
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
INTRODUCTION 
 
Recent advances in reprogramming of somatic cells into 
human induced pluripotent stem cells (hiPSCs) provide 
tremendous potential for disease modeling, drug 
discovery and gene therapy development. Previous 
reports showed that the process of reprogramming can 
‘rejuvenate’ somatic cells and erase many aging 
signatures, such as age-associated mitochondrial 
respiration defects [1], aging gene profile and nuclear-
cytoplasmic compartmentalization [2].  
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Understanding the mechanisms involved in 
reprogramming may provide valuable insights into the 
aging process. Mitochondrial oxidative phosphorylation 
(OXPHOS), mediated by the electron transport chain to 
generate ATP, provides a major source of cellular 
energy. However, the impact of OXPHOS defects in the 
reprogramming process remains understudied.  
 
Mitochondrial impairment is involved in many 
pathological diseases and in aging [3]. The 
mitochondrial DNA (mtDNA) mutator mice, which 
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Abstract:  Reprogramming  of  somatic  cells  into  a  pluripotent  state  is  known  to  be  accompanied  by  extensive
restructuring of mitochondria and switch in metabolic requirements. Here we utilized Leber’s hereditary optic neuropathy
(LHON) as a mitochondrial disease model to study the effects of homoplasmic mtDNA mutations and subsequent oxidative
phosphorylation (OXPHOS) defects in reprogramming. We obtained fibroblasts from a total of 6 LHON patients and control
subjects,  and  showed  a  significant  defect  in  complex  I  respiration  in  LHON  fibroblasts  by  high‐resolution  respiratory
analysis. Using episomal vector  reprogramming, our  results  indicated  that human  induced pluripotent  stem  cell  (hiPSC)
generation  is feasible  in LHON  fibroblasts.  In particular, LHON‐specific OXPHOS defects  in  fibroblasts only caused a mild
reduction and did not significantly affect reprogramming efficiency, suggesting that hiPSC reprogramming can tolerate a
certain degree of OXPHOS defects. Our  results highlighted  the  induction of genes  involved  in mitochondrial biogenesis
(TFAM, NRF1), mitochondrial fusion (MFN1, MFN2) and glycine production (GCAT) during reprogramming. However, LHON‐
associated OXPHOS defects did not alter the kinetics or expression levels of these genes during reprogramming.  Together,
our study provides new  insights  into  the effects of mtDNA mutation and OXPHOS defects  in  reprogramming and genes
associated with various aspects of mitochondrial biology.  
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accumulate random mtDNA mutations in all tissues, 
develop severe OXPHOS defects, premature aging and 
exhibit shortened lifespan [4, 5]. Interestingly, mtDNA 
mutator mouse embryonic fibroblasts exhibit lower 
reprogramming efficiencies compared to wildtype, 
suggesting mitochondrial respiratory defects caused by 
mtDNA mutations have a strong impact on 
reprogramming [6]. Furthermore, using patient’s 
fibroblasts with the heteroplasmic mtDNA disease 
Mitochondrial Encephalopathy Lactic Acidosis, and 
Stroke-like episodes (MELAS), Yokota et al. showed 
that reprogramming efficiency was significantly 
decreased in fibroblast clones with >90% mutant 
mtDNA (m.3243A>G) that caused severe mitochondrial 
respiratory dysfunction, whereas fibroblasts with less 
mutant mtDNA load have normal reprogramming 
efficiency [7]. These studies suggested a possible link 
between OXPHOS defects and reprogramming.  
 
To avoid complications relating to mtDNA 
heteroplasmy, here we utilized a homoplasmic mtDNA 
disease model, Leber’s Hereditary Optic Neuropathy 
(LHON), to study OXPHOS defects in reprogramming. 
LHON represents the most common mtDNA-linked 
disease, where homoplasmic mtDNA mutation(s) in 
complex I led to impairment in OXPHOS [8, 9]. 
Utilizing LHON as a homoplasmic mtDNA disease 
model, here we studied the effect of mitochondrial 
respiratory defects caused by different mtDNA 
mutations (m.11778G>C, m.14484T>C, m.4160T>C) 
on iPSC reprogramming. We show that mitochondrial 
respiratory defects caused by complex I mutations exert 
only a modest decrease in reprogramming efficiency, 
and does not alter expression of genes associated with 
mitochondrial biogenesis, fusion and glycine 
production. To our knowledge, this study is the first to 
utilize a homoplasmic mtDNA disease to study the role 
of mitochondria complex I defect during 
reprogramming to hiPSCs.  
 
RESULTS 
 
Presence of mtDNA mutations and complex I defects 
in LHON fibroblasts 
 
Table 1 summarizes the information of the patients 
involved in this study. We obtained skin fibroblasts 
from 3 control patients (CERA007, MRU11780 and BJ) 
and 3 LHON affected patients carrying different 
mtDNA mutations (LHON V31-1, LHON T1-20, 
LHON Q1-4). As shown in Figure 1, genotyping 
analysis revealed that LHON T1-20 and LHON V31-1 
harboured the homoplasmic mtDNA mutation 
m.11778G>C in MT-ND4 gene, representing the most 
common LHON mutation. LHON Q1-4 fibroblasts 

carried homoplasmic double mtDNA mutations 
m.4160T>C in MT-ND1 gene and m.14484T>C in MT-
ND6 gene. This double mutation causes a more severe 
form of LHON known as the “LHON plus dystonia”, 
where patients exhibit optic nerve atrophy as well as a 
juvenile encephalopathy and peripheral neuropathy [10, 
11]. On the other hand, the control fibroblasts 
(CERA007, MRU11780 and BJ) did not harbour 
mutation at any of the mtDNA positions sequenced 
(Figure 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Next, we performed high resolution respirometry to 
assess the mitochondrial respiration in control and 
LHON fibroblasts. Oxygen consumption rate at the 
endogenous level and the maximal uncoupled rate (after 
addition of carbonyl cyanide m-chlorophenyl 
hydrazone, CCCP) did not change significantly between 
control and LHON fibroblasts (Figure 2A). Also, the 
non-mitochondrial residual oxygen consumption rate, 
after addition of rotenone and antimycin A, was less 
than 1% of the maximal uncoupled rate (data not 
shown). To account for any differences in mitochondrial 
density per cell, ADP-stimulated complex I respiration 
can be normalized to the maximal uncoupled rate [12]. 

 

Figure  1.  Genotyping  of mtDNA  mutation  in  patient
fibroblasts.  Genotyping  of  mtDNA  m.11778,  m.4160  and
m.14484  in  patient‐derived  fibroblasts.  Red  arrows  indicate
the position of LHON mutation.  
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Following normalization to differences in mitochondrial 
density, our results showed that complex I activities 
were significantly lower in all three LHON fibroblasts 
(LHON V31-1, LHON T1-20, LHON Q1-4) compared 
to controls (Figure 2B). In contrast, there was no 
statistically   significant   difference   in  the   uncoupled  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

complex II respiration in control and LHON fibroblasts 
(Figure 2C). Together, our results confirmed that 
LHON mutations impaired mitochondrial complex I 
respiration in fibroblasts, a result consistent with those 
previously observed in other cell types from LHON 
patients, such as lymphoblasts [13, 14].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. OXPHOS analysis of control and LHON  fibroblasts.  (A) Oxygen consumption of control and LHON
fibroblasts, showing the endogenous respiration rate (Endog), ADP‐stimulated cell respiration with glutamate
+ malate  (CxI‐ADP) or with  succinate  (CxI+II‐ADP),  the uncoupled maximal  respiration by  addition of CCCP
(CxI+II‐UC) and the complex II respiration with uncoupled feedback by addition of rotenone (CxII‐U). n = 3 for
each patient fibroblast. Error bars represent SEM.   (B) Complex  I respiration of  individual fibroblast samples
and pooled data, normalized to uncoupled maximal respiration (CxI‐ADP/CxI+II‐UC). (C) Uncoupled complex II
respiration (CxII‐U/CxI+II‐UC) in control (CERA007, MRU11780, BJ) and LHON fibroblasts (LHON V31‐1, LHON
T1‐20, LHON Q1‐4). **** = p<0.0001, *** = p<0.001, ** = p<0.01, * = p<0.05, ns = not significant.  
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Reprogramming of LHON fibroblasts  
 
Using the control and LHON fibroblasts, we generated 
iPSCs in a feeder-free system by overexpression of six 
reprogramming factors OCT4, SOX2, KLF4, L-MYC, 
LIN28 and shRNA for p53 [15, 16]. On day 28 post-
reprogramming, we assessed the reprogramming 
efficiency of the fibroblasts by quantification of 
colonies that express TRA-1-60, a marker previously 
used to identify fully reprogrammed hiPSCs [17].   
 
Figures 3A and 3B showed representative pictures of a 
fully reprogrammed hiPSC colony (TRA-1-60 positive) 
and a partially reprogrammed colony (TRA-1-60 
negative). As shown in Figure 3C, we observed the 
highest number of TRA-1-60 positive colonies in BJ (37 
± 6), followed by 21 ± 3 and 24 ± 1 colonies in 
CERA007 and LHON Q1-4 respectively, and low 
colony numbers in LHON V31-1, MRU11780 and 
LHON T1-20 (11 ± 0, 3 ± 1 and 2 ± 1 respectively). In 
addition, we observed that across all cell lines ~30-50% 
of the colonies were not fully reprogrammed, as 
indicated by lack of TRA-1-60 expression or  non-human  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
embryonic stem cell (hESC)-like morphology (Figure 
3C). Importantly, overall we observed a modest 
decrease in hiPSC colonies generated from LHON 
fibroblasts compared to control, (13 ± 3 versus 21 ± 5 
respectively), however this difference in reprogramming 
efficiency was not statistically significant (p = 0.2158, 
Figure 3D). Thus, our results indicated that 
mitochondrial respiratory defects did not significantly 
affect the hiPSC reprogramming process.  
 
Characterization of derived hiPSCs 
 
To ensure that the TRA-1-60 positive colonies are fully 
reprogrammed, we isolated the colonies by manual 
dissection to establish clonal hiPSC lines and performed 
a detailed characterization of a representative clonal 
hiPSC line from control (MRU11780) and LHON 
patient (LHON Q1-4). As illustrated in Figure 4A, the 
derived hiPSC colonies exhibited morphology similar to 
hESCs with a defined colony boundary and high 
cytoplasmic to nucleus ratio, as well as strong 
expression of the pluripotent markers OCT4 and TRA-
1-60 by immunocytochemistry.  
 

Table 1. Information of patient samples used for reprogramming

Patient sample Phenotype mtDNA Genotype Age  
(years )  

Sex 

CERA007 Healthy control m.11778G  
m.4160T 
m.14484T 

34 Male 

MRU11780 Healthy control m.11778G 
m.4160T 
m.14484T 

90 Female 

BJ Healthy control m.11778G 
m.4160T 
m.14484T 

Neonatal Male 

LHON V31-1 LHON  m.11778G>C 
m.4160T 
m.14484T 

18 Male 

LHON T1-20 LHON  m.11778G>C 
m.4160T 
m.14484T 

33  Male 

LHON Q1-4 ‘LHON plus’ m.11778G 
m.4160T>C 
m.14484T>C 

30 Female 
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Upon spontaneous differentiation by embryoid body 
formation, the derived hiPSCs were able to differentiate 
into the three germ layers, including endodermal cells 
(AFP positive expression, Figure 4B), mesoderm cells 
(SMA positive expression, Figure 4B) and ectodermal 
cells (NESTIN positive expression Figure 4B). 
Furthermore, we transplanted the derived hiPSCs into 
nude rats using a vascularized chamber system 
described previously [16, 18]. After 4 weeks post-
transplantation, we observed teratoma formation. As 
shown in Figure 4C, the resultant teratoma consisted of 
cells representative of endoderm (gut-like epithelium), 
mesoderm (cartilaginous structure or adipose tissues) 
and ectoderm (neural rosettes). Notably, both normal 
(MRU11780) and LHON hiPSCs (LHON Q1-4) were 
able to consistently form teratoma in all attempts (3 
clonal hiPSC lines per patient, 2 transplantations into rat 
per clonal line). In this regard, we did not observe any 
notable differences in the quality of hiPSCs derived 
from normal and LHON fibroblasts. Together, these 
results demonstrated that the derived hiPSCs retained 
the potential to differentiate into the 3 germ layers both 
in vitro and in vivo, providing strong support that the 
derived hiPSCs from control and LHON patients were 
bona fide.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Regulation of mitochondrial biogenesis, fusion and 
glycine production during reprogramming  
 
Finally, we tested if OXPHOS defects in LHON patient 
fibroblasts could alter regulation of multiple 
mitochondrial processes during reprogramming. Using 
qPCR, we assessed the expression of nuclear genes 
regulating mitochondrial biogenesis (TFAM, NRF1), 
mitochondrial fusion (MFN1, MFN2) and mitochondrial 
glycine production (GCAT) at various time points (days 
7, 13, 21, 28) during reprogramming of control and 
LHON fibroblasts. Our results showed that genes 
involved in mitochondrial biogenesis, TFAM and NRF1, 
were both gradually upregulated during reprogramming, 
with a ~4 to 6-fold increase in TFAM expression (Figure 
5A) and ~2-fold increase in NRF1 expression by day 28 
in pooled control or LHON samples (Figure 5B). On the 
other hand, MFN1 and MFN2, both previously shown to 
be involved in regulating mitochondrial fusion, were 
modestly upregulated during reprogramming, reaching 
just ~2 fold increase by day 28 (Figure 5C and 5D). 
Finally, GCAT expression that was linked to 
mitochondrial glycine production was strongly 
upregulated during reprogramming in a gradual manner, 
reaching ~5-fold increase by day 28 (Figure 5E). 

Figure 3. Reprogramming of control and LHON fibroblasts using feeder‐free system. Representative pictures of (A)
TRA‐1‐60 positive colony and  (B) TRA‐1‐60 negative colony.  (C) Quantification of hiPSC colonies generated  from control and
LHON fibroblasts. Blue bar indicates bona fide hiPSC colonies, as defined by TRA‐1‐60 expression and hESC‐like morphology, per
50,000 reprogrammed cells. Red bar indicates partially reprogrammed colonies as defined by absence of TRA‐1‐60 expression
and/or resemble non‐hESC‐like morphology, per 50,000 reprogrammed cells. n=3, error bars represent SEM. (D) Pooled results
of hiPSC colony number generated from control and LHON fibroblasts. ns = not significant, as indicated by unpaired t‐test.  
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Together, our results indicated an increase in expression 
of key genes regulating mitochondrial biogenesis and 
glycine production upon induction of pluripotency. 
However, overall we  did  not  observe  any  significant   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

differences in pooled data of LHON fibroblasts compared 
to controls, suggesting that the LHON-specific OXPHOS 
defects did not alter expression of genes regulating 
mitochondrial bio-genesis, fusion and glycine production.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 4. Characterization of  the derived hiPSCs.  (A) Cell morphology  and  immunocytochemistry
analysis of pluripotent markers OCT4 and TRA‐1‐60 in a representative control hiPSC line (MRU11780) and
LHON hiPSC line (LHON Q1‐4). Scale bar = 100µm. (B) In vitro embryoid body differentiation of hiPSC into
cell representative of the endoderm (AFP), mesoderm (SMA) and ectoderm (NESTIN). Scale bar = 100µm.
(C)  hiPSCs  form  teratoma  containing  endodermal  cells  (e,  gut‐like  epithelium),  mesodermal  cells  (c,
cartilaginous structure; a, adipose tissue) and  ectodermal cells (nr, neural rosette). Scale bar = 50µm. 
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DISCUSSION 
 
The roles of mitochondria and metabolism in the 
regulation of pluripotency and differentiation have been 
subjected to intense research in the past [19]. While 
pluripotent stem cells mainly utilize anaerobic glyco-
lysis for energy production, somatic differentiated cells 
primarily rely on aerobic metabolism by OXPHOS for 
energy production [20]. Previous research has shed light 
onto the requirement for metabolic transition during 
reprogramming, from OXPHOS dependency in the 
somatic cells to ATP-generating glycolysis in iPSCs 
[21]. Here we focused on the role of mitochondrial 
OXPHOS in the induction of pluripotency during 
reprogramming. hiPSCs have been successfully 
generated from a range of mitochondrial diseases 
caused by mtDNA  mutations,  including  MELAS  [22- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 -24], Leigh syndrome [25], Pearson marrow pancreas 
syndrome [26] and diabetes mellitus [27]. However, 
issues with mtDNA heteroplasmy make it difficult to 
interpret the impact of mtDNA mutation and subsequent 
OXPHOS defects in reprogramming.  
 
The mtDNA mutational load in the cells often directly 
affects the outcome of the heteroplasmic mitochondrial 
disease. In the case of MELAS, fibroblasts carrying 
>90% of mutated mtDNA m.3243A>G showed 
significantly decreased reprogramming efficiency [7]. 
To avoid the complication with mtDNA heteroplasmy, 
this study utilized patient-derived LHON fibroblasts 
carrying homoplasmic mtDNA mutations. We observed 
a significant defect in complex I respiration in all 
LHON fibroblasts. Interestingly, the double mutations 
at mtDNA m.4160T>C + m.14484T>C, that caused the 

Figure 5. Expression of mitochondrial regulatory genes during reprogramming. qPCR analysis of the expression of (A)
TFAM, (B) NRF1, (C) MRN1, (D) MFN2 and (E) GCAT at various time points during reprogramming to hiPSCs (day 0, 7, 13, 21, 28).
Error bars represent SEM for pooled data of control (CERA007, MRU11780, BJ) or LHON (LHON Q1‐4, LHON V31‐1, LHON T1‐20). 
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more severe ‘LHON plus’ phenotype, resulted in a 
similar degree of complex I defects compared to the most 
common LHON mutation at mtDNA m.11778G>C. 
Despite these OXPHOS defects in LHON fibroblasts, our 
results indicated that reprogramming to hiPSCs was still 
amenable. Using an integration-free, feeder-free 
reprogramming system, we demonstrated that the 
overall OXPHOS defects caused by LHON exert only a 
mild, but not statistically significant, impairment in 
hiPSC reprogramming. Our results supported the notion 
that the process of reprogramming can tolerate a certain 
degree of OXPHOS defects caused by complex I 
dysfunction. It is possible that OXPHOS defects may 
have different impacts on reprogramming in a different 
starting cell type. For instance, mouse embryonic 
fibroblast from mtDNA mutator mice exhibit a 
significantly decreased reprogramming efficiency to 
generate iPSCs [6], however the hematopoietic 
progenitor cells seem to exhibit a similar 
reprogramming efficiency compared to controls [28]. 
Future research to assess reprogramming of different 
somatic cell types with OXPHOS defects will help 
clarify this issue. Also, a potential limitation of this 
study is that the control and LHON patients are from a 
range of different ages and have different genetic 
backgrounds. This should be taken into consideration 
when interpreting this study. Nevertheless, regardless of 
differences in age and genetic background, our results 
clearly indicated that the LHON mtDNA mutation 
caused significant complex I defects in fibroblasts, and 
this in turn did not result in a detrimental effect on 
reprogramming efficiency. 
 
We also examined other aspects of mitochondria 
regulation during the process of reprogramming. For 
instance, mitochondrial fusion has been implicated as a 
barrier to reprogramming. Depletion of Mfn1/2 has 
been shown to impair mitochondrial fusion and promote 
reprogramming previously [29].  In support of this, a 
previous report by Vazquez-Martin et al. demonstrated 
that reprogramming of mouse embryonic fibroblasts 
was significantly impaired following pharmacological 
inhibition of the GTPase dynamin DRP1, which 
selectively inhibits mitochondrial fission and promotes 
mitochondrial fusion [30]. This is consistent with our 
results, where reprogramming is accompany by only 
modest changes in MFN1 and MFN2 expression. 
Moreover, mitophagy has also been implicated in 
reducing mitochondria number in differentiated cells 
and contributes to mitochondrial remodeling events that 
occurred during reprogramming [30, 31]. On the other 
hand, the role of mitochondrial biogenesis is less clear 
during reprogramming. NRF1 is an upstream regulator 
of TFAM, a nuclear factor that is critical for mtDNA 
transcription and replication [32, 33], where disruption 

of this pathway resulted in decreased mtDNA copy 
number [34]. In terms of reprogramming, previous 
research have shown that fibroblasts exhibit higher 
mtDNA contents compared to hiPSCs [20]. 
Unexpectedly, our results showed that expression of 
TFAM and to a lesser extent NRF1 are both upregulated 
during reprogramming, suggesting that the re-
programmed cells are still capable of mtDNA 
transcription and replication through the NRF1/TFAM 
pathway. It is worth noting that induction of nuclear 
factors involved in mitochondria biogenesis, such as 
TFAM, has been described in response to mtDNA 
depletion [35]. Further studies into the mechanisms 
regulating mitochondrial biogenesis will provide better 
insight into its role during reprogramming. In addition, 
Masotti et al. showed that prolonged culture of hiPSC 
can alter the levels of mitochondrial biogenesis, leading 
to increased expression of TFAM and NRF1 and 
increased level of mtDNA content [36]. This further 
suggests a dynamic change in mitochondria biogenesis 
not only during reprogramming to generate hiPSCs but 
also in prolonged maintenance of hiPSCs.  
 
Previous studies have established a link between 
cellular age and hiPSC reprogramming. In a large scale 
study of 298 patient samples, Paull et al. showed that 
increasing age impeded the efficiency of 
reprogramming to hiPSCs [37]. In our set of patient 
samples, we observed a loose correlation where 
increasing patient age negatively influence 
reprogramming efficiency (Pearson correlation value = -
0.6733). When comparing elderly fibroblasts versus 
young fibroblasts, an elegant study by Hashizume et al. 
showed that age-associated mitochondrial OXPHOS 
defects were partly caused by downregulation of GCAT 
gene, which is involved in mitochondrial glycine 
production [1]. Interestingly, the reprogramming process 
induced GCAT expression and effectively rescued the 
age-associated OXPHOS defects in elderly fibroblasts 
[1]. Here we provide new insight that GCAT expression 
is upregulated during re-programming of human 
fibroblasts as early as 7 days. This induction of GCAT 
expression seems to be independent of the age of the 
patient fibroblasts, as we observed in fibroblasts ranging 
from neonatal to 90 years old. Importantly, our results 
suggested that LHON-specific mtDNA mutations and 
OXPHOS defects did not alter genes associated with 
mitochondrial glycine production (GCAT), mitochondrial 
biogenesis (NRF1, TFAM) and fusion (MFN1, MFN2) 
during reprogramming.   
 
Finally, future research to unravel the role of 
mitochondrial oxidative stress during reprogramming 
would be interesting. In particular, mitochondrial reactive 
oxygen species (ROS) have been shown to play a key 
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role in modulating the mitochondrial adaptive response 
(also known as mitohormesis) and contributing to the 
life-extending effects of calorie restriction [38, 39]. 
Detailed analysis of the role of ROS and mitohormesis 
during reprogramming to iPSCs may explain how the 
re-programming process can rejuvenate age-associated 
mitochondrial respiration defects. In this regards, 
previous work in cybrids demonstrated that LHON 
mtDNA mutations increased ROS levels [40, 41]. 
How-ever, as this has not been comprehensively 
demonstrated in LHON fibroblasts, we cannot exclude 
the possible role of ROS in reprogramming of 
fibroblasts to hiPSCs. 
 
In conclusion, this study demonstrated that the 
reprogramming process can tolerate a certain degree of 
OXPHOS defects without significant impact on 
efficiency of hiPSC generation, nor gene regulation of 
mitochondrial glycine production, biogenesis and 
fusion. Our results provided further understanding of 
the extensive mitochondrial restructuring events during 
reprogramming of somatic cells to pluripotent stem 
cells. Future studies to investigate hiPSC generation 
from other homoplasmic mitochondrial diseases will 
provide insights into the effects of impaired mito-
chondrial respiration in hiPSC reprogramming.  
 
METHODS 
 
Ethical approval. Experimental procedures involving 
animals were approved by the Animal Ethics 
Committee of St. Vincent’s Hospital (AEC 002/14; 
Victoria, Australia) and were conducted in accordance 
with the Australian National Health and Medical 
Research Council guidelines for the care and 
maintenance of animals. Experiments involving human 
cell lines and collection of patient samples were 
approved by the Human Research Ethics committees of 
the Royal Victorian Eye and Ear Hospital (11/1031H, 
13/1151H-004) and University of Melbourne (0605017, 
0829937) and carried out in accordance with the 
approved guidelines.  
 
Cell culture. Human fibroblasts were cultured in 
DMEM medium supplemented with 10% fetal calf 
serum, 1 x L-glutamine, 0.1 mM non-essential amino 
acids and 0.5× penicillin/streptomycin (all from 
Invitrogen). hiPSCs were cultured on mitotically 
inactivated mouse embryonic fibroblasts feeders in the 
presence of DMEM/F-12 medium containing 1 x 
GlutaMAX, 20% knockout serum replacement, 10 
ng/ml basic fibroblast growth factor, 0.1 mM non-
essential amino acids, 100 µM β-mercaptoethanol and 
0.5× penicillin/streptomycin (all from Invitrogen). 
 

Reprogramming to hiPSCs. hiPSCs were generated 
from skin fibroblasts from patients using episomal 
vectors in a feeder-free system. Briefly, 50,000 skin 
fibroblasts were nucleofected with episomal vectors 
expressing OCT4, SOX2, KLF4, L-MYC, LIN28 and 
shRNA against p53 [15, 16, 42]. On day 0, the 
nucleofected fibroblasts were plated on vitronectin XF-
coated 6-well plates (Stem Cell Technologies) in 
fibroblast media. On day 2, the cells were switched to 
E7 media (Stem Cell Technologies). On ~day 30, 
reprogrammed colonies resembling hESC morphology 
were manually dissected to establish clonal cell lines for 
expansion and characterization. Note that the 
characterization of a particular clonal line 
(CERA007c6) from the control patient CERA007 has 
been described in our previous publication [42]. 
 
Quantification of hiPSC reprogramming. Day 28 
reprogrammed cells were fixed with 4% para-
formaldehyde and immunostained with TRA-1-60 
antibodies (5µg/ml, Millipore) followed by the 
appropriate Alexa-Fluor 488 secondary antibodies. The 
samples were viewed under a fluorescent microscope 
(Nikon Eclipse TE-2000U) and manual counting was 
performed to quantify the number of hiPSC colonies per 
well, as defined by TRA-1-60 positive colonies that 
resemble hESC-like morphology.  
 
High resolution respirometry analysis. The Oroboros 
Oxygraph 2K (Oroboros Instruments) was used to 
measure cellular respiration in LHON and control 
fibroblasts. Briefly, 500,000 cells per chamber were 
permeabilized with digitonin to allow access of 
OXPHOS substrates as described previously [43]. 
Respiration states of the samples were measured 
including the endogenous respiration rate, maximal 
complex-I ADP stimulated respiration (with ADP, 
glutamate and malate) then maximal complex-I+II 
respiration (after the addition of succinate), followed by 
the uncoupled maximal respiration (after the addition of 
CCCP). Residual oxygen consumption was measured 
after the addition of antimycin A and rotenone. 
 
Quantitative PCR. RNA samples were harvested from 
fibroblasts at various time points during reprogramming 
using the RNeasy kit and treated with DNase I (Qiagen). 
cDNA synthesis was performed using the High capacity 
cDNA reverse transcription kit (Applied Biosystems). 
Taqman assays were performed using probes for TFAM 
(Hs01082775_m1), NRF1 (Hs01031046_m1), MFN1 
(Hs00966851_m1), MFN2 (Hs00208382_m1), GCAT 
(Hs00606568_gH) and the housekeeping gene β-ACTIN 
(Hs99999903_m1) following standard procedure (all 
from Applied Biosystems). Samples were processed 
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using the Step One plus real time PCR system (Applied 
Biosystems) and analysed by ΔΔCt method. 
 
Immunocytochemistry. Standard immunocytochemistry 
procedure was performed as previously described [44]. 
Primary antibodies used were TRA-1-60 (5µg/ml, 
Millipore), OCT4 (5µg/ml, Santa Cruz Biotechnology), 
VIMENTIN (2µg/ml, Calbiochem, #IF01), α-smooth 
muscle actin (10µg/ml, SMA, R&D Systems), 
NESTIN (10µg/ml, Abcam) and alpha-fetoprotein 
(AFP, 10µg/ml, Millipore). The samples were 
subsequently immunostained with the appropriate 
Alexa Fluor-488 antibodies, followed by DAPI nuclear 
counterstain. Samples were imaged using a Nikon 
Eclipse TE2000 inverted microscope or Zeiss Axio 
Imager Microscope.  
 
In vitro and in vivo differentiation of hiPSCs. For in 
vitro differentiation, embryoid bodies were formed in 
suspension culture for 11 days, and subsequently plated 
on gelatinized dishes to differentiate further for 18 days. 
Cells representative of the three germ layers were 
detected by marker expression using immunocyto-
chemistry (SMA, NESTIN and AFP). For in vivo 
differentiation, teratoma were formed by transplanting 
~2×106 hiPSCs into a vascularized tissue engineering 
chamber in immune-deficient rats [16, 18]. Teratoma 
constructs were harvested 4 weeks after implantation 
for histological analysis.  
 
Statistical analysis. Statistical analysis was performed 
using Prism 3.0 program (GraphPad Software). One-way 
ANOVA analysis followed by Dunnett’s test was 
performed for comparison with multiple groups. The 
student’s t-test was performed for comparison between 
two groups. p < 0.05 was used to establish statistical 
significances.   
 
Funding 
 
This work was supported by grants from the National 
Health and Medical Research Council (RW, #1084256), 
Australia Mitochondria Disease Foundation (RW), 
Retina Australia (AWH, AP, RW, SH), the Ophthalmic 
Research Institute of Australia (RW, SH, IAT, AWH, 
AP), Stafford Fox Medical Foundation (SL) and Jack 
Brockhoff Foundation (IAT, AH, AP); fellowships from 
the Cranbourne foundation (RW), NHMRC (AWH), 
Australian Research Council (AP, #140100047) and 
operational infrastructure support (Centre of Eye 
Research Australia, O’Brien Institute Department, St 
Vincent’s Institute of Medical Research) from the 
Victorian Government. 

Conflict of interest statement 
 
The authors declare no competing financial interests. 
 
REFERENCES 
 
1.  Hashizume  O,  Ohnishi  S,  Mito  T,  Shimizu  A,  Iashikawa  K, 
Nakada K, Soda M, Mano H, Togayachi S, Miyoshi H, Okita K and 
Hayashi J. Epigenetic regulation of the nuclear‐coded GCAT and 
SHMT2  genes  confers  human  age‐associated  mitochondrial 
respiration defects. Scientific reports. 2015; 5:10434. 
2. Mertens J, Paquola AC, Ku M, Hatch E, Bohnke L, Ladjevardi S, 
McGrath S, Campbell B, Lee H, Herdy  JR, Goncalves  JT, Toda T, 
Kim  Y,  et  al.  Directly  Reprogrammed  Human  Neurons  Retain 
Aging‐Associated  Transcriptomic  Signatures  and  Reveal  Age‐
Related  Nucleocytoplasmic  Defects.  Cell  Stem  Cell.  2015;  17: 
705‐718. 
3.  Quiros  PM,  Langer  T  and  Lopez‐Otin  C.  New  roles  for 
mitochondrial  proteases  in  health,  ageing  and  disease. Nature 
reviews Molecular cell biology. 2015; 16:345‐359. 
4.  Trifunovic  A,  Wredenberg  A,  Falkenberg  M,  Spelbrink  JN, 
Rovio AT, Bruder CE, Bohlooly YM, Gidlof S, Oldfors A, Wibom R, 
Tornell  J,  Jacobs HT and Larsson NG. Premature ageing  in mice 
expressing  defective  mitochondrial  DNA  polymerase.  Nature. 
2004; 429:417‐423. 
5. Trifunovic A, Hansson A, Wredenberg A, Rovio AT, Dufour E, 
Khvorostov I, Spelbrink JN, Wibom R, Jacobs HT and Larsson NG. 
Somatic  mtDNA  mutations  cause  aging  phenotypes  without 
affecting reactive oxygen species production. Proc Natl Acad Sci 
U S A. 2005; 102:17993‐17998. 
6. Hamalainen  RH, Ahlqvist  KJ,  Ellonen  P,  Lepisto M,  Logan A, 
Otonkoski  T,  Murphy  MP  and  Suomalainen  A.  mtDNA 
Mutagenesis Disrupts Pluripotent Stem Cell Function by Altering 
Redox Signaling. Cell reports. 2015; 11:1614‐1624. 
7.  Yokota  M,  Hatakeyama  H,  Okabe  S,  Ono  Y  and  Goto  Y. 
Mitochondrial  respiratory  dysfunction  caused  by  a 
heteroplasmic  mitochondrial  DNA  mutation  blocks  cellular 
reprogramming. Hum Mol Genet. 2015; 24:4698‐4709. 
8. Wallace DC, Singh G, Lott MT, Hodge JA, Schurr TG, Lezza AM, 
Elsas LJ, 2nd and Nikoskelainen EK. Mitochondrial DNA mutation 
associated  with  Leber's  hereditary  optic  neuropathy.  Science. 
1988; 242:1427‐1430. 
9. Mackey DA, Oostra RJ, Rosenberg T, Nikoskelainen E, Bronte‐
Stewart J, Poulton J, Harding AE, Govan G, Bolhuis PA and Norby 
S.  Primary  pathogenic  mtDNA  mutations  in  multigeneration 
pedigrees  with  Leber  hereditary  optic  neuropathy.  American 
journal of human genetics. 1996; 59:481‐485. 
10. Mackey DA.  Three  subgroups  of  patients  from  the United 
Kingdom  with  Leber  hereditary  optic  neuropathy.  Eye.  1994; 
8:431‐436. 
11. Kerrison JB, Howell N, Miller NR, Hirst L and Green WR. Leber 
hereditary optic neuropathy. Electron microscopy and molecular 
genetic analysis of a case. Ophthalmology. 1995; 102:1509‐1516. 
12.  Pesta  D  and  Gnaiger  E.  High‐resolution  respirometry: 
OXPHOS  protocols  for  human  cells  and  permeabilized  fibers 
from small biopsies of human muscle. Methods Mol Biol. 2012; 
810:25‐58. 
13. Van Bergen NJ, Crowston JG, Craig JE, Burdon KP, Kearns LS, 
Sharma S, Hewitt AW, Mackey DA and Trounce IA. Measurement 
of Systemic Mitochondrial Function  in Advanced Primary Open‐

  
www.impactaging.com                     10                                           AGING, May 2016, Vol. 8 No.5



Angle Glaucoma  and  Leber Hereditary Optic Neuropathy. PLoS 
One. 2015; 10:e0140919. 
14.  Brown MD,  Trounce  IA,  Jun  AS,  Allen  JC  and Wallace  DC. 
Functional  analysis  of  lymphoblast  and  cybrid  mitochondria 
containing  the  3460,  11778,  or  14484  Leber's  hereditary  optic 
neuropathy  mitochondrial  DNA  mutation.  J  Biol  Chem.  2000; 
275:39831‐39836. 
15.  Okita  K,  Matsumura  Y,  Sato  Y,  Okada  A,  Morizane  A, 
Okamoto S, Hong H, Nakagawa M, Tanabe K, Tezuka K, Shibata 
T, Kunisada  T,  Takahashi M, et  al. A more efficient method  to 
generate  integration‐free human  iPS  cells. Nat Methods. 2011; 
8:409‐412. 
16.  Piao  Y,  Hung  SS,  Lim  SY, Wong  RC  and  Ko MS.  Efficient 
generation  of  integration‐free  human  induced  pluripotent 
stem  cells  from  keratinocytes  by  simple  transfection  of 
episomal  vectors.  Stem  cells  translational  medicine.  2014; 
3:787‐791. 
17. Chan EM, Ratanasirintrawoot S, Park IH, Manos PD, Loh YH, 
Huo  H,  Miller  JD,  Hartung  O,  Rho  J,  Ince  TA,  Daley  GQ  and 
Schlaeger TM.  Live  cell  imaging distinguishes bona  fide human 
iPS  cells  from  partially  reprogrammed  cells.  Nat  Biotechnol. 
2009; 27:1033‐1037. 
18. Lim SY, Lee DG, Sivakumaran P, Crombie D, Slavin J, Dottori 
M, Conley B, Denham M, Leung J, Tee R, Dusting GJ, Pebay A and 
Dilley  RJ.  In  vivo  tissue  engineering  chamber  supports  human 
induced pluripotent stem cell survival and rapid differentiation. 
Biochem Biophys Res Commun. 2012; 422:75‐79. 
19. Xu X, Duan S, Yi F, Ocampo A, Liu GH and  Izpisua Belmonte 
JC.  Mitochondrial  regulation  in  pluripotent  stem  cells.  Cell 
metabolism. 2013; 18:325‐332. 
20.  Prigione  A,  Fauler  B,  Lurz  R,  Lehrach H  and  Adjaye  J.  The 
senescence‐related  mitochondrial/oxidative  stress  pathway  is 
repressed  in human  induced pluripotent stem cells. Stem Cells. 
2010; 28:721‐733. 
21. Panopoulos AD, Yanes O, Ruiz S, Kida YS, Diep D, Tautenhahn 
R,  Herrerias  A,  Batchelder  EM,  Plongthongkum  N,  Lutz  M, 
Berggren  WT,  Zhang  K,  Evans  RM,  et  al.  The  metabolome  of 
induced  pluripotent  stem  cells  reveals  metabolic  changes 
occurring  in somatic cell  reprogramming. Cell Res. 2012; 22:168‐
177. 
22. Folmes CD, Martinez‐Fernandez A, Perales‐Clemente E, Li X, 
McDonald A, Oglesbee D, Hrstka SC, Perez‐Terzic C, Terzic A and 
Nelson  TJ.  Disease‐causing  mitochondrial  heteroplasmy 
segregated within  induced pluripotent stem cell clones derived 
from a patient with MELAS. Stem Cells. 2013; 31:1298‐1308. 
23.  Hamalainen  RH,  Manninen  T,  Koivumaki  H,  Kislin  M, 
Otonkoski  T  and  Suomalainen  A.  Tissue‐  and  cell‐type‐specific 
manifestations  of  heteroplasmic mtDNA  3243A>G mutation  in 
human  induced  pluripotent  stem  cell‐derived  disease  model. 
Proc Natl Acad Sci U S A. 2013; 110:E3622‐3630. 
24.  Kodaira  M,  Hatakeyama  H,  Yuasa  S,  Seki  T,  Egashira  T, 
Tohyama  S,  Kuroda  Y,  Tanaka  A,  Okata  S,  Hashimoto  H, 
Kusumoto D,  Kunitomi  A,  Takei M,  et  al.  Impaired  respiratory 
function  in  MELAS‐induced  pluripotent  stem  cells  with  high 
heteroplasmy levels. FEBS open bio. 2015; 5:219‐225. 
25. Ma H, Folmes CD, Wu J, Morey R, Mora‐Castilla S, Ocampo A, 
Ma L, Poulton J, Wang X, Ahmed R, Kang E, Lee Y, Hayama T, et 
al.  Metabolic  rescue  in  pluripotent  cells  from  patients  with 
mtDNA disease. Nature. 2015; 524:234‐238. 
26. Cherry AB, Gagne KE, McLoughlin EM, Baccei A, Gorman B, 
Hartung O, Miller JD, Zhang J, Zon RL, Ince TA, Neufeld EJ, Lerou 

PH,  Fleming MD,  et  al.  Induced  pluripotent  stem  cells with  a 
mitochondrial DNA deletion. Stem Cells. 2013; 31:1287‐1297. 
27. Fujikura  J, Nakao K, Sone M, Noguchi M, Mori E, Naito M, 
Taura  D,  Harada‐Shiba M,  Kishimoto  I, Watanabe  A,  Asaka  I, 
Hosoda K and Nakao K. Induced pluripotent stem cells generated 
from  diabetic  patients  with  mitochondrial  DNA  A3243G 
mutation. Diabetologia. 2012; 55:1689‐1698. 
28. Wahlestedt M, Ameur A, Moraghebi R, Norddahl GL, Sten G, 
Woods  NB  and  Bryder  D.  Somatic  cells  with  a  heavy 
mitochondrial DNA mutational  load  render  induced pluripotent 
stem cells with distinct differentiation defects. Stem Cells. 2014; 
32:1173‐1182. 
29. Son MJ, Kwon Y, Son MY, Seol B, Choi HS, Ryu SW, Choi C and 
Cho  YS.  Mitofusins  deficiency  elicits  mitochondrial  metabolic 
reprogramming  to pluripotency. Cell death  and differentiation. 
2015; 22:1957‐1969. 
30.  Vazquez‐Martin  A,  Cufi  S,  Corominas‐Faja  B,  Oliveras‐
Ferraros C, Vellon L and Menendez  JA. Mitochondrial  fusion by 
pharmacological  manipulation  impedes  somatic  cell 
reprogramming  to  pluripotency:  new  insight  into  the  role  of 
mitophagy in cell stemness. Aging. 2012; 4:393‐401. 
31. Ma T, Li J, Xu Y, Yu C, Xu T, Wang H, Liu K, Cao N, Nie BM, Zhu 
SY,  Xu  S,  Li  K,  Wei  WG,  et  al.  Atg5‐independent  autophagy 
regulates  mitochondrial  clearance  and  is  essential  for  iPSC 
reprogramming. Nat Cell Biol. 2015; 17:1379‐1387. 
32.  Larsson  NG, Wang  J, Wilhelmsson  H,  Oldfors  A,  Rustin  P, 
Lewandoski  M,  Barsh  GS  and  Clayton  DA.  Mitochondrial 
transcription  factor A  is necessary  for mtDNA maintenance and 
embryogenesis in mice. Nat Genet. 1998; 18:231‐236. 
33.  Huo  L  and  Scarpulla  RC. Mitochondrial  DNA  instability  and 
peri‐implantation  lethality associated with  targeted disruption of 
nuclear  respiratory  factor 1  in mice. Mol Cell Biol. 2001; 21:644‐
654. 
34.  Virbasius  JV  and  Scarpulla  RC.  Activation  of  the  human 
mitochondrial transcription factor A gene by nuclear respiratory 
factors:  a  potential  regulatory  link  between  nuclear  and 
mitochondrial gene expression in organelle biogenesis. Proc Natl 
Acad Sci U S A. 1994; 91:1309‐1313. 
35.  Lloyd  RE,  Lee  JH,  Alberio  R,  Bowles  EJ,  Ramalho‐Santos  J, 
Campbell KH and St John JC. Aberrant nucleo‐cytoplasmic cross‐
talk results  in donor cell mtDNA persistence  in cloned embryos. 
Genetics. 2006; 172:2515‐2527. 
36.  Masotti  A,  Celluzzi  A,  Petrini  S,  Bertini  E,  Zanni  G  and 
Compagnucci C. Aged iPSCs display an uncommon mitochondrial 
appearance  and  fail  to  undergo  in  vitro  neurogenesis.  Aging 
(Albany NY). 2014; 6:1094‐1108. doi: 10.18632/aging.100708. 
37.  Paull D,  Sevilla A,  Zhou H, Hahn AK,  Kim H, Napolitano  C, 
Tsankov  A,  Shang  L,  Krumholz  K,  Jagadeesan  P, Woodard  CM, 
Sun B, Vilboux T, et al. Automated, high‐throughput derivation, 
characterization and differentiation of induced pluripotent stem 
cells. Nat Methods. 2015; 12 885‐892. 
38.  Barbato  DL,  Tatulli  G,  Aquilano  K  and  Ciriolo  MR. 
Mitochondrial  Hormesis  links  nutrient  restriction  to  improved 
metabolism  in fat cell. Aging (Albany NY). 2015; 7:869‐881. doi: 
10.18632/aging.100832. 
39.  Ristow  M  and  Zarse  K.  How  increased  oxidative  stress 
promotes  longevity  and  metabolic  health:  The  concept  of 
mitochondrial  hormesis  (mitohormesis).  Experimental 
gerontology. 2010; 45:410‐418. 
40. Giordano C, Montopoli M, Perli E, Orlandi M, Fantin M, Ross‐
Cisneros  FN,  Caparrotta  L,  Martinuzzi  A,  Ragazzi  E,  Ghelli  A, 

  
www.impactaging.com                     11                                           AGING, May 2016, Vol. 8 No.5



Sadun  AA,  d'Amati  G  and  Carelli  V.  Oestrogens  ameliorate 
mitochondrial  dysfunction  in  Leber's  hereditary  optic 
neuropathy. Brain : a journal of neurology. 2011; 134:220‐234. 
41.  Beretta  S, Mattavelli  L,  Sala G,  Tremolizzo  L,  Schapira  AH, 
Martinuzzi A, Carelli V  and  Ferrarese C.  Leber hereditary optic 
neuropathy  mtDNA  mutations  disrupt  glutamate  transport  in 
cybrid cell  lines. Brain  : a  journal of neurology. 2004; 127:2183‐
2192. 
42. Hernandez D, Millard R, Sivakumaran P, Wong RC, Crombie 
DE, Hewitt AW, Liang H, Hung SS, Pebay A, Shepherd RK, Dusting 
GJ  and  Lim  SY.  Electrical  Stimulation  Promotes  Cardiac 
Differentiation of Human  Induced Pluripotent Stem Cells. Stem 
cells international. 2016; 2016:1718041. 
43.  Van  Bergen  NJ,  Blake  RE,  Crowston  JG  and  Trounce  IA. 
Oxidative phosphorylation measurement in cell lines and tissues. 
Mitochondrion. 2014; 15:24‐33. 
44. Wong  RC,  Pollan  S,  Fong  H,  Ibrahim  A,  Smith  EL,  Ho M, 
Laslett AL and Donovan PJ. A novel role for an RNA polymerase 
III  subunit  POLR3G  in  regulating  pluripotency  in  human 
embryonic stem cells. Stem Cells. 2011; 29:1517‐1527. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
www.impactaging.com                     12                                           AGING, May 2016, Vol. 8 No.5



 
SUPPLEMENTAL FIGURE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

  
www.impactaging.com                     13                                           AGING, May 2016, Vol. 8 No.5

 

Supplemental  Figure  1.  Confirmation  of  purity  of  fibroblast  cultures. Immunocytochemistry
analysis of fibroblast marker VIMENTIN in (A‐B) control (MRU11780) and (C‐D) LHON fibroblasts (LHON Q1‐
4). Images are taken using (A,C) 10× and B,D) 40× objective lenses. 


