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研究成果の概要（和文）：難治性疾患であるミトコンドリア病の一病型であるMELASの患者より多分化能を有するiPS細
胞の樹立に成功した。樹立したiPS細胞では各々のラインで変異率は異なり、低いものは3.6%から高いものは99.4%と広
く分布していた。未分化iPS細胞から分化した線維芽細胞について変異率やミトコンドリア機能について解析した。解
析した変異率の高いラインでは電子伝達系複合体Ⅰでの機能低下を認めた一方、変異率が低いラインでは機能低下を認
めなかった。これはMELAS患者の臨床的特徴として報告されているが、ここまでの研究において我々はMELASにおける病
態モデルを構築することに成功した。

研究成果の概要（英文）：We successfully established iPSCs from MELAS- fibroblasts. MELAS is one of the 
most common mitochondrial disease and there are no effective ways to cure the disease at the moment. 
MELAS-iPSC lines ranged from 3.6% to 99.4% of m.3243A>G heteroplasmy levels. The enzymatic activities of 
mitochondrial respiratory complexes indicated that MELAS-iPSC-derived fibroblasts with high heteroplasmy 
levels showed a deficiency of complex I activity but MELAS-iPSC-derived fibroblasts with low heteroplasmy 
levels showed normal complex I activity. Our data indicate that MELAS-iPSCs can be models for MELAS but 
we should carefully select MELAS-iPSCs with appropriate heteroplasmy levels and respiratory functions for 
mitochondrial disease modeling.

研究分野：人文
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様	
 式	
 Ｃ－１９、Ｆ－１９、Ｚ－１９（共通）	
 

１．研究開始当初の背景	
 

昨今の医療技術の向上にも関わらず、難

治性致死的疾患が依然として多数存在す

る。	
 
	
 その課題を克服し得る手段として、山中ら
が開発した人工多能性幹細胞 (induced	
 
pluripotent	
 stem	
 :iPS	
 cells)技術があげら
れ る (Takahashi	
 K.	
 et	
 al.	
 Cell	
 
131:861-727,2007	
 )。	
 
	
 ミトコンドリア異常によって筋と中枢神経
におもに症状があらわれる疾患を総称して
ミトコンドリア脳筋症とよぶ。	
 
	
 
２．研究の目的	
 

難治性遺伝疾患であるミトコンドリア脳筋

症から iPS 細胞を樹立し、心筋細胞へ分化誘

導する。	
 

・樹立されたiPS細胞でのミトコンドリアDNA

の変異率を調べる	
 

・患者の遺伝子異常を反映した生きた病的心
筋を解析できる唯一の実験系である利点を
生かし、解析結果から導かれた病態を改善し
得る薬剤のスクリーニングや遺伝子操作を
行い、新しい治療薬の開発や病態解明に直結
する研究の構築を目指す。	
 
	
 
３．研究の方法	
 

(1)iPS 細胞の樹立法は複数報告されている

が、我々は最も安定的で再現性の高い山中法

を選択した。まず一カ月生検皮膚組織を培養

し、皮膚線維芽細胞を樹立後、レトロウイル

スベクターを用いて転写因子(Oct3/4、Sox2、

Klf4、±cMYC)を同細胞に導入し、フィーダ

ー細胞であるマウス線維芽細胞(SNL 細胞)上

で basic	
 FGF を添加したヒト ES 細胞用培地

で約 1 カ月間培養した後、出現した ES 細胞

様コロニーを 20 個程度ピックアップし、継

代培養を経て iPS 細胞株が樹立することとし

た。	
 

(2)樹立した iPS 細胞は①免疫染色(Oct3/4、

Nanog、SSEA3・4、TRA1-60・81 の未分化マー

カーの発現の確認)②奇形腫形成能の確認

(SCID マウスへの移植実験)で多分化能が示

すこととした。	
 

(3)	
 MELAS の患者から樹立されたそれぞれの

ラインについて継代数 10 の段階で DNA を抽

出する。Real	
 time	
 PCR 法を用いてそれぞれ

のミトコンドリア DNA の変異率（ヘテロプラ

スミー）を解析し、変異率の分布を解析する。	
 

(4)継代を重ねる過程でさまざまな修飾が加

わり変異率が変化する可能性があり、継代数

40 で再度変異率を解析し、継代数 10 と継代

数 40 で変異率の比較をおこなう。	
 

(5)	
 浮遊培養法を用いて胚様体を形成し、胚

様体から iPS 細胞由来の分化細胞、線維芽細

胞を形成する。この iPS 細胞由来の線維芽細

胞の変異率を解析する。	
 

(6)	
 iPS 細胞由来の線維細胞の電子伝達系複

合体ⅠからⅣ機能について４ラインで解析

する。	
 

	
 
４．研究成果	
 
	
 
(1) MELAS患者からiPS細胞を樹立すること

に成功し、20 ライン以上作成した。	
 
(2) 免疫染色および奇形腫形成(図 1)にお

いて樹立された iPS 細胞の多分化能が
証明された。	
 

図１	
 奇形腫形成 

 
(3) 継代数 10 の段階における変異率は 4%

から 100%と広く分布を認めた。(図２)	
 

 
図２	
 MELAS iPS細胞変異率分布 

 
(4) 継続代数 10 と継代数 40 で変異率の大

きな差は認めなかった。(図３)	
 

 

MELAS-iPSC lines. The heteroplasmy levels were increased after
long-term culture in iPSC with low heteroplasmy levels (C1 and
K2) (Fig. 3A). But no apparent differences in m.3243A>G hetero-
plasmy levels were observed among iPSC with high heteroplasmy
levels after long-term culture (Fig. 3A). We also examined the
mtDNA copy number between cells from passage 10 and passage
40 using eleven MELAS-iPSC lines, which showed that mtDNA copy
numbers dynamically changed after passage (Fig. 3B). We didn’t
observe the relation between the iPSC clones with high hetero-
plasmy and those with low heteroplasmy. Next we asked if the
level of heteroplasmy could be maintained during differentiation
of the MELAS-iPSCs into fibroblasts. Ten MELAS-iPSC lines were
enzymatically harvested and transferred to be cultured on low
attachment dishes with the differentiation medium to form EBs.
EBs were plated on gelatin-coated dishes at day 7. After five
passages, the EBs differentiated to uniform fibroblasts (Fig. 3C).
The purities of fibroblasts were approximately over 95%.
Interestingly, evaluation of the change in m.3243A>G hetero-
plasmy levels upon differentiation by quantitative real-time PCR
measurements revealed that the heteroplasmy levels were similar
after fibroblast differentiation in each MELS-iPSC line (Fig. 3D).

Fig. 1. (A) Immunostaining for pluripotency and surface markers (NANOG, OCT4, SSEA4, and Tra1-60) in representative MELAS-iPSCs (H1, M2, and K2). Scale bars represent
500 lm. (B) Immunofluorescence staining for Nestin (ectodermal marker), aSMA (mesodermal marker), and Sox17 (endodermal marker) in representative MELAS-iPSC-
derived differentiated cells (H1, M2, and K2). (C) Microscopic observation of teratoma sections in representative MELAS-iPSCs (H1, M2, and K2), showing tissue structures
resembling gut (endoderm), cartilage (mesoderm), adipose (mesoderm), and neural tissue (ectoderm). (D) Normal karyotype of representative MELAS-iPSCs (M2). (E) Cell
growth curves of representative MELAS-iPSCs (H1, M2, and K2).

Fig. 2. Histogram of the number of MELAS-iPSC lines with different heteroplasmy
levels.
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図３	
 継代数による変異率の変化 

 

 
 
(5) iPS細胞とiPS細胞由来の線維芽細胞で

変異率に大きな差を認めなかった。	
 

図４	
 iPS 細胞と分化した線維芽細胞での変

異率の変化	
 

 
(6) 変 異 率 が 高 い H1(70%)	
 M2(100%)	
 

C11(81%)では複合体Ⅰでの酵素活性低
下を認めたが、変異率 64%の K1 では複
合体Ⅰの酵素活性低下を認めなかった。	
 

 
図 5	
 iPS 由来の分化した線維芽細胞における

ミトコンドリア機能(複合体Ⅰ、Ⅲ、Ⅳの複

合体Ⅱを基準とした酵素活性)	
 

	
 
ここまでの研究において我々は MELAS の病態
モデルを構築することに成功した。今後の研
究としてドラッグスクーリングをおこなう
ことが可能になった。また、将来的には変異
率が低いラインを選択して MELAS 患者に細胞
移植することで有効な治療法となる可能性
がある。	
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3.4. The enzymatic activity of mitochondrial respiratory complexes in
MELAS-iPSC derived fibroblasts

To further characterize the potential for disease modeling, we
examined the enzymatic activities of mitochondrial respiratory
complexes I, II, III, and IV in MELAS-iPSC-differentiated fibroblasts
from the four MELAS-iPSC lines (K1, H1, C11, and M2) and in pri-
mary skin fibroblasts derived from a donor patient, and compared
them with skin fibroblasts of ten healthy persons (normalized as
100%). Enzymatic activities for mitochondrial respiratory
complexes were analyzed as described elsewhere [14] with mod-
ifications. Mitochondrial heteroplasmy levels at the time of enzy-
matic analysis in the donor and iPSC-derived fibroblasts (K1, H1,
C11, and M2) were 75%, 64%, 70%, 81%, and 100%, respectively.
To normalize for content of mitochondria, each enzymatic activity
was normalized against citrate synthase (CS) activity (Fig. 4A) and

complex II (Fig. 4B) [16]. The complex II is regulated not by mtDNA
but by nuclear DNA. The difference in the complex II would not be
directly affected by mtDNA mutation. The normalization by com-
plex II can minimize the effect of mitochondrial DNA mutation.
The enzymatic activities of complex I were decreased in MELAS-
iPSC lines H1, C11, and M2, and in the MELAS-donor fibroblasts
(Fig. 4A and B). However, no decrease in enzymatic activity was
observed for complexes II, III, and IV in the MELAS-iPSC-derived
fibroblasts, despite the possibility that these complexes might be
induced by the overall tRNA functional defect. In MELAS patients,
complex I deficiency is the most common feature of mitochondrial
enzymatic activity. A defect in the taurine modification of mutant
tRNALeu(UUR) causes reduction in mitochondrial translation of the
ND6 gene, which encodes a component of respiratory chain com-
plex I. On the contrary, complexes II, III, and IV are not affected
in MELAS patients [17]. Complexes II and IV normalized against

Fig. 3. (A) Heteroplasmy levels in 15 MELAS-iPSC lines at passage 10 and 40. (B) mtDNA/nuclearDNA (nDNA) copy number in 11 MELAS-iPSC lines at passage 10 and 40. (C)
Immunostaining for fibroblast marker (P4HB) in representative MELAS-iPSC-derived fibroblasts. (D) Heteroplasmy levels in 10 MELAS-iPSC lines and iPSC-derived fibroblasts.
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CS activity were increased in M2 (Fig. 4A), which would be due to
functional complementation for the decreased activity of complex
I, but complex IV normalized against complex II didn’t show sig-
nificant difference (Fig. 4B). These results indicate that the patho-
genic threshold levels of m.3243A>G were recapitulated in
MELAS-iPSC-derived fibroblasts from a donor patient.

4. Discussion

In this study, we successfully generated disease-specific iPSCs
from a MELAS patient carrying m.3243A>G heteroplasmy, and
our MELAS-iPSC lines showed a wide range of m.3243A>G content
(<5% to >95%) suitable for possible applications in disease model-
ing and drug screening. Mitochondria is the only organelle which
contains their own DNA besides the nuclear DNA in mammals.
Mitochondrial DNA is exclusively maternally transmitted during
mammalian fertilization. mtDNA can expand clonally during
mtDNA replication in somatic cells and mtDNA mutation would
randomly segregate during cell division and result in daughter cells
that exhibit low or high levels of heteroplasmy in somatic cells
[18]. In this study, we examined the levels of heteroplasmy of
mtDNA during reprogramming, iPSC maintenance and iPSC dif-
ferentiation, and the enzymatic activities of mitochondrial respira-
tory complexes in iPSC-derived fibroblasts.

Disease modeling using disease-specific iPSCs will shed light on
the unknown disease pathogenesis and drug screening.
Specifically, patient-specific iPSCs harboring m.3243A>G were
recently generated from two diabetic patients [19] and examined
for m.3243A>G content, but not mitochondrial function. In that
study, the parent fibroblasts contained small amounts of mutated
mtDNA. Disease-specific iPSCs carrying different mutant mtDNAs
have also been reported: m.13513G>A and a 2501 base-pair dele-
tion in mtDNA [20,21]. Those reports mostly argued about hetero-
plasmy levels and cellular phenotypes such as cell growth and
differentiation ability. Another recent report also showed the

generation of MELAS-iPSCs harboring m.3243A>G [22]. They
showed the expression of mtDNA encoded genes related to
mitochondrial respiratory complexes I was decreased in MELAS-
iPSC derived neurons. Mitochondrial diseases can be critically
manifested by mitochondrial function and are heterogenic disor-
ders partly due to the proportion of mtDNA mutation and/or abso-
lute number of mtDNA copies. In terms of mitochondrial disease
modeling, we have to carefully evaluate both heteroplasmy levels
in iPSCs and mitochondrial function. Our patient-derived MELAS-
iPSCs carrying a range of m.3243A>G levels could therefore serve
as cellular disease models for facilitating mitochondrial medicine.

Cell replacement therapy for diseased organs is one of the
attractive applications of patient-specific iPSCs, although such
therapy could be problematic for mitochondrial disease due to
the multiple organs affected. Specific organs such as skeletal mus-
cle, heart, and nervous system, were seriously affected in many
cases. However, the scarcity of therapeutic options thus far for
these patients also raises the potential value of cell replacement
therapy. In our study, we demonstrate that some MELAS-iPSC lines
have extremely low levels of heteroplasmy, meaning that we can
obtain isogenic iPSCs with normal mitochondrial respiratory func-
tion from the one patient. This indicates the potential for future
therapeutic applications in mitochondrial diseases without genetic
correction by using these isogenic iPSC-derived target cell types in
autologous cell replacement therapy without concern about
immunological rejection.
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normalized against citrate synthase (CS) activity (A) and complex II (B).

224 M. Kodaira et al. / FEBS Open Bio 5 (2015) 219–225



６．研究組織	
 
	
 
(1)研究代表者	
 

小平	
 真幸	
 (KODAIRA, Masaki)	
 
慶應義塾大学・医学部・助教	
 

研究者番号：	
 70464865	
 

	
 

	
 
(2)研究協力者	
 

湯浅	
 慎介	
 (YUASA,	
 Shinsuke)	
 

慶應義塾大学・医学部・講師	
 

研究者番号：	
 90398628	
 

	
 

江頭	
 徹	
 (EGASHIRA,Toru)	
 

慶應義塾大学・医学部・助教	
 

研究者番号：	
 10465023	
 

	
 

橋本	
 寿之	
 (HASHIMOTO,Hisayuki)	
 

慶應義塾大学・医学部・助教	
 

研究者番号:	
 	
 90528390	
 

	
 

楠本	
 大	
 (KUSUMOTO,Dai)	
 

慶應義塾大学・医学部・助教	
 

研究者番号:	
 70571727	
 

	
 

國富	
 晃	
 (KUNITOMI,Akira)	
 

慶應義塾大学・医学部・助教	
 

研究者番号:	
 30570882	
 

	
 

樫村	
 晋	
 (KASHIMURA	
 Shin)	
 

慶應義塾大学・医学部・助教	
 

研究者番号:	
 90571125	
 

	
 

	
 

 
 
 
	
 


