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Abstract: Mitochondria are specialized organelles involved in energy production that have retained
their own genome throughout evolutionary history. The mitochondrial genome (mtDNA) is mater-
nally inherited and requires coordinated regulation with nuclear genes to produce functional enzyme
complexes that drive energy production. Each mitochondrion contains 5-10 copies of mtDNA and
consequently, each cell has several hundreds to thousands of mtDNAs. Due to the presence of
multiple copies of mtDNA in a mitochondrion, mtDNAs with different variants may co-exist, a con-
dition called heteroplasmy. Heteroplasmic variants can be clonally expanded, even in post-mitotic
cells, as replication of mtDNA is not tied to the cell-division cycle. Heteroplasmic variants can also
segregate during germ cell formation, underlying the inheritance of some mitochondrial mutations.
Moreover, the uneven segregation of heteroplasmic variants is thought to underlie the heterogeneity
of mitochondrial variation across adult tissues and resultant differences in the clinical presentation of
mitochondrial disease. Until recently, however, the mechanisms mediating the relation between mi-
tochondrial genetic variation and disease remained a mystery, largely due to difficulties in modeling
human mitochondrial genetic variation and diseases. The advent of induced pluripotent stem cells
(iPSCs) and targeted gene editing of the nuclear, and more recently mitochondrial, genomes now pro-
vides the ability to dissect how genetic variation in mitochondrial genes alter cellular function across
a variety of human tissue types. This review will examine the origins of mitochondrial heteroplasmic
variation and propagation, and the tools used to model mitochondrial genetic diseases. Additionally,
we discuss how iPSC technologies represent an opportunity to advance our understanding of human
mitochondrial genetics in disease.
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1. Introduction

Mitochondria are double membrane-bound organelles residing ubiquitously in the
cells of eukaryotic organisms. Mitochondria are multifaceted organelles that participate in
many cellular activities, the most critical of which is the production of molecular energy in
the form of adenosine triphosphate (ATP). Mitochondrial ATP production is largely driven
by oxidative phosphorylation (OXPHOS). The reducing equivalents nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FADH;) donate electrons through
a series of electron transport chain enzyme complexes to establish a proton gradient across
the inner mitochondrial membrane. The final OXPHOS complex, ATP synthase, harnesses
the electrochemical gradient to produce cellular ATP [1,2].

Highlighting the co-evolution of mitochondria and eukaryotic cells, the OXPHOS
enzyme subunits are encoded by both the mitochondrial DNA (mtDNA) and nuclear
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DNA (nDNA). Although the nDNA encodes the bulk of the OXPHOS complex subunits,
the mtDNA encodes key catalytic subunits of OXPHOS complexes I, and III-V. Only com-
plex II is entirely nDNA-encoded. The nDNA-encoded OXPHOS subunits play key roles
in the assembly, stability, and regulation of the OXPHOS complexes. Further, the nDNA
encodes mitochondrial chaperones, import machinery, and proteins involved in mtDNA
replication.

Mitochondrial respiratory chain disorders, often with diverse clinical presentations,
affect an estimated 1 in 4300 individuals [3,4]. Pathogenic mutations may arise in either
genome and result in defective OXPHOS, which drives alterations in upstream metabolic
pathways. The age and phenotypic presentation of mitochondrial diseases varies signifi-
cantly across individuals, even within the same family, creating challenges in diagnosis
and disease management. Currently, no therapeutic strategies for the treatment of mito-
chondrial genetic disease are FDA-approved [5].

Multiple copies of the mtDNA exist within a cell. A mitochondrion or cell can be
either homoplasmic or heteroplasmic. Mitochondria or cells that contain mtDNA's that are
identical are considered homoplasmic, whereas mitochondria or cells containing mtDNA'’s
with different genetic variants are considered heteroplasmic. Although homoplasmic
mtDNA mutations can cause mitochondrial disease, most frequently, phenotypic mitochon-
drial disease is due to heteroplasmic mutations. Patients with mitochondrial disease often
have different distributions of the pathogenic heteroplasmic variant across tissues, which
likely drives the phenotypic presentation. Further, the number of mtDNA copies with
the heteroplasmic variant varies widely across mitochondria and cells, as well as varying
across tissue types.

Advancing age is correlated with the accumulation of heteroplasmic variants [6],
which are more likely to alter the function of the OXPHOS complex. Consequently, it is
thought that mitochondrial dysfunction, resulting from increased mtDNA heteroplasmy;,
may underlie some of the distinctive pathological features of aging and age-related diseases
such as cardiovascular disease and dementia. As such, studying how mitochondrial
variants impact mitochondrial function across the lifespan may reveal novel ways to treat
age-related illnesses, saving millions in medical care costs and extending lifespans.

The advent of next generation and ultra-deep sequencing has increased our ability
to detect low level heteroplasmic mtDNA variants and comprehensively evaluate mito-
chondrial genetic variation across both genomes simultaneously. Delineating pathogenic
variants from benign polymorphisms is difficult due to the significant variation in the
mtDNA and limitations in the ability to validate variants of unknown significance or
suspected to be pathogenic. Access to the affected tissues in the setting of mitochondrial
disease is often not feasible. Consequently, the diagnosis of mitochondrial diseases is
often restricted to genetic and biochemical evaluation of blood samples, dermal fibroblasts,
or skeletal muscle biopsies. Modeling human mitochondrial disease has been challenging
due to substantial interspecies mitochondrial genetic variation, often precluding the use of
animal models.

Advances in human induced pluripotent stem cell (iPSC) and clustered regularly
interspaced short palindromic repeats (CRISPR-Cas9) gene-editing technologies provide
new opportunities for advancing our understanding of the underlying mechanisms of
mitochondrial disease. Herein, we provide an overview of the challenges and barriers
in studying the contribution of mitochondrial genetic variants to mitochondrial and age-
related diseases. Importantly, we discuss that iPSCs can undergo directed differentiation
towards any adult cell type, including cardiomyocytes and neurons. Through the use of
gene-editing technologies, iPSC-derived cells facilitate the exploration of the mechanisms
of mitochondrial genetic disease, allowing for the identification of causal relationships
between mitochondrial genetic variants and cellular phenotype to drive the identification
of novel therapeutics.
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2. The Mitochondrial Genome
2.1. Structure and Maintenance of the mtDNA

mtDNA is a circular, double-stranded chromosome of approximately 16,569 base
pairs localized to the mitochondrial matrix side of the inner mitochondrial membrane.
Each mitochondrion is thought to contain 5-10 copies of the mtDNA and depending on
the cell type, between 500 and 6000 copies of the mtDNA exist per cell [6]. The mtDNA
consists of a noncoding origin region, called the D-loop, 13 OXPHOS peptide-encoding
genes, 22 transfer RNAs (tRNA) and 2 ribosomal RNA (rRNA) regions for translation of
the 13 peptide-encoding genes [7]. Importantly, the bulk of the catalytic subunits of the
OXPHOS enzymes are encoded by the mtDNA.

Unlike nDNA, mtDNA is not bound by histones. Instead, mtDNA is folded and
maintained via various DNA binding proteins, including single-stranded binding proteins
and transcription factors. Together, the various binding proteins and condensed mtDNA are
termed nucleoids. The most abundant nucleoid protein is the mitochondrial transcription
factor A (TFAM) [8], which is ubiquitously associated with each mtDNA molecule at a
ratio of 1000:1, and has a sequence-non-specific binding capability that allows it to regulate
the topology of mtDNA [9,10]. Whether the other nucleoid-associated proteins compose
the nucleoid or are simply transiently associated has yet to be determined. Despite the
formation of nucleoids, however, mtDNA is not as tightly packaged as nDNA, which may
contribute to the higher mutation rate of mtDNA [11-13], along with its close proximity to
the electron transport chain, a source of oxidants.

The mtDNA is replicated by the DNA polymerase y (POLy), for which there is no
substitute [14]. The helicase TWINKLE begins replication at the heavy strand origin, work-
ing directly ahead of POLy. Single-stranded binding proteins cover the single stranded
parent heavy strand to prevent secondary structure formation and aberrant transcription
while the new heavy strand is synthesized. Following passage of the light strand origin,
about two thirds of the way through heavy strand synthesis, the newly freed light strand
origin forms a stem loop and is associated with a primer, which after about 25 nucleotides
is replaced by POLYy;, initiating transcription of a new light strand [7,15,16]. Importantly,
errors of replication are considered a major source of spontaneously arising mitochondrial
genetic variation and can be a causal factor in the accumulation of heteroplasmic mitochon-
drial populations [17,18]. As such, errors of replication are important considerations in
mitochondprial diseases.

2.2. Sources and Segregation of mtDNA Heteroplasmic Variants

Emerging evidence suggests heteroplasmy, a condition in which alternative alleles are
present in a single cell’s mitochondrial genomes, is widely present across the mitochondrial
genome in low amounts (~1-2%) in most, if not all, humans [19,20]. Much like the nDNA,
an alternative mtDNA allele may change the overall phenotypic presentation associated
with a gene. At such low levels, mtDNA variants are thought to be harmless. However,
due to genetic bottlenecking, uneven segregation of mitochondrial populations, relaxed
mtDNA replication, and both the positive and negative selection of pathological mtDNA
variants by environmental pressures, high levels of heteroplasmic mtDNA may accumulate
in a given tissue, resulting in disease [6,19,21,22].

Heteroplasmic mtDNA variants may initially arise as a result of direct base addition
error in DNA replication. Errors of replication, and resultant heteroplasmy, may not
necessarily be problematic in low quantities. For example, if 1% of the genes encoding for
an OXPHOS complex I subunit vary in sequence, but the other 99% of mtDNAs contain the
reference allele, the phenotype may be nonexistent or subclinical. However, with higher
levels of heteroplasmy, a biochemical disruption in OXPHOS may occur, resulting in
phenotypic changes in cell function and ultimately, the onset of disease [23] (Figure 1A).
The exact percentage of mtDNA copies that must possess a specific heteroplasmic variant in
order to result in a pathologic phenotype, however, will range by tissue, gene, and position
(Figure 1B). Together, the uneven tissue distribution and uneven percentage of the genes
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possessing the heteroplasmic variant highlight the difficulty in determining the exact
contribution of heteroplasmic variants to disease phenotypes.
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Figure 1. (A): Mitochondrial segregation can result in a spectrum of progeny, which harbor a range of mtDNA variants

dependent upon random segregation and/or positive and negative environmental selective pressures. Notably, time may in-

fluence the segregation process, including biological age. (B): While the biochemical threshold shown in 1A is static, the true

biochemical threshold for heteroplasmic variation functionally affecting the tissue varies by tissue type. Data adapted

from [23]. Figures created with biorender.com (accessed on 10 October 2021).

A major mechanism contributing to the generational persistence of heteroplasmy is
genetic bottlenecking. Bottlenecking is the phenomenon where the total mtDNA quan-
tity in the developing embryo is decreased due, in part, to lower oxygen tensions prior
to blastocyst implantation [21]. During development in females, germ line progenitors
undergo the mitochondrial genetic bottleneck, which determines the segregation of specific
mtDNA copies in the germ line progenitors into the various forming germ cells. mtDNA
segregation is intended to decrease pathogenic mitochondrial heteroplasmic variation to
prevent the transmission of pathogenic variants to offspring. The mitochondrial genetic
bottleneck determines the mtDNA sequences that will give rise to an organism’s somatic
cells, as well as the individual’s progeny, as the female germ line progenitor cells will
provide mitochondria to the future offspring. As such, if novel mutations arise during the
genetic bottleneck, or if there are selective pressures that result in a failure to eliminate
heteroplasmic variants, the future progeny may inherit heteroplasmic mtDNA. Recent
evidence has shown that maternal inheritance plays a significant role in the acquisition
of heteroplasmic variation [20,24,25]. Ultimately, the mechanisms mediating mtDNA seg-
regation into germ cells and the selection processes that maintain homoplasmic mtDNA
sequences during this segregation are critical points for the introduction of heteroplasmic
variation, and research is needed to identify the mechanisms mediating this process.

2.3. Selective Pressures and Heteroplasmic Variants

The selective pressures operating on mitochondrial heteroplasmic variants are com-
plex. Both positive and negative selective pressures influence the segregation of hetero-
plasmic mtDNA variants and alter their presence and levels in cellular populations or
tissues [21,24]. The mitochondrial genetic bottleneck, for example, is subject to environmen-
tal selective pressures. Under low oxygen tensions, germ-line progenitor-like cells have
been shown to have higher levels of heteroplasmic variance during events representative
of the mitochondrial genetic bottleneck [21]. In contrast, future somatic-like cells displayed
alow oxygen tension-dependent decrease in heteroplasmic segregation [21]. The difference
in positive and negative selection acting on heteroplasmic variants under a simulated
genetic bottleneck demonstrates the highly context-dependent influence of environmental
cues on mtDNA heteroplasmy in discrete cell types.
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Following the inheritance of heteroplasmic variants into a germ cell, it is currently
unknown if a mechanism governs segregation of mtDNA through the developing em-
bryo or if the process is random [19,26]. If it is random, as it seems from computational
models, this helps explain the uneven proportion of heteroplasmic variants across tissues
in any given disease, even between individual siblings carrying the same pathogenic
mutation. Random segregation, for example, has been shown to occur in the presence of
non-pathogenic mtDNA variants, with very few tissues remaining unsegregated [27]. How-
ever, non-random patterns of segregation have also been shown, although the mechanism
for non-random selection remains unclear [28].

One of the challenges in the diagnosis of mitochondrial disease is that the pathogenic
variant may not be present in blood cells as a result of negative selective pressure [29,30].
As blood cells have a fairly turnover, it is believed that they are able to undergo selection
against pathogenic variants. Consequently, skeletal muscle biopsy is often performed when
mitochondrial disease is suspected as skeletal muscle is a relatively accessible post-mitotic
tissue, thought to be representative of other post-mitotic cell types [31]. Further, even dif-
ferent blood cell types differ in the presence and variant allele frequency of heteroplasmic
variants [32]. In single cell sequencing of blood samples from three unrelated patients
with mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS),
the heteroplasmic levels of the pathogenic m.3243A>G variant varied across the peripheral
blood mononuclear cells with lymphocytes, particularly CD4* and CD8* T cells, having
much lower levels of the heteroplasmic variant than myeloid-lineage cells.

Lastly, environmental exposures also interact with the mtDNA and modulate the
penetrance of mitochondrial disease. In Leber’s hereditary optic neuropathy, cigarette
smoking triggers the onset of disease due to a decline in mtDNA copy number and impaired
mitochondrial biogenesis [33-35]. Of note, Leber’s hereditary optic neuropathy penetrance
is lower in females, likely due to the role of estrogens in maintaining higher mtDNA
copy numbers and mitochondrial mass in females compared to males. Additionally,
many mitochondrial disorders disproportionately affect males, as it has been hypothesized
that mitochondrial variation has evolved to not harm, or reduce the biological fitness of,
females [36].

The presence and levels of heteroplasmic variants likely change over time in a cell
type dependent manner, along with environmental interactions, which can be challenging
to study in humans. To date, our understanding of the pressures acting on heteroplasmic
variation and distribution within the body are largely the result of studying individuals
with mitochondrial disease, in which the causal variant is a heteroplasmic mtDNA variant.
As such, we still have much to understand regarding the effect of variants of unknown
significance, or how variants that present exclusively in tissues that are difficult to obtain,
such as brain or heart biopsies, hindering research pace, drive disease. We are just begin-
ning to dissect how selective pressures modulate heteroplasmic variant segregation and
persistence in human disease.

3. Mitochondrial Physiology: Genes to Respiration and Metabolism
3.1. OXPHOS Substrate Input and Feedback Regulation

Most cellular ATP is generated through OXPHOS. The reducing equivalents that drive
OXPHOS are derived from a variety of sources. In eukaryotic cells, NADH and FADH) are
the primary products of the Krebs cycle, with fatty acid oxidation and anaerobic glycolysis
supplying additional reducing equivalents [37,38]. Reducing equivalents donate electrons
to the OXPHOS complexes, entering the electron transport chain at complexes I (NADH)
and II (FADH,). The flow of electrons through the OXPHOS complexes facilitates the
transfer of protons across the mitochondrial inner membrane to the intermembrane space,
setting up the proton motive force that drives the rotor-like enzyme ATP synthase. Turning
of the rotor of ATP synthase (complex V) results in ATP generation from ADP and inorganic
phosphate.

Of note, the reducing equivalent NADH, used as a substrate by complex I, is in-
volved in mediating end-product inhibition of pyruvate dehydrogenase, the main driver
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of glycolysis-derived acetyl CoA production. As such, an increase in NADH/NAD+ re-
sults in suppression of further NADH production under homeostatic conditions (Figure 2).
High NADH/NAD-+ ratios also inhibit the beta-oxidation of fatty acids, the other major
source of cellular acetyl CoA [39]. Typical of homeostatic processes, this system uses a
simple evolutionary mechanism for the inhibition of redundant enzymatic activity: end-
product inhibition. After end-product inhibition, the re-generation of NAD+ then releases
enzyme inhibition resulting in a resumption of activity of fatty acid oxidation and gly-
colysis. Hence, product inhibition by NADH is a major source of regulation of reducing
equivalent production across multiple metabolic pathways and is critical to intracellular
metabolic balance.
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Figure 2. (A) Mechanisms of Complex I deficiency. Impairment of complex I results in fewer electrons transferred from
NADH into the electron transport chain, and consequently, fewer protons pumped across the inner mitochondrial membrane,
resulting in a lower membrane potential (A'Y). The lower membrane potential results in a decreased proton motive force
with less ATP generation. Complex I shown in dark blue; II shown in yellow; III shown in green; IV shown in dark red;
V shown in pink; CoQ 10 shown I light blue; Cytochrome C shown in light red. (B) Illustration of the effects of reductive stress,
such as occurs in Complex I deficiency, on various metabolic pathways. Highlighted in red are molecules demonstrated to
be increased in abundance in reductive stress. Figure created with biorender.com (accessed on 10 October 2021).

3.2. Effects of Heteroplasmic Variance on OXPHOS Regulation

MtDNA heteroplasmic variants in the OXPHOS-encoding genes are more likely to be
missense mutations, resulting in an amino acid change, and hence, more likely to alter the
activity of the OXPHOS complex [6]. Mutations affecting complex I (NADH:ubiquinone
oxidoreductase) are among the most well-studied, causing mitochondrial complex I defi-
ciency disorders. Impairments in complex I result in the accumulation of NADH. Excessive
NADH/NAD+ ratios result in a chain of events disrupting cellular homeostasis. Excessive
and prolonged end-product inhibition of the Krebs cycle by elevated NADH, for example,
results in several changes. First, end-product inhibition causes the suppression of several
other important metabolic intermediates (succinate, malate, etc.) and excessive shunting
of the built-up pyruvate towards lactate production [40,41]. Excessive NADH levels also
inhibit fatty acid oxidation. The reductive stress as a result of elevated NADH/NAD+ alters
cellular homeostasis and affects downstream signaling pathways, influencing epigenetic
regulatory mechanisms and resultant transcriptional states [42].

Enhanced one-carbon metabolism is an emerging maladaptive upstream mechanism
contributing to NADH-reductive stress. Following pharmacologic inhibition or genetic
mutation of complex I, excessive NADH levels are, in part, attributable to an upregula-
tion of folate cycle-dependent one-carbon serine metabolism [43,44]. Even when high
NADH/NAD+ ratios would theoretically inhibit further NADH production to facilitate
normalization of NADH levels, one-carbon metabolism continues to drive NADH pro-
duction due to the absence of end-product inhibition, ultimately contributing to and
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sustaining the reductive stress. In a murine model of complex I deficiency, sustained serine
catabolism led to progressive mitochondrial disease featuring spasticity [44]. In contrast,
pharmacological inhibition of serine metabolism in the complex I deficient mice rescued
the reductive stress-dependent pathology, including normalizing cell growth, and reducing
whole-animal spasticity. Hence, one-carbon metabolism during OXPHOS failure is like a
contributor to NADH-dependent reductive stress (Figure 2B).

Experiments delineating the cascade of metabolic aberrations following mtDNA-
related OXPHOS deficiency show how clearly a single mutation can affect cellular home-
ostasis. Metabolites reflective of reductive stress (x-hydroxybutyrate, C2:0-carnitine,
C3:0-carnitine, acylcarnitines) are elevated in plasma from patients with mitochondrial dis-
ease compared to well-matched referents [3], indicating the potential utility of metabolomic
approaches for the diagnosis of mitochondrial disorders [3]. While hundreds of mtDNA
variants are suggested causal mutations in human disease phenotypes, only approximately
80 variants have been confirmed as causal while over 500 variants are still awaiting confir-
mation [45]. Significant work is needed to characterize the effects of heteroplasmic mtDNA
variants of unknown significance on human metabolism to identify novel diagnostic and
therapeutic targets.

4. Modeling Mitochondrial Disease

A number of case-studies have described mitochondrial diseases, however, consensus
on the diagnosis and treatment of mitochondrial disease continues to be elusive. The Mi-
tochondrial Medicine Society published guidelines in 2015 [31], but importantly, no FDA
approved therapies are available for the treatment of mitochondrial disease [46]. Cur-
rent treatment recommendations are supportive in nature. The lack of a consensus on
the management of mitochondrial disease is due to several factors. First, mitochondrial
diseases are highly heterogeneous, with the phenotypic presentation largely dependent
upon the mutational presence and burden within tissues. Second, the biochemical basis
of mitochondrial diseases in cells or tissue from humans is poorly characterized. A key
challenge in improving the diagnosis and treatment of mitochondrial disease is the rarity
of the disease, making large-scale clinical trials challenging. As a result of the rarity of the
disease, mitochondrial care networks for patients are needed to coordinate patient care
nationally and internationally [47].

The pathophysiology of many mitochondrial diseases, such as MELAS and mitochon-
drial cardiomyopathies of varying presentation remains poorly characterized. The ability
to achieve accurate and descriptive diagnostic criteria and identify therapeutic strategies
for mitochondrial diseases likely lies in successfully modeling mitochondrial disease at the
cellular level utilizing human cells.

4.1. Diagnosis of Mitochondrial Disease and the Use of Primary Human Tissues

Diagnosis of mitochondrial diseases remains an enormous challenge for clinicians and
researchers. Although new biomarkers are being discovered that differentiate patients with
mitochondrial disease from referents [3], progress is slow. Currently, when a mitochondrial
disease is suspected, a blood sample is evaluated for possible causal mitochondrial variants;
however, mitochondrial variants in the blood are often selected against as a result of high
cellular turnover rates. Consequently, biopsy of other tissues, such as urinary epithelial
cells, buccal mucosal cells, and skeletal muscle is often required for diagnosis [30]. Skeletal
muscle biopsies are the current mainstay of diagnosis for most mitochondrial diseases as
skeletal muscle reflects a post-mitotic tissue, enabling accurate sampling and detection of
heteroplasmic casual variants compared to blood, and can be more readily accessed [48].

Primary human tissue biopsies from individuals with a given mitochondrial disease
remain the most suitable for direct assessment of the biochemical and histological com-
ponents of the pathophysiology. Tissue obtained directly from an individual with the
mitochondrial disease myoclonic epilepsy with ragged red fibers (MERRF), for example,
provides histologic evidence that rules out all other pathologies [49]. Often, however, the af-
fected sites in patients with a mitochondrial disease, particularly those with multisystemic
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disease, are inaccessible. Additionally, many mitochondrial diseases present in tissues that
are rarely accessible and/or unsafe to biopsy routinely, such as the heart, brain, and liver.
Further, biopsies may not even contain defective mitochondrial samples due to somatic
mosaicism. Importantly, primary tissue cannot provide any insight into the causality
of any one factor, providing only correlation between genetic variation, histopathology;,
and clinical phenotypes.

4.2. Benefits and Drawbacks of Modeling Mitochondrial Disease in Animals

As primary tissues cannot provide causality, scientists often turn to animal models
in which they can experimentally modulate exposures and, hopefully, isolate the etiol-
ogy of a given disease. Animal studies have revealed many mechanisms whereby the
mutation of a given OXPHOS subunit, or another component of mitochondrial function,
results in disease [50]. These mechanistic studies have suggested the potential for several
therapeutic targets in mitochondrial disease [51-54]. Additionally, animal models have
allowed scientists to probe the causal relationship between variant introduction and cellular
pathophysiology and histopathology. The drawback, however, lies in the differences in
mitochondrial genetic variation between humans and animals.

The mitochondrial and nuclear genomes in eukaryotes have co-evolved, which has
led to a divergence in mitochondrial function, corresponding to the divergence in eukary-
otic species. Interspecies divergence has been illustrated in studies where human cells
received mitochondrial transplants from the very closely related chimpanzee or gorilla.
The inter-species mitochondprial transfer revealed an incompatibility of nuclear-derived
mitochondrial OXPHOS subunits with mitochondrial-derived OXPHOS subunits and the
cells displayed deficiencies in OXPHOS [55]. Similar studies exchanging mitochondria
(and their genomes) between rat and mouse cells revealed a similar incompatibility [56],
highlighting the potential lack of translatability of most mtDNA studies from animal mod-
els to humans. Because some mitochondrial genetic loci are conserved across the majority
of animals, some animal studies have demonstrated the consequences of mitochondrial
genetic perturbation in a way applicable to humans. While animal models of mitochondrial
disease caused by homogenic, highly conserved mutations are currently being employed
to study human mitochondrial disease [57], the utility in understanding the pathobiol-
ogy of many of the causal mutations in mitochondrial disease has been hindered by the
inter-species differences between human mtDNA-nDNA interactions and those of other
animals. Consequently, validating and determining the translatability of the underlying
mechanisms of mtDNA mutations in human cells remains of critical importance.

4.3. Disease Modeling in Human Induced-Pluripotent Stem Cell-Derived Mature Cells

The differences between animals and humans have raised the question: how do we
effectively study mitochondrial mutations of unknown significance in a human genetic
background on cell function? Historically, cybrids have been generated using human cell
lines depleted of their mtDNA with ethidium bromide and repopulated with mitochondria
through the fusion of an enucleated cell containing the mtDNA of interest. [55,58] Cybrid
cell lines have provided insights into the contribution of mitochondrial genetic variants to
cellular phenotypes; however, the cell types utilized to generate cybrids are restricted to
cancer cell lines, typically osteosarcoma cells, which already have an abnormal metabolic
phenotype, very different from that of non-cancerous cells [55,58,59]. Hence, human iPSCs,
with patient-specific genetic background, and the ability to use CRISPR-Cas gene editing
to introduce specific mutations, have the potential to greatly advance our ability to study
mitochondrial genetic variants on cellular phenotypes.

In contrast to primary human tissues, which are difficult to obtain, human iPSCs
are readily obtained through the genetic reprogramming of either skin fibroblasts or
peripheral blood mononuclear cells [60,61]. Following the ethical debates surrounding the
use of embryonic stem cells, and the search for more readily available sources of similar
pluripotent stem cells, Dr. Shinya Yamanaka’s laboratory identified four transcription
factors that induce the reprogramming of somatic cells into pluripotent cells that exhibit
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a functional and molecular phenotype highly similar to embryonic stem cells. Since the
resulting cells were derived through reprogramming Yamanaka and colleagues named
these cells “induced pluripotent stem cells” (iPSCs). As with embryonic stem cells, iPSCs
are pluripotent as they can be differentiated in vitro into any adult cell lineage of all three
germ layers, typically through the approach known as “directed differentiation”. Directed
differentiation is the process whereby sequential culture conditions are applied to stimulate
a sequence of cell fate decisions in vitro that recapitulate the series of milestones known to
occur during the in vivo embryonic development of that cell type [60].

The advent of iPSC technology revolutionized medicine, as iPSCs” derivation from
patient somatic cells, along with the optimization of culture conditions for their directed
differentiation, now provides an inexhaustible source of patient-specific cells that could be
differentiated in a targeted way towards any adult cell type. Importantly, iPSCs possess the
unique genetic background of a given patient, enabling research into the precise mechanism
of disease for that individual. Moreover, iPSC-derived cells allow targeted drug screens to
be performed using cells that carry a given patient’s genetic background, enabling facile
selection of already FDA-approved therapeutics for the management of their illness, as well
as the screening of safety and efficacy of novel drug candidates.

Several labs have already begun to utilize iPSC technology to model human mito-
chondrial disease [62—-67]. Until recently, gene-editing tools were unable to be targeted
into the mitochondria making it challenging to edit the mitochondrial genome. Hence,
iPSCs created from patients with a suspected or confirmed mitochondrial disease are
potentially effective for modeling mitochondrial genetic diseases in cases where the disease
results from nDNA mutations, or when diseased mitochondria carrying mutant mtDNA
are present in the cytoplasm of the starting reprogrammed cell from which an iPSC line
is clonally derived. Thus far, several groups have utilized iPSCs to model MELAS-like
neurons [62,63]. Other groups have derived iPSCs for the purpose of determining how
mitochondrial genetic variants present in the patient segregate in culture [65,68], and how
the mitochondprial variants affect the directed differentiation process into committed adult
phenotypes [62]. Few studies, however, have made use of iPSC and differentiation tech-
nologies to characterize the physiological effects of mitochondrial variants of unknown or
suspected pathological significance in differentiated cells.

The large promise, in our view, of patient-derived iPSCs is in the ability to study the
biochemical and subcellular pathophysiology of mitochondrial variants suspected but not
confirmed to contribute to disease. As previously stated, many mitochondrial variants are
correlated with multisystem disease phenotypes, but no treatment options are available as
the molecular signaling pathways, transcriptional and metabolic states, and epigenomic
changes that result from perturbed mitochondrial function in an organ-specific manner
have yet to be characterized. iPSCs harboring mtDNA variants stand to play a significant
role in allowing scientists to identify how mitochondrial variation affects mitochondrial
and cellular function.

4.4. Targeted Gene-Editing and Its Use in Identifying Functionally Relevant Variants

In addition to the use of human iPSC lines to gain mechanistic insight into cellu-
lar disease processes, the recent discovery of CRISPR/Cas9 gene-editing technology has
quickly changed the way we understand genetic variation and disease [69-71]. Previous
gene-editing techniques, including the Cre-lox recombinase mechanisms of rearrangement,
were complex and cumbersome requiring the introduction of additional sequences and
exogenous pharmacological compounds to activate the recombination mechanism. Earlier
gene-editing technologies such as zinc finger nucleases and TALENSs utilized multicompo-
nent editing systems that relied on induction of a locus-specific DNA double strand break,
paving the way for subsequent Cas9-based editing. CRISPR-Cas9 obviated the need for
anything except a guide RNA to facilitate targeted binding, the Cas9 protein for creating a
double stranded DNA break, and, if correcting via homology-directed repair, a template
sequence to introduce the variant of interest. While this system is still being optimized
to act site-specifically and efficiently to generate homozygous bi-allelic edits without off
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target DNA insertions or deletions, it is highly promising for use in understanding human
genetic variation and as a gene therapy.

Scientists now possess the ability to introduce site-specific mutations into the nuclear
genome [69,72,73] and even correct mutations to demonstrate the causal role of a spe-
cific mutation in the disease process. As such, CRISPR-Cas9 technology has quickly been
coupled with iPSCs to study disease-causing genetic variation in humans. Until recently,
targeting of the mtDNA with CRISPR-Cas9 was unfeasible due to challenges in target-
ing the guide RNA and Cas9 protein to the mitochondrial matrix [74-76]. Consequently,
most studies to-date have utilized CRISPR-Cas9 technologies to edit nDNA-encoded mi-
tochondrial genes. A large advantage of CRISPR-Cas9 editing in studying mitochondrial
genetic variants in particular, remains that one can introduce mutations of interest that
may be difficult to obtain from patient samples, and we are not limited by the geographic
location of a patient with a specific disease-causing variant.

While mtDNA gene editing using CRISPR/Cas9 remains more difficult than nuclear
editing, recent studies have demonstrated success doing so. In updating the method for tar-
geting the highly inaccessible mitochondrial matrix where the mtDNA is housed, scientists
have shown that by combining (1) an endogenously expressed Cas9 with a mitochondrial
targeting sequence with (2) an NADH:ubiquinone oxidoreductase chain 4 targeting guide
RNA, in conjunction with an RNA transport-derived stem loop element, the mtDNA can be
edited [76]. In addition to advances in CRISPR/Cas9, a non-CRISPR-based approach utiliz-
ing bacterial cytidine deaminase toxin demonstrated efficiency in catalyzing CeG-to-Te A
conversions within the mtDNA with high target specificity. This alternative approach
has the added benefit of not requiring endogenously encoded Cas9 proteins, which must
be inserted into the nDNA, and yields functional changes in metabolism when targeting
mitochondrially-encoded respiratory genes [77].

Targeted gene editing, in either the nuclear or mitochondrial genome, facilitates an
enhanced ability with iPSCs to understand variants of unknown significance, as correction
of these mutations will likely reveal their individual contributions, however large or small,
to the disease phenotype at the cellular level. Additionally, targeted gene editing facilitates
interrogation of nDNA genes suspected to interact with mtDNA genes, and identification
of how variants interact with different mitochondrial haplogroups. Lastly, the inefficiency
of bi-allelic reintroductions of genes of interest using CRISPR-Cas9 is advantageous, as one
can introduce heterozygous nDNA mutations and create heteroplasmic mitochondrial
populations. Importantly, the heterozygosity derived from CRISPR-Cas9-mediated gene
editing will be advantageous in identifying the biochemical thresholds for disease across
different mitochondrial mutations, as homozygous mitochondrial mutants in the nDNA
and homoplasmic pathogenic mtDNA variants usually result in cell death. Altogether,
these studies have shown potential for the use of CRISPR-Cas9 edited human iPSC-derived
adult cells in delineating the mechanisms responsible for mitochondrial dysfunction in
genetic diseases.

5. iPSCs and -Omics in Disease Modeling: Revealing Mitochondrial Mechanisms

In addition to iPSC models, the application of large-scale -omics (including epige-
nomics, transcriptomics, proteomics, and metabolomics) has aided in more completely
characterizing mitochondrial diseases. At the whole organism level, -omics approaches
such as metabolomics have revealed unifying signatures of mitochondrial diseases, as pre-
viously discussed. The utility of -omics in mitochondrial disease is a great, as the potential
for identifying biomarkers is greatly enhanced. iPSCs, which facilitate the creation of new
models of human disease, stand to play a significant role in helping model the effects of
mtDNA variation on metabolism and cellular function. Moreover, single-cell level -omics
in conjunction with iPSC models of human mitochondrial genetic variation stand to play a
significant role in identifying the cellular pathobiological mechanisms of mitochondrial
disease. Single cell -omics will help reveal how heteroplasmic variants along a sliding scale
of percentages of the mtDNA population in a given cell contribute to the disease phenotype
and have limitless potential when considered across all genes and in multiple cell types.
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5.1. Mitochondrial Cardiomyopathy: iPSC Models, Mechanisms, and Novel Therapeutic Targets

Mitochondrial cardiomyopathies have varying etiologies and clinical presentations,
with the mechanisms remaining undiscovered. Mutations in mitochondrial genes in both
mtDNA and nDNA can result in mitochondrial cardiomyopathies (Table 1 and Figure 3) [78].
The use of iPSC-derived cardiomyocyte models, in conjunction with CRISPR-Cas9 gene
editing, now makes it possible to model mitochondrial cardiomyopathy and study the
cellular pathobiology of mitochondrial cardiomyopathy [79,80]. Several studies have
demonstrated the ability of iPSC-derived cardiomyocytes to recapitulate various cardiomy-
opathy phenotypes such as hypertrophy, dilation, and metabolic dysfunction [80-83],
but such methodologies have yet to be utilized to systematically, and comprehensively,

evaluate mutations that cause mitochondrial cardiomyopathy.

Table 1. nDNA and mtDNA mutations resulting in mitochondrial cardiomyopathies.

Gene Protein Mutation
TKFC Triokinase and FMN cyclase 1628G>T
FLAD1 Flavin adenine dinucleotide synthetase 1 526_537delinsCA
NADH:ubiquinone oxidoreductase core
NDUFS2 ; 683G > A, 686C > A, 1237T > C
subunit 52
NDUEA2 NADH:ublqumon? oxidoreductase IVS2DS, G-A, +5
subunit A2
NDUFB11 NADH dehydrogenase [ubiquinone] 1 IVS1DS, G-A, +5, 262C > T,
beta subcomplex subunit 11 402delG
NDUFS4 NADH:ublqumone. oxidoreductase 4G > A, 316C > T
subunit 54
NDUESS NADH:ubiquinone oxidoreductase core 236C > T, 305G > A, 229C > T,
subunit S8 476C > A
NDUEAI0 NADH:ublqumon'e oxidoreductase 1A > G, 425A > G
subunit A10
NDUFV2 NADH:ubiquinone oxidoreductase core  yg, 5 | 8301GTTA, 669_670insG
subunit V2
SDHA Succinate dehyd.rogenase. complexf 1664G > A
lavoprotein subunit A
SDHD Succinate dehydrogenase complex ITEA S G
subunit D
433C>G,421C>T,718C > T,
COQ4 Coenzyme Q4 202G > C
Ubiquinol-cytochrome c reductase,
UQCRFSI Rieske iron-sulfur polypeptide 1 610C>T
MT-CYB Mitochondrially-encoded cytochrome b 15498 G > A
MT-CO?2 Mltochondrla.lly-encoded. cytochrome ¢ 7896G > A
oxidase subunit 2
COX6A2 Cytochrome c oxidase subunit 6A2 117C> A
COX6B1 Cytochrome c oxidase subunit 6B1 58C>T
COX10 Cytochrome c oxidase subunit 10 791C > A, 1211A>T
COX14 Cytochrome c oxidase subunit 14 88G > A
COX15 Cytochrome c oxidase subunit 15 700C > T
ATP5F1D ATP synthase F1 subunit delta 245C>T
MT-ATP6 ATP synthase FO subunit 6 8993T > G, 8528T > C
MT-ATPS ATP synthase FO subunit 8 8528 T>C
MC5DN6 ATP synthase membrane subunit DAPIT 87+1G > C, +1
PPA2 Inorganic pyrophosphatase 2 280A>G, 318G > T, 380C > T,

500C > T, 514G > A, 683C > T
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Figure 3. Illustration of the oxidative phosphorylation complexes and their respective subunits. Subunits are listed in
alphabetical order in each complex and as such, complex prefixes have been left off. For example, in complex I, prefix NDU-;
complex IT SDH-; etc. Subunits shaded darker are reflective of genes with mutations curated from Origin of Mendelian
Inheritance in Man (OMIM) by performing a search for “mitochondrial cardiomyopathy” on 4 January 2020.

One study has demonstrated the utility of using iPSC-derived cardiomyocytes for
screening novel therapeutic strategies in mitochondrial cardiomyopathy. iPSC-derived car-
diomyocytes were generated from pediatric patients carrying a loss of function mutation in
the DNAJC19 gene (rs137854888). The iPSC-derived cardiomyocytes carrying the DNAJC19
gene mutation had differential levels of cardiolipin species and mitochondrial fragmenta-
tion, pathophysiological signs previously associated with dilated cardiomyopathy with
ataxia (DCMA), a phenotype often diagnosed with Barth syndrome. Treatment with SS-31
in part restored mitochondrial networks [84], although the mechanism, which appears
to be linked to mitochondrial membrane lipid cardiolipin, remains unclear. While this
study did not use CRISPR-Cas9 editing, it does reveal the utility of human iPSC-derived
cardiomyocytes harboring mitochondrial genetic variants in studying the mechanisms of
mitochondrial disease. As aforementioned, the additional application of CRISPR-Cas9
will allow scientists to effectively model variants that are difficult to obtain from patient
populations; for example by editing normal iPSCs to introduce variants of uncertain signif-
icance that have been hypothesized to result in mitochondrial dysfunction. Importantly,
for mitochondrial mutant models that do exist from patients, many have yet to be pheno-
typically validated [85]. This may mean that extensive validation of iPSC-derived lines will
be needed to ensure accurate recapitulation of clinical phenotypes.

5.2. Mitochondrial Disease Modeling across Different Cell Types

While mitochondrial cardiomyopathy only represents one clinical presentation of
mitochondrial mutations, the opportunities for modeling mitochondrial disease are ex-
pansive. Just as many iPSC models of nNDNA mutants have been created to model human
disease [73,86-88] we postulate that the advancements in mtDNA gene editing will facili-
tate a wide breadth of mitochondrial disease modeling. With the ability of iPSCs to undergo
directed differentiation towards any adult cell type, it is now possible to systematically
evaluate the effects of mitochondrial genetic variation on cellular phenotype. To-date,
most studies of mitochondrial genetic variation have only used undifferentiated iPSCs,
or have differentiated the iPSCs into a select few cell types including neurons/neural
progenitor cells, fibroblasts, and cardiomyocytes [52,56,64,68,73]. iPSCs have been gener-
ated from patients harboring variants that cause mitochondrial disease, illustrating the
feasibility of creating patient-derived unique cell lines [74] However, the limit in breadth of
cell type differentiation, the small selection of mitochondrial genes studied, and the lack
of investigation of how differing heteroplasmic variant levels affect cellular phenotype
have limited the realization of the full potential of iPSCs and CRISPR/Cas9 gene-editing
techniques in advancing our understanding of mitochondrial genetic variation in disease.



Genes 2021, 12, 1668

13 of 18

6. Limitations and Room for Optimization in iPSC Modeling

Despite the advantages conferred over animal models and primary human tissues,
iPSCs have several limitations in their ability to model mitochondrial disease. First, while
iPSCs possess the ability to differentiate into any cell type, some mitochondrial mutations
disrupt the differentiation process, particularly directed differentiation toward highly ener-
getic cell types [62]. If a given mitochondrial genotype severely impairs respiratory chain
function, the differentiation to highly energetic cell types may not be feasible. As such,
not all mitochondrial genetic variants of interest will be able to be successfully modeled in
iPSC-derived adult cells. Additionally, a recent report described the effect of reprogram-
ming of fibroblasts to iPSCs on the presence of heteroplasmic mutations, and suggested that
age-acquired mtDNA variants do not persist through reprogramming. This may mean that
only inherited mtDNA heteroplasmic variants in patient-derived iPSCs can be modeled
without using gene editing [89]. This report did find, however, that the heteroplasmic
variants present in the iPSCs are not lost and remain at similar levels in the subclones,
suggesting that the heteroplasmic variants present in an iPSC line are stable. Together,
these studies highlight the importance of genetic sequencing in validating genotypes at
multiple time points in a given study.

In addition to the limitations in genetic modeling and differentiation, iPSCs that are
successfully differentiated do not always possess the characteristics of the fully-mature
adult cell type, retaining a more fetal-like phenotype. For example, while iPSC-derived car-
diomyocytes contract and express cardiac muscle-specific genes, they lack adult metabolic
phenotypes and calcium handling properties [90-92]. Interestingly, emerging studies
have demonstrated that modulation of the metabolic components provided in the media
enhances the maturation of iPSC-derived cardiomyocytes [93,94]. Currently, multiple
strategies are being evaluated for improving the maturation of iPSC-derived cells to ensure
translatable findings, including optimization of media conditions and alternative culture
substrates [93,95,96]. Lastly, with varying efficiencies of differentiation and heterogeneity
of iPSC-derived populations, cultures can contain multiple cell types, not all of which are of
interest. Despite the limitations in iPSC technologies, with continued advancement, it holds
a great deal of promise in advancing our understanding of rare mitochondrial diseases,
which will likely inform us of more common diseases with a mitochondrial component.

7. Conclusions

Mitochondrial disease pathobiology remains incompletely understood due to the
absence of disease models. We posit that the recent advancements in human iPSC technol-
ogy, in conjunction with CRISPR-Cas9 targeted gene-editing techniques, will significantly
extend our ability to systematically investigate the effect of individual or combinations
of nDNA or mtDNA-encoded mitochondrial gene mutations, on mitochondrial function
in various adult cell types. The use of multi-omics approaches, particularly at the single
cell level in iPSCs, positions the iPSC to be an effective model system for mitochondrial
metabolic disorders. Moreover, the ease of iPSC-based screening assays for environment-
gene interactions will enhance our understanding of the effect of these interactions on
cell phenotypes. Advancement in our understanding of mitochondrial pathobiology will
aid in the identification of therapeutic targets in the management of what are currently
difficult diseases to treat. Our enhanced understanding will enable drug screening assays
that include patient-specific human genetic backgrounds in adult cell types and are likely
to identify novel treatment strategies (Figure 4).
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Figure 4. iPSCs edited with CRISPR-Cas9 (nDNA) and cytidine deaminase base editing (mtDNA)
can be utilized for the identification of novel mechanisms and treatments in mitochondrial diseases.
Figure created with biorender.com (accessed on 10 October 2021).

Author Contributions: Conceptualization, J.L.F,; writing—original draft preparation, ].D.M. and J.L.F;
writing—review and editing, ]. D.M., D.M.G., D.N.K. and ].L.E; supervision, ].L.E; project administra-

tion, ].L.F,; funding acquisition, J.L.F. All authors have read and agreed to the published version of

the manuscript.

Funding: This research was supported by the National Heart, Lung, and Blood Institute T32

HL007224-45 to ].D.M., and K01 HL143142 to ].L.F. D.N.K reports NIH grants NO1 75N92020C00005,

TL1TR001410, and U01TR001810 and D.M.G. reports an American Heart Association grant #17FTF33670369.

Acknowledgments: The authors acknowledge the wonderful help of Irene Chung in creating
Figure 3.

Conflicts of Interest: The authors declare no conflict of interest.

1. Wallace, D.C. Why Do We Still Have a Maternally Inherited Mitochondrial DNA? Insights from Evolutionary Medicine. Annu.
Rev. Biochem. 2007, 76, 781-821. [CrossRef] [PubMed]
2. Wallace, D.C.; Fan, W.; Procaccio, V. Mitochondrial Energetics and Therapeutics. Annu. Rev. Pathol. Mech. Dis. 2010, 5, 297-348.

[CrossRef] [PubMed]

3. Sharma, R.; Reinstadler, B.; Engelstad, K.; Skinner, O.S.; Stackowitz, E.; Haller, R.G.; Clish, C.B.; Pierce, K.; Walker, M. A ; Fryer, R ;
et al. Circulating Markers of NADH-Reductive Stress Correlate with Mitochondrial Disease Severity. J. Clin. Investig. 2021, 131,
€136055. [CrossRef] [PubMed]

4. Yonova-Doing, E.; Calabrese, C.; Gomez-Duran, A.; Schon, K.; Wei, W.; Karthikeyan, S.; Chinnery, PF.; Howson, ] M.M. An Atlas
of Mitochondrial DNA Genotype-Phenotype Associations in the UK Biobank. Nat. Genet. 2021, 53, 982-993. [CrossRef]

5. Weissig, V. Drug Development for the Therapy of Mitochondrial Diseases. Trends Mol. Med. 2020, 26, 40-57. [CrossRef]


biorender.com
http://doi.org/10.1146/annurev.biochem.76.081205.150955
http://www.ncbi.nlm.nih.gov/pubmed/17506638
http://doi.org/10.1146/annurev.pathol.4.110807.092314
http://www.ncbi.nlm.nih.gov/pubmed/20078222
http://doi.org/10.1172/JCI136055
http://www.ncbi.nlm.nih.gov/pubmed/33463549
http://doi.org/10.1038/s41588-021-00868-1
http://doi.org/10.1016/j.molmed.2019.09.002

Genes 2021, 12, 1668 15 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Elorza, A.A.; Soffia, ].P. MtDNA Heteroplasmy at the Core of Aging-Associated Heart Failure. An Integrative View of OXPHOS
and Mitochondrial Life Cycle in Cardiac Mitochondrial Physiology. Front. Cell Dev. Biol. 2021, 9, 625020. [CrossRef]
Gustafsson, C.M.; Falkenberg, M.; Larsson, N.-G. Maintenance and Expression of Mammalian Mitochondrial DNA. Annu. Rev.
Biochem. 2016, 85, 133-160. [CrossRef] [PubMed]

Alam, T.I. Human Mitochondrial DNA Is Packaged with TFAM. Nucleic Acids Res. 2003, 31, 1640-1645. [CrossRef] [PubMed]
Kukat, C.; Wurm, C.A.; Spahr, H.; Falkenberg, M.; Larsson, N.-G.; Jakobs, S. Super-Resolution Microscopy Reveals That
Mammalian Mitochondrial Nucleoids Have a Uniform Size and Frequently Contain a Single Copy of MtDNA. Proc. Natl. Acad.
Sci. USA 2011, 108, 13534-13539. [CrossRef] [PubMed]

Kaufman, B.A.; Durisic, N.; Mativetsky, ]. M.; Costantino, S.; Hancock, M.A.; Grutter, P.; Shoubridge, E.A. The Mitochondrial
Transcription Factor TFAM Coordinates the Assembly of Multiple DNA Molecules into Nucleoid-like Structures. Mol. Biol. Cell.
2007, 18, 3225-3236. [CrossRef]

Wallace, D.C. A Mitochondrial Paradigm of Metabolic and Degenerative Diseases, Aging, and Cancer: A Dawn for Evolutionary
Medicine. Annu. Rev. Genet. 2005, 39, 359-407. [CrossRef] [PubMed]

Krishnan, K.J.; Reeve, A K.; Samuels, D.C.; Chinnery, P.F; Blackwood, ] K.; Taylor, R.W.; Wanrooij, S.; Spelbrink, ].N.; Lightowlers,
R.N.; Turnbull, D.M. What Causes Mitochondrial DNA Deletions in Human Cells? Nat. Genet. 2008, 40, 275-279. [CrossRef]
[PubMed]

Brown, W.M.; George, M.; Wilson, A.C. Rapid Evolution of Animal Mitochondrial DNA. Proc. Natl. Acad. Sci. USA 1979, 76,
1967-1971. [CrossRef]

Copeland, W.C. DNA Polymerases in the Mitochondria A Critical Review of the Evidence. Front. Biosci. 2017, 22, 692-709.
[CrossRef]

Berk, A.J.; Clayton, D.A. Mechanism of Mitochondrial DNA Replication in Mouse L-Cells: Topology of Circular Daughter
Molecules and Dynamics of Catenated Oligomer Formation. J. Mol. Biol. 1976, 100, 85-102. [CrossRef]

Miralles Fusté, J.; Shi, Y.; Wanrooij, S.; Zhu, X.; Jemt, E.; Persson, O.; Sabouri, N.; Gustafsson, C.M.; Falkenberg, M. In Vivo
Occupancy of Mitochondrial Single-Stranded DNA Binding Protein Supports the Strand Displacement Mode of DNA Replication.
PLoS Genet. 2014, 10, €1004832. [CrossRef]

Otten, A.B.C,; Stassen, A.P.M.; Adriaens, M.; Gerards, M.; Dohmen, R.G.J.; Timmer, A.].; Vanherle, S.].V.; Kamps, R.; Boesten,
L.B.W.; Vanoevelen, ].M.; et al. Replication Errors Made During Oogenesis Lead to Detectable De Novo MtDNA Mutations in
Zebrafish Oocytes with a Low MtDNA Copy Number. Genetics 2016, 204, 1423-1431. [CrossRef]

Fontana, G.A.; Gahlon, H.L. Mechanisms of Replication and Repair in Mitochondrial DNA Deletion Formation. Nucleic Acids Res.
2020, 48, 11244-11258. [CrossRef] [PubMed]

Stewart, ].B.; Chinnery, P.F. The Dynamics of Mitochondrial DNA Heteroplasmy: Implications for Human Health and Disease.
Nat. Rev. Genet. 2015, 16, 530-542. [CrossRef]

Liu, C.; Fetterman, J.L.; Qian, Y.; Sun, X.; Blackwell, T.W.; Pitsillides, A.; Cade, B.E.; Wang, H.; Raffield, L.M.; Lange, L.A_; et al.
Presence and Transmission of Mitochondrial Heteroplasmic Mutations in Human Populations of European and African Ancestry.
Mitochondrion 2021, 60, 33-42. [CrossRef]

Pezet, M.G.; Gomez-Duran, A.; Klimm, E; Aryaman, J.; Burr, S.; Wei, W.; Saitou, M.; Prudent, J.; Chinnery, P.F. Oxygen Tension
Modulates the Mitochondrial Genetic Bottleneck and Influences the Segregation of a Heteroplasmic MtDNA Variant in Vitro.
Commun. Biol. 2021, 4, 584. [CrossRef]

Wolff, ].N.; Ladoukakis, E.D.; Enriquez, J.A.; Dowling, D.K. Mitonuclear Interactions: Evolutionary Consequences over Multiple
Biological Scales. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 2014, 369, 20130443. [CrossRef]

Rossignol, R.; Malgat, M.; Mazat, ] .-P.; Letellier, T. Threshold Effect and Tissue Specificity. J. Biol. Chem. 1999, 274, 33426-33432.
[CrossRef]

Wei, W.; Tuna, S.; Keogh, M.].; Smith, K.R.; Aitman, T.J.; Beales, P.L.; Bennett, D.L.; Gale, D.P.; Bitner-Glindzicz, M.A K,; Black,
G.C,; et al. Germline Selection Shapes Human Mitochondrial DNA Diversity. Science 2019, 364, eaau6520. [CrossRef]
Latorre-Pellicer, A.; Lechuga-Vieco, A.V.; Johnston, I.G.; Hamaldinen, R.H.; Pellico, J.; Justo-Méndez, R.; Fernandez-Toro, ] M.;
Claveria, C.; Guaras, A ; Sierra, R.; et al. Regulation of Mother-to-Offspring Transmission of MtDNA Heteroplasmy. Cell Metab.
2019, 30, 1120-1130. [CrossRef] [PubMed]

Raap, A K;; Jahangir Tafrechi, R.S.; van de Rijke, EM.; Pyle, A.; Wahlby, C.; Szuhai, K.; Ravelli, R.B.G.; de Coo, R.EM.; Rajasimha,
H.K,; Nilsson, M.; et al. Non-Random MtDNA Segregation Patterns Indicate a Metastable Heteroplasmic Segregation Unit in
m.3243A>G Cybrid Cells. PLoS ONE 2012, 7, €52080. [CrossRef] [PubMed]

Lechuga-Vieco, A.V.; Latorre-Pellicer, A.; Johnston, I.G.; Prota, G.; Gileadi, U.; Justo-Méndez, R.; Acin-Pérez, R.; Martinez-de-Mena, R ;
Fernandez-Toro, ].M.; Jimenez-Blasco, D.; et al. Cell Identity and Nucleo-Mitochondrial Genetic Context Modulate OXPHOS
Performance and Determine Somatic Heteroplasmy Dynamics. Sci. Adv. 2020, 6, eaba5345. [CrossRef]

Otten, A.B.C.; Sallevelt, S.C.E.H.; Carling, PJ.; Dreesen, ].C.EM.; Driisedau, M.; Spierts, S.; Paulussen, A.D.C.; de Die-Smulders,
C.E.M.; Herbert, M.; Chinnery, P.F,; et al. Mutation-Specific Effects in Germline Transmission of Pathogenic MtDNA Variants.
Hum. Reprod. 2018, 33, 1331-1341. [CrossRef] [PubMed]

Sue, C.M.; Quigley, A.; Katsabanis, S.; Kapsa, R.; Crimmins, D.S.; Byrne, E.; Morris, ].G.L. Detection of MELAS A3243G Point
Mutation in Muscle, Blood and Hair Follicles. J. Neurol. Sci. 1998, 161, 36-39. [CrossRef]


http://doi.org/10.3389/fcell.2021.625020
http://doi.org/10.1146/annurev-biochem-060815-014402
http://www.ncbi.nlm.nih.gov/pubmed/27023847
http://doi.org/10.1093/nar/gkg251
http://www.ncbi.nlm.nih.gov/pubmed/12626705
http://doi.org/10.1073/pnas.1109263108
http://www.ncbi.nlm.nih.gov/pubmed/21808029
http://doi.org/10.1091/mbc.e07-05-0404
http://doi.org/10.1146/annurev.genet.39.110304.095751
http://www.ncbi.nlm.nih.gov/pubmed/16285865
http://doi.org/10.1038/ng.f.94
http://www.ncbi.nlm.nih.gov/pubmed/18305478
http://doi.org/10.1073/pnas.76.4.1967
http://doi.org/10.2741/4510
http://doi.org/10.1016/S0022-2836(76)80036-8
http://doi.org/10.1371/journal.pgen.1004832
http://doi.org/10.1534/genetics.116.194035
http://doi.org/10.1093/nar/gkaa804
http://www.ncbi.nlm.nih.gov/pubmed/33021629
http://doi.org/10.1038/nrg3966
http://doi.org/10.1016/j.mito.2021.07.004
http://doi.org/10.1038/s42003-021-02069-2
http://doi.org/10.1098/rstb.2013.0443
http://doi.org/10.1074/jbc.274.47.33426
http://doi.org/10.1126/science.aau6520
http://doi.org/10.1016/j.cmet.2019.09.007
http://www.ncbi.nlm.nih.gov/pubmed/31588014
http://doi.org/10.1371/journal.pone.0052080
http://www.ncbi.nlm.nih.gov/pubmed/23272214
http://doi.org/10.1126/sciadv.aba5345
http://doi.org/10.1093/humrep/dey114
http://www.ncbi.nlm.nih.gov/pubmed/29850888
http://doi.org/10.1016/S0022-510X(98)00179-8

Genes 2021, 12, 1668 16 of 18

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

De Laat, P.; Koene, S.; van den Heuvel, L PW.J.; Rodenburg, R.J.T.; Janssen, M.C.H.; Smeitink, J].A.M. Clinical Features and
Heteroplasmy in Blood, Urine and Saliva in 34 Dutch Families Carrying the m.3243A > G Mutation. ]. Inherit. Metab. Dis. 2012,
35, 1059-1069. [CrossRef]

Parikh, S.; Goldstein, A.; Koenig, M.K.; Scaglia, F.; Enns, G.M.; Saneto, R.; Anselm, I.; Cohen, B.H.; Falk, M.].; Greene, C.; et al.
Diagnosis and Management of Mitochondrial Disease: A Consensus Statement from the Mitochondrial Medicine Society. Genet.
Med. 2015, 17, 689-701. [CrossRef]

Walker, M.A.; Lareau, C.A.; Ludwig, L.S.; Karaa, A.; Sankaran, V.G.; Regev, A.; Mootha, VK. Purifying Selection against
Pathogenic Mitochondrial DNA in Human T Cells. N. Engl. ]. Med. 2020, 383, 1556-1563. [CrossRef] [PubMed]

Moura-Coelho, N.; Pinto Proenca, R.; Tavares Ferreira, ].; Cunha, ].P. Late-Onset Leber’s Hereditary Optic Neuropathy: The Role
of Environmental Factors in Hereditary Diseases. BM] Case Rep. 2019, 12, €227977. [CrossRef]

Giordano, L.; Deceglie, S.; d’Adamo, P; Valentino, M.L.; La Morgia, C.; Fracasso, F; Roberti, M.; Cappellari, M.; Petrosillo,
G.; Ciaravolo, S; et al. Cigarette Toxicity Triggers Leber’s Hereditary Optic Neuropathy by Affecting MtDNA Copy Number,
Oxidative Phosphorylation and ROS Detoxification Pathways. Cell Death Dis. 2015, 6, €2021. [CrossRef]

Tsao, K.; Aitken, P.A.; Johns, D.R. Smoking as an Aetiological Factor in a Pedigree with Leber’s Hereditary Optic Neuropathy. Br.
J. Ophthalmol. 1999, 83, 577-581. [CrossRef]

Gemmell, N J.; Metcalf, VJ].; Allendorf, EW. Mother’s Curse: The Effect of MtDNA on Individual Fitness and Population Viability.
Trends Ecol. Evol. 2004, 19, 238-244. [CrossRef]

Meléndez-Hevia, E.; Waddell, T.G.; Cascante, M. The Puzzle of the Krebs Citric Acid Cycle: Assembling the Pieces of Chemically
Feasible Reactions, and Opportunism in the Design of Metabolic Pathways during Evolution. J. Mol. Evol. 1996, 43, 293-303.
[CrossRef] [PubMed]

Adeva-Andany, M.M.; Carneiro-Freire, N.; Seco-Filgueira, M.; Ferndandez-Fernandez, C.; Mourifio-Bayolo, D. Mitochondrial
-Oxidation of Saturated Fatty Acids in Humans. Mitochondrion 2019, 46, 73-90. [CrossRef]

Kimura, R.E.; Warshaw, J.B. Control of Fatty Acid Oxidation by Intramitochondrial [NADH]/[NAD+] in Developing Rat Small
Intestine. Pediatr. Res. 1988, 23, 262-265. [CrossRef] [PubMed]

Nishizawa, M.; Tanaka, K.; Shinozawa, K.; Kuwabara, T.; Atsumi, T.; Miyatake, T.; Ohama, E. A Mitochondrial Encephalomyopa-
thy with Cardiomyopathy. J. Neurol. Sci. 1987, 78, 189-201. [CrossRef]

Xiao, W.; Loscalzo, ]. Metabolic Responses to Reductive Stress. Antioxid. Redox Signal. 2020, 32, 1330-1347. [CrossRef]
Kopinski, PK.; Janssen, K.A.; Schaefer, PM.; Trefely, S.; Perry, C.E.; Potluri, P; Tintos-Hernandez, J.A.; Singh, L.N.; Karch, K.R.;
Campbell, S.L.; et al. Regulation of Nuclear Epigenome by Mitochondrial DNA Heteroplasmy. Proc. Natl. Acad. Sci. USA 2019,
116, 16028-16035. [CrossRef]

Bao, X.R.; Ong, S.-E.; Goldberger, O.; Peng, J.; Sharma, R.; Thompson, D.A ; Vafai, S.B.; Cox, A.G.; Marutani, E.; Ichinose, E; et al.
Mitochondrial Dysfunction Remodels One-Carbon Metabolism in Human Cells. eLife 2016, 5, €10575. [CrossRef]

Yang, L.; Garcia Canaveras, ].C.; Chen, Z.; Wang, L.; Liang, L.; Jang, C.; Mayr, J.A.; Zhang, Z.; Ghergurovich, ].M.; Zhan, L.; et al.
Serine Catabolism Feeds NADH When Respiration Is Impaired. Cell Metab. 2020, 31, 809-821. [CrossRef]

Bris, C.; Goudenege, D.; Desquiret-Dumas, V.; Charif, M.; Colin, E.; Bonneau, D.; Amati-Bonneau, P.; Lenaers, G.; Reynier, P.;
Procaccio, V. Bioinformatics Tools and Databases to Assess the Pathogenicity of Mitochondrial DNA Variants in the Field of Next
Generation Sequencing. Front. Genet. 2018, 9, 632. [CrossRef] [PubMed]

Liufu, T.; Wang, Z. Treatment for Mitochondrial Diseases. Rev. Neurosci. 2021, 32, 35-47. [CrossRef]

Karaa, A.; Goldstein, A.; Balcells, C.; Mann, K,; Stanley, L.; Yeske, PE.; Parikh, S. Harmonizing Care for Rare Diseases: How We
Developed the Mitochondrial Care Network in the United States. Mol. Genet. Metab. 2019, 127, 122-127. [CrossRef] [PubMed]
Alston, C.L.; Rocha, M.C.; Lax, N.Z.; Turnbull, D.M.; Taylor, RW. The Genetics and Pathology of Mitochondrial Disease:
Mitochondrial Genetic Disease. |. Pathol. 2017, 241, 236-250. [CrossRef] [PubMed]

Lorenzoni, PJ.; Scola, R.H.; Kay, C.5.K.; Arndt, R.C.; Silvado, C.E.; Werneck, L.C. MERREF: Clinical Features, Muscle Biopsy and
Molecular Genetics in Brazilian Patients. Mitochondrion 2011, 11, 528-532. [CrossRef] [PubMed]

Bagwan, N.; Bonzon-Kulichenko, E.; Calvo, E.; Lechuga-Vieco, A.V.; Michalakopoulos, S.; Trevisan-Herraz, M.; Ezkurdia, I.;
Rodriguez, ].M.; Magni, R.; Latorre-Pellicer, A.; et al. Comprehensive Quantification of the Modified Proteome Reveals Oxidative
Heart Damage in Mitochondrial Heteroplasmy. Cell Rep. 2018, 23, 3685-3697. [CrossRef] [PubMed]

Johnson, S.C.; Yanos, M.E.; Kayser, E.-B.; Quintana, A.; Sangesland, M.; Castanza, A.; Uhde, L.; Hui, J.; Wall, V.Z.; Gagnidze, A;
et al. MTOR Inhibition Alleviates Mitochondrial Disease in a Mouse Model of Leigh Syndrome. Science 2013, 342, 1524-1528.
[CrossRef]

Jain, LH.; Zazzeron, L.; Goli, R.; Alexa, K.; Schatzman-Bone, S.; Dhillon, H.; Goldberger, O.; Peng, J.; Shalem, O.; Sanjana, N.E.;
et al. Hypoxia as a Therapy for Mitochondrial Disease. Science 2016, 352, 54-61. [CrossRef] [PubMed]

Jain, I.H.; Zazzeron, L.; Goldberger, O.; Marutani, E.; Wojtkiewicz, G.R.; Ast, T.; Wang, H.; Schleifer, G.; Stepanova, A.; Brepoels, K.;
et al. Leigh Syndrome Mouse Model Can Be Rescued by Interventions That Normalize Brain Hyperoxia, but Not HIF Activation.
Cell Metab. 2019, 30, 824-832. [CrossRef] [PubMed]

Luciani, A.; Schumann, A.; Berquez, M.; Chen, Z.; Nieri, D.; Failli, M.; Debaix, H.; Festa, B.P.; Tokonami, N.; Raimondi, A.; et al.
Impaired Mitophagy Links Mitochondrial Disease to Epithelial Stress in Methylmalonyl-CoA Mutase Deficiency. Nat. Commun.
2020, 11, 970. [CrossRef] [PubMed]

Barrientos, A.; Kenyon, L.; Moraes, C.T. Human Xenomitochondrial Cybrids. . Biol. Chem. 1998, 273, 14210-14217. [CrossRef]


http://doi.org/10.1007/s10545-012-9465-2
http://doi.org/10.1038/gim.2014.177
http://doi.org/10.1056/NEJMoa2001265
http://www.ncbi.nlm.nih.gov/pubmed/32786181
http://doi.org/10.1136/bcr-2018-227977
http://doi.org/10.1038/cddis.2015.364
http://doi.org/10.1136/bjo.83.5.577
http://doi.org/10.1016/j.tree.2004.02.002
http://doi.org/10.1007/BF02338838
http://www.ncbi.nlm.nih.gov/pubmed/8703096
http://doi.org/10.1016/j.mito.2018.02.009
http://doi.org/10.1203/00006450-198803000-00006
http://www.ncbi.nlm.nih.gov/pubmed/3353171
http://doi.org/10.1016/0022-510X(87)90060-8
http://doi.org/10.1089/ars.2019.7803
http://doi.org/10.1073/pnas.1906896116
http://doi.org/10.7554/eLife.10575
http://doi.org/10.1016/j.cmet.2020.02.017
http://doi.org/10.3389/fgene.2018.00632
http://www.ncbi.nlm.nih.gov/pubmed/30619459
http://doi.org/10.1515/revneuro-2020-0034
http://doi.org/10.1016/j.ymgme.2019.05.012
http://www.ncbi.nlm.nih.gov/pubmed/31138493
http://doi.org/10.1002/path.4809
http://www.ncbi.nlm.nih.gov/pubmed/27659608
http://doi.org/10.1016/j.mito.2011.01.003
http://www.ncbi.nlm.nih.gov/pubmed/21303704
http://doi.org/10.1016/j.celrep.2018.05.080
http://www.ncbi.nlm.nih.gov/pubmed/29925008
http://doi.org/10.1126/science.1244360
http://doi.org/10.1126/science.aad9642
http://www.ncbi.nlm.nih.gov/pubmed/26917594
http://doi.org/10.1016/j.cmet.2019.07.006
http://www.ncbi.nlm.nih.gov/pubmed/31402314
http://doi.org/10.1038/s41467-020-14729-8
http://www.ncbi.nlm.nih.gov/pubmed/32080200
http://doi.org/10.1074/jbc.273.23.14210

Genes 2021, 12, 1668 17 of 18

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

McKenzie, M.; Trounce, I. Expression of Rattus Norvegicus MtDNA InMus Musculus Cells Results in Multiple Respiratory Chain
Defects. |. Biol. Chem. 2000, 275, 31514-31519. [CrossRef]

Walker, M.A.; Miranda, M.; Allred, A.; Mootha, V.K. On the Dynamic and Even Reversible Nature of Leigh Syndrome: Lessons
from Human Imaging and Mouse Models. Curr. Opin. Neurobiol. 2021, 72, 80-90. [CrossRef]

Wilkins, H.M.; Carl, S.M.; Swerdlow, R.H. Cytoplasmic Hybrid (Cybrid) Cell Lines as a Practical Model for Mitochondriopathies.
Redox Biol. 2014, 2, 619-631. [CrossRef]

Wallace, D.C.; Lott, M.T. Leber Hereditary Optic Neuropathy: Exemplar of an MtDNA Disease. Handb. Exp. Pharmacol. 2017, 240,
339-376. [CrossRef]

Takahashi, K.; Yamanaka, S. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult Fibroblast Cultures by
Defined Factors. Cell 2006, 126, 663—676. [CrossRef]

Takahashi, K.; Tanabe, K.; Ohnuki, M.; Narita, M.; Ichisaka, T.; Tomoda, K.; Yamanaka, S. Induction of Pluripotent Stem Cells
from Adult Human Fibroblasts by Defined Factors. Cell 2007, 131, 861-872. [CrossRef]

Yokota, M.; Hatakeyama, H.; Ono, Y.; Kanazawa, M.; Goto, Y. Mitochondrial Respiratory Dysfunction Disturbs Neuronal and
Cardiac Lineage Commitment of Human IPSCs. Cell Death Dis. 2018, 8, €2551. [CrossRef] [PubMed]

Hamalainen, R.H.; Manninen, T.; Koivumaki, H.; Kislin, M.; Otonkoski, T.; 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. USA 2013, 110, E3622-E3630. [CrossRef] [PubMed]

Folmes, C.D.L.; Martinez-Fernandez, A.; Perales-Clemente, E.; Li, X.; Mcdonald, A.; Oglesbee, D.; Hrstka, S.C.; Perez-Terzic, C.;
Terzic, A.; Nelson, T.J. Disease-Causing Mitochondrial Heteroplasmy Segregated Within Induced Pluripotent Stem Cell Clones
Derived from a Patient with MELAS. Stem Cells 2013, 31, 1298-1308. [CrossRef]

Hsu, Y.-C.; Chen, C.-T.; Wei, Y.-H. Mitochondrial Resetting and Metabolic Reprogramming in Induced Pluripotent Stem Cells and
Mitochondrial Disease Modeling. Biochim. Biophys. Acta BBA Gen. Subj. 2016, 1860, 686—693. [CrossRef] [PubMed]

Galera, T.; Zurita, F.; Gonzalez-Paramos, C.; Moreno-Izquierdo, A.; Fraga, M.F.; Fernandez, A.F.; Garesse, R.; Gallardo, M.E.
Generation of a Human Control IPSC Line with a European Mitochondrial Haplogroup U Background. Stem Cell Res. 2016, 16,
88-91. [CrossRef]

Pickrell, A.M.; Youle, R.J. Mitochondrial Disease: MtDNA and Protein Segregation Mysteries in IPSCs. Curr. Biol. 2013, 23,
R1052-R1054. [CrossRef]

Ma, H.; Folmes, C.D.L.; Wu, J.; Morey, R.; Mora-Castilla, S.; Ocampo, A.; Ma, L.; Poulton, J.; Wang, X.; Ahmed, R.; et al. Metabolic
Rescue in Pluripotent Cells from Patients with MtDNA Disease. Nature 2015, 524, 234-238. [CrossRef]

Knott, G.J.; Doudna, J.A. CRISPR-Cas Guides the Future of Genetic Engineering. Science 2018, 361, 866-869. [CrossRef] [PubMed]
Doudna, ].A.; Charpentier, E. The New Frontier of Genome Engineering with CRISPR-Cas9. Science 2014, 346, 1258096. [CrossRef]
[PubMed]

Jinek, M.; Chylinski, K.; Fonfara, I.; Hauer, M.; Doudna, J.A.; Charpentier, E. A Programmable Dual-RNA-Guided DNA
Endonuclease in Adaptive Bacterial Immunity. Science 2012, 337, 816-821. [CrossRef] [PubMed]

Ho, B.; Pek, N.; Soh, B.-S. Disease Modeling Using 3D Organoids Derived from Human Induced Pluripotent Stem Cells. Int. |.
Mol. Sci. 2018, 19, 936. [CrossRef] [PubMed]

Ma, N.; Zhang, ].Z.; Itzhaki, I.; Zhang, S.L.; Chen, H.; Haddad, F,; Kitani, T.; Wilson, K.D.; Tian, L.; Shrestha, R.; et al. Determining
the Pathogenicity of a Genomic Variant of Uncertain Significance Using CRISPR/Cas9 and Human-Induced Pluripotent Stem
Cells. Circulation 2018, 138, 2666—-2681. [CrossRef] [PubMed]

Nakamoto, EK.; Okamoto, S.; Mitsui, J.; Sone, T.; Ishikawa, M.; Yamamoto, Y.; Kanegae, Y.; Nakatake, Y.; Imaizumi, K.; Ishiura,
H.; et al. The Pathogenesis Linked to Coenzyme Q10 Insufficiency in IPSC-Derived Neurons from Patients with Multiple-System
Atrophy. Sci. Rep. 2018, 8, 14215. [CrossRef]

Romero-Moya, D.; Santos-Ocafa, C.; Castafio, J.; Garrabou, G.; Rodriguez-Gémez, J.A.; Ruiz-Bonilla, V.; Bueno, C,;
Gonzalez-Rodriguez, P.; Giorgetti, A.; Perdiguero, E.; et al. Genetic Rescue of Mitochondrial and Skeletal Muscle Impairment in
an Induced Pluripotent Stem Cells Model of Coenzyme Q 19 Deficiency: An IPSC Model for Coenzyme Q10 Deficiency. Stem Cells
2017, 35, 1687-1703. [CrossRef] [PubMed]

Hussain, S.-R.A.; Yalvac, M.E.; Khoo, B.; Eckardt, S.; McLaughlin, K.]. Adapting CRISPR/Cas9 System for Targeting Mitochondrial
Genome. Front. Genet. 2021, 12, 627050. [CrossRef] [PubMed]

Mok, B.Y.; de Moraes, M.H.; Zeng, ].; Bosch, D.E.; Kotrys, A.V,; Raguram, A.; Hsu, F.; Radey, M.C.; Peterson, S.B.; Mootha,
VK, et al. A Bacterial Cytidine Deaminase Toxin Enables CRISPR-Free Mitochondrial Base Editing. Nature 2020, 583, 631-637.
[CrossRef]

Limongelli, G.; Masarone, D.; D’Alessandro, R ; Elliott, PM. Mitochondrial Diseases and the Heart: An Overview of Molecular
Basis, Diagnosis, Treatment and Clinical Course. Future Cardiol. 2012, 8, 71-88. [CrossRef]

Li, S.; Pan, H,; Tan, C.; Sun, Y.; Song, Y.; Zhang, X.; Yang, W.; Wang, X.; Li, D.; Dai, Y.; et al. Mitochondrial Dysfunctions Contribute
to Hypertrophic Cardiomyopathy in Patient IPSC-Derived Cardiomyocytes with MT-RNR2 Mutation. Stern Cell Rep. 2018, 10,
808-821. [CrossRef]

Wang, G.; McCain, M.L,; Yang, L.; He, A ; Pasqualini, ES.; Agarwal, A.; Yuan, H.; Jiang, D.; Zhang, D.; Zangi, L.; et al. Modeling
the Mitochondrial Cardiomyopathy of Barth Syndrome with Induced Pluripotent Stem Cell and Heart-on-Chip Technologies.
Nat. Med. 2014, 20, 616-623. [CrossRef]


http://doi.org/10.1074/jbc.M004070200
http://doi.org/10.1016/j.conb.2021.09.006
http://doi.org/10.1016/j.redox.2014.03.006
http://doi.org/10.1007/164_2017_2
http://doi.org/10.1016/j.cell.2006.07.024
http://doi.org/10.1016/j.cell.2007.11.019
http://doi.org/10.1038/cddis.2016.484
http://www.ncbi.nlm.nih.gov/pubmed/28079893
http://doi.org/10.1073/pnas.1311660110
http://www.ncbi.nlm.nih.gov/pubmed/24003133
http://doi.org/10.1002/stem.1389
http://doi.org/10.1016/j.bbagen.2016.01.009
http://www.ncbi.nlm.nih.gov/pubmed/26779594
http://doi.org/10.1016/j.scr.2015.12.010
http://doi.org/10.1016/j.cub.2013.10.048
http://doi.org/10.1038/nature14546
http://doi.org/10.1126/science.aat5011
http://www.ncbi.nlm.nih.gov/pubmed/30166482
http://doi.org/10.1126/science.1258096
http://www.ncbi.nlm.nih.gov/pubmed/25430774
http://doi.org/10.1126/science.1225829
http://www.ncbi.nlm.nih.gov/pubmed/22745249
http://doi.org/10.3390/ijms19040936
http://www.ncbi.nlm.nih.gov/pubmed/29561796
http://doi.org/10.1161/CIRCULATIONAHA.117.032273
http://www.ncbi.nlm.nih.gov/pubmed/29914921
http://doi.org/10.1038/s41598-018-32573-1
http://doi.org/10.1002/stem.2634
http://www.ncbi.nlm.nih.gov/pubmed/28472853
http://doi.org/10.3389/fgene.2021.627050
http://www.ncbi.nlm.nih.gov/pubmed/33889176
http://doi.org/10.1038/s41586-020-2477-4
http://doi.org/10.2217/fca.11.79
http://doi.org/10.1016/j.stemcr.2018.01.013
http://doi.org/10.1038/nm.3545

Genes 2021, 12, 1668 18 of 18

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Davis, J.; Chouman, A.; Creech, J.; Monteiro da Rocha, A.; Ponce-Balbuena, D.; Jimenez Vazquez, E.N.; Nichols, R.; Lozhkin,
A.; Madamanchi, N.R.; Campbell, K.E; et al. In Vitro Model of Ischemic Heart Failure Using Human Induced Pluripotent Stem
Cell-Derived Cardiomyocytes. JCI Insight 2021, 6, €134368. [CrossRef]

Sato, Y.; Kobayashi, H.; Higuchi, T.; Shimada, Y.; Era, T.; Kimura, S.; Eto, Y.; Ida, H.; Ohashi, T. Disease Modeling and Lentiviral
Gene Transfer in Patient-Specific Induced Pluripotent Stem Cells from Late-Onset Pompe Disease Patient. Mol. Ther. Methods Clin.
Dev. 2015, 2, 15023. [CrossRef] [PubMed]

Shah, D.; Virtanen, L.; Prajapati, C.; Kiamehr, M.; Gullmets, J.; West, G.; Kreutzer, J.; Pekkanen-Mattila, M.; Helio, T.; Kallio, P.;
et al. Modeling of LMNA-Related Dilated Cardiomyopathy Using Human Induced Pluripotent Stem Cells. Cells 2019, 8, 594.
[CrossRef]

Rohani, L.; Machiraju, P.; Sabouny, R.; Meng, G.; Liu, S.; Zhao, T.; Igbal, F.; Wang, X.; Ravandi, A.; Wu, ]J.C.; et al. Reversible
Mitochondrial Fragmentation in IPSC-Derived Cardiomyocytes From Children With DCMA, a Mitochondrial Cardiomyopathy.
Can. J. Cardiol. 2020, 36, 554-563. [CrossRef] [PubMed]

McKnight, C.L.; Low, Y.C.; Elliott, D.A.; Thorburn, D.R.; Frazier, A.E. Modelling Mitochondrial Disease in Human Pluripotent
Stem Cells: What Have We Learned? Int. . Mol. Sci. 2021, 22, 7730. [CrossRef] [PubMed]

Rhee, J.-W.; Yi, H.; Thomas, D.; Lam, C.K,; Belbachir, N.; Tian, L.; Qin, X.; Malisa, ]J.; Lau, E.; Paik, D.T.; et al. Modeling Secondary
Iron Overload Cardiomyopathy with Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes. Cell Rep. 2020, 32, 107886.
[CrossRef] [PubMed]

Hiona, A.; Lee, A.S.; Nagendran, J.; Xie, X.; Connolly, A.J.; Robbins, R.C.; Wu, J.C. Pretreatment with Angiotensin-Converting
Enzyme Inhibitor Improves Doxorubicin-Induced Cardiomyopathy via Preservation of Mitochondrial Function. J. Thorac.
Cardiovasc. Surg. 2011, 142, 396—403. [CrossRef]

Doss, M. X.; Sachinidis, A. Current Challenges of IPSC-Based Disease Modeling and Therapeutic Implications. Cells 2019, 8, 403.
[CrossRef]

Wei, W.; Gaffney, D.J.; Chinnery, PF. Cell Reprogramming Shapes the Mitochondrial DNA Landscape. Nat. Commun. 2021, 12,
5241. [CrossRef]

Goversen, B.; van der Heyden, M.A.G.; van Veen, T.A.B.; de Boer, T.P. The Immature Electrophysiological Phenotype of IPSC-CMs
Still Hampers in Vitro Drug Screening: Special Focus on I K1. Pharmacol. Ther. 2018, 183, 127-136. [CrossRef]

Karakikes, I.; Ameen, M.; Termglinchan, V.; Wu, J.C. Human Induced Pluripotent Stem Cell-Derived Cardiomyocytes: Insights
into Molecular, Cellular, and Functional Phenotypes. Circ. Res. 2015, 117, 80-88. [CrossRef] [PubMed]

Denning, C.; Borgdorff, V.; Crutchley, J.; Firth, K.S.A.; George, V.; Kalra, S.; Kondrashov, A.; Hoang, M.D.; Mosqueira, D.; Patel,
A.; et al. Cardiomyocytes from Human Pluripotent Stem Cells: From Laboratory Curiosity to Industrial Biomedical Platform.
Biochim. Biophys. Acta BBA Mol. Cell Res. 2016, 1863, 1728-1748. [CrossRef] [PubMed]

Correia, C.; Koshkin, A.; Duarte, P.; Hu, D.; Teixeira, A.; Domian, 1.; Serra, M.; Alves, PM. Distinct Carbon Sources Affect
Structural and Functional Maturation of Cardiomyocytes Derived from Human Pluripotent Stem Cells. Sci. Rep. 2017, 7, 8590.
[CrossRef] [PubMed]

Feyen, D.A.M.; McKeithan, W.L.; Bruyneel, A.A.N.; Spiering, S.; Hérmann, L.; Ulmer, B.; Zhang, H.; Briganti, F.; Schweizer, M.;
Hegyi, B.; et al. Metabolic Maturation Media Improve Physiological Function of Human IPSC-Derived Cardiomyocytes. Cell Rep.
2020, 32, 107925. [CrossRef]

Herron, T.J.; Rocha, A.M.D.; Campbell, K.F,; Ponce-Balbuena, D.; Willis, B.C.; Guerrero-Serna, G.; Liu, Q.; Klos, M.; Musa, H.;
Zarzoso, M.; et al. Extracellular Matrix-Mediated Maturation of Human Pluripotent Stem Cell-Derived Cardiac Monolayer
Structure and Electrophysiological Function. Circ. Arrhythm. Electrophysiol. 2016, 9, €003638. [CrossRef]

Lundy, S.D.; Zhu, W.-Z.; Regnier, M.; Laflamme, M. A. Structural and Functional Maturation of Cardiomyocytes Derived from
Human Pluripotent Stem Cells. Stem Cells Dev. 2013, 22, 1991-2002. [CrossRef]


http://doi.org/10.1172/jci.insight.134368
http://doi.org/10.1038/mtm.2015.23
http://www.ncbi.nlm.nih.gov/pubmed/26199952
http://doi.org/10.3390/cells8060594
http://doi.org/10.1016/j.cjca.2019.09.021
http://www.ncbi.nlm.nih.gov/pubmed/32046906
http://doi.org/10.3390/ijms22147730
http://www.ncbi.nlm.nih.gov/pubmed/34299348
http://doi.org/10.1016/j.celrep.2020.107886
http://www.ncbi.nlm.nih.gov/pubmed/32668256
http://doi.org/10.1016/j.jtcvs.2010.07.097
http://doi.org/10.3390/cells8050403
http://doi.org/10.1038/s41467-021-25482-x
http://doi.org/10.1016/j.pharmthera.2017.10.001
http://doi.org/10.1161/CIRCRESAHA.117.305365
http://www.ncbi.nlm.nih.gov/pubmed/26089365
http://doi.org/10.1016/j.bbamcr.2015.10.014
http://www.ncbi.nlm.nih.gov/pubmed/26524115
http://doi.org/10.1038/s41598-017-08713-4
http://www.ncbi.nlm.nih.gov/pubmed/28819274
http://doi.org/10.1016/j.celrep.2020.107925
http://doi.org/10.1161/CIRCEP.113.003638
http://doi.org/10.1089/scd.2012.0490

	Introduction 
	The Mitochondrial Genome 
	Structure and Maintenance of the mtDNA 
	Sources and Segregation of mtDNA Heteroplasmic Variants 
	Selective Pressures and Heteroplasmic Variants 

	Mitochondrial Physiology: Genes to Respiration and Metabolism 
	OXPHOS Substrate Input and Feedback Regulation 
	Effects of Heteroplasmic Variance on OXPHOS Regulation 

	Modeling Mitochondrial Disease 
	Diagnosis of Mitochondrial Disease and the Use of Primary Human Tissues 
	Benefits and Drawbacks of Modeling Mitochondrial Disease in Animals 
	Disease Modeling in Human Induced-Pluripotent Stem Cell-Derived Mature Cells 
	Targeted Gene-Editing and Its Use in Identifying Functionally Relevant Variants 

	iPSCs and -Omics in Disease Modeling: Revealing Mitochondrial Mechanisms 
	Mitochondrial Cardiomyopathy: iPSC Models, Mechanisms, and Novel Therapeutic Targets 
	Mitochondrial Disease Modeling across Different Cell Types 

	Limitations and Room for Optimization in iPSC Modeling 
	Conclusions 
	References

