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Abstract
Aims/hypothesis The aim of this study was to generate in-
duced pluripotent stem (iPS) cells from patients with mito-
chondrial DNA (mtDNA) mutation.
Methods Skin biopsies were obtained from two diabetic
patients with mtDNA A3243G mutation. The fibroblasts thus
obtained were infected with retroviruses encodingOCT4 (also
known as POU5F1), SOX2, c-MYC (also known asMYC) and
KLF4. The stem cell characteristics were investigated and the
mtDNA mutation frequencies evaluated by Invader assay.

Results From the two diabetic patients we isolated four and
ten putative mitochondrial disease-specific iPS (Mt-iPS)
clones, respectively. Mt-iPS cells were cytogenetically nor-
mal and positive for alkaline phosphatase activity, with the
pluripotent stem cell markers being detectable by immuno-
cytochemistry. The cytosine guanine dinucleotide islands in
the promoter regions of OCT4 and NANOG were highly
unmethylated, indicating epigenetic reprogramming to plu-
ripotency. Mt-iPS clones were able to differentiate into
derivatives of all three germ layers in vitro and in vivo.
The Mt-iPS cells exhibited a bimodal degree of mutation
heteroplasmy. The mutation frequencies decreased to an
undetectable level in six of 14 clones, while the others showed
several-fold increases in mutation frequencies (51–87%) com-
pared with those in the original fibroblasts (18–24%). During
serial cell culture passage and after differentiation, no recur-
rence of the mutation or no significant changes in the levels of
heteroplasmy were seen.
Conclusions/interpretation iPS cells were successfully gen-
erated from patients with the mtDNA A3243G mutation.
Mutation-rich, stable Mt-iPS cells may be a suitable source
of cells for human mitochondrial disease modelling in vitro.
Mutation-free iPS cells could provide an unlimited, disease-
free supply of cells for autologous transplantation therapy.
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MERRF Myoclonic epilepsy and ragged-red fibres
Mt1 Mt-iPS patient 1
Mt2 Mt-iPS patient 2
mtDNA Mitochondrial DNA
Mt-iPS Mitochondrial disease-specific iPS
NANOG Nanog homeobox
SCID Severe combined immunodeficient
α-SMA α-Smooth muscle actin
SOX SRY (sex determining region Y)-box
SSEA Stage-specific embryonic antigen
TRA Tumour rejection antigen

Introduction

Mitochondrial DNA (mtDNA) is present inside mitochon-
dria and codes for components essential for cellular energy
production [1]. mtDNA mutations cause degenerative human
diseases. The tRNA (Leu) A3243G mutation is one of the
most frequently observed mutations of mtDNA and is associ-
ated with a wide range of clinical phenotypes, including
diabetes mellitus, hearing loss, cardiomyopathy, and mito-
chondrial encephalopathy, lactic acidosis and stroke-like epi-
sodes (MELAS) [2].

The mode of inheritance of mitochondrial diseases is
maternal, but the penetrance of the disease is variable [3].
It is not possible to predict the phenotypes of children on the
basis of the mother’s genotypes and phenotypes, because the
segregation of mtDNA tends to follow a pattern of random
genetic drift [3]. This is the case for somatic cells and germ
cells: it is not possible to predict to which cell types mutant
mtDNA will dominantly migrate during development. To
date, there is no specific therapy or cure for mitochondrial
diseases, only supportive treatment. Efforts to understand
the underlying genetics and pathophysiology of mitochon-
drial diseases have been hampered by the lack of a disease
model.

Recently, human induced pluripotent stem (iPS) cells
were successfully induced from adult skin fibroblasts [4].
iPS cells are biologically indistinguishable from embryonic
stem (ES) cells. Human iPS cells, like ES cells, can differ-
entiate into a variety of cell types and may therefore be
another cell source for regenerative medicine. We have
previously reported on angiogenic and adipogenic differen-
tiation of human iPS and ES cells [5, 6]. More recently,
disease-specific iPS cells have been generated from fibro-
blasts obtained from patients with various diseases [7–14],
although not with mitochondrial diseases. The purpose of
the present study was to derive iPS cells from patients with
mitochondrial diseases and to evaluate the mtDNA of these
cells.

Methods

Generation of mitochondrial disease-specific iPS cells Skin
biopsies were undertaken after informed consent under pro-
tocols approved by the Ethics Committee of Kyoto Univer-
sity. Skin samples (4 mm) were minced with scalpels into
smaller pieces and tissue fragments were placed into a tissue
culture dish under a sterile coverslip. Medium (DMEM
supplemented with 10% FBS (wt/vol.) and penicillin/strep-
tomycin; Invitrogen, Carlsbad, CA, USA) was added to
completely immerse the coverslip, and dishes were incubat-
ed at 37°C in a humidified incubator (5% CO2). Fibroblasts
grew out of the tissue fragments and when sufficiently
numerous, cells were trypsinised and expanded. Cell clon-
ing by limiting dilution in 96-well microtitre plates was
employed at passage five.

The generation of iPS cells was performed according to
the protocol of Ohnuki et al. [15]. In brief, the mouse
ecotropic retrovirus receptor Slc7a1 gene (Addgene, www.
addgene.org/) was introduced to patient-derived fibroblasts
at around passage number four by infection with lentivirus
for 24 h. Retrovirus production was carried out for 24 h in
Plat-E packaging cells via transfection with pMXs-hOCT4,
pMXs-hSOX2, pMXs-hKLF4, pMXs-hc-MYC (Addgene)
[16]. Fibroblasts expressing the mouse Slc7a1 gene were
then infected with retroviral cocktail. Next day, the medium
was replaced with DMEM supplemented with 10% FBS
(wt/vol.). After 6 days of transduction, infected fibroblasts
were re-seeded on mouse fibroblast STO cell line feeder
cells [17]. The medium was replaced the following day with
human ES cell medium (ReproCELL; ReproCELL, Yoko-
hama, Japan) supplemented with 4 ng/ml basic fibroblast
growth factor (Wako, Osaka, Japan) and changed every
2 days. Starting 4 weeks after infection, colonies were
picked on the basis of their morphological resemblance to
human ES cell colonies and transferred on to mouse fibro-
blast STO cell line feeder cells in six-well plates; we defined
this stage as passage one. Cultures were maintained on
mouse fibroblast STO cell line feeders and passaged every
5 to 7 days enzymatically using 0.25% (wt/vol.) trypsin with
0.1 mg/ml collagenase type IV. Two human ES cell lines
(H9 and KhES-1) and two human iPS cell lines (B7 and G1)
were cultured and collected for genomic DNA analysis
[4, 18–20].

Quantitative assessment of mtDNA mutation frequencies by
Invader assay The primary probes and the invader oligo
used to detect A3243G heteroplasmy were as follows: pri-
mary probe for 3243A: 5′-CGCGCCGAGGAGCCCGG
TAATCGC<amino>−3′; primary probe for 3243G: 5′-ACG
GACGCGGAGGGCCCGGTAATCG<amino>−3′; common
Invader oligo: 5′-CCCACCCAAGAACAGGGTTTGTTAA
GATGGCAGT-3′. The first 10 and 12 positions in the primary
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probes represent the 5′ flap of Invader reaction. The cleavage
enzyme, fluorescence resonance energy transfer probe, signal
probe and Invader oligo were added to the microplates, in-
cluding diluted plasmids that included the primary probe/
Invader oligo binding region, after which the Invader assay
was carried out as previously described [21]. The plates were
incubated at 63°C in the fluorescence microplate reader
(FluoDia-T70; Otsuka Electronics, Osaka, Japan). Fluores-
cence values for carboxyfluorescein (3243A; wavelength/
bandwidth: excitation 485/20 nm; emission 530/25 nm) and
Redmond red (3243G; excitation 560/20 nm; emission 620/
40 nm) were measured every 2 min for a period of 4 h. To
detect A3243G heteroplasmy, we calculated the copy number
of 3243A and 3243G with a standard curve using quantitative
Invader assay as described [21, 22]. The A3243G ratio was
based on the ratio of the all-copy (3243A and 3243G) to the
3243A copy. In this assay, the lowest detection limit of the
mutation frequency is 2%. The mtDNA A3243G mutation
was also analysed by PCR-RFLP or fluorescent correlation
spectroscopy [23–25].

Immunocytochemistry and alkaline phosphatase staining Im-
munocytochemistry was carried out as previously described
[26]. The anti-human primary antibodies included: stage-
specific embryonic antigen (SSEA)-1, SSEA-3, SSEA-4,
tumour rejection antigen (TRA)-1-60, TRA-1-81 (all from
Stemgent, San Diego, CA, USA), Nanog homeobox
(NANOG) (R&D Systems, Minneapolis, MN, USA), β3
tubulin (Millipore, Temecula, CA, USA), α-smooth muscle
actin (α-SMA) (Sigma-Aldrich, Saint Louis, MO, USA),
forkhead box A2 (FOXA2) (Cell Signaling Technology,
Danvers, MA, USA) and SRY (sex determining region Y)-
box (SOX)17 (R&D Systems).

For immunofluorescence, Alexa Fluor 488 goat anti-
mouse IgM, Alexa Fluor 488 goat anti-rat IgM, Alexa Fluor
488 goat anti-mouse IgG, Alexa Fluor 546 rabbit anti-goat
IgG and Alexa Fluor 546 goat anti-mouse IgG (all from
Molecular Probes, Eugene, OR, USA) served as the secondary
antibody. Alkaline phosphatase activity was detected using a
kit (Alkaline Phosphatase Staining Kit; Stemgent). Images
were captured using a microscope (Olympus IX81; Olympus,
Tokyo, Japan).

Karyotype analysis Standard G-banding chromosome analy-
sis was performed in the Nihon Gene Research Laboratories
(Sendai, Japan) or Chromosome Science Lab (Sapporo,
Japan). Selected iPS clones (mitochondrial disease-specific
[Mt-iPS] patient 1 [Mt1] clone 1 [Mt1-1], Mt1-4, Mt-iPS
patient 2 [Mt2] clone 3 [Mt2-3] and Mt2-6) were analysed at
passages 18 to 27.

Bisulphite genomic sequencing Genomic DNA (1 μg) from
Mt-iPS cells was processed for bisulphite modification

using a kit (EZ DNA Methylation Gold; Zymoresearch,
Irvine, CA, USA). The cytosine guanine dinucleotide-rich
promoter regions of OCT4 (also known as POU5F1) and
NANOG were selected to be amplified by PCR with ExTaq
Hot start (Takara, Kyoto, Japan). The PCR products were
subcloned into pCR4 vector (Life Technologies, Carlsbad,
CA, USA). Ten clones of each sample were verified by
sequencing with Sp6 universal primer.

Short tandem repeat analysis The genomic DNA was used
for PCR with Cell ID System (Promega, Madison, WI,
USA) and analysed by genetic analyser (ABI PRISM
3100) and GeneMapper version 3.5 (both from Applied
Biosystems, Foster City, CA, USA).

In vitro differentiation by embryoid body formation and
M15 co-culture Spontaneous differentiation through embry-
oid body (EB) formation was initiated by dissociation of
Mt-iPS cells using collagenase/trypsin treatment, with sub-
sequent transfer to low-attachment multi-well plates in
ReproCELL medium. The medium was changed every sec-
ond day. After 8 days of floating culture, tentative iPS (Mt-
iPS) clones formed EBs and were transferred to 0.1% (wt/
vol.) gelatin-coated plates to induce further differentiation
for 8 days. Differentiated markers such as β3-tubulin, α-
SMA and FOXA2 were analysed by immunocytochemistry.

Endodermal differentiation was performed according to
Shiraki et al. [27]. In brief, dissociated Mt-iPS cells were
inoculated on to multi-well plates containing a feeder layer
of mitomycin C-treated M15 cells [28] in medium (DMEM
supplemented with 10% FBS (wt/vol.) and penicillin/strepto-
mycin; Invitrogen). The medium was changed every second
day. After 2 weeks of culture, genomic DNAwas extracted for
the Invader assay. Endodermal differentiation was confirmed
by immunocytochemistry with antibodies against FOXA2 and
SOX17.

Teratoma formation Approximately 5×105 iPS cells were
collected by collagenase/trypsin treatment and injected into
the testicles of 7- to 12-week-old severe combined immu-
nodeficient (SCID) mice. Teratomas were collected 9 to
12 weeks after injection and fixed with 10% (wt/vol.) buff-
ered neutral formalin. Paraffin-embedded tissues were sec-
tioned and stained with haematoxylin and eosin. Animal
studies were conducted in accordance with our institutional
guidelines and approved by Kyoto University Animal Care
Committee.

Determination of mtDNA content Genomic DNA was
extracted from blood, fibroblasts and Mt-iPS cells using a
kit (DNeasy Tissue Kit; Qiagen, Valencia, CA, USA) or a
standard established protocol [29]. The extracted DNA sam-
ples were stored at 4°C until assay. The relative mtDNA
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copy numbers were measured by real-time PCR and corrected
by measurement of the nuclear DNA [30]. The primers for
mitochondrial ND5 gene were 5′-AGGCGCTATCAC
CACTCTGTTCG-3′ and 5′-AACCTGTGAGGAAAGG
TATTCCTG-3′. The primers for nuclear CF (also known as
CFTR) gene were 5′-AGCAGAGTACCTGAAACAGGAA-
3′ and 5′-AGCTTACCCATAGAGGAAACATAA-3′. The
PCR was performed using StepOnePlus Real-Time PCR
(Applied Biosystems) and a quantitative PCR mix kit
(Thunderbird SYBR qPCR Mix; Toyobo, Osaka, Japan).
DNA (80 ng) was mixed with 10 μl SYBR qPCR containing
6 pmol of forward and reverse primers, and with ROX refer-
ence dye in a final volume of 20 μl. The PCR conditions were
1 min at 95°C, followed by 40 cycles of denaturation at 95°C
for 15 s and of annealing and primer extension at 60°C for
60 s. Standard curves were generated using serial dilutions of
plasmid DNA containing the PCR amplicons cloned into
pGEM-T Easy (Promega). The threshold cycle number values
of ND5 and CF were determined in two DNA duplicate
samples. The amplified products were denatured and re-
annealed at different temperature points to detect their specific
melting temperature.

Sample mtDNA content (mtDNA copies per cell) were
calculated using the formula (ND5 gene copies/CF gene
copies)×20mtDNA copies per cell.

Results

Generation of iPS cells from diabetic patients with the
mtDNA A3243G mutation Skin biopsies were obtained
from two Japanese patients who had diabetes mellitus, came
from different families and carried the mtDNA A3243G
mutation. Patient 1 (Mt1) was a 38-year-old man and patient
2 (Mt2) was a 46-year-old woman. Their clinical data are
given in Table 1. Mt1 presented at 31 years of age with
thirst, polydipsia, polyuria, tiredness and loss of body weight.
His blood glucose concentration was 38.4 mmol/l and his
HbA1c level was 14.3% (132 mmol/mol). He responded well
to insulin therapy as a way to control his diabetes. Mt2 was
diagnosed with gestational diabetes at 24 years of age. She
had a progressive hearing impairment. She had also suffered
from epilepsy since the age of 27 years and had been treated
with valproic acid. At 31 years of age she developed diabetic
ketoacidosis and began insulin therapy. Both patients had a
positive family history of maternal diabetes mellitus. The
A3243G mtDNA mutation was identified by sequencing of
PCR products amplified from peripheral blood genomic DNA
from both patients (data not shown).

Two fibroblast lines (Mt1-fibro and Mt2-fibro) were
obtained from skin biopsies of the two patients. Each fibro-
blast line was cultured and infected with a combination of

retroviruses encoding the transcription factors octamer-
binding protein 4 (OCT4), SOX2, proto-oncogene c-Myc
(c-MYC) and Kruppel-like factor 4 (KLF4) [4]. Starting
4 weeks after infection, colonies were selected on the basis
of their morphological resemblance to human ES cell
colonies and expanded. We were able to isolate four (Mt1-1 to
-4) and 10 (Mt2-1 to -10) putative iPS (Mt-iPS) clones from
Mt1-fibro and Mt2-fibro lines, respectively.

mtDNA mutation frequencies in Mt-iPS cells The presence
and levels of heteroplasmy in the patient-derived blood
cells, fibroblasts (Mt1-fibro and Mt2-fibro) and putative
iPS clones (Mt1-1 to -4 and Mt2-1 to -10) were evaluated
(Fig. 1a). The Invader assay was used to quantify the hetero-
plasmy of the mtDNA A3243G mutation in Mt-iPS cells
[31–33]. This method was originally developed to genotype
single nucleotide polymorphisms and has been used to
genotype mtDNA mutations and to quantify heteroplasmy.
It is one of the most accurate ways of determining mtDNA
heteroplasmy [34]. The passage numbers at which Mt-iPS
cells were collected for the Invader assay were: Mt1-1
passage 12; Mt1-2 passage 16; Mt1-3 passage 17; Mt1-4
passage 14; Mt2-1 passage 9; Mt2-2 passage 8; Mt2-3
passage 10; Mt2-4 passage 9; Mt2-5 passage 10; Mt2-6
passage 10; Mt2-7 passage 7; Mt2-8 passage 7; Mt2-9
passage 9; Mt2-10 passage 11. Mutation frequencies in the
peripheral blood cells from both patients were 24% (Mt1-
blood 24%, Mt2-blood 24%). Skin-derived fibroblasts from
both patients showed similar levels of mutation frequency
compared with those of blood cells from the same patients
(Mt1-fibro 18%, Mt2-fibro 24%). However, two of four
Mt1-iPS clones (Mt1-1 and Mt1-2) and six of 10 Mt2-iPS
clones (Mt2-1, Mt2-2, Mt2-3, Mt2-4, Mt2-7, Mt2-8)
showed undetectable levels (<2%) of the A3243G mutation.
Furthermore, marked elevations of the mutation frequencies
compared with those of the original fibroblast lines were
detected in other iPS lines (Mt1-3 51%, Mt1-4 87%, Mt2-5
83%, Mt2-6 69%, Mt2-9 79%, Mt2-10 74%). No significant
associations were found between culture passage number of
Mt-iPS cells and the mutation frequency. The absence and
presence of the mutation were confirmed by PCR-RFLP and
by gene analysis by fluorescence correlation spectroscopy
[24, 25].

The mutation frequency of the fibroblasts was further
assessed (Fig. 1b). The fibroblasts from patient 2 (Mt2-
fibro) were cultured until passage 16 (for over 2 months).
Fibroblast cell cloning by limiting dilution was performed
from parental Mt2-fibro at passage five, and five fibroblast
clones were obtained (Mt2-fibro-clone). Genomic DNAwas
extracted from Mt2-fibro at various passage points and from
the five Mt2-fibro-clones at about 4 weeks after the cloning
procedure. The mutation frequencies in Mt2-fibro gradually
increased with increasing passage number of the cells
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(Fig. 1b). All the Mt2-fibro-clones displayed high mutation
frequencies and no mutation-free fibroblast clones were
observed (Fig. 1b).

Characterisation of the Mt-iPS cells generated All the Mt-
iPS clones showed typical human ES cell-like morphology
(Fig. 2a, ESM Fig. 1). Mt-iPS cells were positive for

alkaline phosphatase activity, and the pluripotent stem cell
markers SSEA-3, SSEA-4, TRA-1-60, TRA-1-81 and
NANOG were detected by immunocytochemical analyses
in all 14 clones (Fig. 2a, ESM Fig. 1) [35]. Mt-iPS cells did
not produce SSEA-1 except for a few cells at the edge of the
colonies (Fig. 2a, ESM Fig. 1). The morphological and
immunocytochemical characteristics of mutation-free and
mutation-rich Mt-iPS cells were indistinguishable.

To examine whether Mt-iPS clones are cytogenetically
normal, karyotyping analyses were performed on selected
Mt-iPS cells at passages 18 to 27. Both mutation-free (Mt1-1
and Mt2-3) and mutation-rich (Mt1-4 and Mt2-6) Mt-iPS
clones from both patients maintained a normal karyotype
(Fig. 2b, ESM Fig. 2).

Bisulphite genomic sequencing analyses evaluating the
methylation statuses of cytosine guanine dinucleotides in
the promoter regions of OCT4 and NANOG revealed that
they were highly unmethylated (Fig. 2c), indicating epigenetic
reprogramming to pluripotency.

To confirm that the Mt-iPS clones were indeed derived
from the patients, we performed DNA fingerprinting analy-
ses with short tandem repeat markers. The short tandem
repeat profiles of the Mt-iPS clones matched perfectly to
those of their parental fibroblasts and of blood cells obtained
from the patients (ESM Table 1). Thus, the Mt-iPS clones
were indeed derived from the patients and were not a result
of contamination.

Pluripotency of Mt-iPS cells by in vitro and in vivo
differentiation Pluripotent cells are by definition capable
of differentiating into cell types derived from each of the
three embryonic germ layers [18]. To determine the differ-
entiation ability of Mt-iPS cells in vitro, suspension culture
for the formation of EBs was used [36]. After 8 days in
suspension culture, iPS cells formed ball-shaped structures.
These EBs were transferred to gelatin-coated plates and
further cultured for another 8 days. Attached cells showed
various types of morphologies, including those resembling
neuronal cells, cobblestone-like cells and epithelial cells. Im-
munocytochemistry detected cells positive for β3-tubulin (a
marker of ectoderm), α-SMA (a marker of mesoderm) or
FOXA2 (a marker of endoderm) (Fig. 3a, ESM Fig. 3a). We

Table 1 Information on patient donors for generation of Mt1-iPS and Mt2-iPS cell lines

Patient Age
(years)

Sex Family history mtDNA
mutation

Clinical abnormalities BMI
(kg/m2)

Medication HbA1c (%)

% mmol/mol

Mt1 38 Male Mother: diabetes
mellitus, cardiomyopathy

A3243G Diabetes mellitus 18 Insulin 33 U/day 8.2 66.1

Mt2 46 Female Mother: diabetes
mellitus

A3243G Diabetes mellitus,
sensorineural hearing loss,
epilepsy, cardiomyopathy

22 Insulin 30 U/day,
valproic acid
600 mg/day

7.0 53.0
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Fig. 1 mtDNA mutation frequencies in Mt-iPS cells. a mtDNA
A3243G mutation frequencies in patient-derived blood cells (Mt1-
blood, Mt2-blood), original fibroblasts (Mt1-fibro, Mt2-fibro) and
Mt-iPS clones (Mt1-1 to Mt1-4, Mt2-1 to Mt2-10). Mt-iPS cells were
collected at the following passage (p) numbers: Mt1-1 p12, Mt1-2 p16,
Mt1-3 p17, Mt1-4 p14, Mt2-1 p9, Mt2-2 p8, Mt2-3 p10, Mt2-4 p9,
Mt2-5 p10, Mt2-6 p10, Mt2-7 p7, Mt2-8 p7, Mt2-9 p9, Mt2-10 p11.
b mtDNA A3243G mutation frequencies in Mt2-derived fibroblasts at
various culture passage numbers and in isolated fibroblast clones.
Limiting dilution was performed from the original fibroblasts (Mt2-fibro)
at passage five and five fibroblast clones were obtained
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found that all Mt-iPS clones were able to differentiate into
three germ layers in vitro.

To determine pluripotency in vivo, we transplanted Mt-
iPS cells into the testicles of SCID mice. At 9 weeks after
injection, tumour formation was observed. Histological ex-
amination showed that the tumours contained various tis-
sues, including pigmented epithelium (ectoderm), cartilage
(mesoderm) and gut-like epithelial tissues (endoderm)
(Fig. 3b, ESM Fig. 3b). Thus, Mt-iPS clones were able to
spontaneously differentiate into derivatives of all three germ
layers in vivo.

Influence of culture passage number and differentiation on
mtDNA mutation frequencies in Mt-iPS cells We examined
whether or not the mutation frequencies of Mt-iPS clones
were fixed over the course of cell culturing and passage
(Fig. 4a). Analysis of the same clones at various passage
numbers revealed that no induction of mutation was ob-
served in mutation-free Mt-iPS clones (Mt1-1, Mt1-2,
Mt2-1, Mt2-3 and Mt2-8). Mutation frequencies of the
mutation-rich Mt-iPS clones were relatively constant across
passages (Mt1-3, Mt1-4, Mt2-6 and Mt2-10).

The influence of differentiation on mutation frequency
was also examined in all the Mt-iPS clones (Fig. 4b). Anal-
ysis of the same clones in an undifferentiated state and after
16 days of differentiation as a result of spontaneous differ-
entiation (EB formation) or directed differentiation into
endodermal lineage (M15 co-culture) (ESM Fig. 4) showed
no induction of mutation in mutation-free Mt-iPS clones
(Mt1-1, Mt1-2, Mt2-1, Mt2-2, Mt2-3, Mt2-4, Mt2-7 and
Mt2-8). The mutation frequencies of the mutation-rich Mt-
iPS clones were relatively constant after differentiation
(Mt1-3, Mt1-4, Mt2-5, Mt2-6, Mt2-9 and Mt2-10).

Fig. 2 Characterisation of generated Mt-iPS cells. a, b Colonies of
Mt-iPS cells (Mt2-3 and Mt2-6) grown on mouse fibroblast STO cell
line feeder cells showing human-ES-cell-like morphology. The detec-
tion of (a) alkaline phosphatase activity (AIP) and immunofluores-
cence analyses for the presence of the pluripotency markers SSEA-3,
SSEA-4, and (b) TRA-1-60, TRA-1-81, NANOG and SSEA-1 are
indicated. Scale bars 200 μm. c Karyotyping of Mt-iPS cells Mt2-3
and (d) Mt2-6 at passage 22. e Bisulphite genomic sequencing of the
promoter regions of OCT4 and (f) NANOG. White circles, unmethy-
lated cytosine guanine dinucleotides; black circles, methylated cytosine
guanine dinucleotides

Fig. 3 Pluripotency of Mt-iPS cells by in vitro and in vivo differen-
tiation. a In vitro differentiation of Mt-iPS cells (Mt2-3, Mt2-6)
revealed their potential to generate cell derivatives of all three primary
germ cell layers. Immunofluorescence analyses showed markers of
neurectoderm (β3-tubulin), mesoderm (α-SMA) and endoderm
(FOXA2). Images are overlays with a nuclear stain (DAPI). b Terato-
ma formation occurred after injection of Mt-iPS cells (Mt1-2, Mt1-3)
into the testes of SCID mice (Japan Clea, Tokyo, Japan). Haematoxylin
and eosin stainings of teratoma sections show derivatives of ectoderm
(pigmented epithelial cells), mesoderm (cartilage) and endoderm (gut-like
glandular structures). Scale bars, 100 μm
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mtDNA content in Mt-iPS cells The mtDNA content (mito-
chondrial genome copies per cell) in the blood cells, fibro-
blasts (Mt1-fibro and Mt2-fibro) and iPS clones was
determined by quantitative genomic PCR (Fig. 5).

The skin fibroblast mtDNA content (Mt1-fibro 553 cop-
ies/cell; Mt2-fibro 4296 copies/cell) was higher than that in
the peripheral blood (Mt1-blood 196 copies/cell; Mt2-blood
60 copies/cell). The mtDNA content of Mt-iPS cells at early
passage was slightly lower than that in the original fibroblast
cultures (Mt1-1 passage 12 454 copies/cell; Mt1-4 passage
14 151 copies/cell; Mt2-3 passage 10 2,100 copies/cell;
Mt2-6 passage 10 1,709 copies/cell) (Fig. 5 and data not
shown). The mtDNA content of Mt-iPS cells markedly
decreased to levels close to those of human ES (H9 passage
87 79 copies/cell; KhES-1 passage 78 78 copies/cell) and
iPS (B7 passsage 54 150 copies/cell; G1 passage 40 94
copies/cell) cells by passage number 20 (Mt1-4 passage 26
42 copies/cell; Mt2-3 passage 20 49 copies/cell; Mt2-6
passage 20 45 copies/cell) and was maintained thereafter
(Mt2-3 passage 30 68 copies/cell; Mt2-6 passage 30 50
copies/cell). The mtDNA content of fibroblasts and iPS cells

from Mt1 (Mt1-fibro, Mt1-1 passage 12 and Mt1-4passage
14) were lower than those from Mt2 (Mt2-fibro, Mt2-3
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passage 10 and Mt2-6 passage 10), although the content of
each Mt-iPS clone was variable (data not shown).

The mtDNA copy number increased seven- to tenfold
after EB differentiation (Mt2-3 passage 24-derived EB 384
copies/cell; Mt2-6 passage 24-derived EB 484 copies/cell).
Major differences in mtDNA content were not found be-
tween mutation-free and mutation-rich iPS cells (Fig. 5 and
data not shown).

Discussion

In the present study, we established human iPS cell lines
from male and female diabetic patients with the mtDNA
A3243Gmutation. These cells have the features of pluripotent
human ES cells, including the ability to differentiate into cell
types of all embryonic lineages.

A striking feature of Mt-iPS shown in the present study is
their bimodal levels of heteroplasmy. The mtDNA mutation
frequencies decreased to undetectable levels in about half of
the clones, while the other half showed a large increase in
the levels of mutation heteroplasmy compared with those in
the patients’ original fibroblasts. The mechanisms underly-
ing this phenomenon remain unclear; however, several pos-
sibilities exist in terms of the timing of heteroplasmy
segregation. One is that the heteroplasmy levels in Mt-iPS
clones simply reflect those in the original single fibroblast
from which the iPS clones were derived. This is based on
the assumption that the population of fibroblasts is bimodal
(mutation-rich and mutation-free) with regard to levels of
heteroplasmy, but we were not able to isolate any mutation-
free fibroblast clone and hence could find no evidence of
extreme mosaicism in the original fibroblasts. The second
possibility is that changes in the levels of heteroplasmy
occur during serial in vitro culture of Mt-iPS cells. Previous
reports have shown age-related directional selection for
different mtDNA genotypes in mouse tissues [37]; however,
this is unlikely in our study because passage number did not
significantly affect the mutation frequencies of Mt-iPS cells.
The third and most likely possibility is that changes in the
levels of heteroplasmy occur during reprogramming of
patients’ fibroblasts to iPS cells. Substantial shifts in the
levels of mitochondrial heteroplasmy have been demonstrat-
ed to occur between single mammalian generations, and
neutral mitochondrial genotypes have also been demonstrat-
ed to segregate in different directions in offspring from the
same female (rapid segregation of mitochondrial genotype)
[38–40]. Random partitioning of organelles with few
mtDNA molecules into germ cells could account for the
small number of segregating units and lead to the rapid
segregation of polymorphic mtDNA species in the progeny.

The A3243G transition in the tRNA Leu gene is one of the
most frequent mitochondrial mutations [2]. The phenotypic

expression of the mutation is variable and may be associated
with maternally inherited diabetes mellitus and deafness syn-
drome, myoclonic epilepsy and ragged-red fibres (MERRF)
syndrome, MELAS/MERRF overlap syndrome, maternally
inherited Leigh syndrome, and chronic external ophthalmo-
plegia or Kearns–Sayre syndrome. This heterogeneity is con-
sidered to result from the variable levels of heteroplasmy and
the variability of tissue-specific thresholds for mitochondrial
functions required for normal development and physiology
[41]. There is currently no specific therapy or cure. The
precise mechanisms for the generation of heteroplasmy and
of mitochondrial dysfunction in these diseases remain to be
elucidated. Mt-iPS cells offer several significant advantages
for this research. The analysis of the process of iPS cell
generation might help to clarify the mechanisms of mtDNA
germ line segregation. This might further clarify the
mode of inheritance of mitochondrial diseases, enabling pre-
fertilisation diagnosis to be performed. We might also be able
to study the process of mtDNA somatic segregation toward
the target tissues involved in mitochondrial diseases after the
induction of differentiation.Mutation-richMt-iPS cells should
be useful as new types of disease models, in which the
initiation and progression of the diseases can be studied. In
this context, mutation-free Mt-iPS cells sharing the same
nuclear genetic background could serve as ideal negative
controls. These approaches could improve understanding of
the cause of the disease and lead to the development of
efficient preventive and therapeutic strategies. Ultimately,
patient-specific and mutation-free Mt-iPS cells might be use-
ful as a supplement or an alternative to disease-affected tissues
in future. In this study, we generated Mt-iPS cells by retroviral
transduction of OCT4, SOX2, c-MYC (also known as MYC)
and KLF4; however, genomic integration of these transgenes
increases the risk of tumorigenicity. By generating integration-
free human iPS cells, we could safely transplant mtDNA-
mutation-corrected cells without the use of potentially harmful
DNA recombination technology [42]. mtDNA content is
known to be a major determinant of mitochondrial gene
expression [43]. Undifferentiated mouse and human ES cells
have very low levels of mtDNA content (<100 copies/cell),
but this rapidly increases up to several thousand-fold during
differentiation [44–47]. However, it remains to be determined
whether human iPS cells are able, like ES cells, to regulate
their mtDNA copy number in their undifferentiated state. We
have revealed here that the mtDNA content in Mt-iPS cells at
early passage (around passage 10) is similar to that of the
original fibroblasts, and that the mtDNA content at later
passages (after passage 20) is similar to that of human ES
cells. This indicates that the number of mitochondria gradual-
ly adapts to the new stem cell environment in iPS cells.
Although compensatory amplification of the mitochondrial
genome has been reported in patients with mtDNAmutations,
the mtDNA content is relatively constant among Mt-iPS
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clones, despite a wide variation in heteroplasmy levels
[48–50]. These results also indicate that the cell viability and
stemness are unaffected at the low metabolic demand of
undifferentiated iPS cells, irrespective of the presence or ab-
sence of the A3243G mutation.

In conclusion, we have generated mitochondrial Mt-iPS
cells. About half of the clones had undetectable levels of the
mutation. By overcoming the immunological and ethical
problems associated with ES cells, these Mt-iPS cells could
provide a powerful new tool with which to investigate organ
involvement and pathogenic mechanisms, and also to screen
for new drugs in specific diseases, as well as opening new
avenues for autologous cell transplantation therapy.
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