BX50 System; Olympus).

Immunocytochemistry

Cultured patients’ myoblasts and differentiated myotubes
were fixed, permeabilized, and blocked according to stan-
dard immunocytochemical protocol. Primary antibody
probing was performed at room temperature for 90 minutes.
Secondary antibody probing was performed with 2.5 mg/mL
Alexa Fluor 568 (Molecular Probes, Waltham, MA) at room
temperature for 45 minutes. Stained cells were observed
under fluorescent microscope (IX71 System; Olympus).

Primary antibodies used were as follows: 2.5 mg/mL
antieMT-CO1 (Molecular Probes), 2.5 mg/mL anti-COX4
(Molecular Probes), 0.5 mg/mL anti-SDHA (Molecular
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Probes), 5 mg/mL anti-myogenin (Abcam, Cambridge, UK),
and 5 mg/mL antieactin, a 1, skeletal muscle (Abcam).

Mitochondrial Enzymatic Activity

Enzymatic activities for individual mitochondrial respiratory
chain complexes were analyzed as described elsewhere15

with modifications: Cultured and harvested patients’
myoblasts (100,000 cells/assay) were permeabilized with
0.1% digitonin at room temperature for 1 minute with gentle
pipetting and were used for the experiment. A spectropho-
tometer equipped with a thermostated unit (U-2010; Hitachi,
Tokyo, Japan) was used, and a baseline calibration was
done before each measurement.
For complex I activity measurement, permeabilized cells

were added into reaction buffer (pH 7.4; 50 mmol/L
Tris-HCl, 250 mmol/L sucrose, 1 mmol/L EDTA, 10 mmol/L
decylubiquinone, 50 mmol/L NADH, 5 mg/mL antimycin A,
and 2 mmol/L KCN) and were incubated in quartz cuvette at
37�C. Complex I activity was monitored by time-dependent
absorbance alterations.
For complex II activity measurement, permeabilized cells

were added into reaction buffer (pH 7.4; 50 mmol/L
potassium phosphate, 20 mmol/L succinate, 50 mmol/L
2,6-dichlorophenolindophenol, 50 mmol/L decylubiquinone,
5 mg/mL rotenone, 5 mg/mL antimycin A, and 2 mmol/L
KCN) and were incubated in quartz cuvette at 37�C.
Complex II activity was monitored by time-dependent
absorbance alterations.
For complex III activity measurement, permeabilized

cells were added into reaction buffer [pH 7.4; 50 mmol/L
Tris-HCl, 250 mmol/L sucrose, 1 mmol/L EDTA, 50 mmol/L
cytochrome c, 50 mmol/L decylubiquinol (reduced form of
decylubiquinone), and 2 mmol/L KCN] and were incubated
in quartz cuvette at 37�C. Complex III activity was moni-
tored by time-dependent absorbance alterations.
For complex IV activity measurement, permeabilized

cells were added into reaction buffer [pH 7.4; 10 mmol/L
potassium phosphate and 25 mmol/L ferrocytochrome c
(reduced form of cytochrome c)] and were incubated in
quartz cuvette at 37�C. Complex IV activity was monitored
by time-dependent absorbance alterations.
For citrate synthase activity measurement, permeabilized

cells were added into reaction buffer [pH 8.0; 125 mmol/L
Tris-HCl, 300 mmol/L acetyl-CoA, 100 mmol/L 5,50-
dithiobis (2-nitrobenzoic acid), and 500 mmol/L oxaloace-
tate] and were incubated in quartz cuvette at 37�C. Citrate
synthase activity was monitored by time-dependent absor-
bance alterations.

Electrophoretic Protein Separation

SDS-PAGE, blue native PAGE (BN-PAGE), and two-
dimensional BN-PAGE/SDS-PAGE were performed as
described elsewhere16,17 with modifications, respectively:
Cultured and harvested patients’myoblasts were resuspended
ajp.amjpathol.org - The American Journal of Pathology
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in isolation buffer (pH 7.4; 210mmol/L mannitol, 70 mmol/L
sucrose, 1 mmol/L EGTA, and 5 mmol/L HEPES) and were
homogenated on ice. Cell lysates were centrifuged to isolate
mitochondrial proteins. Obtained mitochondrial proteins
were quantified by Bradford assay, and a calibration curve
was generated using several known concentrations of bovine
serum albumin.

For SDS-PAGE, isolated mitochondrial proteins (100 mg)
were solubilized with 0.5% SDS containing 50 mmol/L
dithiothreitol at 70�C for 10 minutes and were used for the
experiment. Electrophoresis was performed on 4% to 12%
NuPAGE polyacrylamide gel (Invitrogen, Waltham, MA) at
room temperature under 200-V constant.

For BN-PAGE, isolated mitochondrial proteins (100 mg)
were solubilized with either 0.5% n-dodecyl-b-D-maltoside
(individual complexes detection) or 1% digitonin (super-
complexes detection) on ice for 30 minutes and were used
for the experiment. Electrophoresis was performed on 3% to
12% NativePAGE polyacrylamide gel (Invitrogen) at 4�C
under 150-V constant for 30 minutes, then resumed at 4�C
under 250-V constant.

Western Blot for Immunodetection

Electrophoresed gels were blotted onto polyvinylidene
difluoride membranes using iBlot transfer system (Invi-
trogen), according to the manufacturer’s instructions.
Blotted polyvinylidene difluoride membranes were blocked
at room temperature for 30 minutes. Primary antibody
probing was performed at room temperature for 90 minutes.
Secondary antibody probing was performed with chromo-
genic antibody detection kit (WesternBreeze; Invitrogen),
according to the manufacturer’s instructions.

For SDS-PAGE and immunodetection, primary anti-
bodies used were as follows: 0.5 mg/mL anti-SDHA (Mo-
lecular Probes), 2.5 mg/mL antieMT-CO1 (Molecular
Probes), 2.5 mg/mL antieMT-CO2 (Molecular Probes), 2.5
mg/mL anti-COX4 (Molecular Probes), 2.5 mg/mL anti-
COX5B (Molecular Probes), and 2.5 mg/mL anti-COX6B
(Molecular Probes).

For BN-PAGE and immunodetection, primary anti-
bodies used were as follows: 0.5 mg/mL anti-NDUFA9
(Molecular Probes), 0.5 mg/mL anti-SDHA (Molecular
Probes), 0.5 mg/mL anti-UQCRC2 (Molecular Probes), 2.5
mg/mL antieMT-CO1 (Molecular Probes), and 0.5 mg/mL
anti-ATP5B (Molecular Probes).

Detection of Intracellular ATP

Cultured and harvested patients’ myoblasts (100 cells/assay)
were applied for the measurements. Cells were treated
with rLuciferase/Luciferin chemiluminescence-based ATP
detection kit (Promega, Fitchburg, WI), according to the
manufacturer’s instructions, and intracellular ATP amount
was measured on chemiluminescent multiwell plate reader
(Centro LB 960; Berthold Technologies). A calibration
The American Journal of Pathology - ajp.amjpathol.org
curve was generated using several known concentrations of
ATP.

Detection of Mitochondrial Oxidative Stress and
Mitochondrial Membrane Potential

Quantitative fluorometry was performed as follows: Patients’
myoblasts (100 cells/mm2) were seeded onto 96-well culture
plates and were maintained at 37�C under humidified atmo-
sphere of 5% CO2. After 3 days in culture, cells were stained
at 37�C for 1 hour. Stained cells were rinsed and measured on
fluorescent multiwell plate reader (ARVO SX; Perkin Elmer,
Waltham, MA), first at excitation/emission of 545/595 nm
(red fluorescence) and then sequentially at excitation/
emission of 485/535 nm (green fluorescence).

Fluorescent imaging was performed as follows: Patients’
myoblasts (100 cells/mm2) were seeded onto 6-well culture
plates and were maintained at 37�C under humidified
atmosphere of 5% CO2. After 3 days in culture, cells were
stained at 37�C for 1 hour. Stained cells were rinsed and
observed under fluorescent microscope (IX71 System;
Olympus).

Fluorescent dyes used were as follows: 0.25 mg/mL
MitoTracker Green (Molecular Probes), 0.25 mg/mL
MitoSOX Red (Molecular Probes), and 0.25 mg/mL JC-1
(Molecular Probes).

Results

Molecular Pathogenic Variation among Patients with
COX Deficiency

We examined seven mitochondrial disease patients with
muscle histopathological COX deficiency, all of whom
carry no detrimental mutation on entire mtDNA sequence
(Supplemental Tables S1eS7). In addition, no typical
pathological abnormality was observed in all patient-derived
skeletal muscle tissues other than COX deficiency
(Supplemental Figure S1). On muscle histopathological
COX staining, the numerical and distributional variation of
COX-negative muscle fibers was observed among patients’
tissues (Figure 1A); Patients 5 and 6 also exhibited
completely deficient COX activity. On cytochemical COX
staining, a wide variety of the decreased COX activity was
also observed among patients’ myoblasts (Figure 1A),
showing a trend similar to muscle histopathological COX
staining. BN-PAGE and immunodetection indicated that the
apparently diminished band corresponding to COX holo-
enzyme was detected only in Patients 5 and 6, whereas the
other patients showed stable COX holoenzyme organization
(Figure 1B); Patients 5 and 6 also showed no COX-
containing respiratory chain supramolecular architectures
that were essential for efficient ATP production in the
mitochondrial electron transport system (Figure 1C). The
assembly of the other respiratory chain complexes was
unaffected in all patients. We therefore defined Patients 5
113
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Figure 1 Molecular pathogenic variation among patients with COX deficiency. A: Representative images of COX staining for frozen section of skeletal
muscle specimens (top row) and for cultured myoblasts (bottom row) of both controls (Ctrl) and patients. On cytochemical COX staining for cultured
myoblasts, all samples were stained simultaneously with the same period. Cell nuclei were costained with hematoxylin. B: Immunodetection of individual
respiratory chain complexes (CI, CII, CIII, COX, and CV) by BN-PAGE for the same amount of isolated mitochondrial proteins from both controls and patients.
Primary antibodies used were as follows: anti-NDUFA9 (CI), anti-SDHA (CII), anti-UQCRC2 (CIII), antieMT-CO1 (COX), and anti-ATP5B (CV). All samples were
assayed at least in duplicate. C: Immunodetection of respiratory chain supercomplexes by BN-PAGE for the same amount of isolated mitochondrial proteins
from both controls and patients. Primary antibodies used were as follows: antieMT-CO1 (COX) (top row) and anti-UQCRC2 (CIII) (bottom row). All samples
were assayed at least in duplicate. D: Enzymatic activities of individual mitochondrial respiratory chain complexes for cultured and harvested myoblasts of
both controls and patients. Citrate synthase (CS) activity, as an internal marker in mitochondrial functions, was used for normalization in each sample. All
samples were measured at least in duplicate and averaged. The error bars indicate means � SD of controls (D). n Z 10 (D, controls); n Z 5 [D, COX defect
(�)]; n Z 2 [D, COX defect (þ)]. Scale bars Z 50 mm (A).
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and 6 lacking COX holoenzyme as COX defect (þ) and the
other patients exhibiting stable COX holoenzyme as COX
defect (�). Enzymatic activities of mitochondrial respiratory
chain complexes revealed that COX activity in all patients
was significantly decreased when compared with controls
(Figure 1D); Patients 5 and 6 as COX defect (þ) also dis-
played lower biochemical COX function. The other respi-
ratory chain complex activities in all patients were almost
within normal range, except for relatively higher complex II
114
activity, probably because of functional compensation in
mitochondrial oxidative phosphorylation. From molecular
diagnostic aspects in mitochondrial respiratory chain com-
plexes, we concluded that all patients used in this study
must be isolated COX deficiency.
Two-dimensional BN-PAGE/SDS-PAGE implied that the

apparent loss of COX holoenzyme found only in Patients 5
and 6 was because of drastically decreased amounts of all
COX structural subunits when compared with other
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 COX holoenzyme disorganization, found only in Patients 5 and 6, originates in the decreased protein levels, but not in mRNA levels, of each
structural subunit. A: Visualization of all structural components in respiratory chain complexes by two-dimensional blue native PAGE (BN-PAGE)/SDS-PAGE and
silver staining for the same amount of isolated mitochondrial proteins from both controls (Ctrl) and Patients 5 and 6 as COX defect (þ). Immunodetection
against MT-CO1 (COX) and SDHA (CII) was also shown. All samples were assayed at least in duplicate. B: Representative images of immunocytochemistry
against MT-CO1 [COX, mitochondrial DNA (mtDNA) encoded], COX4 [COX, nuclear DNA (nDNA) encoded], and SDHA (CII) for cultured myoblasts of both controls
and patients. Cell nuclei were costained with Hoechst 33342 (blue). C: Protein expression levels in COX structural subunits of MT-CO1 (mtDNA encoded), MT-
CO2 (mtDNA encoded), COX4 (nDNA encoded), COX5B (nDNA encoded), and COX6B (nDNA encoded) by SDS-PAGE and immunodetection for the same amount of
isolated mitochondrial proteins from both controls and patients. SDHA (CII) was used as an internal marker. All samples were assayed at least in duplicate. D:
mRNA expression levels in COX structural subunits of MT-CO1 (mtDNA encoded), MT-CO2 (mtDNA encoded), COX4 (nDNA encoded), COX5B (nDNA encoded) by
RT-PCR for the same amount of extracted total RNA from both controls and patients. GAPDH was used as an internal marker. RT- indicates without the addition
of reverse transcriptase in RT-PCR. All samples were assayed at least in duplicate. Scale bar Z 50 mm (B).

Phenotypic Variation in COX Deficiency
respiratory chain complex components (Figure 2A); it was
consistent with the results of immunocytochemistry against
both COX structural subunits of mtDNA-encoded MT-CO1
and nDNA-encoded COX4 (Figure 2B). In fact, signifi-
cantly lower protein expression levels of several COX
structural subunits were confirmed only in Patients 5 and 6
when compared with controls and the other patients
The American Journal of Pathology - ajp.amjpathol.org
exhibiting stable COX holoenzyme organization
(Figure 2C). However, no significant alteration in mRNA
expression levels was observed in all patients when
compared with controls (Figure 2D). These results suggest
that COX holoenzyme disorganization, found only in Pa-
tients 5 and 6, originates in the decreased protein levels, but
not in mRNA levels, of each COX structural subunit.
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Severely Impaired COX Holoenzyme Integrity Triggers
the Deteriorated Mitochondrial and Cellular
Homeostasis, but Does Not Affect Skeletal Muscle
Development

To further investigate the influences of severely impaired
COX holoenzyme integrity on mitochondrial and cellular
homeostasis, we added cell-based functional analysis in all
patients. The decreased ATP level was observed only in
Patients 5 and 6 as COX defect (þ) when compared with
controls and the other patients exhibiting stable COX
holoenzyme organization (Figure 3A). Interestingly, the
increased oxidative stress level (Figure 3, B and D) and the
damaged membrane potential level (Figure 3, C and E) were
Figure 3 Severely impaired COX holoenzyme integrity triggers mitochondrial d
and harvested myoblasts of both controls (Ctrl) and patients. All samples were m
activity and oxidative stress [reactive oxygen species (ROS)] level for cultured my
duplicate and averaged. C: Relationship between COX activity and membrane pote
samples were measured at least in duplicate and averaged. D: Representative ima
for cultured myoblasts of both controls and patients. Cell nuclei were costained
localization of JC-1 monomer (green) or aggregates (red) for cultured myoblasts o
(blue). The error bars indicate means � SD of controls (AeC). n Z 10 (AeC, con
bars Z 50 mm (D and E).
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both markedly detected only in Patients 5 and 6 as COX
defect (þ), whereas the other patients showed no significant
alteration in mitochondrial functions when compared with
those of controls. These results demonstrate that COX
holoenzyme disorganization can strongly induce several
mitochondrial dysfunctions.
Among patients’ myoblast lines, Patients 5 and 6 as COX

defect (þ) exhibited significantly deteriorated proliferative
potential in living cells (Figure 4A); it was consistent with
the results of growth rate (Figure 4B) and doubling time
(Figure 4B). Remarkably, some senescence-associated
b-galactosidaseepositive senescent cells (Figure 4C) and
caspase 3epositive apoptotic cells (Figure 4D) were also
detected only in Patients 5 and 6 as COX defect (þ), even
ysfunctions. A: Relationship between COX activity and ATP level for cultured
easured at least in duplicate and averaged. B: Relationship between COX

oblasts of both controls and patients. All samples were measured at least in
ntial (DJm) level for cultured myoblasts of both controls and patients. All
ges of the intracellular localization of MitoTracker (green) or MitoSOX (red)
with Hoechst 33342 (blue). E: Representative images of the intracellular
f both controls and patients. Cell nuclei were costained with Hoechst 33342
trols); n Z 5 [AeC, COX defect (�)]; n Z 2 [AeC, COX defect (þ)]. Scale
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Figure 4 Severely impaired COX holoenzyme integrity also induces cellular dysfunctions, but does not affect skeletal muscle development. A: Relationship
between COX activity and cellular proliferation potential (bromodeoxyuridine assay) for cultured myoblasts of both controls (Ctrl) and patients. All samples were
measured at least in duplicate and averaged. B: Cellular growth rate for cultured myoblasts of both controls and Patients 5 and 6 as COX defect (þ). The
estimated doubling time in each sample was also shown. All samples were measured at least in duplicate and averaged. C: Representative images of cellular
senescence for cultured myoblasts of both controls and patients. Arrowheads indicate senescence-associated b-galactosidase (SA-b-gal)epositive senescent
cells. All samples were stained simultaneously with the same period. D: Representative images of apoptotic cell death for cultured myoblasts of both controls and
patients. Arrowheads indicate caspase 3epositive apoptotic cells (green). Cell nuclei were costained with Hoechst 33342 (blue). E: Representative images of
immunocytochemistry against skeletal muscle tissueespecific markers of myogenin (MYOG) and actin, a 1, skeletal muscle (ACTA1) for differentiated myotubes
of both controls and patients. On MYOG immunostaining, mitochondria were costained with MitoTracker (green). On ACTA1 immunostaining, cell nuclei were
costained with Hoechst 33342 (blue). The error bars indicate means� SD of controls (A and B). nZ 10 (A and B, controls); nZ 5 [A, COX defect (�)]; nZ 2
[A and B, COX defect (þ)]. Scale bars Z 50 mm (CeE).
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under stable cell growth condition. Nevertheless, no
apparent difference in in vitro differentiation propensity of
myoblasts into myotubes was confirmed in all patients when
compared with controls, which was determined by the
results of immunocytochemistry against skeletal muscle
tissue-specific markers of myogenin and actin, a 1, skeletal
muscle (Figure 4E). These results demonstrate that mito-
chondrial dysfunctions triggered by COX holoenzyme
disorganization can induce widespread cellular dysfunc-
tions, but cannot affect skeletal muscle development in
patients. The data presenting mitochondrial and cellular
The American Journal of Pathology - ajp.amjpathol.org
biochemical diagnosis in each patient are summarized
in Table 1.

Discussion

In this study, we characterized disease phenotypic differ-
ences among patients exhibiting mitochondrial diseases
with muscle histopathological COX deficiency by using a
comprehensive functional analysis in mitochondria and
cells. We demonstrated that widespread mitochondrial and
cellular dysfunctions were actually dominated, at least in
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Table 1 Mitochondrial and Cellular Biochemical Diagnosis in Each Patient with Muscle Histopathological COX Deficiency

Patient no. COX function*
COX
structure ATP level* ROS level* DJm level*

Cellular
proliferation*

Cellular
senescence

Cellular
apoptosis

Cellular
differentiation

10 Controls 100.0 � 27.2 Normal 100.0 � 10.3 100.0 � 12.2 100.0 � 11.2 100.0 � 3.9 ND ND Normal
1 26.5 Normal 100.2 162.5 92.5 83.1 ND ND Normal
2 46.4 Normal 104.8 149.6 93.9 77.3 ND ND Normal
3 51.5 Normal 130.2 122.6 117.6 89.8 ND ND Normal
4 25.6 Normal 92.6 168.2 92.3 78.1 ND ND Normal
5 14.3 ND 70.7 248.9 31.1 32.5 Detected Detected Normal
6 17.1 ND 54.4 269.8 25.6 29.1 Detected Detected Normal
7 66.9 Normal 109.7 115.2 120.8 96.0 ND ND Normal

COX, cytochrome c oxidase; ND, not detected; ROS, reactive oxygen species; DJm, membrane potential.
*Values are expressed as the percentage against the mean value of 10 controls.

Hatakeyama and Goto
part, by the aberrant COX holoenzyme organization,
possibly underlying the variation and the severity in clinical
phenotypes of patients. According to these results, we also
think it reasonable to classify two obviously different
severities in molecular diagnostic criteria of COX deficiency
(Figure 5): structurally stable, but functionally mild/mod-
erate defect and severe functional defect with the disrupted
COX holoenzyme structure, followed by several mito-
chondrial and cellular dysfunctions. Patients 5 and 6 are
Figure 5 Mitochondrial and cellular phenotypic variation in COX deficiency: A gr
two obviously different severities in molecular diagnostic criteria of COX deficienc
and right column, severe functional defect with the disrupted COX holoenzyme st
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categorized as histopathologically and biochemically severe
COX deficiency because of COX holoenzyme disorgani-
zation, which must be caused by genetic defects in COX-
associating genes. On the other hand, the other patients
may be affected by functional abnormality of COX holo-
enzyme itself or by other unknown physiological abnor-
malities to apparently induce muscle histopathological COX
deficiency as secondary clinical phenotypes. In these cases,
it is speculated that disease-causative mutations of muscle
aphical summary. Our in vitro diagnostic approaches successfully demonstrate
y: left column, structurally stable, but functionally mild/moderate defect;
ructure, followed by several mitochondrial and cellular dysfunctions.
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Phenotypic Variation in COX Deficiency
histopathological COX deficiency patients exhibiting stable
COX holoenzyme organization may be in noneCOX-
associating genes. Therefore, our proposed molecular
diagnostic criteria would also be suggestive for effectively
exploring the candidate genes, which are responsible
for patient-specific pathology, by using next-generation
sequencing technology.

The molecular pathomechanism of biochemically severe
COX deficiency is summarized as follows: Genetic defects
in any COX-associating genes can induce the aberrant COX
holoenzyme organization,1 and the synthesized but the un-
assembled COX structural subunits are gradually degraded
by some mitochondrial metalloproteases to prevent their
accumulation in mitochondrial inner membrane.18 That is
why lower protein expression levels of several COX struc-
tural subunits, despite their stable mRNA syntheses, were
observed only in Patients 5 and 6 lacking COX holoenzyme.
COX holoenzyme disorganization can induce not only its
severe functional defect but also the diminished assembly to
form COX-containing respiratory chain supramolecular
architectures. In fact, the importance of COX holoenzyme in
respiratory chain supercomplexes has been reported,19 and
the optimized protein ratio of each respiratory chain com-
plex is critical for their supramolecular assembly formation,
allowing much higher electron transfer rates in mitochon-
drial oxidative phosphorylation.20 Thus, significant loss of
COX holoenzyme induces drastically decreased activity in
the production of ATP and thermal energy caused by an
insufficient proton electrochemical gradient between mito-
chondrial matrix and intermembrane space. Mitochondrial
respiratory chain complexes are also generally known to
increase oxidative stress with their functional defects, and in
this case, severely impaired COX holoenzyme integrity
seems most likely to affect the increased oxidative stress
level. To date, it still remains uncertain whether approxi-
mately 2.5-fold increase of oxidative stress level observed
only in Patients 5 and 6 lacking COX holoenzyme is sub-
stantially harmful in in vivo mitochondrial physiology.
However, the increased oxidative stress level may trigger
the accumulated oxidative damages to other mitochondrial
enzymes, substrates, lipids, and mtDNA, all of which lead to
the depressed overall mitochondrial functions and induce
premature senescence at a cell level. In addition, the
damaged membrane potential level implies two major
mitochondrial abnormalities: transport machinery defects of
proteins and substrates essential for mitochondrial biogen-
esis and bioenergetics and the accelerated leak of freely
mobile cytochrome c molecules, as a caspase activator, in
mitochondrial electron transport system, followed by the
induced apoptotic signaling. Therefore, widespread cellular
dysfunctions, including the deteriorated cellular growth, the
accelerated cellular senescence, and the induced apoptotic
cell death, all of which were observed only in Patients 5 and
6, are clearly explained by primary COX holoenzyme
disorganization and the following secondary mitochondrial
dysfunctions.
The American Journal of Pathology - ajp.amjpathol.org
The relationships between the molecular abnormalities in
mitochondrial respiratory chain complexes and their nega-
tive contributions to mitochondrial and cellular functions
have been proved to be essential for better understandings in
mitochondrial medicine. In particular, most parts of mito-
chondrial diseases are caused by heteroplasmic mutations in
mtDNA (wild-type mtDNA and mutant mtDNA coexist
within a single cell) and present a wide variety of clinical
spectrum among patients, probably because of variations in
mutant mtDNA proportions at each tissue and organ level.
To date, patients’ fibroblasts are mainly used for biochem-
ical analysis. However, such fibroblasts do not always
exhibit mitochondrial respiratory defects, most likely
because of relatively lower mutant mtDNA proportions than
those in the affected tissues and organs of some patients.
Although this study does not include mitochondrial disease
patients with muscle histopathological COX deficiency,
those carrying heteroplasmic mtDNA mutations, our in vitro
diagnostic approaches by using patients’ myoblasts may be
more advantageous, because cells derived from the affected
tissues and organs can faithfully recapitulate their cell
typeespecific pathophysiology in a patient-specific manner.
We also believe the use of nonviral, integration-free cellular
reprogramming technology21,22 to generate disease-relevant
induced pluripotent stem cells from patients’ fibroblasts or
peripheral blood cells can greatly help us to identify bona
fide pathomechanism of complex, severe clinical pheno-
types in mitochondrial diseases with multiple organ
involvements. In fact, several groups and we have recently
reported patient-specific induced pluripotent stem cells,
those carrying various types of pathogenic mutant mtDNAs
as in vitro human mitochondrial disease models,23e29

toward possible applications in induced pluripotent stem
cellebased drug discovery and regenerative therapeutics.30

Conclusions

Our cell-based in vitro diagnostic approaches documented
herein would hold promise for enormous contributions to
clinical research for future personalized medicine, which is
based on the intrinsic molecular and cellular pathogenic
features of each patient exhibiting various types of mito-
chondrial diseases, including other respiratory chain com-
plex deficiencies and other mitochondrial metabolic enzyme
deficiencies.
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