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Abstract

Mammalian cells, with the exception of erythrocytes, harbor mitochondria, which are organelles 

that provide energy, intermediate metabolites, and additional activities to sustain cell viability, 

replication, and function. Mitochondria contain multiple copies of a circular genome, or mtDNA, 

whose individual sequences are rarely identical (homoplasmy) because of inherited or sporadic 

mutations that result in multiple mtDNA genotypes (heteroplasmy). Here, we examine potential 

mechanisms for maintenance or shifts in heteroplasmy that occur in induced pluripotent stem cells 

(iPSCs) generated by cellular reprogramming, and further discuss manipulations that can alter 

heteroplasmy to impact stem and differentiated cell performance. This additional insight will assist 

in developing more robust iPSC-based models of disease and differentiated cell therapies.
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iPSCs: Today and the Future

Induced pluripotent stem cells

(iPSCs, see Glossary) and embryonic stem cells (ESCs) are promising cell types for ex vivo 
disease modeling, drug screening, and upcoming applications in regenerative medicine. 

iPSCs and ESCs self-renew without limit in tissue culture and can form any cell type in our 

bodies. Since their introduction in 2006, iPSCs have become a major focus for both basic 

and applied research in part because of their unique growth characteristics and cellular 

properties, and their high potential in personalized medicine without the ethical implications 

carried by the derivation of ESCs [1]. Tremendous effort has been focused on mechanisms 

and manipulations that regulate and optimize stem cell pluripotency and differentiation. For 

example, autologous therapies from differentiated iPSCs can be made from any individual 

with the promise of reduced immunogenicity compared to allogeneic, non-self ESC-derived 

therapeutics [2]. As of August 2020, there were over 600 active clinical trials involving stem 

cells of any type, which is an indication of strong and growing interest in applying these 

cells in future therapies. However, only seven of these trials utilized iPSCs in any manner, 

typically ex vivo (ClinicalTrials.gov). Furthermore, there currently are no FDA approved 

treatments involving iPSCs or their derivatives, with a deeper understanding of their 

derivation, maintenance, and differentiation critical for improving their efficacy and assuring 

safety in clinical and laboratory applications [3, 4].

Amongst an array of potential impediments to overcome for bringing iPSCs into the clinic, 

the mitochondria, and its genome, mtDNA, may play key roles. Recent findings indicate that 

iPSCs and ESCs depend on cellular metabolism, and especially upon mitochondria, to 

maintain pluripotency and develop functional, differentiated cell types. Beyond optimizing 

stem cell functions through improved basic understanding, recent studies of iPSCs show that 

mutations in mtDNA that develop during cellular reprogramming can facilitate transplanted 

cell immune rejection [5, 6]. Therefore, we now evaluate and discuss what is known about 

mtDNA changes through somatic cell reprogramming to iPSCs, followed by differentiation 

into functional cell types. Understanding the dynamics and biology of mtDNA in 

reprogramming, pluripotency, and differentiation will enable improved disease modeling and 

drug screening ex vivo, and help to develop safer cell-based regenerative therapies of the 

future.

Mitochondria and mtDNA Genetics

Mitochondria exist within the cytoplasm of all nucleated mammalian cells as double 

membrane-bound organelles that contain the circular, maternally inherited double-stranded 

mtDNA. Structurally, mitochondria exist on a spectrum that spans separate, punctate, ovoid 

organelles at one extreme to fused, elongated, and branching networks that appear to fill the 

cell cytoplasm at the other extreme. Each mitochondrion contains dozens to thousands of 
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copies of mtDNA per cell. mtDNA replication occurs independently of nuclear genome 

(nDNA) replication throughout the cell cycle; however, counter evidence also exists that 

suggests that the rate of mtDNA replication may vary with cell cycle stage [7, 8]. The ~16.5 

Kbp mtDNA encodes for 13 electron transport chain (ETC) proteins in addition to 22 tRNAs 
and 2 rRNAs for protein translation, all of which are essential for generating ATP by 

oxidative phosphorylation (OXPHOS). Reports estimating the de novo mtDNA mutation 

rate range in magnitude; however, this mutation rate is consistently 10x to 100x greater than 

similar reports for the nDNA [9–11]. mtDNA mutations typically present as deletions or 

single nucleotide polymorphisms (SNPs) that are either synonymous or nonsynonymous in 

protein coding regions [12]. In general, cells may exclusively contain mitochondria with 

only single, identical mtDNA sequences, a condition termed homoplasmy, or they may 

contain a mixture of different, co-existing mtDNA genotypes, a condition termed 

heteroplasmy (Box 1) [13–17]. Heteroplasmy is quantified as the copy number ratio of a 

specific mtDNA sequence to the total mtDNA in a cell, notated as a percentage.

The heteroplasmy percentage of a cell can be dynamic and shift through several different 

mechanisms. Certain cell types experience reductions in mtDNA copy number during 

development leading to a genetic bottleneck, in which the proportion of specific mtDNA 

sequences can be reduced or enriched in the remaining mtDNA population [18]. Moreover, 

heteroplasmy can shift based on a replicative advantage of certain mtDNAs caused by the 

biochemical consequences of different mtDNA sequences [19–21]. Some mtDNA mutations 

cause respiratory dysfunction in cells and confer pathology in organisms, and such 

mutations were previously considered detrimental only at high mutant heteroplasmy ratios. 

However, it is now recognized that even low mutant heteroplasmy ratios may result in an 

increased propensity for certain diseases, with different levels of mutant mtDNA causing 

threshold effects that lead to different outcomes in cell and organ function. As an example, 

the m.3243A>G mtDNA mutation is commonly associated with the metabolic disease 

Mitochondrial Encephalopathy, Lactic Acidosis, and Stroke-like episodes (MELAS). At 20–

30% mutant heteroplasmy, there is an association with type 1 or type 2 diabetes, whereas at 

50–80% mutant heteroplasmy the mitochondrial ETC complex I may become dysfunctional 

and cause cardiomyopathies. Even higher mutant heteroplasmy ratios up to 90–100% are 

often perinatal lethal or may cause other diseases such as Leigh Syndrome [22–24]. 

Combined observations over many years indicate that specific cell types, mtDNA mutations, 

and mutant burden yield cellular and organismal phenotypes that range from unaffected to 

lethal pathophysiology. Neurological disorders, cardiomyopathies, and muscle dysfunction 

may occur because specific mtDNA mutations and/or an elevated mutant burden impairs 

mitochondrial gene expression and/or ETC function, secondarily affecting energy 

production, the tricarboxylic acid (TCA) cycle, and a range of other essential mitochondrial 

activities [24, 25]. Because of the importance of heteroplasmy in cellular fitness and disease 

penetrance, a deep understanding of mitochondria and mtDNA in pluripotent stem cells 

(PSCs) is essential for effective utilization as research tools and potential therapeutic 

products.
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Pluripotent Stem Cell Mitochondria

The promise of PSC-derivative therapies is inextricably linked to mitochondrial function and 

intermediate cellular metabolism. Mitochondria in PSCs exist with lower density, 

perinuclear localization, and punctate morphology compared to mitochondrial features of 

typical somatic cells. These fragmented PSCs fuse into elongated, branching, filamentous 

networks with differentiation into cells of the three embryonic germ lineages, ectoderm, 

endoderm, and mesoderm (Figure 1). Conversely, the mitochondria of somatic cells revert to 

a lower density, perinuclear localization, and fragmented morphology with disordered 

mitochondrial cristae and a reduction in mtDNA copy number during cellular 

reprogramming to pluripotency [26–28]. This shift in mitochondrial morphology from fused 

networks to punctae upon reprogramming parallels a shift in the stoichiometry of glycolytic 

and mitochondrial proteins as well. Levels of enzymes and structural proteins that support 

glycolysis increase, along with ETC complex II, III, and V proteins, whereas the expression 

of ETC complex I and IV proteins decrease [29, 30]. ETC complex I provides a large multi-

subunit protein structure that is essential for regulating OXPHOS. A reduction in the 

expression of ETC complex I proteins during somatic cell reprogramming shifts energy 

production and nucleotide biosynthesis for cell replication to an enhanced glycolytic nutrient 

flux [29] (Figure 1). Accordingly, iPSCs show a relative shift in nutrient utilization towards 

glycolysis and away from OXPHOS compared to differentiated cells [31]. However, iPSCs 

also remain dependent on mitochondrial metabolism and the TCA cycle for intermediate 

metabolites that modify the epigenome, which in turn regulates patterns of gene expression 

to control stem cell pluripotency and differentiation potential [32–41]. In addition, reactive 

oxygen species (ROS), often described as a cell damaging and unwanted byproduct of 

OXPHOS, actually have concentration and species-specific roles in maintaining 

pluripotency, initiating somatic cell reprogramming, and facilitating iPSC differentiation, all 

of which depend upon metabolically active mitochondria [42–44]. Yet, despite the reduction 

in OXPHOS that occurs for iPSCs, mutant heteroplasmy can also reduce somatic cell 

reprogramming efficiency and affect iPSC performance [22] (Figure 1). Reversible shifts in 

mitochondrial structure and function associate with pluripotent and terminally differentiated 

cell states, but to what extent remodeling is a cellular response to or an active driver of cell 

state conversion and maintenance remains to be fully understood. Quantifying the changes in 

mitochondrial structure and function during cellular reprogramming helps to elucidate 

mechanisms of metabolic plasticity and rewiring that occurs during transitions between 

somatic cells and iPSCs.

Somatic Cell Reprogramming and mtDNA Heteroplasmy

Cellular reprogramming does not always generate iPSCs with heteroplasmy identical to the 

somatic source cells. Mutant mtDNA copy number can be enriched or reduced during 

somatic cell reprogramming, prolonged iPSC culture, and with iPSC differentiation [5, 45–

48]. Monitoring and controlling iPSC mutant heteroplasmy is important because mtDNA 

mutations can impact iPSC survival, proliferation, and differentiation potential, despite a 

higher reliance on glycolytic metabolism in pluripotency [49]. For example, iPSCs 

harboring the m.3243A>G mutation are viable despite decreased OXPHOS and elevated 

ROS levels; however, reprogramming efficiency was reduced and differentiation potential 
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was impaired, particularly for high energy-demanding cell types such as neurons and 

cardiomyocytes [22, 50]. In addition, somatic cell reprogramming can cause increased levels 

and activity of telomerase, which supports indefinite mitotic division [51]. Mitochondrial 

dysfunction by mutation in somatic cells also reduces telomerase activity and shortens 

telomere regions of nDNA [52]. It remains unclear whether increased mutant mtDNA 

heteroplasmy can affect iPSC telomeres; however, differentiated cells from iPSCs with an 

increased mutant mtDNA burden may show reduced longevity compared to low mutant 

heteroplasmy counterparts.

Few studies have investigated heteroplasmy changes with somatic cell reprogramming to 

pluripotency, but the results suggest outcomes with a high degree of variability (Table 1; 

Figure 2). One study reported that fibroblasts with m.3243A>G mutant heteroplasmy of 

77.7% yielded iPSCs with mutant heteroplasmy that ranged from undetectable to 99.4% 

after reprogramming, with most iPSC clones showing >80% mutant heteroplasmy [53]. A 

separate study also showed that fibroblasts with elevated mtDNA mutant heteroplasmy also 

yielded iPSCs with either extremely high or low mutant heteroplasmy [54]. In addition, 

fibroblasts from different individuals harboring the same mtDNA mutation with similar 

mutant heteroplasmy ratios may show dramatically different heteroplasmy shifts with 

reprogramming. In one case, dermal fibroblasts from two different individuals containing the 

m.3243A>G mutation at similar heteroplasmy levels (69.67% and 66.3%, respectively) 

showed either an even (1.11% to 85.05%) or a skewed mutant heteroplasmy distribution that 

contained almost all wild-type (WT) mtDNA in the iPSCs [55]. Reports of elevated mutant 

heteroplasmy for some iPSC clones do not guarantee that all somatic cells or specific 

mtDNA mutations with elevated heteroplasmy ratios survive reprogramming. In some cases, 

iPSCs with >80% mutant heteroplasmy become inviable, enabling iPSCs with more WT 

mtDNA sequences to overtake a reprogrammed population of cells to skew mutant 

heteroplasmy lower in the population [48]. Moreover, passaging iPSCs over time may 

decrease mutant heteroplasmy levels [48, 56, 57].

Altogether, three distinct distributions of mutant heteroplasmy appear to arise in populations 

of iPSCs generated from heteroplasmic fibroblasts (Figure 3). In one type, iPSCs retain the 

mutant heteroplasmy ratios of the source somatic cells. In the second mode, we call even 

distribution, iPSCs show an unbiased range of heteroplasmy from low to high. In the third 

scenario, we call skewed distribution, mutant heteroplasmy copy number ratios exist as 

either low, high, or at both extremes relative to WT mtDNA sequences (Table 1). These three 

distributions suggest potentially different mechanisms of shifting mutant heteroplasmy with 

reprogramming, which requires further studies to define molecular underpinnings. These 

observations motivate consideration of heteroplasmy when deriving iPSCs from patient cells 

and tissues with unknown mutant heteroplasmy levels, or when developing a disease model 

with iPSCs [46]. Despite the large number of known human mtDNA SNPs (~2,000) and 

deletions [19, 58], only seven have been studied in iPSCs. This small sample size makes 

generalizing these phenomena difficult; however, ignoring these shifts can potentially lead to 

poor reproducibility and differences in functional capabilities for iPSC clones used for 

developing personalized cell models and regenerative therapeutics.
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Potential Mechanisms of Shifting Heteroplasmy with Reprogramming

The mechanisms regulating heteroplasmy shifts during somatic cell reprogramming are 

currently unknown and understanding them may facilitate the generation of iPSC lines that 

are functionally consistent. One study measured heteroplasmy in iPSC clones and clonally 

derived fibroblasts from the same clonal patient-derived fibroblast lines and reported similar 

heteroplasmic variance in both cell types [22]. This result suggests that heteroplasmy shifts 

are minimal during reprogramming and that any changes are due to heteroplasmic 

heterogeneity in the starting cell population. Additional, similar studies will help to confirm 

whether heteroplasmic drift is from stochastic fluctuations in reprogrammed somatic cells, 

or whether there are biological pressures that influence heteroplasmy shifts during iPSC 

derivations. In the absence of additional studies, an inference from work on somatic cells 

may provide some insight for potentially conserved mechanisms of heteroplasmy selection 

(Figure 2).

Heteroplasmy selection mechanisms seem to operate at different levels of complexity. 

mtDNA heteroplasmy is known to shift during reproduction and early development at the 

cellular level, which has been reviewed extensively elsewhere [59–61]. In these studies, an 

mtDNA bottleneck, or ‘purifying selection’, occurs during oogenesis with the mtDNA copy 

number and heteroplasmy ratio dramatically reduced, followed by subsequent re-expansion 

upon fertilization and implantation. This process can enrich for certain mtDNA sequences 

and skew heteroplasmy ratios [18]. mtDNA copy number reduction also occurs during 

cellular reprogramming and may give rise to a similar genetic bottleneck in iPSC generation 

[27, 28, 62–65]; however, the precise timing of this reduction and segregation during 

reprogramming remains unclear and warrants further investigations [22, 50, 54].

Recently reported observations show that ‘selective pressure’ for specific heteroplasmy 

ratios is generated among tissue types with different metabolic requirements. Individual 

patients can demonstrate tissue-specific mutant heteroplasmy ratios potentially influenced 

by the unique metabolic demands of different tissues [66]. Specific mtDNA mutations and 

heteroplasmy ratios may provide a selection advantage through cellular fitness at the 

mitochondrial level by altering the epigenetic, metabolic, and/or energetic state of a cell. For 

example, the m.3243A>G mutation can promote tumorigenicity through altered ROS and 

TCA cycle metabolite concentrations that enhance the proliferation rate of transformed cells 

[67, 68], and other tumor types show changes in mutant heteroplasmy levels with respect to 

normal tissue [69–71].

Specifically, work in human prostate cancer shows strong heteroplasmy shifts in malignant 

cells relative to benign tissue, with higher heteroplasmy ratios correlating with greater 

metabolic rewiring and reduced patient survival [72]. Similarly, iPSCs require certain 

metabolic conditions to sustain pluripotency (Figure 1). There may be mtDNA variants that 

enhance or impair the induction or maintenance of these metabolic states to provide a 

selective advantage or disadvantage for iPSC proliferation and survival. Reprogramming 

initiates metabolic rewiring in somatic cells and the energetic and metabolic demands 

particular to the iPSC fate may generate selective pressure for specific heteroplasmy ratios. 

Advances in single cell sequencing approaches also help to enable the analysis of cell-to-cell 
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genomic variation [73]. A recent study performed single cell sequencing on patient blood 

and showed that T cells harbor a reduced level of m.3243A>G heteroplasmy compared to 

other hematopoietic lineage cells [74]. Moreover, our literature meta-analysis suggests that 

the analysis of multiple clonal iPSC lines derived from clonal somatic cells are required to 

unravel heteroplasmy shifts due to reprogramming, which could provide insight into the 

mechanisms controlling these shifts (Figure 2). Altogether, cellular heterogeneity and tissue-

type specific selective pressures may influence heteroplasmy shifts during cellular 

reprogramming and suggest that single cell approaches to quantify these shifts will provide 

greater insight into the mechanisms and consequences thereof.

Heteroplasmic selection can occur at the level of mtDNA in individual cells. Mechanisms 

related to mtDNA replication may influence heteroplasmy, including expression levels and 

activity of the mitochondrial DNA polymerase, Pol γ, nucleotide imbalances, and selective 

replication of specific mtDNA sequences, such as those containing deletions [19, 75, 76]. 

mtDNA deletions and specific point mutations are known to generate a replicative advantage 

in mitochondrial biogenesis and mtDNA replication [20, 77]. These effects may compound 

with potential heteroplasmy shifts that occur with cellular reprogramming, followed by 

mtDNA copy number expansion in iPSCs stimulated to differentiate. The cooperative 

regulation of mtDNA transcription from elements encoded within the nDNA and mtDNA 

may represent another genetic level of selective pressure that controls heteroplasmy. In 

studies of mother-offspring pairs, selection of the mtDNA variants present in the offspring 

were often influenced by the mother’s nuclear genetic background [16], and the 

heteroplasmy of iPSCs may be affected by the parental cell source [47]. Additionally, patient 

fibroblasts with similar heteroplasmy for the same mutation can show unique ranges of iPSC 

heteroplasmy, perhaps from the influence of nDNA on mtDNA populations [55]. This 

phenomenon has also been observed in ESCs derived from somatic cell nuclear transfer 

(SCNT) embryos. ESCs from mtDNA corrected embryos were initially found to contain the 

donor mtDNA, suggesting that the disease would not arise in future generations [46]. 

However, these ESCs eventually reverted to the maternal haplotype, indicating likely 

residual native mtDNA and implying that the compatibility between the mtDNA and the 

germ cell nDNA could affect mtDNA replication efficiency and the desired heteroplasmy 

shift. Mitochondrial metabolism may also affect heteroplasmy shifts by influencing the 

nuclear epigenome through alterations in the levels of alpha-ketoglutarate, succinate, s-
adenosylmethionine, and other epigenetic-modifier levels in the cell [24, 78, 79]. Specific 

heteroplasmy states may poise cells to maintain pluripotency and provide a selective 

advantage during reprogramming.

Manipulating Heteroplasmy in vitro

With our current lack of detailed mechanistic insight into the regulation of heteroplasmy 

during cellular reprogramming, methods that manipulate mtDNA sequences and 

heteroplasmy in somatic tissues may provide a path forward for specifying heteroplasmy 

ratios in iPSCs. Engineered endonucleases targeted to the mitochondria within cells have 

been used to degrade mutant mtDNA to enrich for WT heteroplasmy. Mitochondria-targeted 

Transcription Activator-Like Effector Nucleases (mitoTALENs) degraded mutant mtDNA in 

fibroblasts prior to reprogramming to pluripotency and differentiation to progeny cells to 
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reduce heteroplasmic levels of m.3243A>G, m.5024 C>T, and m.13513 G>A mutations [57, 

80, 81]. To date, only mitoTALENs have shifted the heteroplasmy of iPSCs; however, other 

endonucleases have the potential to manipulate levels of specific mtDNA sequences in 

iPSCs including mitochondrial zinc finger nucleases (mitoZFNs) and possibly the 

CRISPR/Cas gene editing system. mitoZFNs have successfully eliminated mutant mtDNA 

from human osteosarcoma cells [82], and two studies targeted mitoZFNs to the m.5024C>T 

mutation in mice, which showed a reduction of mutant mtDNA copy number in heart and 

skeletal muscle cells. However, neither study fully eliminated mutant heteroplasmy or 

measured the long-term effects of mitoZFN treatment on mutant heteroplasmy [83, 84]. The 

CRISPR/Cas gene editing system has also been shown to degrade specific mtDNAs [85, 86]. 

However, all endonuclease-enabled mtDNA manipulation tools are limited to eliminating 

specific mtDNA sequences and are unable to yield genetic knock-ins, which require the 

function of specific DNA repair mechanisms that are not as extensive or robust in the 

mitochondria as those in the nucleus. Some mtDNA repair mechanisms are well understood 

and characterized, such as base excision repair, whereas other mechanisms, such as double-

stranded DNA and nucleotide excision repair, are poorly elucidated, as reviewed elsewhere 

[87, 88]. In addition to our current limited knowledge on the effects of endonucleases in 

stem cells, endonucleases have potential off-target effects, are time consuming to design for 

specific sequences, and must be engineered for import into the mitochondrial matrix [81, 

83]. Investigators have also looked beyond endonucleases to manipulate cellular pools of 

mtDNA. An exciting new study of a modified bacterial cytidine deaminase toxin showed 

direct editing of the mtDNA in transformed human cells, which shifted heteroplasmy and 

induced functional metabolic changes with minimal off-target activity [89]. This technology 

currently has a ~30% targeting efficiency and has promise for in vitro and in vivo mtDNA 

editing but has yet to be used in iPSCs or other stem cell types.

The transfer of mitochondria containing WT mtDNA sequences into somatic cells followed 

by reprogramming to iPSCs provides a potential route towards eliminating deleterious 

mtDNA mutations. Cytoplasmic hybrids, or ‘cybrids’, provide one type of widely used 

mitochondrial transfer approach almost exclusively applied to generating transformed, 

immortalized cells containing an mtDNA genotype of interest. In one study, cybridization 

corrected cells with homoplasmy for m.14484T>C and m.4160T>C mutations in a patient 

sample, producing one viable, non-immortal cybrid fibroblast line out of 12 total lines that 

contained only non-mutant mtDNA [90]. Cells from this one successful line were later 

reprogrammed to iPSCs and differentiated into retinal ganglion cells that appeared to contain 

no mutant mtDNA. Currently this is the only study to successfully reprogram cybrids with a 

corrected mtDNA mutation, and further work is needed to assess the reproducibility, 

efficiency, or generality of this approach in iPSCs.

Additional approaches to stably introduce exogenous mtDNA sequences involve transferring 

isolated mitochondria into cells. A growing literature shows mitochondrial coincubation 

with mammalian cells yields efficient uptake of mitochondria from the culture medium with 

a range of changes to cell energetics and activity, but the majority of these studies report on 

effects seen within a limited time frame following transfer [91, 92]. Several reports show 

stable integration of exogenous mtDNA from isolated mitochondrial coincubation but 

require high levels of isolated mitochondria or antibiotic selection schemes that limit the 

Sercel et al. Page 8

Trends Cell Biol. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mtDNA genotypes that can be transferred [93, 94]. While coincubation facilitates 

mitochondrial uptake, long-term maintenance of stably integrated exogenous mtDNA is 

difficult to achieve.

Microinjection has been used to directly transfer mitochondria into the cytoplasm of human 

cells to yield stable mitochondrial transfer [95], however, the method is laborious and prone 

to damaging cells by disrupting the plasma membrane when inserting the glass microneedle. 

One recent technology that reduces the damage caused to recipient cells, called a 

‘photothermal nanoblade’, was used to transfer isolated mitochondria into transformed 

cells that lacked mtDNA to engineer cellular metabolism [96]. However, this approach and 

its high throughput variant, the Biophotonic Laser Assisted Surgery Tool, have limited 

accessibility and have not been used directly with PSCs because of their requirement for 

expertise in lasers and advanced optics [97]. A variation of this technology, called 

MitoPunch, uses a solenoid driven piston to deliver isolated mitochondria into adherent 

mtDNA-depleted mammalian cells [98, 99]. This method has been used to generate 

fibroblasts that stably express homoplasmic exogenous mtDNA and yield functional iPSCs 

after reprogramming [100]. These methods have not been used to alter heteroplasmy directly 

in iPSCs, but they represent the potential of altering the mtDNA content of somatic cells that 

are then reprogrammed for downstream applications. Isolated mitochondrial transfer into 

somatic cells using these and a range of other methods, including MitoCeption and 

Magnetomitotransfer, to promote mitochondrial uptake by recipient cells [91, 101], is an 

exciting new area of research that holds promise for generating future cellular therapeutics 

for individuals living with mutant mtDNA-caused disorders (Figure 4).

Concluding Remarks

iPSCs hold great promise for studies in development, physiology, pathophysiology, and for 

future treatments of a wide array of diseases. Despite their therapeutic potential, several 

roadblocks have slowed the progress of iPSC products into clinical applications. Here, we 

evaluate and discuss one potential barrier that has been largely under the radar concerning 

mtDNA heteroplasmy shifts during somatic cell reprogramming and the importance of 

heteroplasmy ratios for iPSC functions and utility. We discuss the metabolic and 

mitochondrial demands of somatic cell reprogramming and put forth a conceptual 

framework based on the currently limited experimental data available to define three distinct 

heteroplasmy distributions identified within iPSC populations. We postulate mechanisms for 

these shifts based on evidence from studies of somatic and germ cells and encourage the 

community to expand on these experiments to enhance our understanding of mtDNA 

genetics in iPSCs. Finally, we explore current and future technologies and techniques to 

manipulate mtDNA sequences in order to model and possibly correct diseases of the 

mitochondria. Understanding the mechanisms that foster heteroplasmy shifts in somatic cell 

reprogramming should lead to the production of reproducible, consistent, and better-defined 

iPSC populations (see Outstanding Questions). An increased focus in this area of research is 

necessary to determine whether there are predictable shifts of heteroplasmy during cellular 

reprogramming, and careful time course experimentation using single cell -omics 

approaches will aid in understanding which selective pressures may be driving such changes. 

In addition, implementing recent advances in mitochondrial transfer and mtDNA genome 
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editing techniques in tractable in vitro cell systems will enable studies of how heteroplasmy 

effects reprogramming, iPSC function, and iPSC differentiation into other cell types. This 

increased understanding will provide tools to manipulate mutant mtDNA levels in cells for 

disease modeling or therapeutic applications. Even simpler methods, such as partial mtDNA 

depletion or single cell expansions, may provide paths forward to remove deleterious 

mtDNA sequences from established or novel patient-derived iPSC lines [102].

There exist hundreds of documented disease-causing mutations to the mtDNA [103], and yet 

we do not know the rates at which specific mutations expand within cells of different fates, 

or how other sequences may become eliminated. Further advances in methods to control 

mtDNA sequences and the ratios of these sequences within cells are needed to minimize the 

risk of detrimental outcomes for patients treated in the future with stem cell-based products. 

The role of mitochondria as simple cellular “power plants” is an oversimplification, and the 

broad range of mitochondrial functions, all of which are affected by mtDNA heteroplasmy, 

touch on most if not all aspects of cell and organismal biology, directly or indirectly. Perhaps 

the future of cell based therapeutics depends on our ability to understand and manipulate this 

second, often overlooked, cellular genome.
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Glossary

Biophotonic Laser Assisted Surgery Tool
High-throughput transmembrane delivery device that uses a 532 nm wavelength non-

damaging laser pulse to enable the almost simultaneous transfer of up to micron-sized cargo 

directly into the cytoplasm of ~2 × 105 adherent mammalian cells.

Genetic bottleneck
Phenomenon that occurs when the mtDNA copy number falls dramatically, leaving a smaller 

subset of the original mtDNA genotypes that were initially present remaining in a cell. After 

such an event, the proportions of different mtDNA genotypes can shift and may not 

recapitulate the same proportions found before the bottleneck.

Heteroplasmy
The state of more than one mitochondrial genotype existing within a cell. The greater the 

heteroplasmy of an mtDNA variant, the higher its copy number relative to other mtDNA 

genotypes within that cell.

Homoplasmy
The state of only having one mitochondrial genotype within a cell.

Induced pluripotent stem cell (iPSC)
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A pluripotent stem cell derived from somatic cells that have undergone cellular 

reprogramming and reversion to pluripotency typically by viral transduction or mRNA 

transfection. iPSCs can be generated from the cells of different tissues of healthy or diseased 

individuals.

MitoPunch
High-throughput mitochondrial transfer device that uses pressure to deliver isolated 

mitochondria directly into the cytoplasm of ~ 2 × 105 cells simultaneously.

OXPHOS
Abbreviation for mitochondrial oxidative phosphorylation. This biochemical process utilizes 

the transport of elections sourced from biomolecule catabolism between the protein 

complexes of the mitochondrial electron transport chain to generate a hydrogen ion gradient 

and electrochemical potential across the mitochondrial inner membrane, which enables the 

activity of complex V ATP synthase.

Photothermal Nanoblade
Single-cell intracellular delivery device that uses a 532 nm wavelength non-damaging laser 

pulse to enable delivery of up to micron-sized cargo into individual adherent cells.

Pluripotent
This state describes a cell that has the potential to differentiate into cells of all three 

embryonic germ layers and, thus, any cell within the body.

Replicative advantage
Increase in replication rate of specific mtDNA genotypes relative to other mtDNA species in 

a cell. This may include mtDNA deletions that reduce the number of nucleotides that must 

be polymerized to increase the speed of mtDNA replication, and some mtDNA point 

mutations that can enhance replication by other biochemical means.

Threshold effect
The phenomenon of mutant mtDNA causing different phenotypic effects based on the 

proportion of mutant to wild type mtDNA present. Many copies of mtDNA exists within 

cells, allowing wild type mtDNA to offset the deleterious effects of mutant mtDNA with 

progressively greater penetrance of the mutant phenotype in situations of greater 

representation within a cell.
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Text Box

Origins and quantification of mtDNA heteroplasmy

Unlike the diploid nuclear genome (nDNA), mtDNA is polyploid and exists as dozens to 

thousands of copies per cell [107]. mtDNA are dispersed throughout each mitochondrion 

in tightly compacted nucleoprotein structures, known as nucleoids, that are associated 

with the matrix side of the mitochondrial inner membrane [108]. Because of the high rate 

of mtDNA mutation, estimated up to 100x higher than nDNA [10], a cell carrying a 

single mtDNA sequence (homoplasmy) is comparatively rare. Instead, a mixture of 

different mtDNA sequences and genotypes are typically present in each cell, creating a 

condition termed heteroplasmy. Most cells within healthy humans often have low levels 

of mtDNA mutations, which can remain low or expand and increase over time. These 

mutations can become significant for human health because mtDNA, which contains no 

intron sequences unlike nDNA, has coding and non-coding genes and regulatory regions 

that are essential for the function of OXPHOS.

mtDNA mutations and heteroplasmy are either maternally inherited or may accumulate 

during aging (Figure 2). The mechanism(s) that cause sporadic mtDNA mutations are 

heavily debated. Because mtDNA are juxtaposed to the ETC and its oxidative respiratory 

complexes, one potential mechanism is that ROS introduce base modifications and DNA 

breaks. However, some studies conclude that ROS does not cause mtDNA mutations [49, 

109, 110], but instead that mtDNA lesions are introduced by replication errors [111]. 

mtDNA replication is continuous even in senescent cells and requires the only nucleus-

encoded, mitochondria-localized DNA polymerase, DNA polymerase subunit gamma 

(Pol γ). Replication errors may occur either by nucleotide imbalances, mutations to Pol 

γ, or low expression of mitochondrial transcription factor A (TFAM) [76, 112, 113].

To study the role of mtDNA mutations in human health requires robust tools to quantify 

heteroplasmy, which is defined as the percentage of total copies of a specific mtDNA 

sequence compared to all mtDNA copies within a cell. Common approaches to 

quantifying heteroplasmy due to point mutations and deletions include Southern blot, 

restriction fragment length polymorphism (RFLP), and allele refractory mutation system 

(ARMS)-qPCR analyses. Advances in digital PCR and next generation sequencing 

potentially enable even more sensitive methods to quantify mtDNA heteroplasmy [114].
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Outstanding Questions

• Will mtDNA heteroplasmy in iPSCs adversely affect differentiated cell 

therapies in regenerative medicine?

• What are the metabolic and genetic regulators of mtDNA heteroplasmy?

• What is the timing of mtDNA heteroplasmy shift(s) during reprogramming to 

pluripotency?

• Does the reduction in mtDNA copy number during cellular reprogramming 

resemble the mtDNA bottleneck that occurs in oocyte development?

• Can cytidine deaminase toxin enable efficient, on-target mtDNA editing in 

stem cells, including iPSCs and ESCs?
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Highlights

• Induced pluripotent stem cells (iPSCs) can differentiate into clinically 

relevant cell types, but understanding how mtDNA changes with 

reprogramming and how these changes affect iPSC and progeny metabolism 

will help to maximize their disease modeling, drug screening, and therapeutic 

potential.

• Reprogramming of somatic cells with mtDNA heteroplasmy can yield 

retained, evenly distributed, or skewed iPSC heteroplasmy ratios that will 

affect mitochondrial metabolism and potentially cell performance.

• mtDNA manipulation techniques have potential for controlling the range of 

mtDNA genotypes within iPSCs and their differentiated progeny cells for 

desired applications.
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Figure 1. 
Remodeling of Mitochondrial Metabolism is Required for Cellular Reprogramming to 

Pluripotency. Somatic cell reprogramming to iPSCs includes a transition in mitochondrial 

morphology from an elongated, filamentous and branching network structure to a collection 

of small, punctate, separate organelles. Concurrent with this morphology shift, metabolism 

skews from mainly OXPHOS in somatic cells used in this illustration towards mainly 

glycolytic metabolism in reprogrammed iPSCs. Additional changes that occur during 

reprogramming include a reduction in mtDNA copy number, alterations in TCA cycle 

metabolite levels, changes in Ca2+ handling and the production of Fe-S clusters, and a 

required, time-coordinated oxidative burst. Mitochondrial dysfunction can disrupt these key 

metabolic transitions and may result in incomplete reprogramming, spontaneous 

differentiation [19], or cell death.
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Figure 2. 
Meta-Analysis of Heteroplasmy Shifts During Reprogramming. Distributions of measured 

iPSC clone mutant heteroplasmy from studies listed in Table 1 are plotted alongside the 

heteroplasmy of the reprogrammed somatic source cells. Reprogrammed somatic cell 

heteroplasmy is indicated in red and resulting iPSC clone heteroplasmy is indicated in blue. 

(A) Heteroplasmy shifts measured in a single resulting iPSC clone derived from 

heteroplasmic starting cell materials. The single iPSC clones analyzed in each experiment 

are as follows: m.8344A>G from Chou et al. [56], m.8993T>C from Grace et al. [104] and 

Galera et al. [105], m.11778G>C from Hung et al. [106], and m.4160T>C and m.14484T>C 

from Hung et al. [106]. (B) Heteroplasmy shifts measured in multiple iPSC clones derived 

from heteroplasmic starting cell materials. The number of iPSC clones analyzed in each 
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experiment are as follows: m.3243A>G from Kodaira et al. [53] (n= 20, results sourced as 

averages taken from a binned bar chart and the text), Ma et al. [54] (n=10), Chichagova et al. 
[55] (listed from left to right: n=10, results sourced from a bar chart and the text, n=4, results 

sourced from a bar chart and the text), Yokota et al. [22] (results sourced from a bar chart, 

listed from left to right: n=46, n=18, n=40, n=37, n=20, n=4); m.8993T>C from Ma et al. 
[54] (n=10); and m.13513G>A from Folmes et al. [48] (n=3), and Ma et al. [54] (n=10).
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Figure 3. 
Potential Origins and Mechanisms of mtDNA Heteroplasmy Shifts During Reprogramming. 

Every nucleated somatic cell typically contains more than one mtDNA sequence. This 

situation, called heteroplasmy, can result from mtDNA point mutations and deletions due to 

several potential mechanisms, including Pol γ replication errors, nucleotide imbalances, and 

reactive oxygen species-induced mtDNA damage. Fibroblast cell lines with heteroplasmic 

mtDNA mutations that result in MELAS (Mitochondrial Encephalopathy and Lactic 

Acidosis Syndrome), LS (Leigh Syndrome), LHON (Leber’s Hereditary Optic Neuropathy), 

and MERRF (Myoclonic Epilepsy with Ragged Red Fibers) human mtDNA diseases or 

syndromes have been reprogrammed to iPSCs. Resulting iPSCs can exhibit any of three 

different potential heteroplasmy patterns between WT and mutant mtDNA, including 

skewed, even, and retained mtDNA distributions. The mechanism(s) for generating these 

three distinct mtDNA distributions are not understood, although described mechanisms for 

somatic cell and germ cell shifts in heteroplasmy may operate during reprogramming and 

can include a genetic bottleneck, mtDNA-nDNA communication, epigenetic memory, 

metabolite conditions, and replicative advantages for certain mtDNA sequences. These 

factors, or their combinations, could lead to the heteroplasmy variations reported for 

individual iPSC clones.
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Figure 4. 
Controlling Heteroplasmy in iPSCs for Clinical Applications. The utility of reprogramming 

patient-derived somatic cells into iPSCs may become limited for many reasons including the 

uncontrolled generation of suboptimal mtDNA heteroplasmy ratios. Tools and approaches 

have been developed to controllably manipulate the mtDNA content in somatic cells that can 

then be converted to iPSCs, or in iPSCs themselves, including targeted endonucleases, 

somatic cell nuclear transfer, and engineered mitochondrial transfer modalities. 

Methodologies to specify heteroplasmy levels in iPSCs could improve applications in 

disease modeling, drug screening, and regenerative medicine by tailoring mtDNA 

populations for specific applications.
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Table 1.

Heteroplasmy Shifts of mtDNA Mutations Following Cellular Reprogramming to Human iPSCs

Mutation Initial heteroplasmy in fibroblasts Heteroplasmy in iPSCs after reprogramming Citation

m.3243A>G

77.70%
3.6 – 99.4%

b [53]

69.67%
1.11% – 85.05%

b [55]

66.30%
0.67% – 2.00%

b [55]

29%
33 – 100%

b [54]

50%
47.5 – 97.5%

a [22]

80%
62.5% – 92.5%

a [22]

80%
67.5% – 97.5%

b [22]

50%
47.5% – 92.5%

a [22]

80%
72.5% – 97.5%

a [22]

80%
67.5% – 97.5%

b [22]

m.13513G>A

84%
0 – 100%

b [54]

50%
0 – 56%

b [48]

m.8993T>C

52%
0 – 87%

a [54]

85% 88% [104]

55% 32% [105]

m.11778G>C
100% 100%* [106]

100% 100%* [106]

m.14484T>C + 100% 100%* [106]

m.4160T>C    

m.8344A>G
90% 70% [56]

60% 60% [56]

*
From a homoplasmic cell line

a
even distribution

b
skewed distribution
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