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Mitochondrial diseases are historically difficult to study. They cause multi-systemic defects with prevalent
impairment of hard-to-access tissues such as the brain and the heart. Furthermore, they suffer from a paucity of
conventional model systems, especially because of the challenges associated with mitochondrial DNA (mtDNA)
engineering. Consequently, most mitochondrial diseases are currently untreatable. Human induced pluripotent
stem cells (iPSCs) represent a promising approach for developing human model systems and assessing thera-
peutic avenues in a patient- and tissue-specific context. iPSCs are being increasingly used to investigate mito-
chondrial diseases, either for dissecting mutation-specific defects within two-dimensional (2D) or three-
dimensional (3D) progenies or for unveiling the impact of potential treatment options. Here, we review how
iPSC-derived 2D cells and 3D organoid models have been applied to the study of mitochondrial diseases caused
by either nuclear or mtDNA defects. We anticipate that the field of iPSC-driven modeling of mitochondrial
diseases will continue to grow, likely leading to the development of innovative platforms for treatment discovery
and toxicity that could benefit the patient community suffering from these debilitating disorders with highly

unmet medical needs.

1. Mitochondrial diseases and their challenges

Primary mitochondrial diseases are the most common group of
inherited metabolic disorders, and they can be caused by mutations in
either nuclear DNA or mitochondrial DNA (mtDNA) (Cree et al., 2009;
Gorman et al., 2016; Vafai and Mootha, 2012). As mitochondria are the
main responsible for ATP production in the cell, all these mutations can
lead to bioenergetic defects. Mitochondrial diseases are multi-systemic,
because cells from all kinds of tissues rely on ATP production to function
properly. However, tissues with especially high energy demands, such as
the brain, the heart, and skeletal muscles, are worst affected (Carelli and
Chan, 2014; Ng and Turnbull, 2016; Pfeffer et al., 2013).

Mitochondrial diseases are highly heterogenous and usually have an
unclear genotype-phenotype correlation, which hamper the investiga-
tion of pathomechanisms and the identification of effective treatments.
Currently, the majority of drug options available to mitochondrial pa-
tients focus on mitigating the symptoms and increasing the life expec-
tancy, but do not correct the root cause of the disease, i.e. the genetic
disturbance (Bottani et al., 2020; Russell et al., 2020; Weissig, 2020).

Drug discovery is especially challenging for mitochondrial diseases

because there are insufficient pre-clinical model systems (Inak et al.,
2017; Tolle et al., 2023). Most mitochondrial diseases are species-
specific, leading to limitations in animal models (Kovarova et al.,
2016; Stewart, 2021; Tyynismaa and Suomalainen, 2009). For instance,
mice with a knock-out for the gene SURFI, an assembly factor of com-
plex IV whose mutations cause the severe mitochondrial disease Leigh
syndrome (Tiranti et al., 1998), failed to develop pathological features,
and even showed increased life-span compared to wild-type animals
(Dell’agnello et al., 2007). Moreover, introducing disease-specific
mtDNA defects into animal models has been hindered by the difficulty
associated with mtDNA manipulation (Silva-Pinheiro and Minczuk,
2022).

1.1. Induced pluripotent stem cells (iPSCs)

In 2007, the group of Shinya Yamanaka successfully generated
human induced pluripotent stem cells (iPSCs) by inducing the expres-
sion of embryonic stem cells (ESCs)-associated transcription factors
OCT4, SOX2, KLF4, and c¢-MYC into dermal fibroblasts via retroviral
transduction (Takahashi et al., 2007). iPSCs showed ESC-like features
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with respect to morphology, proliferation, gene expression, telomerase
activity, and differentiation potential (Takahashi et al., 2007). Overall,
somatic cells reprogrammed into iPSCs appear remarkably similar to
ESCs, as they self-renew indefinitely and can differentiate into virtually
any cell type of the three germ layers (ectoderm, endoderm and meso-
derm). Since the first discovery in 2007, several viral and non-viral
reprogramming methods have been established to force the expression
in somatic cells of transcription factors that are normally present in
ESCs.

Indeed, iPSCs have now become a commonly utilized model for
studying diseases (Liu et al., 2020; Rowe and Daley, 2019; Shi et al.,
2017). By using human iPSCs, the human genomic background is pre-
served, which is important for studying human diseases as most of them
are species-specific. Studies show that only around 5 % of animal-tested
therapeutic interventions obtain regulatory approval for human appli-
cations (Ineichen et al., 2024). Therefore, iPSCs already largely
contribute to the application of 3R (replace, reduce, refine) principle in
scientific research (Retter et al., 2024). The main advantage of iPSCs is
that they allow researchers to study specialized cell types that can be
directly generated from individual patients, thus enabling them to assess
the contribution of defined mutations on the functionality of specific
tissues in a personalized manner. In this context, iPSCs are also prom-
ising for the application in regenerative medicine, as they can be
differentiated in any cell type, thereby serving as a source for cell
replacement therapies (Aboul-Soud et al., 2021). At the same time, using
patient-specific differentiated iPSCs increases safety of autologous
transplants without risk of immunorejection (Aboul-Soud et al., 2021).
These features imply that iPSC-based studies, either as cell replacement
or as a platform for drug screening, might lead to personalized thera-
peutic suggestions.

iPSCs and their derived two-dimensional (2D) cell types may still
hold limitations for modeling complex three-dimensional (3D) human
tissues. Like other 2D cell cultures, iPSC cultures are not as physiologi-
cally relevant as 3D tissues, as they lack complex cell-to-cell and cell-to-
extracellular matrix interactions, as well as the variety of different cell
type organization of human tissues. In accordance, also mitochondrial
dynamics show differences between in vitro 2D cells and in vivo models
(Han et al., 2023; Rodger et al., 2017). To overcome this issue, iPSCs can
now be differentiated in 3D to build so-called organoids which are
complexly organized cellular structures that are capable of recapitu-
lating key features of actual human tissues and organs (Lancaster et al.,
2013; Rossi et al., 2018). Other limitations of iPSCs include the vari-
ability in reprogramming efficiency and the inter-individual genetic
variation between the generated iPSC lines. To overcome this latter
limitation, researchers developed so-called chimeroids, a multi-donor
human brain cortical organoid model formed by pooling iPSCs derived
from different donors (Anton-Bolanos et al., 2024). This model system
could be useful for high-throughput investigation of inter-individual
variation in processes of brain development and disease (Anton-
Bolanos et al., 2024). Challenges in modeling late-onset disease phe-
notypes with iPSCs are more difficult to be addressed, despite attempts
using telomerase shortening or genome editing (Vera et al., 2016). For
aging-related defects, by-passing iPSCs and using direct reprogramming
approaches currently appear as the most promising strategy (Pitrez
et al., 2024).

In this review article, we provide a summary of how iPSCs and their
2D and 3D differentiated progenies have been used to model human
diseases primarily impairing mitochondrial function.

1.2. iPSCs and mitochondria

To model mitochondrial diseases with iPSCs, it is important to un-
derstand how cellular reprogramming can impact mitochondria and
their DNA. In humans, mitochondrial DNA (mtDNA) comprises 37 genes
(Anderson et al., 1981). 13 of these genes express mRNAs to encode
proteins of the mitochondrial respiratory chain (MRC), which is
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responsible for generating ATP in the presence of oxygen through
oxidative phosphorylation (OXPHOS). The remaining 24 genes encode
for 22 rRNAs and 2 tRNAs that are important for translating mito-
chondrial mRNA into proteins. Mitochondria are involved in a plethora
of cellular functions (Picard and Shirihai, 2022) and form an inter-
connected network whose shape is regulated by mitochondrial fusion
and fission processes (Campello and Scorrano, 2010).

As each mitochondrion contains several mtDNA molecules and each
cell comprises various amounts of mitochondria, the total mtDNA copy
number differs from cell to cell and tissue to tissue (Filograna et al.,
2021). This multi-copy nature of mtDNA results in some genetic pecu-
liarities. Mutations in mtDNA can in fact occur within a distinct per-
centage of mtDNA molecules, a phenomenon known as heteroplasmy. A
mutation can also be present in all mtDNA molecules in a state defined
as homoplasmy. The level of heteroplasmy has implications on the
impact of specific mutations on mitochondrial and cellular function,
thereby influencing the overall disease phenotype (Bannwarth et al.,
2013). Moreover, as mitochondria are solely inherited by the mother
during fertilization, mtDNA diseases follow a pattern of inheritance that
is non-mendelian (Stewart and Chinnery, 2015).

Within iPSCs, mitochondria appear as peri-nuclear and less fused
than in their parental somatic cells, and with less defined cristae
(Armstrong et al., 2010; Prigione et al., 2010). Since cristae are the site
of OXPHOS production, their reduction is suggestive of a diminished
reliance on mitochondrial-based ATP production. Accordingly, iPSCs
mostly rely on glycolysis for energy generation (Folmes et al., 2011;
Prigione et al., 2010). Upon differentiation, iPSCs switch to OXPHOS
and increase their mtDNA content (Prigione et al., 2010; Varum et al.,
2011). Altogether, mitochondria appear to modify their status in a
plastic manner that varies in concert with the specific cell fate identity
(Lisowski et al., 2018).

The number of mtDNA copies is typically reduced in iPSCs compared
to their parental cells (Prigione et al., 2010; Sercel et al., 2021). In
parallel to this, the level of mtDNA heteroplasmy can vary among iPSC
lines derived from the same somatic cells (Kang et al., 2016; Palombo
et al., 2021; Perales-Clemente et al., 2016; Prigione et al., 2011; Wei
et al., 2021). This phenomenon might be due to a bottleneck effect
reminiscent of the one occurring during embryonic development, where
upon mtDNA replication in response to a drastic reduction, mitochon-
drial segregation might occur (Stewart and Chinnery, 2015), thereby
resulting in cells carrying variable ratios of wild-type and mutant
mtDNA (Prigione et al., 2010; Sercel et al., 2021). Such features may
have implications for iPSC-based modeling, as de novo mtDNA muta-
tions might arise upon induction of pluripotency while other mtDNA
variants may be lost (Carelli et al., 2022; Kelly et al., 2013; Prigione
et al., 2011). Hence, the derived iPSC lines might not mirror exactly the
parental cells with respect to mtDNA profile, a situation that could
potentially complicate disease-related interpretations. For these rea-
sons, mtDNA monitoring has been suggested to be included in the
quality control analysis of all newly derived iPSC lines (Carelli et al.,
2022; Hamalainen, 2016; Rossi et al., 2022).

In the context of mtDNA diseases, changes of heteroplasmy levels
during reprogramming can have both negative and positive implica-
tions. The negative aspects relate to the potential loss of pathogenic
mutations and the consequent need for screening several iPSC clones
and for continuous mtDNA monitoring also within differentiated prog-
enies. The positive implications refer to the possibility of generating
from the same patient cells iPSC lines carrying high mutation levels and
also iPSC lines that are mutation-free. These latter lines can function as
isogenic control iPSCs, and therefore represent an important asset for
disease modeling (Tolle et al., 2023). In fact, due to the inherent het-
erogeneity of individual iPSCs, isogenic iPSC lines, which share the same
genetic background and differ only in the presence of a specific muta-
tion, have become essential for investigating disease phenotypes asso-
ciated with specific gene defects (Ben Jehuda et al., 2018). For nuclear
mutations, the generation of isogenic iPSC lines can be accomplished
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using CRISPR/Cas9 knock-in gene editing, by either correcting the
mutation in patient-derived iPSCs or by introducing the mutation in
healthy iPSCs (Hockemeyer and Jaenisch, 2016). Both options are valid
and allow unveiling the direct consequences of defined nuclear defects.

Unfortunately, the derivation of isogenic iPSC lines for mtDNA mu-
tations remains challenging. The mechanisms driving the changes in
mtDNA profile during reprogramming are unknown (Sercel et al., 2021;
Tolle et al., 2023), and thus the loss of pathogenic mtDNA mutations
appears random and difficult to control. Furthermore, the active
manipulation of mtDNA is notoriously difficult (Silva-Pinheiro and
Minczuk, 2022). In fact, the polyploid nature of mtDNA, the presence of
a double mitochondrial membrane, as well as the lack of efficient DNA
recombination hinder the engineering of mtDNA by classical methods
like CRISPR/Cas9 (Gammage et al., 2018; Jinek et al., 2012). Novel
mtDNA base editing approaches have been recently developed based on
CRISPR-free DddA-derived cytosine base editor (DACBE) (Mok et al.,
20205 Silva-Pinheiro et al., 2023). DACBE-related approaches are start-
ing to be applied also in iPSCs (Chen et al., 2023b), which will likely lead
to key technological advances for iPSC-based modeling of mitochondrial
diseases (Tolle et al., 2023).

Overall, given the current challenges associated with the develop-
ment of mitochondrial disease models, iPSCs appear to represent a
promising system for investigating the underlying mutation-specific and
tissue-specific disease mechanisms and for establishing innovative
cellular platforms for treatment identification (Inak et al., 2017;
McKnight et al., 2021).

In the following sections, we review how iPSCs have been used in the
past years to model primary mitochondrial disorders caused by either
nuclear or mitochondrial defects.

1.3. iPSC models for nuclear DNA disorders

Different mitochondrial diseases arise as a consequence of mutations
in nuclear genes encoding for MRC components or for proteins involved
in mitochondria-related processes (Koopman et al., 2012). As mentioned
above, all tissues can be in principle affected by mitochondrial diseases,
but neuronal and cardiac/skeletal systems are typically more strongly
impacted. Here, we first describe iPSC models for diseases mainly
impacting neuronal cells, and afterwards those for diseases mainly
affecting cardiac and skeletal cells. Lastly, we report on other systems
affected by mitochondrial diseases that have been modeled with iPSCs.
The published disease-specific iPSC lines and their respective findings
are reported in Table 1.

Leigh Syndrome (LS, OMIM #256000) is a severe pediatric mito-
chondrial disease causing encephalomyopathy and intellectual and
physiological regression, eventually leading to early death in most cases
(Baertling et al., 2014; Lim et al., 2022). More than 100 gene defects
have been identified as a cause of LS (Rahman, 2023). Among the most
common nuclear mutations causing LS, there are complex I genes (e.g.
NDUFS4, encoding for NADH dehydrogenase [ubiquinone] iron—sulphur
protein 4) and the complex IV assembly factor SURF1 (Tiranti et al.,
1998). SURFI mutations were investigated with iPSCs using isogenic
pairs that carried the mutations in either a healthy or patient-specific
background (Inak et al., 2021). Cerebral organoids with SURFI muta-
tions differentiated from those iPSC isogenic pairs showed a compro-
mised neuronal morphogenesis that emerged at the level of neural
progenitor cells (NPCs), which retain a glycolytic proliferative state and
failed to commit to the neuronal fate as seen by impaired neurite
outgrowth (Inak et al., 2021). Neuronal morphogenesis could be
restored by SURF1 gene augmentation or by induction of the mito-
chondrial biogenesis master regulator PGC1A via bezafibrate treatment,
which supported the metabolic programming of mutant NPCs (Inak
et al., 2021). Azole compounds have been suggested to be beneficial for
SURF1 mutations by promoting neuronal morphogenesis in 2D neurons
and 3D midbrain organoids (Menacho et al., 2024). NPCs carrying
NDUFS4 mutations showed similar defects with reduced neurite
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outgrowth and decreased mitochondrial membrane potential (MMP)
(Inak et al., 2021). NDUFS4 knock-out in iPSCs led to increased neuronal
apoptosis in iPSC-derived neurons and cardiomyocytes that could be
attenuated by nicotinamide riboside supplementation, leading to
normalization of MMP and reduction of excessive reactive oxygen spe-
cies (ROS) production (Yoon et al., 2022). Introduction of NDUFS4
mutations by CRIPSR/Cas9 in healthy iPSCs was used to study neuro-
developmental defects in cortical brain organoids, which manifested
elevated proinflammatory pathways, as LS neurons appeared more
susceptible to glutamate excitotoxicity (Daneshgar et al., 2022). LS-
associated mutations in the complex I nuclear gene NDUFVI1 (NADH
Dehydrogenase [Ubiquinone] Flavoprotein 1) were investigated using
iPSC-derived NPCs and neurons, which showed decreased ATP pro-
duction and MMP, and increased ROS levels (Sequiera et al., 2022).
Similar defects were observed in NPCs and neurons derived from a pa-
tient with the ultrarare Leigh-like syndrome harboring ECHS1 mutations
(Sequiera et al., 2022). Drug screenings in ECHSI mutant NPCs identi-
fied drugs capable of decreasing ROS, restore MMP, and improve
mitochondrial respiration in LS neural cells, among others ubiquinol and
a-lipoic acid (Sequiera et al., 2022). LS iPSC-derived neuroepithelial
stem cells carrying a mutation in the gene PMPCB, a subunit of mito-
chondrial processing protease (MPP), displayed accumulation of the
processing intermediate of frataxin (Vogtle et al., 2018). This accumu-
lation could be caused by the block of its second processing step by the
MPP, making frataxin a possible early marker for MPP dysfunction
(Vogtle et al., 2018). Hence, iPSC models of LS highlighted a neuro-
developmental component of this disease that could be ameliorated
using various drug-based or genetic strategies.

Charcot Marie Tooth (CMT, e.g. OMIM #609260) disease is an
inherited neuropathy that can be caused by different gene defects (Baets
etal., 2014). CMT iPSC-derived motor neurons carrying mutations in the
gene MFN2, which encodes for mitofusin 2 protein that regulates
mitochondrial fusion, showed selective mitochondrial depletion,
apoptosis resistance, and increased mitophagy (Rizzo et al., 2016), as
well as electrophysiological abnormalities, including reduced action
potential threshold and abnormal channel current properties (Saporta
et al., 2015). Neurite network alterations were also observed in MFN2
mutant CMT neurons, with progressive deficits in mitochondrial
morphology and mitochondrial and lysosomal trafficking, as well as
altered profiles of mitochondrial expression and bioenergetics that
appeared more evident in motor neurons than in sensory neurons (Van
Lent et al., 2021). Inhibition of dual leucine kinase, an upstream
metabolite in the c-Jun N-terminal kinase stress-responsive pathway,
reverted the disease phenotypes in MFN2 mutant neurons (Van Lent
et al., 2021). iPSC-derived motor neurons from CMT patients with mu-
tations in ganglioside induced differentiation associated protein 1
(GDAP1) exhibited decreased cell viability due to lipid dysfunction and
oxidative stress as well as mitochondrial cristae defects (Miressi et al.,
2021). Treatment with amlexanox, an inhibitor of the nonsense-
mediated mRNA degradation system, induced a restoration of the
mitochondrial morphology in GDAP1 mutant neuronal cells
(Benslimane et al., 2023). In the X-linked dominant CMT disease (OMIM
# 300905), mutations in pyruvate dehydrogenase kinase 3 (PDK3)
caused bioenergetic defects and mitochondrial abnormalities in iPSC-
derived motor neurons, including reduced velocity of trafficking mito-
chondria in the affected axons, which could be reversed upon exposure
to a PDK inhibitor (Perez-Siles et al., 2020). Altogether, CMT modeling
with iPSCs identified specific defects in defined neuronal populations
and unveiled potential treatment avenues.

The gene optic atrophy 1 (OPAI) encodes for a GTPase at the inner
mitochondrial membrane involved in regulating mitochondrial fusion,
stability, and energy output (Lenaers et al., 2021). OPAI mutations can
cause dominant optic atrophy (DOA, OMIM #165500), a disease asso-
ciated with central vision loss and degeneration of retinal ganglion cells
(RGCs) that can be associated with additional neurological defects in
DOA+ syndrome (OMIM #125250) (Lenaers et al., 2021). iPSCs derived
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Table 1
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iPSC models for nuclear DNA disorders leading to mitochondrial diseases. Compound heterozygotes are marked with “&”. iPSCs are all patient-derived, except for
when stated differently. NPCs: neural progenitor cells, RGCs: retinal ganglion cells, RPE: retinal pigment epithelium.

Disease

Gene and mutation

iPSC model

Outcome

Reference

Alpers syndrome

Auditory neuropathy (AN)

Autosomal recessive
spinocerebellar ataxia
(ARCA)

Barth Syndrome (BTHS)

Charcot Marie Tooth disease
type 2 A (CMT2 A)

Charcot Marie Tooth disease
type 2H (CMT2H)

Charcot-Marie-Tooth
disease X-linked dominant
6 (CMTX6)

Coenzyme Q10 deficiency

Dilated cardiomyopathy
with ataxia syndrome
(DCMA)

Dominant optic atrophy
(DOA)

POLG
€.2243G > G;
€.2243G > C & ¢.1399G > A

POLG
€.1399G > A

AIFM1
¢.1265G > A

PITRM1
exon 3/4 frameshift deletion

TAZ

¢.590G > T, ¢.111G > C,
c.170G > T

TAZ

¢.517delG, ¢.328T > C

TAZ
c590G >T

TAZ
¢.517delG

MFN2
¢.1090C > T
MFN2
¢.1188C >T

MFN2
c.281G > A

GDAP1
c.581C > G

PDK3
c.473G > A

coQz
¢.1159C > T & ¢.1178T > C

coQ4
¢.483G > C

DNAJC19
c130-1G >C

OPA1
€.2496 + 1G> T

OPA1
¢.33-34ins9

OPA1
¢.2873_2876delTTAG

OPA1
¢.2708_2711delTTAG

iPSCs, iPSC-derived neural
stem cells

iPSC-derived dopaminergic
neurons

iPSC-derived hepatocyte-like
cells

iPSC-derived neurons

Mutation-induced iPSC-
derived cortical neurons and
cerebral organoids

iPSCs

iPSC-derived cardiomyocytes
iPSC-derived cardiomyocytes
iPSC-derived cardiomyocytes

iPSC-derived cardiomyocytes

iPSC-derived cardiomyocytes

iPSC-derived spinal cord
motor neurons

iPSC-derived motor neurons

iPSC-derived motor and
sensory neurons

iPSC-derived motor neurons

iPSC-derived neuronal cells

iPSC-derived motor neurons

iPSC-derived neurons

iPSCs, iPSC-derived skeletal
muscle cells, neurons

iPSC-derived cardiomyocytes

iPSC-derived RGCs

iPSC-derived dopaminergic
neurons

iPSC-derived NPCs

iPSC-derived RGCs

iPSCs: reduced ATP production.

Neural stem cells: decreased ATP production, ROS excess
and mtDNA depletion.

mtDNA depletion, loss of complex I and mitochondrial
membrane potential, ROS overproduction and cellular
senescence.

Amelioration of mitochondrial dysfunction and reduced
oxidative stress by treatment with N-acetylcysteine amide.
Mitochondrial permeability transition pore opening-
dependent apoptosis at valproic acid exposure, rescued by
cyclosporine A

Increase of ADP/ATP ratio and ROS levels, mitochondrial
calcium overload, caspase-independent apoptosis.
Improvement of physiological state by gene correction.
Neurons: induction of mitochondrial unfolded protein
response, enhanced mitochondrial clearance.

Cerebral organoids: accumulation of protein aggregates, tau
pathology, neuronal cell death.

Impairment in remodeling cardiolipin, decrease in basal
oxygen consumption rate and maximal respiratory capacity.

Metabolic, structural and functional abnormalities, e.g. in
sarcomere assembly and myocardial contraction.
Structural changes in respiratory chain supercomplexes, loss
of succinate dehydrogenase.

Reduction in HIF-1a protein level under hypoxic conditions.

High glucose uptake, increased glycolytic lactate production
and decreased palmitate uptake.

Increase of mitochondrial and cellular ROS.

Rescue of aberrant Ca* handling and improvement of
contractile function by genome editing.

Reduced action potential threshold and abnormal channel
current properties.

Selective mitochondrial depletion, apoptosis resistance,
increased mitophagy.

Motor neurons: neurite network alterations, extracellular
electrophysiological abnormalities, deficits in
mitochondrial and lysosomal trafficking and mitochondrial
morphology, mitochondrial expression bioenergetic profile
alterations. Rescue by dual leucine kinase inhibition.
Sensory neurons: less effects.

Decrease of cell viability due to lipid dysfunction and
oxidative stress, mitochondrial cristae defects.

Restoration of mitochondrial cristae defects by treatment
with amlexanox.

Energy metabolism defects, reduced velocity of trafficking
mitochondria in the affected axons.

Rescue of functional deficits by treatment with a PDK
inhibitor.

Functional deficiencies in mitochondrial respiration and the
antioxidative system, rescued by gene correction.

iPSCs: CoQ10 deficiency, metabolic dysfunction, respiration
defects.

Skeletal muscle: respiration defects.

Neurons: unaffected.

Highly fragmented and abnormally shaped mitochondria,
rescued by treatment with SS-31.

Increased apoptosis, inability to efficiently differentiate into
RGCs. Promotion of differentiation by addition of neural
induction medium, Noggin or estrogen.

Late defect in oxidative phosphorylation, reduced complex I
levels and activity without a significant change in the
ultrastructure of mitochondria.

Control of nuclear DNA methylation and expression of key
transcription factors needed for proper neural cell
specification by OPAL.

Impaired mitochondrial bioenergetic output and DNA
maintenance.

Liang et al.,

2020

Liang et al.,
2021

Li et al., 2015a

Qiu et al., 2023

Pérez et al.,
2021

Dudek et al.,
2013

Wang et al.,
2014

Dudek et al.,
2016
Chowdhury
et al., 2018
Fatica et al.,
2019

Liu et al., 2021

Saporta et al.,
2015

Rizzo et al.,
2016

Van Lent et al.,
2021

Miressi et al.,
2021
Benslimane
et al., 2023

Perez-Siles

et al., 2020
Nakamoto
et al., 2018

Romero-Moya
et al., 2017

Rohani et al.,
2020

Chen et al.,
2016

Jonikas et al.,
2018

Caglayan et al.,
2020

Sladen et al.,
2022

(continued on next page)
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Disease

Gene and mutation

iPSC model

Outcome

Reference

Dominant optic atrophy plus
syndrome
(DOA+)

Friedreich’s ataxia (FA)

Hereditary spastic
paraplegia (HSP)

OPA1
c.1334G > A

FXN

GAA-TTC triplet repeat
hyperexpansions in the 1%
intron

ATAD3A

¢.1064G > A
ZFYVE26
c2554-1G>A&
¢.3417_3418insTA
AP5Z1
(c1732C>T)

SPAST
IVS9 + 1G> A

ATL1
c.1024C > T

SPG11
¢.3036C > A & ¢.5798delC;
¢.267G > A & ¢.1457-2A > G

iPSCs

iPSC-derived RGCs

iPSCs, iPSC-derived neurons
and cardiomyocytes

iPSC-derived NPCs and
neurons

iPSC-derived cardiomyocytes
iPSC-derived neurons
iPSC-derived RPE cells

iPSC-derived neurons

iPSC-derived neurons

iPSC-derived cardiomyocytes

iPSC-derived cardiomyocytes

iPSC-derived cardiomyocytes

iPSC-derived ventricular
cardiac tissue

iPSC-derived f cells and
sensory neurons

iPSC-derived dorsal root
ganglia organoids

iPSC-derived neurons and
cardiomyocytes

FXN knock-down iPSC-derived
cardiomyocytes

iPSC-derived proprioceptors-
enriched neuronal cultures

iPSC-derived neurons

iPSC-derived telencephalic
glutamatergic and midbrain
dopaminergic neurons

iPSC-derived cortical neurons

iPSC-derived forebrain
neurons

iPSC-derived telencephalic
glutamatergic neurons

iPSC-derived cortical neurons

NPCs and cerebral organoids

iPSC-derived motor neurons

Restoration of mitochondrial network, basal respiration,
and ATP production by gene editing.

Impaired mitochondrial bioenergetic output and DNA
maintenance.

iPSCs: no disease phenotype.

Neurons and cardiomyocytes: decreased mitochondrial
membrane potential, progressive mitochondrial
degeneration.

NPCs: No altered susceptibility to cell death, normal
mitochondrial function, differentiation into functional
neurons.

Disorganized mitochondrial network and mtDNA depletion
upon iron-overload.

Increased FXN expression and epigenetic changes by
treatment with HDACi 109/RG2833.

Normal OXPHOS activity and phagocytosis.

Alleviation of intracellular ATP levels by zinc finger
nuclease-mediated gene correction.

Higher expression of mitochondrial superoxide dismutase,
increased ROS and sensitivity to oxidants.

Protection from oxidative stress-mediated cell death by
treatment with HDAC.

Suppression of ROS and iron-induced mitochondrial stress
by iron chelator deferiprone.

Deficiency in calcium handling.

Prevention of increased variation in beating rates by
nifedipine.

Correction of the transcriptional profile by genome editing.
Electrophysiological defects including action potential
duration prolongation and maximum capture frequency
reduction.

Rescue of contractility defects and FXN protein levels by
lentiviral transduction.

Decreased FXN expression, basal respiration, ATP
production, and maximal respiratory capacity, enhanced
oxidative stress. Induction of FXN expression, reduced
oxidative stress, and improved mitochondrial function by
GLP-1 analogues.

Impaired survival rates, less axonal mitochondria with
smaller size, and more circular morphology.

Rescue of disease phenotype upon FXN intron 1 removal.
Neurons: affected expression of glycolytic pathway genes.
Cardiomyocytes: affected expression of extracellular matrix
pathway genes.

Rescue of expression levels upon frataxin supplementation.
Decreased basal respiration, maximal respiration and ATP
production, type I interferon response due to mtDNA
release.

Impairment of cytoskeleton organization at the growth
cone, neurite extension and synaptic plasticity, altered
spiking profile.

Altered dynamics of the mitochondrial network, increased
lysosomal mass.

Reduction in mitochondrial length density within axons,
decreased mitochondrial membrane potential.

Rescue of mitochondrial morphology defects by inhibitors
of the mitochondrial fission GTPase DRP1.

Decrease in total neurite length and branching point
numbers.

Increase of neurite length by inhibition of microRNA 33a.
Impaired axonal growth, decreased mitochondrial motility.
Rescue of axon growth defects by microtubule-binding
agents.

Reduced mitochondrial length and aspect ratio, reduction in
the percentage of motile mitochondria.

Shorter and less complex neurites.

Rescue of neuritic impairments, reduction of cell death and
amelioration of membranous inclusions by tideglusib.
NPCs: increased rate of asymmetric divisions causing
premature neurogenesis.

Organoids: smaller, larger ventricles, thinner germinal wall.
Rescue of size and premature neurogenesis by tideglusib.
Longer and thinner mitochondrial morphology within
neurites, impaired mitochondrial membrane potential.

Sladen et al.,
2021
Sladen et al.,
2022

Hick et al.,
2013

Bird etal., 2014

Lee et al., 2014

Soragni et al.,
2014
Crombie et al.,
2015

Liet al., 2015b

Codazzi et al.,
2016

Lee et al., 2016
Crombie et al.,
2017

Li et al., 2019

Wong et al.,
2019

Igoillo-Esteve
et al., 2020

Mazzara et al.,
2020

Angulo et al.,
2023

Cotticelli et al.,
2023

Dionisi et al.,
2023

Cooper et al.,
2017

Denton et al.,
2018

Nakazeki et al.,
2019

Zhu et al., 2014
Mou et al.,
2020

Pozner et al.,
2018

Pérez-Branguli
et al., 2019

Giiner et al.,
2021

(continued on next page)
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Table 1 (continued)
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Disease Gene and mutation iPSC model Outcome Reference
Rescue of mitochondrial morphology, motility and
SPG11 . . . .
.3965delG & iPSC-derived cortical membrane potential as well as axonal and neuronal Chen et al.,
c. 5769 5770dupT projection neurons degeneration in long-term cultures by mitochondrial fission 2022
0702 P GTPase DRP1 inhibitor.
SPG7 NPCs: increased mitochondrial size and reduced membrane
potential.
.1449+1G > A, ¢.1529C > T; . . . . S .
2 415 C+> T c9 4;T <A > iPSC-derived NPCs and Neurons: increased mitochondrial size, reduced membrane Wali et al.,
: o i cortical neurons potential, reduced neurite complexity and length. 2023
chr16:8.89623293 A > G, X . . .
21822 A > G, €.1529C > T Rescue of mitochondrial and neurite morphological defects
’ . and mitochondrial membrane potential by Bz-423.
SC02 Decreased number of cristae, inordinate mitochondrial size
. . . . . . . Hallas et al.,
c.577G > A, iPSC-derived cardiomyocytes increase with age, attenuated response to the inotropic 2018
Hypertrophic ¢.418G > A & ¢.17ins19 interventions and caffeine.
cardiomyepaihy MYBPC3 iPSC-derived cardiomyocytes ::cpizti;ie:nlzgstcgzzc(l;aclotzoﬁEerigne zz;i?gai::)erf:ith MYH7 Escribd et al.,
€.1800delA ” oy von- ping 2023
mutation.
ECHS1 {PSC-derived fibroblasts, All cell types: dec1jeas'ed ATP production and'mltochondrlal .
membrane potential, increased ROS production. Sequiera et al.,
c.518C>T& NPCs, mature neurons and . .
Leigh-like Syndrome .849 852delAAAG cardiomyocytes Neurons and cardiomyocytes: increased lactate levels. 2022
§ ¥ T yoey Fibroblasts and NPCs: retarded growth.
PMPCB iPSC-derived neuroepithelial Reduced PMPCB levels, accumulation of the processing Vogtle et al.,
c.1265T > C stem cells intermediate of frataxin. 2018
NDUFS4 . . Reduction of mitochondrial membrane potential and Inak et al.,
PSC- NP
C.462delA, ¢.316C > T iPSC-derived NPCs neurite outgrowth. 2021
Neurons: increased apoptosis, attenuated by nicotinamide
NDUFS4 iPSC-derived neurons and riboside supplementation. Yoon et al.,
knock-out cardiomyocytes Cardiomyocytes: lower mitochondrial membrane potential 2022
and higher levels of cellular ROS.
NDUFS4 iPSC-derived neurons and Neurons: higher susceptibility to glutamate excitotoxicity. Daneshgar
¢.20C>G knock-in cortical brain organoids Organoids: elevated proinflammatory pathways. et al., 2022

Leigh Syndrome (LS)

Leukoencephalo-pathy with
brainstem and spinal cord
involvement and lactate
elevation (LBSL)

mtDNA depletion syndrome
(MTDPS)

Pompe disease

NDUFV1
¢.529dupT & ¢.640G > A

SURF1
¢.530T > G, ¢.769G > A

SURF1
c.769G > A

DARS2

¢.753G > T & c.228-
20delTTinsC;

c.473A > T & ¢.829G > A;
¢.265C>T & c.492+2T > C;
¢.228-20delTTinsC;
€.228-20delTTinsC & c.492 +
2T > G

¢.228-17C>G & ¢.4924+2T>C
DGUOK

¢.763_766dupGATT;

c4G > T & c.142+1G > A &
c.591G > A

DGUOK

p.Trpl66Ter & p.
His167LeufsTer213

RRM2B
knock-out

FBXL4
¢.993insA

GAA
¢.1822C > T & ¢.2662G > T

iPSC-derived fibroblasts,
NPCs, mature neurons and
cardiomyocytes

iPSC-derived NPCs and
cerebral organoids

iPSC-derived neurons and
midbrain organoids

iPSC-derived neurons and
cerebral organoids

iPSC-derived hepatocyte
organoids and hepatocyte-like
cells

iPSC-derived hepatocyte-like
cells

iPSC-derived hepatocyte-like
cells

iPSC-derived NPCs and
cortical neurons

iPSC-derived cardiomyocytes

All cell types: decreased ATP production and mitochondrial
membrane potential, increased ROS production.

Neurons and cardiomyocytes: increased lactate levels.
Fibroblasts and NPCs: retarded growth.

NPCs: retention of glycolytic proliferative state.

Organoids: compromised neuronal morphogenesis.
Enhancement of metabolic programming of NPCs leading to
restored neuronal morphogenesis by SURF1 gene
augmentation and PGC1A induction via bezafibrate
treatment.

Neurons: defects in neuromorphogenesis.

Midbrain organoids: increased lactate release, altered
calcium activity and aberrant neurite organization. Lowered
lactate release and improved neurogenesis and neurite
organization by azole compounds Talarozole and
Sertaconazole.

Neurons: growth defects.
Organoids: dysregulated expression of genes that encode
RNA binding proteins and spliceosomal proteins.

Hepatocytes: decreased mtDNA level and ATP production.
Hepatocytes and orgnaoids: higher sensitivity to iron
overload-induced ferroptosis, rescued by N-Acetylcysteine.

Decreased mtDNA level and basal and maximal respiration.
Improved mitochondrial function and ATP production by
nicotinamide adenine dinucleotide.

Decreased mtDNA level and basal and maximal respiration.
Improved mitochondrial function and ATP production by
nicotinamide adenine dinucleotide.

Excessive mitophagy.

Decreased number of mitochondria and expression of
mitochondrial complexes, impaired respiratory function,
ATP production and fusion and autophagy of mitochondria,
elevated ROS levels.

Sequiera et al.,
2022

Inak et al.,
2021

Menacho et al.,
2024

Guang et al.,
2023

Guo et al., 2021

Jingetal., 2018

Jingetal., 2018

Chen et al.,
2023c¢

Huang et al.,
2023

(continued on next page)
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Table 1 (continued)
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Disease Gene and mutation iPSC model Outcome Reference
Progressive external POLG iPSC-derived midbrain Astrocytes with decreased rate of uncoupled mitochondrial ~ Chumarina
ophthalmoplegia (PEO) p-Q811R spheroids respiration and mitochondrial spare capacity. et al., 2019
Defective calcium dynamics and repolarization kinetics,
Sudden infant death HADHA {PSC-derived cardiomyocytes reduced fatty acid beta oxidation and mitochondrial proton ~ Miklas et al.,
syndrome knockout yocy gradient, disrupted cristae structure and defective 2019
cardiolipin remodeling.
ACADVL Shorter action potentials, more delayed afterdepolarizations

(c.104delC; ¢.848T > C &
¢.1141_1143delGAG)

ACADVL
(c.848T > C &
¢.1141_1143delGAG)

very long-chain acyl-CoA
dehydrogenase deficiency
(VLCADD)

iPSC-derived cardiomyocytes

iPSC-derived cardiomyocytes

Knottnerus
et al., 2020

(DADs) and higher intracellular calcium concentrations.
Prolongation of action potential duration and reduced DADs
and calcium concentrations by etomoxir.

Shorter action potentials, more delayed
afterdepolarizations.

No improvement by carnitine supplementation.

Verkerk et al.,
2020

from patients suffering from DOA appeared more apoptotic than control
iPSCs and exhibited impaired capacity to differentiate into RGCs (Chen
et al., 2016). The addition of neural induction medium, Noggin or es-
trogen improved RGC differentiation from DOA iPSCs, suggesting that
extracellular metabolism and signaling could play a role in disease
manifestation (Chen et al., 2016). Dopaminergic neurons from DOA
patient-derived iPSCs showed defective OXPHOS due to reduced com-
plex I levels and activity without overt ultrastructural mitochondrial
modifications (Jonikas et al., 2018). In addition, OPAI mutations
significantly altered the expression profile of iPSC-derived NPCs, hin-
dering their differentiation capacity towards GABAergic neurons
(Caglayan et al., 2020). iPSC-derived RGCs from patients with DOA as
well as DOA+ showed impaired mitochondrial homeostasis and reduced
bioenergetic output with compromised mtDNA maintenance (Sladen
et al., 2022). CRISPR/Cas9 correction of iPSCs from DOA-+ patients
restored mitochondrial homeostasis by re-establishing the mitochon-
drial network and bioenergetics (Sladen et al., 2021). Hence, iPSC
models of DOA highlighted alterations in the differentiation capacity
that paralleled metabolic defects. Treatment options have not been
extensively studied in these models, but the identification of the disease
defects should facilitate future drug assessments.

Hereditary spastic paraplegia (HSP, e.g. OMIM #182600 and
#182601), is a heterogenous disorder that can be caused by mutations in
around 70 genes and lead to progressive degeneration of corticospinal
motor neuron axons resulting to spastic weakness of the lower limbs
(Tesson et al., 2015). iPSC studies have focused on different kinds of
iPSC-derived neuronal subtypes. Cooper et al. generated neurons from
HSP patients with a mutation in the gene ATAD3 A (ATPase family AAA-
domain containing protein 3 A encoding for a mitochondrial inner
membrane ATPase) and identified altered dynamics of the mitochon-
drial network and increased lysosomal mass (Cooper et al., 2017). HSP
iPSC-derived telencephalic glutamatergic and midbrain dopaminergic
neurons carrying mutations in the genes ZFYVE26 and AP5Z1, which
mainly have endo-lysosomal functions, showed significantly reduced
neurite branching capacity (Denton et al., 2018). Likewise, decreased
total neurite length was seen in cortical neurons from HSP patients with
SPAST mutation, encoding the microtubule-severing protein SPASTIN
(Nakazeki et al., 2019), and in neurons from other HSP patients (Pozner
et al., 2018; Wali et al., 2023). Impaired axonal growth was also seen in
HSP iPSC-derived forebrain neurons with an ATLI mutation (encoding
the atlastin-1 GTPase) (Zhu et al., 2014). Mitochondria of HSP patient-
derived neurons were also less motile (Giiner et al., 2021; Mou et al.,
2020; Zhu et al., 2014). Alterations of mitochondrial morphology
manifested in mitochondrial fragmentation in telencephalic HSP gluta-
mergic neurons carrying defects in genes ATL1, ZFYVE26, and AP5Z1
(Denton et al., 2018; Mou et al., 2020) but in mitochondrial fusion
within HSP NPCs and cortical neurons (Giiner et al., 2021; Wali et al.,
2023). MMP was found to be reduced in neurons with several HSP
mutations (Chen et al., 2022; Denton et al., 2018; Giiner et al., 2021;
Wali et al., 2023). HSP NPCs also displayed an increased rate of

asymmetric divisions, leading to proliferation defects and premature
neurogenesis (Pérez-Branguli et al., 2019). Accordingly, HSP cerebral
organoids appeared smaller than control organoids and exhibited larger
ventricles as well as a thinner germinal wall (Pérez-Branguli et al.,
2019). Different drugs could rescue the disease phenotypes in HSP pa-
tient iPSC-derived neurons. Neurite length could be ameliorated by in-
hibition of microRNA 33a through locked nucleic acid-anti-miR
(Nakazeki et al., 2019), by microtubule-binding agents (Zhu et al.,
2014), as well as by the mitochondria permeability pore regulator Bz-
423 (Wali et al.,, 2023). The latter also restored mitochondrial
morphology defects and membrane potential in HSP neurons (Wali
et al., 2023). Similarly, inhibitors of the mitochondrial fission GTPase
DRP1 rescued mitochondrial morphology defects in HSP cortical neu-
rons (Denton et al., 2018), as well as mitochondrial motility and mem-
brane potential, thereby preventing axonal and neuronal degeneration
in long-term cultures (Chen et al., 2022). In these HSP neurons, GSK3
inhibitors like tideglusib were able to restore neuritic impairments,
reduce cell death, and ameliorate membranous inclusions (Pozner et al.,
2018). Tideglusib treatment also rescued premature neurogenesis and
the overall size in HSP cerebral organoids (Pérez-Brangulf et al., 2019).
Taken together, iPSC models of HSP successfully unveiled pathogenetic
mechanisms and various treatment strategies targeting different path-
ways related to neuronal morphogenesis and mitochondrial function.

Mutations in the gene PITRM1, encoding for a mitochondrial pepti-
dase that digests the mitochondrial-targeting sequences of proteins im-
ported into the mitochondria, can be responsible for autosomal recessive
spinocerebellar ataxia (ARCA, OMIM #619405) (Synofzik et al., 2019).
The group of Michela Deleidi generated cortical neurons and cerebral
organoids from iPSCs with a CRISPR/Cas9-induced frameshift deletion
in exon 3 and 4 of the PITRM1 gene (Pérez et al., 2021). PITRM1 knock-
out led to mitochondrial unfolded protein response and enhanced
mitochondrial clearance in differentiated neurons, which then devel-
oped features reminiscent of Alzheimer’s disease, including the accu-
mulation of protein aggregates, tau pathology, and neuronal cell death
(Pérez et al., 2021).

The disorder Coenzyme Q10 deficiency (e.g. OMIM #607426 and
616276) can originate from mutations in genes COQ2 or COQ4,
encoding for coenzymes Q2 and Q4 involved in the biosynthesis of the
antioxidant coenzyme Q10 (Trevisson et al., 2011). COQ2 mutant neu-
rons showed functional deficiencies in mitochondrial respiration and
antioxidant system that could be rescued through CRISPR/Cas9-
mediated gene corrections (Nakamoto et al., 2018). iPSCs from COQ4
mutant patients revealed coenzyme Q10 deficiency and metabolic
dysfunction as well as respiration defects that were present in skeletal
muscle cells differentiated from iPSCs (Romero-Moya et al., 2017).
Conversely, neurons derived from the same patient iPSCs appeared
unaffected (Romero-Moya et al., 2017).

Other rare neurodevelopmental disorders were also investigated
with iPSCs. Leukoencephalopathy with Brainstem and Spinal cord
involvement and Lactate elevation (LBSL, OMIM #611105) is caused by
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mutations in DARS2 encoding the mitochondrial aspartyl-tRNA syn-
thetase and therefore plays an important role in the mitochondrial
translation machinery (Li et al., 2021). Cerebral organoids generated
from iPSCs of seven LBSL patients showed dysregulated expression of
genes that encode RNA binding proteins and spliceosomal proteins
(Guang et al., 2023). In LBSL iPSC-derived neurons, growth defects were
revealed (Guang et al., 2023). Auditory neuropathy (AN, e.g. OMIM #
619832) is characterized by impaired hearing and comprehension of
speech caused by dysfunction in the inner hair cells, ribbon synapses,
spiral ganglion neurons or the auditory nerve (Kaga, 2016). It can be
caused by mutations in the TMEM43 gene, whose corresponding protein
is important for inner ear homeostasis (Jang et al., 2021). In addition,
the AIFM1 gene can be affected, which encodes for the protein
apoptosis-inducing factor (AIF) that might contribute to cell survival by
promoting biogenesis and maintenance of the mitochondrial OXPHOS
system (Wischhof et al., 2022). iPSC-derived neurons derived from AN
patients harboring AIFM1 mutation displayed inhibited mitochondrial
import of MRC subunits (Qiu et al., 2023). Consequently, ADP/ATP ratio
as well as ROS levels were abnormally increased in AN neurons, and
mitochondrial calcium overload and caspase-independent apoptosis
occurred. Gene correction by CRISPR/Cas9 improved the physiological
state of the neurons as it lowered the ADP/ATP ratio (Qiu et al., 2023).
These studies collectively highlight how iPSC models can be used to
unveil mechanistic details in the neuropathology of rare neuro-
developmental diseases affecting mitochondrial function.

Friedreich’s ataxia (FA, OMIM #229300) is an inherited neurode-
generative disease associated with hypertrophic cardiomyopathy (Cook
and Giunti, 2017). It is caused by GAA-TTC triplet repeat hyper-
expansions in the first intron of the frataxin (FXN) gene. The protein
frataxin is involved in the mitochondrial assembly of iron-sulphur
(Fe—S) clusters and therefore interacts with respiratory complexes I, II
and III (Doni et al., 2023). Hick et al. generated iPSCs from FA patients
and differentiated them into neurons and cardiomyocytes (Hick et al.,
2013). Whereas undifferentiated FA iPSCs showed no biochemical
defect, impaired mitochondrial function was detected in FA neurons and
cardiomyocytes, which showed decreased MMP and progressive mito-
chondrial degeneration (Hick et al., 2013). FA neurons displayed higher
expression of mitochondrial superoxide dismutase, increased ROS, and
lower reduced glutathione levels, indicating higher sensitivity to pro-
oxidant molecules (Codazzi et al., 2016). FA iPSC-derived pro-
prioceptors-enriched neuronal cultures exhibited aberrant cytoskeleton
organization at the growth cone, leading to defective neurite extension
and synaptic plasticity, as well as alterations in the spiking profile
(Dionisi et al., 2023). FA patient-derived cardiomyocytes also showed
deficiencies in calcium handling (Crombie et al., 2017) and mtDNA
depletion, together with a disorganized mitochondrial network indica-
tive of an iron-overloaded condition (Lee et al., 2014). A FXN knock-
down model of iPSC-derived FA cardiomyocytes highlighted severe
bioenergetic dysfunction with decreased basal respiration, maximal
respiration, and ATP production, coupled with a type I interferon
response partly caused by release of mtDNA into the cytosol (Cotticelli
et al., 2023). Human engineered 3D cardiac tissue models developed
electrophysiological defects including action potential duration pro-
longation and maximum capture frequency reduction (Wong et al.,
2019). Dorsal root ganglia organoids derived from FA iPSCs displayed
impaired survival rates and their axons contained reduced number of
mitochondria with fragmented appearance (Mazzara et al., 2020).
Conversely, other studies with FA patient-derived iPSCs detected normal
mitochondrial function in NPCs and preserved differentiation capacity
into functional neurons (Bird et al., 2014), as well as normal OXPHOS
activity and phagocytosis of retinal pigment epithelium cells (Crombie
etal., 2015). Hence, more work is needed to fully understand the impact
of FA defects in differentiated cells. With respect to therapeutic strate-
gies, Soragni et al. identified the HDAC inhibitor 109 (RG2833) with the
ability to increase the level of FXN in FA neurons and to trigger favorable
epigenetic changes in the FXN gene (Soragni et al., 2014). Additionally,
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treatment with benzamide HDAC inhibitor 109 downregulated super-
oxide dismutase 2 levels and related ROS levels, thereby protecting
cardiomyocyte cells from oxidative stress-mediated cell death (Codazzi
et al., 2016). In cardiomyocytes, the iron chelator deferiprone modu-
lated iron-induced mitochondrial stress and suppressed ROS synthesis
(Lee et al., 2016), while treatment with L-type Ca®" channel inhibitor
nifedipine prevented abnormal beat rate variabilities (Crombie et al.,
2017). Supplementation with frataxin restored the expression of glyco-
lytic pathway genes in neurons and extracellular matrix pathway genes
in FA cardiomyocytes (Angulo et al., 2023). The GLP-1 analogue exe-
natide induced frataxin expression in iPSC-derived sensory neurons and
B-cells, that additionally led to reduced oxidative stress and improved
mitochondrial function in FA neurons (Igoillo-Esteve et al., 2020). Zinc
finger nuclease-mediated correction of the mutation in the FXN gene led
to an alleviation of ATP levels in FA patient-derived neurons (Li et al.,
2015b), and to a correction of the transcriptional profile in car-
diomyocytes (Li et al., 2019). In 3D cardiac models, forced expression of
FXN by lentiviral transduction rescued their contractility defects (Wong
et al., 2019), and in 3D dorsal root ganglia organoids, removal of the
entire FXN intron had a rescuing effect as seen by improvement in
mitochondrial size, number, and morphology (Mazzara et al., 2020).
Hence, iPSC models of FA demonstrated how the disease impacts cardiac
and neuronal cells and were successfully used as platforms for testing
therapeutics.

Barth Syndrome (BTHS, OMIM #302060) is a severe mitochondrial
cardiomyopathy induced by mutations in the gene TAZ encoding for
taffazin, an acyltransferase that acetylates the mitochondrial inner
membrane phospholipid cardiolipin (Houtkooper et al., 2009). Dudek
et al. found that iPSCs from BTHS patients were able to recapitulate
features of the patient phenotypes (Dudek et al., 2013). iPSCs were
deficient in remodeling cardiolipin and showed decreased basal oxygen
consumption rate and maximal respiratory capacity (Dudek et al.,
2013). Other groups found that BTHS iPSC-derived cardiomyocytes
displayed metabolic, structural, and functional abnormalities, for
example in sarcomere assembly and myocardial contraction (Wang
et al., 2014). Severe structural mitochondrial changes in MRC assembly
could be observed, together with the loss of succinate dehydrogenase
(Dudek et al., 2016) and decreased HIF-1a signaling in hypoxic condi-
tions (Chowdhury et al., 2018). Metabolic alterations reflected by high
glucose uptake, increase in glycolytic lactate production, and decrease
in palmitate uptake were also found in BTHS cardiomyocytes (Fatica
et al., 2019). Additionally, higher levels of ROS could be detected (Liu
et al.,, 2021). Genome correction of the TAZ gene in BTHS patient-
derived iPSCs normalized calcium handling in cardiomyocytes,
thereby leading to improved contractile function (Liu et al., 2021).
Overall, iPSCs were used to generate multiple BTHS models that will
hopefully lead to the identification of potential rescuing strategies.

Several other cardiac-related disorders have been investigated using
iPSCs. Very long-chain acyl-CoA dehydrogenase deficiency (VLCADD,
OMIM #201475) is a mitochondrial long-chain fatty acid oxidation
disorder associated with cardiac arrhythmias that is caused by muta-
tions in the ACADVL gene, which encodes the protein very long-chain
acyl-CoA dehydrogenase (Knottnerus et al., 2018). VLCADD iPSC-
derived cardiomyocytes displayed shorter action potentials, delayed
depolarizations, and higher calcium concentrations compared to control
cardiomyocytes (Knottnerus et al., 2020; Verkerk et al., 2020).
Furthermore, patient cardiomyocytes accumulated potentially toxic in-
termediates of fatty acid oxidation. Etomoxir and in part resveratrol, but
not carnitine supplementation, could attenuate these disease pheno-
types (Knottnerus et al., 2020; Verkerk et al., 2020). Dilated cardio-
myopathy with ataxia syndrome (DCMA) is caused by mutations in the
gene DNAJC19 encoding for a mitochondrial import inner membrane
translocase subunit (Davey et al., 2006). DCMA patient iPSC-derived
cardiomyocytes displayed highly fragmented and abnormally shaped
mitochondria (Rohani et al., 2020). The mitochondrially-targeted pep-
tide SS-31 could reverse these abnormalities and is therefore a promising
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therapeutic strategy for this disease (Rohani et al., 2020).
Mitochondrial-related nuclear mutations can also lead to hypertrophic
cardiomyopathy, a complex cardiovascular disease often leading to se-
vere heart failure (Mosqueira et al., 2018). iPSC-derived cardiomyocytes
from patients with SCO2 mutations, causing cytochrome c oxidase de-
ficiencies, showed major mitochondrial ultrastructural abnormalities
including decreased number of cristae (Hallas et al., 2018). On a func-
tional level, SCO2 mutant cardiomyocytes displayed attenuated
response to inotropic interventions and caffeine (Hallas et al., 2018).
MYBPC3 mutations, encoding myosin-binding protein C, led to impaired
mitochondrial bioenergetics, and altered excitation-contraction
coupling (Escriba et al., 2023).

iPSC-derived cardiomyocytes were also used to study other nuclear
defects. Cardiac impairment and sudden infant death syndrome (SIDS,
OMIM #272120) can be associated to fatty acid oxidation defects due to
mutations in hydratase subunit A (HADHA). This gene is part of the
trifunctional protein, which plays a major role in the in beta-oxidation of
long chain fatty acids for ATP production in mitochondria (Taylor et al.,
2012). Miklas et al. knocked out HADHA in iPSCs by CRIPSR/Cas and
observed that the generated cardiomyocytes developed defective cal-
cium dynamics, reduced mitochondrial proton gradient, and disrupted
cristae structure, coupled with defective cardiolipin remodeling and
repolarization kinetics resulting in a pro-arrhythmic state (Miklas et al.,
2019). Pompe disease (OMIM #232300) is a glycogen storage disease
causing life-threatening cardiac and skeletal muscle myopathy due to
mutations in the gene GAA encoding for acid alpha-glucosidase, which
hydrolyses glycogen to glucose in lysosomes (Hers, 1963; van der Ploeg
and Reuser, 2008). iPSC-derived cardiomyocytes from Pompe disease
patients displayed fewer mitochondria and impaired respiratory func-
tion and ATP production (Huang et al., 2023). Additionally, they man-
ifested elevated levels of intracellular ROS caused by depolarized
mitochondria, impaired mitochondrial fusion, and abnormal mitoph-
agy, resulting in reduced expression of MRC complexes (Huang et al.,
2023). Hence, iPSCs can help to address how different nuclear mutations
might lead to specific impairment of defined tissues, potentially hinting
to new targets of interventions.

Mitochondrial Neurogastrointestinal Encephalomyopathy (MNGIE,
OMIM #603041) is caused by mutations in the gene TYMP, encoding for
thymidine phosphorylase. Mutations result in accumulation of tri-
phosphates which in turn imbalance the mitochondrial deoxy-
ribonucleoside triphosphate pools, resulting in deletions, point
mutations and depletion of mtDNA (Hirano et al., 2004; Nishigaki et al.,
2003). MNGIE patients suffer from gastrointestinal dysmotility, senso-
rimotor peripheral neuropathy, severe muscle weakness, and progres-
sive leukoencephalopathy (Hirano et al., 2004). Pacitti and Bax
developed a cerebral organoid model from MNGIE patient-derived iPSCs
that displayed a defect in TYMP expression, which represents an
important patient disease phenotype (Pacitti and Bax, 2018). However,
organoid stainings did not reveal alterations in neural cell populations
so far, supporting previous hypotheses that white matter lesions seen in
patients with leukoencephalopathy may not be the result of intrinsic
molecular derangements but could rather stem from an increased
permeability of the blood brain barrier (BBB) (Szigeti et al., 2004). To
conclude, iPSC models like the cerebral organoid model could poten-
tially help to elucidate the involvement of the central nervous system
(CNS) in MNGIE.

Mitochondrial DNA depletion syndrome (MTDPS, e.g. OMIM
#251880) comprises a group of heterogenous genetic diseases charac-
terized by reduction of mtDNA content mostly associated with neuro-
logical defects leading to death by liver failure (El-Hattab and Scaglia,
2013). Several forms of MTDPS have been modeled with iPSCs. Muta-
tions in the nuclear gene encoding the catalytic subunit of the mtDNA
polymerase gamma (POLG) can cause Alpers syndrome (OMIM
#203700), an early-onset encephalopathy (Naviaux and Nguyen, 2004).
Whereas undifferentiated iPSCs from Alpers patients only showed a
partial disease phenotype with reduced ATP production, differentiated
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neural stem cells (NSCs) developed a biochemical phenotype that
resembled that of post-mortem patient brain tissue, characterized by
decreased ATP production, excessive ROS production, and mtDNA
depletion (Hong et al., 2024; Liang et al., 2020), in addition to a
downregulated NADH pathway (Hong et al., 2024). These findings were
confirmed in iPSC-derived dopaminergic neurons that displayed mtDNA
depletion in addition to reduced MMP and complex, ROS over-
production, and cellular senescence (Liang et al., 2020). Treatment with
N-acetylcysteine amide ameliorated mitochondrial dysfunction and
reduced oxidative stress (Liang et al., 2021). Cortical organoids from
Alpers syndrome patient showed cortical neuronal loss, mtDNA deple-
tion and complex I deficiency (Hong et al., 2024). In accordance with
downregulated NADH pathway POLG mutant NSCs, treatment with
NAD+ precursor nicotinamide riboside ameliorated the mitochondrial
defects in POLG mutant cortical organoids (Hong et al., 2024). Alpers
syndrome is associated with an increased risk of hepatotoxicity
following valproic acid therapy, which is commonly used in patients
(Nanau and Neuman, 2013). The effect of valproic acid was therefore
assessed on iPSC-derived hepatocyte-like cells carrying different POLG
mutations (Li et al., 2015a). In hepatocyte-like cells from Alpers iPSCs,
valproic acid led to significantly increased apoptosis through the
opening of the mitochondrial permeability transition pore (mPTP), and
this effect could be prevented by applying the mPTP inhibitor cyclo-
sporine A (Li et al., 2015a). POLG mutations can also cause progressive
external ophthalmoplegia (PEO, OMIM #157640) (Filosto et al., 2003).
iPSC-derived midbrain spheroids derived from PEO patients contained
astrocytes but not neurons like in the case of control spheroids, and
showed decreased rate of uncoupled mitochondrial respiration and
mitochondrial spare capacity (Chumarina et al., 2019). Hepatocyte-like
cells were generated also from MTDPS patient iPSCs carrying mutations
in the gene DGUOK encoding the mitochondrial kinase responsible for
the phosphorylation of purine deoxyribonucleosides, as well as from
iPSCs engineered to knock-out the gene RRM2B encoding for
ribonucleoside-diphosphate reductase subunit M2B (Jing et al., 2018).
Hepatocyte-like cells for both mutations recapitulated MTDPS-specific
phenotypes, including decreased mtDNA levels and reduced basal and
maximal respiration (Jing et al., 2018). Supplementation with nicotin-
amide adenine dinucleotide improved mitochondrial function and ATP
production (Jing et al., 2018). DGUOK-mutated hepatocyte-like cells
also displayed decreased mtDNA levels along with mitochondrial
dysfunction, reduced ATP production and ROS enhancement, as well as
higher sensitivity to iron overload-induced ferroptosis, which could be
confirmed in hepatocyte organoids and rescued using N-acetylcysteine
(Guo et al., 2021). iPSC-derived NPCs and cortical neurons from MTDPS
patients carrying a mutation in the gene FBXL4 (F-Box And Leucine-Rich
Repeat Protein 4) which encodes a protein involved in mtDNA mainte-
nance (Gai et al., 2013), were also investigated and found to exhibit
excessive mitophagy (Chen et al., 2023c). Hence, iPSC studies are
helping to decode some of the complexity of multi-systemic disease such
as MTDPS: they were able to identify defects in neuronal commitment
and highlighted therapeutic options for ameliorating disease phenotypes
and common complications related to drugs currently used in patients.

Taken together, several iPSC models of nuclear mutations causative
of mitochondrial disorders have been generated in the past few years,
encompassing both patient-derived and genetically-engineered lines.
The obtained models mainly focused on neuronal or cardiac defects,
recapitulating disease-associated features. In addition to unveiling
mechanisms related to disease development, iPSC models were used to
assess various treatment strategies, highlighting their importance as
innovative drug discovery platforms.

1.4. iPSC models for mitochondrial DNA disorders
Mitochondrial diseases caused by mtDNA defects can be due to single

point mutations in mRNA genes encoding for individual MRC compo-
nents or in tRNA genes leading to impairment of mitochondrial protein
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translation (Cree et al., 2009; Russell et al., 2020; Wallace, 1999). Gene
defects can also be represented by mtDNA deletions that can be small or
relatively large. All these genetic alterations can result in multi-systemic
syndromes that strongly impair energy-demanding tissues such as the
nervous and cardiac system. Since challenges related to mtDNA editing
hinder the development of engineered lines, most of the iPSC works so
far focused on patient-derived lines (McKnight et al., 2021; Tolle et al.,
2023). Published disease-specific iPSCs and their respective findings are
reported in Table 2.

Mitochondrial Encephalopathy, Lactic Acidosis, and Stroke-like ep-
isodes (MELAS, OMIM #540000) is the most common progressive and
devastating multisystemic mtDNA disease (Pavlakis et al., 1984). A
frequently recurring mutation is the m.3243 A > G in the MT-TL1 gene,
encoding the mitochondrial tRNA-Leucine 1 (Goto et al., 1990; Nesbitt
et al., 2013). iPSCs reprogrammed from MELAS patients displayed high
variability in heteroplasmy levels, and even mutation-free isogenic iPSC
lines could be obtained starting from MELAS patient fibroblasts (Kodaira
et al., 2015; Perales-Clemente et al., 2016). The mutation could also be
purged by extended iPSC passaging, resulting in isogenic iPSC subclones
with various degrees of disease-causing genotypes (Folmes et al., 2013).
High heteroplasmy levels in the parent cells were associated with
reduced reprogramming efficiency but did not affect the maintenance of
the obtained iPSCs (Yokota et al., 2015), despite their impaired complex
I activity (Kodaira et al., 2015; Yokota et al., 2017; Yokota et al., 2015).
MELAS iPSCs with high heteroplasmy exhibited increased autophagy as
well as OXPHOS defects indicating a greater reliance on glycolysis (Lin
et al., 2019). MELAS iPSC-derived NPCs also showed diminished mito-
chondrial metabolism (Ma et al., 2015). Upon further differentiation,
the disease phenotype became even more enhanced, hindering effective
differentiation. High heteroplasmy MELAS mutations induced neuronal
cell death (Yokota et al., 2017), defective neuronal maturation
(Kobayashi et al., 2021), and inhibited lineage commitment to car-
diomyocytes (Ma et al., 2015; Yokota et al., 2017). Accordingly, spinal
cord MELAS organoids displayed defects in mitochondrial respiration as
well as elevated Notch signaling resulting in delayed neuronal differ-
entiation (Winanto et al., 2020). Ryytty and colleagues succeeded in
differentiating patient iPSCs to cardiomyocytes, but these cells man-
ifested impaired mitochondrial respiration that was dependent on the
mutation load (Ryytty et al., 2022). iPSC-derived retinal pigment
epithelial cells showed a heteroplasmy-dependent impairment of mito-
chondrial bioenergetics (Bhattacharya et al., 2022) and abnormal
mitochondria and melanosomes (Chichagova et al., 2017). Pro-
atherogenic and pro-inflammatory properties were found in MELAS
iPSC-derived endothelial cells (Pek et al., 2019). MELAS iPSCs with high
heteroplasmy m.5541C > T mutation in the gene MT-TW, encoding for
the mitochondrial tRNA-tryptophan, also showed a significant loss of
terminally differentiated neurons, but not their stem and progenitor
cells, and no effect on skeletal muscle cells (Hatakeyama et al., 2015).
MELAS iPSC-derived neurons with high heteroplasmy for m.3243 A > G
developed respiratory chain deficiency patterns, especially in complex I,
similar to those occurring in MELAS patients (Hamalainen et al., 2013).
MELAS iPSC-derived neurons with high heteroplasmy for m.3243 A > G
could be directly compared to isogenic neurons with low heteroplasmy
(Klein Gunnewiek et al., 2020). High heteroplasmy neurons exhibited
mitochondrial dysfunction and delayed neural maturation, as seen by
reduced dendritic complexity, fewer excitatory synapses, reduced
network activity, and decreased synchronous network bursting (Klein
Gunnewiek et al., 2020). These alterations were significantly counter-
acted by treating the high heteroplasmy MELAS neurons with the anti-
oxidant sonlicromanol (Klein Gunnewiek et al.,, 2021). The
phosphofructokinase-1 inhibitor Tryptolinamide recovered the defec-
tive differentiation phenotypes into MELAS neurons and car-
diomyocytes (Kobayashi et al., 2021). Furthermore, Yang et al.
successfully eliminated the m.3243 A > G mutation in patient iPSCs by
mitoTALENS, suggesting a potential therapeutic approach for the
treatment of this mitochondrial disease (Yang et al., 2018). A similar
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effect could be achieved in iPSCs from MELAS patients with am.13513G
> A mutation in the complex I gene MT-ND5, where iPSCs showed
TALEN-mediated decrease in heteroplasmy leading to functional im-
provements (Yahata et al., 2017). These studies collectively demon-
strated how MELAS-associated mutations affect tissue development and
highlighted different genetic-based or drug-based treatments.
Maternally inherited Leigh Syndrome (MILS) encompasses those
cases of Leigh syndrome that are caused by mtDNA mutations (Ciafaloni
et al., 1993). The most frequently occurring defects involve high het-
eroplasmic or homoplasmic defects in the gene MT-ATP6, encoding for a
subunit of complex V, the ATP synthase (Del Dotto et al., 2024). MT-
ATP6 mutations occurring at lower heteroplasmy instead cause neu-
ropathy, ataxia, retinitis pigmentosa, and ptosis (NARP, OMIM
#551500) which usually causes less severe symptomatology and de-
velops later in adulthood (Holt et al., 1990). iPSC-derived NPCs carrying
homoplasmic mutation m.9185 T > C in the MT-ATP6 gene exhibited
defective ATP production and abnormally elevated MMP, which in turn
caused altered calcium homeostasis (Lorenz et al., 2017). This MMP
defect was used to carry out a compound screening that identified
phosphodiesterase 5 (PDES) inhibitor avanafil as a potential treatment
strategy, given its ability to rescue calcium alterations in MILS NPCs and
dopaminergic neurons carrying homoplasmic mutation m.9185 T > C
(Lorenz et al., 2017). Undifferentiated iPSCs with the same mutation
showed bioenergetic defects, including reduced maximal respiration
and spare reserve capacity, but their ATP production was not signifi-
cantly altered, while differentiated iPSCs showed more severe bio-
energetic impairment, including lower ATP content (Meshrkey et al.,
2023). iPSCs and derived NPCs as well as neurons carrying the homo-
plasmic MT-ATP6 mutation m.8993 T > G showed decreased basal ox-
ygen consumption rate and increased ROS levels (Zheng et al., 2016).
m.8993 T > G mutant neurons also exhibited mitochondrial ATP syn-
thesis defects and degenerative phenotypes (Zheng et al., 2016). Upon
rapamycin treatment, a significant rescue was visible, as MILS neurons
became more resilient against glutamate toxicity (Zheng et al., 2016).
iPSC-derived cerebral organoids were also employed for MILS modeling
and were found to develop defects in neural epithelial bud generation,
overall size, and cortical architecture (Romero-Morales et al., 2022). Ma
and colleagues investigated the effect of homoplasmic m.8993 T > G
mutation on iPSC-derived fibroblasts and skeletal muscle cells, which
exhibited aberrant metabolic profiles that could be rescued by replacing
the mutant mtDNA using somatic cell nuclear transfer (Ma et al., 2015).
The MT-ATP6 mutation m.9154C > T, which leads to a truncated pro-
tein, impaired neurogenesis and bioenergetics in iPSC-derived motor
neurons, with a heteroplasmy threshold at 49 % seen as necessary to
cause defects (Kenvin et al., 2022). Heteroplasmic mutations in MT-ND3
and MT-ND5 genes, encoding subunits of the complex I mitochondrial
NADH dehydrogenase, were also investigated using patient iPSCs. MT-
ND5 mutation m.12706 T > C led to reduced maximal respiration and
spare reserve capacity in iPSC-derived cardiomyocytes, which showed
abnormal beating capacity (Meshrkey et al., 2023). Cardiomyocytes
from iPSCs with MT-ND5 mutation m.13513G > A could only be
generated for heteroplasmy lower than 30 %, and even then, they
appeared to be dysfunctional (Galera-Monge et al., 2019). iPSCs car-
rying the MT-ND5 mutation m.13513G > A with 45 % heteroplasmy
displayed a diminished basal respiration (Galera-Monge et al., 2020).
Neurons generated from those iPSCs, containing 20 % heteroplasmy at
NSC level, showed compromised OXPHOS function and diminished
calcium buffering capacity (Galera-Monge et al., 2020). Finally,
Meshrkey and colleagues analyzed five different patient-derived iPSC
lines carrying heteroplasmic mutations in genes MT-ND3, MT-ND5, or
MT-ATP6 at the undifferentiated state, and observed altered MMP and
reduction in mitochondrial content (Meshrkey et al., 2021). Overall,
iPSC models of MILS unveiled bioenergetic defects in differentiated
cardiac and neural cells that were associated with calcium abnormalities
and impaired development. No isogenic iPSCs could be successfully
derived for MILS, either because the starting somatic cells were
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Table 2

iPSC models for mitochondrial DNA disorders leading to mitochondrial diseases. iPSCs are all patient-derived, except for when stated differently. NPCs: neural
progenitor cells, RGCs: retinal ganglion cells.

Disease Gene and mutation iPSC model Outcome Reference
MT-RNR2 Mitochondrial dysfunctions and ultrastructure defects caused by
m.2336T > C iPSC-derived cardiomyocytes decreased 16S rRNA stability and reduced levels of Li et al., 2018
Hypertrophic ’ mitochondrial proteins.
cardiomyopathy (HCM) MT-TI Lower basal oxygen consumption rates.
¥ i ici ion with limi 2 iti hen et al., 2023t
m.4300A > G iPSCs Efficient gene correction with limited off-target editing by Chen et al., 2023b

Kearns-Sayre Syndrome

(KSS)

Leber’s Hereditary Optic
Neuropathy (LHON)

Large mtDNA
deletions

5 kB deletion,
7.3 kB deletion

Mutation-free iPSCs, iPSC-
derived cardiomyocytes,
fibroblasts and NPCs

DACBE, restoration of mitochondrial function.

iPSCs: Normal differentiation potential towards cardiomyocytes,
fibroblasts and NPCs without any mtDNA deletions
Differentiated cells: Normal ATP production, ROS generation,
lactate accumulation and mitochondrial membrane potential.

Lester Sequiera
et al., 2021

xgﬁ%é A iPSC-derived neurons Increased autophagy and mitophagy. ;)3121;58 etal,
I\Hrf’l;-il()); e iPSC-derived RGCs ‘I;liclrdet;i;d If:[g gj:r_h, rescued by mitochondrial replacement with Wong et al., 2017
MT-ND6 Only modest decrease in reprogramming efficiency, normal
m.14484T > C iPSCs expression of genes associated with mitochondrial biogenesis, Hung et al., 2016
(double-mutation) fusion and glycine production.
Only modest decrease in reprogramming efficiency, normal
iPSCs expression of genes associated with mitochondrial biogenesis, Hung et al., 2016

iPSCs-derived RGCs

iPSC-derived RGCs

fusion and glycine production.

Enhanced mitochondrial biogenesis, decreased basal respiration,
neurite outgrowth and catalase expression.

Decreased expression levels of AMPA subunits and associated
scaffold proteins.

Increased ROS production and retrograde mitochondria,

Wu et al., 2018

Yang et al., 2019

MT-ND4 iPSC-derived RGCs decreased stationary mitochondria. Yang et al., 2020
m.11778G > A Rescue of mitochondrial movement by N-acetyl-L-cysteine.
Dz t al.
iPSC-derived neurons Increased autophagy and mitophagy. 9 S;;se etal,
. . Greater defects in development, morphology and function with .
PSC- N t al., 2023
iPSC-derived RGCs additional X-linked PRICKLE3 mutation (c.157C > T). jeetal,
Greater defects in neuronal differentiation, morphology
{PSC-derived RGC-like cells including reduced area of soma, numbers o‘f neu'rltes and ' Chen et al., 2023a
shortened length of axons, and electrophysiological properties
with additional nuclear YARS2 mutation (c.572G > T).
MT-ND3 iPSCs Decreased mitochondrial membrane potential, decrease in total =~ Meshrkey et al.,
m.10158T > C mitochondria. 2021
{PSG-derived cardiomyocytes Generjcltion of dysfunctional cardi?myocytes upon ur.lder 30 % Ga]erar—Mon ge
MT-ND5 mutation load, over 30 % no cardiomyocyte generation.at all. etal., 2019
m13513G > A iPSCs: diminished basal respiration. Galera-Monge
) iPSCs, iPSC-derived neurons Neurons: Compromised OXPHOS function and diminished ct( al h 2020 g
calcium buffering capacity. o
iPSCs Decreased mitochondrial membrane potential, decrease in total Meshrkey et al.,
MT-ND5 mitochondria. 2021
m.12706T > C iPSCs, iPSC-derived iPSCs: reduced maximal respiration and spare reserve capacity. Meshrkey et al.,
cardiomyocytes Cardiomyocytes: higher abnormal beat. 2023
Defective ATP production, abnormally high mitochondrial
. . . . . Lorenz et al.,
iPSC-derived NPCs membrane potential and altered calcium homeostasis, rescued 2017
MT-ATP6 by PDE-5 inhibitor Avanafil.
. Decreased mitochondrial membrane potential, decrease in total =~ Meshrkey et al.,
m.9185T > C iPSCs . .
mitochondria. 2021
Maternally Inherited Leigh iPSCs Reduced maximal respiration and spare reserve capacity, Meshrkey et al.,
Syndrome (MILS) slightly elevated ATP content. 2023
{PSC-derived fibroblasts and Fibroblasts: diminished metabolic proﬁle.s, rescued by
replacement of mutant mtDNA by somatic cell nuclear transfer. ~ Ma et al., 2015
skeletal muscle cells
Skeletal muscle cells: lower ATP turnover.
All cell types: decreased basal oxygen consumption rate,
iPSCs, iPSC-derived NPCs and increased ROS level.
. . . - Zheng et al., 2016
MT-ATP6 neurons Neurons: mitochondrial ATP synthesis deficiency and
degenerative phenotype, rescue by rapamycin treatment.
m.8993T > G . S . . .
. . . Defects in neural epithelial bud generation, size and cortical Romero-Morales
iPSC-derived cerebral organoids . e
architecture. et al., 2022
. Decreased mitochondrial membrane potential, increase in total Meshrkey et al.,
iPSCs . .
mitochondria. 2021
iPSCs Reduced maximal respiration, in part lower ATP content and Meshrkey et al.,
spare reserve capacity. 2023
MT-ATP6 iPSC-derived motor neurons ilﬂ:z)pljn::g: s:r‘l)(idn:;el;)t;li:lr: e;;tifai:ﬂi?ifi?:ﬁiﬁrial Kenvin et al.,
m.9154C > T & ' 2022
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respiration and proton leakage at 49 % heteroplasmy.

(continued on next page)
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Disease Gene and mutation iPSC model Outcome Reference
Hamalainen et al.,
iPSC-derived neurons Respiratory chain deficiency patterns, especially in complex I. 9 Oi 3 !
iPSCs and NPCs: lower OCR (oxygen consumption rate),
iPSC, NPCs, cardiomyocytes decreased OCR/ECAR (extracellular acidification rate) ratio. Ma et al., 2015
Cardiomyocytes: compromised differentiation.
iPSCs Wide variety of heteroplasmy levels, impaired complex I activity =~ Kodaira et al.,
upon high heteroplasmy levels. 2015
Decreased reprogramming efficiency and complex I activity
. . . Yokota et al.,
iPSCs upon high heteroplasmy, but no effect on maintenance of the 2015
pluripotent state.
Perales-Cl t
iPSCs Inter- and intra-person variability in heteroplasmy level. crajes-temente
et al., 2016
iPSC-derived retinal pigment Functional and structural defects like abnormal mitochondria Chichagova et al.,
epithelial cells and melanosomes. 2017
{PSCs, iPSC-derived neurons and iPSCs: 1mPa1red complex I activity and basal respiration. Yokota et al..
. Neurons: induced cell death.
cardiomyocytes ) R X . 2017
MT-TL1 Cardiomyocytes: inhibited lineage commitment.
M.3243A > G iPSCs Su.ccessful elimination of the m.3243A > G mutation by Yang et al., 2018
Mitochondrial mitoTALENS.
Encephalopathy. Lactic iPSC-derived endothelial cells Pro-atherogenic and pro-inflammatory properties. Pek et al., 2019
. P . patiy, R iPSCs Increase of autophagy and activation of mitophagy. Lin et al., 2019
Acidosis, and Stroke-like . R . .
. Mitochondrial dysfunction, delayed neural maturation, reduced . .
episodes (MELAS) . . . L. . : Klein Gunnewiek
iPSC-derived iNeurons dendritic complexity, fewer excitatory synapses, reduced et al.. 2020
network activity and decreased synchronous network bursting. o
iPSC-derived spinal cord Defects in mitochondrial respiration, elevated Notch signaling Winanto et al.,
organoids resulting in delayed neuronal differentiation. 2020
Alleviation of mitochondrial dysfunction in high heteroplasmy . .
. . | o Klein Gunnewiek
iPSC-derived neurons MELAS neurons upon treatment with the antioxidant etal. 2021
sonlicromanol. o
iPSC-derived neurons and . . . . Kobayashi et al.,
. Defects in maturation, recovery by tryptolinamide treatment.
cardiomyocytes 2021
iPSC-derived cardiomyocytes Impaired mitochondrial respiration depending on the mutation Ryytty et al.,
load. 2022
iPSC-derived retinal pigment Heteroplasmy-dependent impairment of mitochondrial Bhattacharya
epithelial cells bioenergetics. et al., 2022
MT-TW iPSC-derived neurons and Neurons: significant loss upon terminal differentiation. Hatakeyama
m.5541C > T skeletal muscle cells Skeletal muscle cells: no effect. et al., 2015
iPSCs Purge of mutant mtDNA by extended stem cell passaging, Folmes et al.,
MT-ND5 resulting in subclones with various disease genotypes. 2013
.13513G > A Yahata et al.,
m z iPSCs TALEN-mediated decrease in heteroplasmy. 9 (;; 71 et
iPSCs: reduced oxygen consumption and growth, elevated ROS
iPSCs, iPSC-derived production, fragmented mitochondrial morphology. Chou et al.. 2016
Myoclonic Epilepsy and MT-TK cardiomyocytes and NPCs Cardiomyocytes and NPCs: increased ROS levels, altered ’ o
Ragged-Red Fibers m.8344A > G antioxidant gene expression and fragmented mitochondria.

(MERRF)

Pearson Marrow- Pancreas

syndrome (PMPS)

Sensorineural hearing loss

Large scale mtDNA
deletions
m.8469_13447 del,
m. 6897_13411 del
Large scale mtDNA
deletion
m.10949_13449 del

MT-RNR1
m.1555A>G

iPSCs

iPSC-derived inner ear hair cells

iPSCs

Patient-derived iPSCs
differentiated into
hematopoietic progenitors

iPSC-derived otic epithelial
progenitor cells and inner ear
hair cell-like cells

Successful generation of patient-derived iPSCs with high and low
heteroplasmy.
Increased ROS levels and MnSOD and CAT gene expression.

Aberrant mitochondrial ultrastructure, defective oxidative
phosphorylation, decreased mitochondrial ATP, respiratory
complex IV activity and oxygen consumption.

Differences in growth, mitochondrial function, and
hematopoietic phenotype between low and high mutation load
cells.

Otic epithelial cells: Increased apoptosis with additional nuclear
TRMU mutation (c.28G > T).

Inner ear hair cell-like cells: Greater defects in development,
morphology and functions of hair cell-like cells with additional
nuclear TRMU mutation (¢.28G > T).

Chou et al., 2018

Chen et al., 2018

Hernandez-Ainsa

et al., 2022
Cherry et al.,
2013

Chen and Guan,
2022

homoplasmic for the mutation, or because of other unknown factors
preventing the straightforward elimination of the mutations during
reprogramming. Nonetheless, possible new treatment strategies were
suggested thanks to these models.

Leber’s Hereditary Optic Neuropathy (LHON, OMIM #535000)
commonly affects retinal ganglion cells (RGCs) which undergo degen-
eration causing patients to suffer from subacute optic nerve atrophy and
severe loss of central vision (Yu-Wai-Man et al., 2002). The most
frequent genetic causes of LHON include homoplasmic mutations in
mtDNA genes encoding for NADH dehydrogenase (ND) subunits of
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complex I, namely MT-ND1, MT-ND4 and MT-ND6 (Wallace et al.,
1988). Most studies have been conducted with iPSCs-derived RGCs from
patients harboring homoplasmic MT-ND4 mutation m.11778G > A.
RGCs carrying this mutation displayed defective neurite outgrowth,
enhanced mitochondrial biogenesis, as well as decreased basal respira-
tion and expression of the antioxidant enzyme catalase (Wu et al., 2018).
Furthermore, RGCs manifested a decrease in protein expression levels of
the subunits of the AMPA receptor, and their associated scaffold pro-
teins, which indicates the importance of AMPA receptors to the disease
phenotype (Yang et al., 2019). RGCs also exhibited increased ROS
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production and defective mitochondria motility (Yang et al., 2020).
Hung and colleagues reprogrammed fibroblasts from patients carrying
homoplasmic mutations (m.11778G > A in MT-ND4 as well as m.4160 T
> C (MT-ND1) and m.14484 T > C (MT-ND6) double-mutation) and
found that the mutations exerted only a modest decrease in reprog-
ramming efficiency (Hung et al., 2016). However, the mutations caused
more severe defects in differentiated RGCs (Wong et al., 2017). LHON
RGCs exhibited increased cell death that could be rescued when iPSCs
underwent mitochondrial replacement with wildtype mtDNA before
being differentiated into RGCs (Wong et al., 2017). The expression of the
mitochondrial anchoring protein KIF5A was decreased in LHON RGCs,
and upon its increase following treatment with antioxidant N-acetyl-L-
cysteine, the defective mitochondrial movement could be restored (Yang
et al., 2020). RGCs carrying MT-ND4 defects in combination with nu-
clear mutations in genes PRICKLE3 (c.157C > T) or YARS2 (¢.572G > T)
showed even greater defects, with impact on RGC development,
morphology, and function (Chen et al., 2023a; Nie et al., 2023). Lastly,
iPSC-derived neurons carrying the homoplasmic mutation m.11778G >
A in MT-ND4 or m.3460G > A in MT-NDI1 also experience defects,
including an aberrant increase in autophagy and mitophagy (Danese
et al., 2022). Overall, these studies indicate that LHON mutations caused
specific defects to RGCs, but that also other neuronal types might be
affected, opening the way to therapeutic assessments.

Myoclonic Epilepsy and Ragged-Red Fibers (MERRF, OMIM
#545000) disease is a maternally inherited encephalomyopathy, pre-
dominantly caused by a m.8344 A > G mutation in the gene MT-TK
encoding for the mitochondrial tRNA-Lys (Shoffner and Wallace, 1992).
As the heteroplasmy level is crucial for the severity of the disease, Chou
et al. generated patient-derived iPSCs with high and low heteroplasmy,
laying the foundation for the investigation of different disease pheno-
types (Chou et al., 2018). MERRF patient-derived iPSCs with 50-70 %
heteroplasmy for m.8344 A > G mutation showed reduced oxygen
consumption, elevated ROS production, and fragmented mitochondria
(Chou et al., 2016). Upon differentiation into cardiomyocytes or NPCs,
ROS levels further increased together with altered antioxidant gene
expression, and mitochondria underwent additional fragmentation
(Chou et al., 2016). As MERREF is also characterized by sensorineural
hearing loss, inner ear hair cells were differentiated from MERRF iPSCs
and were found to exhibit elevated ROS levels as well as increased
antioxidant expression (Chen et al., 2018). Hence, only limited studies
demonstrated successful derivation of iPSC models of MERRF, indi-
cating that additional efforts are needed to shine lights on the under-
lying disease mechanisms and to identify possible interventional targets.

Large mtDNA deletions can cause syndromes like Kearns-Sayre
Syndrome (KSS, OMIM #530000), a multisystem disorder with slow
progression, and Pearson Marrow-Pancreas syndrome (PMPS, OMIM
#557000), also a multisystemic disease characterized by refractory
sideroblastic anemia (Broomfield et al., 2015; Goldstein and Falk, 1993;
Harding and Hammans, 1992; Pitceathly et al., 2012). iPSC from PMPS
patients with different large-scale mtDNA deletions showed aberrant
mitochondrial ultrastructure as well as defective OXPHOS, indicated by
decreased mitochondrial ATP, respiratory complex IV activity and
overall oxygen consumption (Hernandez-Ainsa et al., 2022). In KSS,
deletions are typically found in muscle tissue but are nearly absent in
peripheral blood mononuclear cells (PBMCs) (Holt et al., 1988).
Leveraging on this feature, Lester Sequiera and colleagues reprog-
rammed deletion-free PBMCs from KSS patients and further differenti-
ated them into cardiomyocytes, fibroblasts, and NPCs (Lester Sequiera
et al., 2021). As these differentiated cells did not carry mtDNA defects
but still retained the same isogenic background, the authors suggested
these cells as potential cell therapy options for KSS patients (Lester
Sequiera et al., 2021). Additional iPSC works are needed to investigate
in more detail how mtDNA deletions affect the functionality of various
differentiated cell types.

In addition to the nuclear defects mentioned in the previous session,
hypertrophic cardiomyopathy (HCM) can also arise as a consequence of
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mutations in mtDNA genes encoding for mitochondrial rRNA and tRNA
(Song et al., 2011). iPSC-derived cardiomyocytes from patients carrying
homoplasmic m.2336 T > C mutation in the mitochondrial 16S RNA
gene (MT-RNR2) showed defects in mitochondrial function and ultra-
structure due to reduced stability of the 16S rRNA and consequently
lower levels of mitochondrial proteins (Li et al., 2018). Patient-derived
iPSCs with homoplasmic m.4300 A > G mutation in the gene MT-TI
encoding the mitochondrial tRNA for isoleucine, displayed lower basal
oxygen consumption rates (Chen et al., 2023b). Furthermore, this group
could efficiently correct the A > G mutation back to G > A by applying
mtDNA base editing with DACBE, which could restore mitochondrial
function with limited off-target effects (Chen et al., 2023b). Hence, iPSC
models of HCM demonstrated how mtDNA defects causing protein
translation impairment can impact cardiac function, and the use of
DACBE editing on these mutations may open the way to gene therapy
applications.

Lastly, another disease associated with a defect in mitochondrial
rRNA is sensorineural hearing loss, such as the case for m.1555 A > G
mutation in the gene MT-RNR1, encoding for mitochondrial 12S rRNA
(Fischel-Ghodsian, 1999). Chen and Guan generated iPSCs from a family
in which members carrying m.1555 A > G mutation in the gene MT-
RNR1 were asymptomatic, while members carrying the same mutation
in combination with a nuclear mutation in the gene TRMU (c.28G > T,
encoding for the mitochondrial tRNA-modifying enzyme tRNA mito-
chondrial 2-thiouridylase) had sensorineural hearing loss (Chen and
Guan, 2022). iPSC-derived otic epithelial progenitor cells and subse-
quent inner ear hair cell-like cells recapitulated this clinical phenotype,
as the combinatory mutations led to increased apoptosis in otic epithe-
lial cells, and greater defects in development, morphology, and elec-
trophysiological properties in inner ear hair cell-like cells (Chen and
Guan, 2022). Further studies are warranted to address the mechanisms
leading to mtDNA-related sensorineural hearing loss.

Taken together, studies using iPSCs for modeling diseases due to
mtDNA defects are steadily increasing. Despite the challenges in mtDNA
engineering, it has been possible to derive isogenic iPSC lines with low
or absent mtDNA defects by taking advantage of reprogramming asso-
ciated reconfigurations of the mtDNA profile. However, this approach
was not equally successful for all types of mtDNA defects, potentially
indicating that some mutations are more amenable to being eliminated
than others. Limited gene-based and drug-based treatments have been
identified with iPSC models of mtDNA defects, but the establishment of
iPSC-driven platforms has the potential to increase the discovery of
treatments in the near future.

2. Conclusion

We have described how iPSC-driven approaches have been har-
nessed for mitochondrial disease research. Besides primary mitochon-
drial diseases discussed here, mitochondrial dysfunction can also
contribute to other diseases, including neuropsychiatric and neurolog-
ical disorders such as bipolar disorder, schizophrenia, Alzheimer’s dis-
ease, Huntington’s disease, and Parkinson’s disease (Ni et al., 2022;
Norat et al., 2020). Several iPSC models of these disorders have been
generated and employed to investigate the impact of mitochondrial
dysfunction on the disease mechanisms. For example, in a bipolar dis-
order model, iPSC-derived neurons displayed increased mitochondrial
membrane potential and reduced size of mitochondria, whereas iPSC-
derived neurons from schizophrenia patients showed lower ATP levels
and transport chain activity (Perrottelli et al., 2024). iPSC-derived
neurons to study Alzheimer’s diseases manifested in defective mitoph-
agy and mitochondrial abnormalities, and dopaminergic neurons from
Parkinson’s disease patients displayed among others altered mitochon-
drial morphology and decreased mitochondrial membrane potential
(Barak et al., 2022; Bose et al., 2022). iPSC-derived brain organoids
highlighted defects in the mitochondrial protein CHCHD2 in the early
dysregulation caused by Huntington’s disease (Lisowski et al., 2024).
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Understanding the role played by mitochondrial defects in driving
human pathologies might therefore have implications not only for rare
mitochondrial diseases but also for other common disorders in the
population.

We can divide iPSC-based modeling in two components: i) the cell
line development, ii) the differentiation into 2D or 3D systems for
downstream applications (Fig. 1). The key element of the first compo-
nent is the derivation of isogenic lines that differ only for the presence or
absence of a defined gene defect. These lines allow researchers to
determine the specific effect of genetic mutations within a defined
genomic background. There are two strategies to obtain such lines,
either by introducing a mutation into healthy iPSCs or by correcting a
mutation in patient-derived iPSCs (Hockemeyer and Jaenisch, 2016).
For mitochondrial diseases, this process is complicated by the fact that
mtDNA cannot be easily manipulated. We could simplify this process by
stating that nuclear defects can be targeted using CRISPR/Cas9 editing
and mtDNA defects by DACBE-based editing (Fig. 1). In reality however,
there are several kinds of gene engineering approaches for nuclear
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mutations (Park et al., 2023; van der Oost and Patinios, 2023), while
DdACBE and other similar types of mtDNA base editing can only effec-
tively target some mtDNA point mutations, while other mtDNA point
mutations and large-scale mtDNA deletions are harder to be targeted
(Tolle et al., 2023). In addition to active editing, mtDNA changes may
occur during iPSC derivation, leading to the generation of isogenic lines.
However, as mentioned above, this approach is not yet understood and
cannot be effectively harnessed. The second component of iPSC-based
modeling is the derivation of actual cell types and tissues to dissect
how mutations can lead to the clinical features observed in patients, and
to identify strategies to counteract such defects (Fig. 1). This second
component is essential for enabling the translation of findings in vitro to
practical medical applications. For mitochondrial diseases, several cell
types have been derived and analyzed, but the major focus has been on
neuronal and cardiac cells (Tables 1-2). We have described above how
these cell types in 2D and 3D have been used in the context of specific
mutations and diseases.

We anticipate that continuous advances in gene and stem cell
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Fig. 1. Current strategies for using iPSCs to establish models of mitochondrial diseases. Cartoon simplifying the two components of iPSC-based modeling of
mitochondrial diseases: i) cell line development, ii) differentiation towards defined cell types and tissues for understanding the disease mechanisms and assessing
treatments. Each component requires quality control assessments and different sets of expertise. For mitochondrial diseases, the first component is complicated by the
fact that the causative genetic defects can affect the nuclear or the mitochondrial genome. Hence, gene engineering approaches need to be tailored for these defects.
Several editing tools may be used to tackle this issue. Here, we simplify the processes by indicating CRISPR/Cas9 editing for nuclear defects and DACBE editing for
mtDNA mutations. See text for additional details. Red-colored nuclear or mitochondrial DNAs indicate DNAs carrying disease-causing mutations. CRISPR: clustered
regularly interspaced short palindromic repeats; Cas9: CRISPR-associated protein 9; DACBE: double-stranded DNA deaminase toxin A (DddA)-derived cytosine base
editor; mtDNA: mitochondrial DNA; nDNA: nuclear DNA. (Figure created with Biorender). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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technologies will lead to further refinement in these two components of
iPSC-based modeling, leading to improved models with higher chances
of enabling a critical understanding of the causative processes of mito-
chondrial diseases that can transform the field through the identification
of disease-modifying therapeutics.
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