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SUMMARY
Mutations in mitochondrial DNA cause severe multisystem disease frequently associated with muscle weakness. The m.3243A>G

mutation is the major cause of mitochondrial encephalomyopathy lactic acidosis and stroke-like episodes (MELAS). Experimental

models that recapitulate the disease phenotype in vitro for disease modeling or drug screening are very limited. We have therefore

generated hiPSC-derived muscle fibers with variable heteroplasmic mtDNA mutation load without significantly affecting muscle dif-

ferentiation potential. The cells exhibit physiological characteristics of muscle fibers and show a well-organized myofibrillar struc-

ture. In cells carrying the m.3243A>G mutation, the mitochondrial membrane potential and oxygen consumption were reduced

in relation to the mutant load. We have shown through proteomic, phosphoproteomic, and metabolomic analyses that the

m.3243A>G mutation variably affects the cell phenotype in relation to the mutant load. This variation is reflected by an increase

in the NADH/NAD+ ratio, which in turn influences key nutrient-sensing pathways in the myofibers. This model enables a detailed

study of the impact of the mutation on cellular bioenergetics and on muscle physiology with the potential to provide a platform for

drug screening.
INTRODUCTION

Mitochondrial myopathies are mitochondrial diseases

usually caused by mutations of nuclear or mitochon-

drial-encoded proteins and characterized by muscle

weakness (Ng et al., 2019). The m.3243A>G DNA muta-

tion typically causes a disease known as mitochondrial

encephalomyopathy lactic acidosis and stroke-like epi-

sodes (MELAS) (Mancuso et al., 2014). The frequency of

carriers ranges from 140 to 250 per 100,000 people,

whereas the disease itself is far less common, with its

prevalence estimated to be 40 to 70 times lower. As a

result, many carriers remain clinically asymptomatic or

present with mild disease that is not identified as mito-

chondrial-related (Pickett et al., 2018). Muscle weakness

is a major feature and can be profoundly disabling; how-

ever, the phenotype observed in m.3243A>G patients is

highly intricate, displaying a wide range of manifesta-

tions and severities (Shen and Du, 2021; Tranah et al.,

2018). The biochemical and physiological consequences

of this specific mutation in terminally differentiated

tissues remain poorly understood. Cells carrying the
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m.3243A>G mutation exhibit heteroplasmy, defined as

the presence of both wild-type and mutant mitochon-

drial DNA (mtDNA). Broadly speaking, disease severity

correlates with mutant load, although the relationship

between genotype and phenotype remains largely un-

clear. A major hurdle in understanding the pathophysi-

ology of the disease and in finding treatments is the

lack of good experimental systems for disease modeling

or for drug screening (Ryytty and Hämäläinen, 2023).

Currently, there are limited tools available for generating

models of pathogenic mtDNA mutations. Gene editing

has not yet evolved to the point we can engineer the

mitochondrial genome to produce animal models with

specific mtDNA mutations (Silva-Pinheiro and Min-

czuk, 2022).

We have therefore generated human-induced pluripo-

tent stem cells (hiPSCs) from patient-derived fibroblasts

carrying the m.3243A>G mutation, and in the present pa-

per, we describe the generation of viable muscle fibers from

the hiPSCs by recapitulating key signaling events during

myogenesis (Al Tanoury et al., 2021; Chal and Pour-

quié, 2017).
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Figure 1. The m.3243A>G mutation remains stable in hiPSCs and does not affect pluripotency or mitochondrial function
(A) Schematic showing experimental approach to select hiPSC colonies carrying different levels of the m.3243A>G mutation. Created with
BioRender.com.
(B) Bright-field micrographs of hiPSC colonies in feeder-free conditions. Scale bar, 100 mm.
(C) Mutant load quantification through ARMS-qPCR in hiPSC clones. n = 3 independent biological samples.
(D) Cell respiratory capacity measured using the Seahorse XFe96 extracellular flux analyzer in hiPSC colonies. n = 3 independent biological
samples, 5 culture wells per cell line.
(E) Confocal images of hiPSC loaded with 25 nM tetramethylrhodamine methyl ester (TMRM) and 1mg/mL Hoechst 33342. Scale bar,
150 mM.
(F) Averaged quantification mutant load of hiPSC colonies loaded with TMRM (n = 4 independent biological samples). Source data are
provided as a Source Data file.
All data were represented as mean ± SD, and data were analyzed by one-way ANOVA with Tukey’s multiple comparisons test (*p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001).
RESULTS

Implementing an in vitro model to study the

m.3243A>G mutation

One of the key features of many mtDNA diseases is the

expression of heteroplasmy. We took advantage of the

random segregation of mtDNA and manually selected

clones, which were then expanded and maintained as

stable hiPSC lines expressing variable burdens of mutant

mtDNA (Figures 1A and 1B). This has the added advan-

tage of enabling the generation of isogenic stem cell

lines—a significant advantage in investigating the dis-

ease phenotype. Three different cell lines were estab-

lished, bearing 50% (hiPSC-M50), 90% (hiPSC-M90),
2 Stem Cell Reports j Vol. 20 j 102448 j April 8, 2025
and undetectable levels (hiPSC-M0) of the m.3243A>G

mutation (Figure 1C). These cell lines exhibited no differ-

ences in terms of pluripotency, as all colonies were posi-

tive for nuclear markers such as SOX2, NANOG, OCT4,

and the surface marker SSEA4 (Figures S1A and S1B).

Measurements of gene expression levels through qPCR

confirmed the expression of these markers, in contrast

to an unrelated human fibroblast line (Figure S1C). The

colonies did not exhibit significant differences in terms

of oxygen consumption (Figure 1D), measured using

the ‘‘Seahorse’’ assay, or mitochondrial membrane poten-

tial (Dcm), measured using the equilibration of tetrame-

thylrhodamine methyl ester (TMRM, Figures 1E, 1F,

and S1D).

http://BioRender.com


hiPSC bearing the m.3243A>G can successfully

differentiate into myofibers

To establish a muscle model that accurately reproduces key

characteristics of muscle myopathy in carriers of the

m.3243A>G mutation, we employed a differentiation pro-

tocol designed to recapitulate crucial signaling events in

muscle development. The differentiation strategy involved

a combination of fibroblast growth factor 2 (FGF2) and the

Wnt agonist CHIR99021 to drive cell commitment toward

the mesodermal lineage, while simultaneously inhibiting

bone morphogenetic protein signaling with LDN193189

to restrict mesodermal fates to the presomitic mesoderm

(Diaz-Cuadros et al., 2020, 2023) (Figure 2A). The induc-

tion of all three cell lines was initially assessed at day 7 of

differentiation, during which clusters of cells (myocenters)

were present in the preparation, surrounded bymuscle pro-

genitors (Figure S1E). From day 12 onward, the media were

modified by replacing CHIR99021 and LDN193189 with

growth factors (hepatocyte growth factor [HGF] and insu-

lin-like growth factor [IGF]) to facilitate the expansion of

myogenic progenitors. These progenitors were replated to

establish a highly homogeneous cell culture, which was

then induced to differentiate into myofibers in a process

called secondary myogenesis.

To closely examine this transition and identify potential

deviations at the progenitor level caused by the presence of

the m.3243A>G mutation, which could potentially inter-

fere with the final differentiation process, we conducted a

comparative proteomic analysis between the progenitor

cells and myofibers, both with and without the mutation.

The score plot of principal component analysis revealed

distinct clustering of progenitors andmyofibers in separate

quadrants of the plot (along PC1), indicating notable dif-

ferences in these two cell types. Progenitors represent a pro-

liferative cell type, whereasmuscle cells are postmitotic and

possess a contractile apparatus that is absent in the progen-

itor population. In the context of the mutant lines, it is

noteworthy that the progenitors continued to exhibit close

clustering. However, there was a noticeable increase in vari-

ance observed between the isogenic control and mutant

myofibers (separated along PC2). This heightened variance

suggests that the differences in the disease phenotype

are significantly more pronounced in postmitotic cells

compared to the progenitor cells (Figure 2B), a cell type

less dependent on oxidative phosphorylation (Sin

et al., 2016).

We also employed k-means clustering algorithm to

gain insights into the underlying structure of the dataset

(Figure 2C). To elucidate the biological significance of

these clusters, we conducted Gene Ontology (GO) anal-

ysis. As expected, the top cluster enriched in progenitors

(cluster B) contained GO terms associated with prolifera-

tive cells, such as the cell cycle, chromosome segregation
and organization, as well as mitotic nuclear division.

Meanwhile, the bottom cluster (cluster A), highly en-

riched in myofibers, exhibited a significant enrichment

in GO terms related to myofibril assembly, striated mus-

cle contraction, actin filament sliding, and associated

processes.

Based on previously reported protein expression profiles

in myofibers and progenitors, we curated a list of muscle-

related proteins to observe their expression across samples.

As expected, isoforms of myosin heavy chain were highly

abundant in all myofibers compared to the progenitors.

Although not all these myosin isoforms are skeletal muscle

specific, some are also expressed in smooth muscle. How-

ever,MYH3,MYH7, andMYH8 (the top hits) belong to pro-

teins associated strictly with skeletal muscle specification

and maturity (Figures 2D and S2A). Junctophilin-1, which

contributes to the construction of the skeletal muscle triad

by linking the t-tubule to the sarcoplasmic reticulum, was

also highly enriched in myofibers when compared to pro-

genitor cells. LDB3, TNNT1, and ACTN2were also enriched

in the differentiated cells, confirming that all components

of the muscle machinery expected in a differentiated myo-

fiber were expressed in the preparation. It is important to

note that a few of these proteins were more abundant in

the mutant myofibers compared to the isogenic control

myofibers. However, when considering all three lines

together (Myo-M0,Myo-M50, andMyo-M90), their expres-

sion levels were higher than those in their respective

progenitors.

We also incorporated proteins associated with cell prolif-

eration into this curated list. Since muscle cells are postmi-

totic, the expression of these proteins is expected to be

lower compared to the progenitors, which are proliferating.

The signal-induced proliferation-associated 1/3-like pro-

teins, the upregulator of cell proliferation, and the prolifer-

ating cell nuclear antigen were all upregulated in the

progenitors. One of the common markers of proliferation,

MKI67, was also highly enriched in the progenitors

and downregulated across all the myofibers (Figures 2D

and S2A).

To understand the impact of the m.3243A>G mutation

on muscle structure, we stained fixed preparations of my-

ofibers with an antibody against the heavy chain of

myosin II, specifically targeting the light meromyosin

portion. Through confocal imaging, we observed positive

staining of the myofibers in all preparations (Figure 2E,

top panel). Furthermore, we labeled the myofibers with

an antibody against alpha-actinin 2, a structural protein

expressed in both skeletal and cardiac muscles that serves

to anchor myofibrillar actin thin filaments and titin to

Z-discs. All fibers were positive for alpha-actinin 2 and

showed striations (Figure 2E, bottom panel). To observe

the ultrastructure of myofibers more closely, cells were
Stem Cell Reports j Vol. 20 j 102448 j April 8, 2025 3



Figure 2. Generation of myofibers derived from hiPSC bearing the m.3243A>G
(A) Protocol used to direct the cells into the mesodermal fate and terminal differentiation of muscle progenitors.
(B) Principal component analysis (PCA) of protein signature showing variance between sample groups (n = 3 replicates per condition).
(C) K-means clustering heatmap of proteins (left, n = 3 replicates) and quantification of the top hits in both clusters.
(D) Heatmap representing proteins associated with muscle maturation in myofibers and progenitors (n = 3 replicates).
(E) Representative confocal images of myofibers stained with antibodies against skeletal muscle myosin (top; scale bar, 500 mM) and
a-sarcomeric actinin 2 (bottom; scale bar, 20 mm).
(F) Representative images of electron micrograph sections. At least 10 images were taken per condition. Scale bar, 1 mM.
(G) Representative changes in Indo-1 AM fluorescence intensity after stimulation with 2.5 mM caffeine.
examined by electron microscopy, revealing the presence

of sarcomeres along the muscle fibers in all three prepara-

tions with no appreciable differences between the

different cell lines (Figure 2F). Alpha-actinin staining

was pseudo-colored based on local fiber orientation. As-
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sessing the spatial organization of neighboring myofibers

revealed aligned bundles, despite the absence of prede-

fined orientation cues (Figure S2B). This observation

implies the existence of a self-organizing process during

myofiber bundling (Mao et al., 2022).



Figure 3. Myogenic efficiency and muscle phenotype in cells carrying the m.3243A>G mutation
(A) Quantification of myogenic differentiation. Nuclei outside and inside a-actinin 2-positive cells are counted and then the ratio of nuclei
inside a-actinin 2-positive cells/total nuclei is used to calculate the differentiation efficiency. Results are expressed as the percentage of
the total population in the culture (n = 3 independent biological replicates).
(B) Length and width of myocytes, myotubes, and myofibers over a period of 10 days of differentiation. Dotted and solid lines show the
mean length and width of each day, while shaded area shows standard deviation (n = 3 independent biological replicates).
(C) Total cellular protein content relative to genomic DNA in myotubes (n = 3 independent biological replicates).
(D) Human Phenotype Ontology of the differentially expressed proteins between Myo-M50 vs. Myo Myo-M0 (top) and Myo-M90 vs. Myo-M0
(bottom). Source data are provided as a Source Data file.
All data were represented as mean ± SD, and data were analyzed by one-way ANOVA with Tukey’s multiple comparisons test (*p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001).
Muscle contraction is driven by the cytosolic calcium

signal, which in turn is shaped by mitochondrial func-

tion—both in terms of energy supply and mitochondrial

calcium uptake. To test whether the muscle cells were

excitable, we first loaded the preparations with the ratio-

metric calcium indicator Indo-1 AM. All three cell

lines showed a response to stimulation with 2.5 mM

caffeine, with an increase in cytosolic calcium concentra-

tion. There was no difference in the response to

caffeine between the isogenic control and mutant myo-

fibers. This response is dependent on the expression

of RyR1 Ca2+ release channels in the sarcoplasmic

reticulum, and no response was measurable in fibroblasts

(Figure 2G). These findings show that cell reprogram-

ming is not significantly impaired by the m.3243A>G

mutation.
Mitochondrial bioenergetic function is impaired in

myofibers carrying the m.3243A>G mutation

Mitochondrial dysfunction is commonly considered a po-

tential hindrance to cellular differentiation as it often im-

pacts development (Qi et al., 2022). To evaluate whether

myogenic specification was altered in the in vitro model,

we quantified the myogenic efficiency by calculating the

percentage of nuclei within a-actinin 2-positive cells

compared to the total number of nuclei (Figures 3A and

S3A). No appreciable differences were observed between

the isogenic control and mutant myofibers. We also

measured the length and width of myofibers within the

preparations. While there were no significant differences

in these variables among the three lines during terminal

differentiation, mean cell diameter at day 10 was decreased

in Myo-M90 cells (Figure 3B). The ratio of total protein
Stem Cell Reports j Vol. 20 j 102448 j April 8, 2025 5



Figure 4. Myofibers expressing the m.3243A>G show mitochondrial dysfunction
(A) Changes in mutation load from hiPSC to fully differentiated myofibers (n = 3 independent biological replicates).
(B) Cell respiratory capacity measured using the Seahorse XFe96 extracellular flux analyzer in myofibers normalized by protein concen-
tration (n = 3, 6 culture wells per experiment).
(C) Confocal images of myofibers loaded with 25 nM tetramethylrhodamine methyl ester (TMRM, left) and quantification of mitochondrial
membrane potential (right). n = 4 independent biological replicates. Scale bar, 100 mM.
(D) Proteomic analysis of mitochondrial proteins. n = 4 independent biological replicates.
(E) Levels of basal mitochondrial NAD(P)H measured by NAD(P)H autofluorescence, A.U: arbitrary units. n = 3 independent biological
replicates.
(F) Quantification of NAD(P)H redox index. n = 4 independent biological replicates.

(legend continued on next page)
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concentration to genomic DNA was decreased in both

mutant lines compared to control (Figure 3C). The proteo-

mic analysis also showed enriched terms related to muscle-

associated conditions, with ‘‘abnormality of the muscula-

ture,’’ ‘‘abnormal muscle physiology,’’ and ‘‘skeletal muscle

atrophy’’ as the top hits (Figure 3D).

To explore the metabolic impact of the m.3243A>G mu-

tation, we first carried out allele refractorymutation system

(ARMS)-qPCR to ensure that the mutant load was retained

after differentiation. ARMS-qPCR measurements estab-

lished that mutant load did not vary over time in the

different cell lines (Figure 4A). Respiratory rate was

measured using the Seahorse XFe96 extracellular flux

analyzer. Both basal and maximal uncoupler-induced oxy-

gen consumption rates were significantly reduced in both

mutant lines (Figure 4B). To establish that these observa-

tions in mitochondrial respiration are common for the

m.3243A>G mutation, we differentiated an unrelated

hiPSC line carrying a 70% m.3243A>G mutant load de-

tected by ARMS-qPCR (Figure S4A) following the same pro-

tocol (Figure 2A) and compared the data against a control

hiPSC line derived from a healthy donor. Basal and

maximal respiratory rates were also reduced in this mutant

cell line (Figure S4B).

Meanwhile, the Dcm was significantly decreased only in

the line carrying the highest mutant load (M90; Figure 4C).

To ask whether the Dcm in Myo-M50 is conserved by the

reversal of the F1Fo-ATP synthase, we treated the cells

with oligomycin. In cells in which the ATP synthase works

‘‘in reverse’’ (i.e., as a proton-translocating ATPase), oligo-

mycin causes a collapse of the membrane potential. In

the Myo-M50 cells, oligomycin did not alter the Dcm,

showing that the potential is not maintained by the

reversal of the ATP synthase (McKenzie and Duchen,

2016; Valdebenito et al., 2023). Expression levels of sub-

units of complex I and II (NDUFB and SDHB) of the elec-

tron transport chain (ETC) were decreased in response to

the m.3243A>G mutation when measuring representative

proteins of the ETC (Figure S4C). To observe global changes

in mitochondrial protein expression in Myo-M50 and

Myo-M90, we compared the mitochondrial proteome of

the ETC components. Notably, we observed that the

expression of most of the proteins in complex I was signif-

icantly reduced in bothmutant lines. This observation was

even more pronounced in Myo-M90, where complexes II,
(G) Representative image of culture wells showing a change in the m
(H) Absorbance ratio of phenol red. n = 3 independent biological rep
(I) Fold changes in lactate concentration measured by CuBiAn. n = 3
(J) Top upregulated (orange) and downregulated (blue) Kyoto Encycl
dataset. Source data are provided as a Source Data file.
All data were represented as mean ± SD, and data were analyzed by o
**p < 0.01, ***p < 0.001, ****p < 0.0001).
III, and IV were also downregulated. Even though complex

II is entirely encoded by the nuclear genome, we have

noted before in fibroblasts carrying the m.3243A>G muta-

tion that complex II expression was reduced (Chung et al.,

2021). Moreover, complexes IV and V were upregulated in

Myo-M50when compared to both the isogenic control and

Myo-M90 (Figure 4D).

Complex I is the component of the ETC that oxidizes

NADH. Given a decrease in the expression of complex I

subunits, we took advantage of the intrinsic fluorescence

of NADH to measure the ability of complex I to oxidize

this molecule. Under confocal UV excitation, we quanti-

fied the basal mitochondrial NADH autofluorescence

(Figures 4E and S4D). As expected, both mutant lines

showed increased NADH autofluorescence, with a more

prominent increase in Myo-M90, consistent with the

elevated mutant load and more severely impaired function

(Figure 4E). In order to measure changes in the redox state,

we treated the cells with NaCN and FCCP to obtain the

maximal (fully reduced) andminimal (fully oxidized) auto-

fluorescence signals, respectively. The autofluorescence

signal normalized between these values confirmed a more

reduced state of the NADH/NAD+ pool in both mutant

lines compared to the isogenic control (Figure 4F).

We observed that the color of phenol red, a pH indicator

in the growth media, was more yellow in both cultures of

mutant lines compared to the control (Figures 4G and

4H), suggesting acidification consistent with an elevated

lactate concentration. This was confirmed when measured

using the CuBiAnHT-270 (Figure 4I), recapitulating the lac-

tic acidosis seen in patients with MELAS. GO analysis also

suggested the downregulation of tricarboxylic acid (TCA)

cycle and oxidative phosphorylation in Myo-M50 and

increased glycolysis in Myo-M90, pointing to the reprog-

ramming of these metabolic pathways as a consequence

of the m.3243A>G mutation (Figure 4J). Together, these

data show that the m.3243A>G mutation alters the bioen-

ergetics of the myofibers, affecting the expression of ETC

subunits and promoting increased glycolysis.

Rewiring of nutrient signaling pathways is

accompanied by increased NADH/NAD+ ratio and

compensatory changes in NADH shuttles

In the cytosol, the increased rate of glycolysis and NADH

generation leads to the conversion of pyruvate into lactate
edia color.
licates.
independent biological replicates.
opedia of Genes and Genomes (KEGG) pathways from the proteomic

ne-way ANOVA with Tukey’s multiple comparisons test (*p < 0.05,

Stem Cell Reports j Vol. 20 j 102448 j April 8, 2025 7



via lactate dehydrogenase, which restores NAD+ levels and

increases lactate concentration. We quantified the lactate-

to-pyruvate ratio reflecting the cytosolic NADH/NAD+ ra-

tio, which was increased in themutant lines, with a consis-

tent upregulation in the line carrying the higher mutant

load (Figure 5A). We corroborated this observation by ex-

pressing the genetically encoded cytosolic NADH/NAD+

sensor, Peredox, which further confirmed these findings

(Figure 5B). Targeted metabolomic analysis also showed

changes in the labeled pattern of some metabolites, espe-

cially a-ketoglutarate and glycerol-3-phosphate (G3P),

which are involved in regulating redox states in the mito-

chondria and cytosol, respectively (Figure S5).

As cytosolic NADH levels are also influenced by activity

of the NADH shuttles, we measured the expression

of proteins involved in the G3P and malate-aspartate shut-

tles (Figure 5C). These shuttles include enzymes such as

cytosolic GPD1 (glycerol-3-phosphate dehydrogenase 1),

GPD1L (GPD1-like protein), and mitochondrial GPD2

(glycerol-3-phosphate dehydrogenase 2), which play

a role in the oxidation of NADH produced during glycol-

ysis. GPD1 utilizes NADH generated by glyceraldehyde

3-phosphate dehydrogenase to convert dihydroxyacetone

phosphate (DHAP) into glycerol 3-phosphate. GPD2 then

oxidizes G3P back to DHAP while simultaneously reducing

flavin adenine dinucleotide and facilitating electron flow

through the ETC. The expression of cytosolic GPD1 and

its isoform GPD1L increased in relation to the mutant

load (Figures 5D and 5E). Conversely, the mitochondrial

component of the shuttle exhibited an inverted trend (Fig-

ure 5F), decreasing with increased mutant load. Addition-

ally, the ratio between GPD2 and GPD1 revealed a discrep-

ancy in the expression of these enzymes between the

mitochondrial and cytosolic compartments (Figure 5G).

We also quantified the expression of MDH1, the main

component of the malate-aspartate shuttle. MDH1 was

increased in the mutant lines, possibly as a compensatory

mechanism in response to the increased NADH levels in

the cytosol (Figure 5H).

Metabolic rewiring activates the PI3K/AKT/mTORC1

axis in myofibers carrying a high mutant load

We previously reported that in fibroblasts and muscle bi-

opsies from patients carrying the m.3243A>G mutation,

the phosphatidylinositol 3-kinase (PI3K)/Akt/mTORC1

pathway was constitutively activated (Chung et al.,

2021), apparently serving to sustain the m.3243A>G

mutant load (Chung et al., 2024). We therefore assayed

the phosphorylation of S6, (a downstream target of

mTOR) and AKT (Figure 5I). Consistent with our previous

observations, we found that this signaling pathway was

significantly upregulated especially in the cell line with

the higher mutant load, as evidenced by increased phos-
8 Stem Cell Reports j Vol. 20 j 102448 j April 8, 2025
phorylation of both AKT and S6 (Figure 5I). In the Myo-

M50 mutants, despite a slight increase in S6 phosphoryla-

tion, we did not observe any significant differences in

AKT phosphorylation levels. To gain a deeper insight into

pathway activation,we conducted a comparative phospho-

proteomic analysis. AKT indirectly activates mTORC1 by

inhibiting the tuberous sclerosis complex 1/2 (TSC1/2), a

suppressor of mTORC1 activity. Our findings primarily

identified increased phosphorylation of TSC2 (P49815) in

Myo-M90, supporting the activation of AKT observed in

the Myo-M90 on the western blot. Furthermore, the phos-

phoproteomic analysis indicated increased phosphoryla-

tion of S6 (P62753) at serine 235 and 236 (Figure 5J and

5K), indicating mTORC1 activation, revealing that the

m.3243A>G impacts the nutrient-sensing pathway of this

model in a different magnitude.
DISCUSSION

In this work, we combined clonal expansion of hiPSCs and

functional and omics assays to characterize the metabolic

phenotype of hiPSC-derived myofibers carrying the

m.3243A>G mutation. The m.3243A>G mutation is the

most common mtDNA mutation and varies in frequency

across different populations. This mutation can result

in maternally inherited diabetes and deafness in some

cases, as opposed to the syndrome MELAS. Notably, the

m.3243A>G mutation exhibits variability in different cells

and tissues of the sameperson in part due to the presence of

mitochondrial heteroplasmy, where cells contain different

copies of wild-type and mutated mtDNA (Durham et al.,

2007) while maintaining a normal genomic DNA. In this

study, we have demonstrated that three clonally expanded

lines, despite sharing the samenuclear genetic background,

exhibit variable mitochondrial deficiencies and compensa-

tions. This variability complicates our understanding of the

disease phenotype.

The generation of stem cells carrying m.3243A>G muta-

tion has been used to produce neurons (Hämäläinen et al.,

2013; Klein Gunnewiek et al., 2020; Yokota et al., 2017),

retinal pigment epithelial (Chichagova et al., 2017), cardi-

omyocytes (Ryytty et al., 2022; Yokota et al., 2017),

neuronal organoids (Khong et al., 2020), endothelial cells

(Pek et al., 2019), and other relevant cell types (Ryytty

and Hämäläinen, 2023). Nevertheless, it has proven diffi-

cult to differentiate stem cells into muscle cells carrying

mitochondrial mutations. To generate muscle contraction,

this tissue demands a high ATP turnover, comprising a

diverse range of cellular processes that activate depending

on the intensity and duration of the contraction. Because

the muscle stores of ATP are small, the muscle needs to

derive energy from phosphocreatine and muscle glycogen



Figure 5. The m.3243A>G rewires cytosolic and mitochondrial metabolism
(A) Lactate to pyruvate ratio obtained from metabolomic analysis. n = 3 independent biological replicates.
(B) Relative NADH/NAD+ ratio obtained from Peredox/mCherry measurements. n = 3 independent biological replicates.
(C) Western blot of proteins associated to G3P and MA shuttles.
(D–F and H) Quantification of proteins from (C). n = 3 independent biological replicates.
(G) Ratio of protein expression of GPD2/GPD1. n = 3 independent biological replicates.
(I) Representative western blot and quantification of phosphorylated S6 (S235/236) and AKT (S473) proteins.
(J and K) AKT and mTOR substrate abundance obtained from phosphoproteomic dataset. n = 3 independent biological replicates. Source
data are provided as a Source Data file.
All data were represented as mean ± SD, and data were analyzed by one-way ANOVA with Tukey’s multiple comparisons test (*p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001).
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breakdown, enabling substrate-level phosphorylation, and

oxidative phosphorylation by utilizing reducing equiva-

lents from carbohydrate and fat metabolism. In a system

where mitochondrial ATP is compromised and high glyco-

lytic rates are present, muscle dysfunctionmay occur, espe-

cially when the m.3243A>G mutation affects the majority

of mitochondria.

We and others have successfully generated hiPSCs car-

rying mutations of mitochondrial DNA, and the presence

of the m.3243A>G mitochondrial DNA mutations does

not interfere extensively with muscle cell reprogramming.

This could be explained by the lower dependence observed

in pluripotent cells on mitochondrial function. These cells

switch to a more glycolytic phenotype, using glucose to

sustain rapid cell proliferation and ATP production. Once

reprogrammed, we showed that the mutant load remains

stable over passage. Others have reported the existence of

a potential bottleneck effect during the derivation of cells

into the desirable cell type, resulting in a reduction of

mutant copies of mtDNA and facilitating normal reprog-

ramming (Chen and Guan, 2023). While our examination

did not reveal significant changes in mutant load at these

stages, a more detailed investigation into mitochondrial

heteroplasmy during differentiation might be valuable.

This approach would provide a comprehensive under-

standing of the dynamics involved in the differentiation

process. Notably, despite the absence of major alterations

in muscle differentiation, it is essential to highlight the

presence of a proteomic signature indicating abnormal fi-

ber distribution and morphology. It is acknowledged that

the hiPSC-derived model does not represent a fully devel-

opedmuscle model; instead, it constitutes a heterogeneous

mixture of muscle fiber types. However, this model enables

the measurement of key disease features specifically pre-

sent inmuscle tissue and identifies reproducible and robust

readouts that could be used for drug screening. This under-

scores the significance of our findings in elucidating the as-

pects of disease pathology that might be overlooked in

more simplistic models.

While we have reported constitutive activation of the

PI3K-AKT-mTOR pathway in fibroblasts, cybrid cells, and

muscle biopsies (Chung et al., 2021; Chung et al., 2022),

it seems that this phenomenon might be cell type and

mutant load-specific as we observed varying degrees of acti-

vation in the isogenic lines. Given that this pathway is a

nutrient signaling pathway, our line with a mid-range

mutant load appears to compensate for mitochondrial

dysfunction by increasing TCA activity and ETC proteins.

It is important to note that the observations are not linear,

as the Myo-M90 line exhibited different behavior. Never-

theless, both cell lines were bioenergetically compromised,

as evident in mitochondrial respiration andmembrane po-

tential results.
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Variation inmtDNA heteroplasmy levels, specifically the

3243A>G mutation, has been described to lead to distinct

phenotypic outcomes in patients, with mutant loads

of 10%–30% causing diabetes and occasional autism,

50%–90% resulting in encephalomyopathies, and

90%–100% leading to perinatal lethality. This has been

attributed to transitions in cellular phenotype and gene

expression, revealed through analyses of cybrids with

increasing mutant mtDNA levels (Picard et al., 2014).

Overall, we have demonstrated the possibility of gener-

ating a muscle model derived from hiPSC expressing vari-

able levels of the m.3243A>G mutation. This model

showed that, regardless of the high levels of mutant

DNA, the cells express a muscle phenotype characterized

by contractility in response to chemical and electrical stim-

ulation, given the formation of fully assembled sarcomeres.

With this, we were able to explore mitochondrial dysfunc-

tion, where we observed changes in keymitochondrial var-

iables, such as mitochondrial membrane potential and

mitochondrial respiration. As expected, we obtained a

higher mitochondrial NADH accumulation since the ETC

is not able to fully oxidize thismolecule, regulating TCA cy-

cle flux. We also observed a major cytosolic NADH content

in the mutant lines, suggesting an increased activity of

NADH shuttles to replenish NAD+ content. Finally, these

parameters affect nutrient-sensing signaling pathways to

a different degree, as reported in other cell models, which

is corroborated with phosphoproteomics assays.
METHODS

A detailed description of the procedures is provided in sup-

plemental methods.
Reprogramming of human dermal fibroblasts to

hiPSCs

Fibroblasts were obtained from the MRC Centre for Neuro-

muscular Diseases Biobank. Cells were reprogrammed

into hiPSCs through non-integrative delivery of hOCT4,

hSOX2, hKLF4, and hc-MYC using the CytoTune-iPS 2.0

Sendai Reprogramming Kit (Cat# A16517, Thermo Fisher

Scientific). At all stages, cells were maintained in a humid-

ified incubator at 37�C, 95% air/5% CO2 gas mixture.

One day prior to reprogramming induction (d-1): 43 105

fibroblasts at a passage number <10 were seeded into a sin-

gle well of a 6-well plate and cultured for 24 h in MEF me-

dia: Dulbecco’s modified Eagle’s medium:nutrient mixture

F12 supplemented with GlutaMAX (DMEM/F12; Gibco)

and 10% v/v fetal bovine serum (Gibco). The following

day, a transduction mixture was prepared in 2 mL of MEF

medium consisting of CytoTune 2.0 Sendai vectors hKOS,

hc-Myc, and hKLF4 at a multiplicity of infection ratio of



1:1:0.6. 24 h later, the transduction mixture was removed,

and cells were washed once with DPBS before adding fresh

MEF medium. Cells were then cultured for 5 days without

medium change. Then, transduced fibroblasts were split

with 0.05% w/v trypsin-EDTA (Gibco) and seeded in MEF

medium onto a 10 cm dish prepared with irradiated CF1

MEFs (GlobalStem). 24 h after seeding of the transduced fi-

broblasts onto MEFs (day 7), medium was changed to a

knockout serum replacement (KSR) feedermedium consist-

ing of DMEM/F12 supplemented with 10% v/v KSR

(Gibco), 1x minimum essential medium non-essential

amino acids (Gibco), 55 mM b-mercaptoethanol (Gibco),

and 4 ng/mL human FGF2 (hFGF-2; R&D Systems). KSR

feeder medium was changed daily until hiPSC colonies

with a diameter of �2–4 mm were visible (3–4 weeks).

Isolation of clonal hiPSC lines

Colonies were visualized using an inverted microscope

and mechanically divided into at least four equally sized

clumps using a 10 mL pipette tip. The clumps were then

transferred to a single well of a 24-well plate prepared

with feeders. KSR feeder medium was additionally sup-

plemented with 10 mM Rho-associated, coiled-coil-

containing protein kinase inhibitor (ROCKi) Y-27632

(Sigma) to promote the survival of dissociated cells.

Medium was replaced the following day without the

addition of ROCK inhibitor and daily thereafter until

�60% confluency. hiPSCs reprogrammed under feeder-

dependent conditions were then transferred to standard

feeder-free conditions.

Maintenance of hiPSCs

hiPSCs were cultured in mTeSR plus (Cat# 100–0276,

STEMCELL Technologies) on Matrigel-coated plates

(Cat# 354230, Corning Life Sciences) until they reached

70% confluency. Subsequently, cells were split using

ReleSR (Cat# 100-0483, STEMCELL Technologies) in a

1:6 ratio. To prevent cell death, a 10 mM ROCK inhibitor

(Cat# 1254/10, Bio-techne) was applied for 1 day. Daily

media changes were performed, and the cultures were

cleaned with a pipette tip under a microscope (EVOS XL

Core Imaging System) to eliminate spontaneously differ-

entiated cells that arose randomly around the edge of

the colonies.

Skeletal myogenic differentiation of hiPSCs

The direct reprogramming process was conducted based on

an adaptation of Chal et al. Initially, hiPSC cultures were

maintained in mTeSR plus (Cat# 100-0276, STEMCELL

Technologies) on Matrigel-coated surfaces (Cat# 354230,

Corning Life Sciences) until reaching 100% confluence

before initiating myogenic differentiation. At this conflu-

ency, hiPSC cells were replated into an isolated cell suspen-
sion with 10 mM ROCK inhibitor (Cat# 1254/10, Bio-

techne) at a very low density (no more than 12 cells per

colony) and incubated overnight. The following day, the

media was changed to remove the ROCK inhibitor and

was maintained for 6 h in mTeSR plus (Cat# 100-0276,

STEMCELL Technologies). The media was then replaced

with DMEM/F12 (Cat# 11320033, Thermo Fisher Scienti-

fic) supplemented with Insulin-Selenium-Transferrin

(Cat# 41400045, Thermo Fisher Scientific), 3 mM

CHIR99021 (Cat# 4423/10, Bio-techne), and 500 nM

LDN193189 (Cat# 04-0074-10, Generon). Media changes

were performed every 2 days. On day 5, the media was sup-

plemented with 20 ng/mL hFGF-2 (Cat# 450-33,

PeproTech) for 3 additional days. Starting from day 6, the

media was switched to DMEM/F12 supplemented with

15% KSR (Cat# 10828028, Thermo Fisher Scientific),

10 ng/mL HGF (Cat# 315-23, PeproTech), 2 ng/mL IGF-1

(Cat# 250-19, PeproTech), 20 ng/mL FGF2 (Cat# 450-33,

PeproTech), and 500 nM LDN193189 (Cat# 04-0074-10,

Generon). From day 8, DMEM/F12 was supplemented

with 15% KSR and 2 ng/mL IGF-1 until day 12. On day

12, the media was supplemented with 10 ng/mL HGF until

day 22. Subsequently, cells were re-plated in skeletalmuscle

growth medium-2 (Cat# CC-3245, Lonza) for expansion.

The medium was refreshed every 2 days until reaching

80% confluence. Myogenic progenitors were harvested

and cryopreserved for downstream applications or replated

for experimentation. All cultures were maintained in hu-

midified air supplemented with 5% CO2 at 37
�C.

Measurement of mtDNA mutant load

Levels of mtDNA mutation were detected using an ARMS-

based qPCR analysis. DNA extractions from cells were

performed using the DNeasy Blood & Tissue Kit (Cat#

69506, QIAGEN). The concentrations of DNA samples

were quantified using NanoDrop. Samples were diluted to

0.4 ng/mL. ARMS-qPCR primer working solutions (5 mM,

1 mL each; forward [3243A]: CAGGGTTTGTTAAGATG

GCAtA; forward [3243G]: CAGGGTTTGTTAAGATGG

CAtG; reverse: TGGCCATGGGTATGTTGTTA) and SYBR

Green JumpStart Taq Ready Mix (Cat# S4438, Sigma-

Aldrich) were combined to create master mixes for mutant

and wild-type genes. DNA samples (3 mL) andmaster mixes

(7 mL) were pipetted into a 96-well PCR plate (Cat#

MLL9651, Bio-Rad), and PCR amplification was performed

using the CFX96 Touch Real-Time PCR Detection System

(Bio-Rad). Each sample had three technical replicates. The

mutant heteroplasmy level (%) was calculated using a pre-

viously described method, as shown in the following

equation.

Mutant load % =
1

1+ð1+2ÞDCt 3100
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Mitochondrial membrane potential

Progenitors were seeded in 35 mm fluorodishes and differ-

entiated until day 10. Myofibers were washed twice with

the phenol-free recording medium (Cat# A1443001,

Gibco) with 10 mM glucose, 1 mM glutamine, and

10 mM HEPES, adjusted to pH 7.4, and then incubated

with 25 nM TMRM for 30 min at 37�C. Cells were imaged

with an LSM 880 (Carl Zeiss) confocal microscope using

Fluar 63x/1.40 oil immersion objective lens at 37�C.
TMRM was excited with a 561 nm Argon laser with an

output power of 0.2 mW. MBS 488/561 was used as a

beam splitter and emitted fluorescence collected at 564–

740 nm. Images were acquired using Zen Black software

(Carl Zeiss), and fluorescence intensity was quantified us-

ing Fiji with the same threshold across all samples.

Mass spectrometry-based bulk proteomics and

phosphoproteomics

Myofibers and progenitors were grown in 6-well plates.

Culture wells were washed twice with PBS (Cat#

14190144, Thermo Fisher Scientific), and subsequently,

RIPA buffer and 1X proteinase and phosphatase inhibitors

were added directly to the plate. The cell lysate was

collected by scraping the plate and boiled for an additional

10 min followed by microtip probe sonication for 2 min

with pulses of 1 s on and 1 s off at 80% amplitude. Protein

concentration was estimated by BCA.

Proteomic and phosphoproteomic data analysis

The original data were first log2 transformed, and then only

the proteins with at least 3 values from the 4 replicates were

kept. At this point, the missing data were imputed using

automatic settings of Perseus. The proteomic dataset was

then analyzed using ExpressVis (Liu et al., 2022), and

data visualization was done using GraphPrism and SRplot

(Tang et al., 2023). The phosphoproteomic dataset was

analyzed using Phosphomatics (Leeming et al., 2021),

and data visualization was done using GraphPrism and

SRplot (Tang et al., 2023). The mass spectrometry prote-

omics and phosphoproteomic data have been deposited

to the ProteomeXchange Consortium via the PRIDE

(Perez-Riverol et al., 2022) partner repository with the data-

set identifier PXD058785.

Calcium imaging

For imaging of cytoplasmic calcium, cells were washed

once with phenol-free DMEM containing HEPES (Cat#

21063029, Gibco), then incubated with 1 mM Indo-1 AM

(Cat# I1223, Invitrogen) and 0.02% Pluronic F-127 (Cat#

P2443, Sigma-Aldrich) for 30 min at 37�C. Cells were

then washed and incubated for further 20 min in phenol-

free DMEM at 37�Cs to allow de-esterification of intracel-

lular AM esters. Cells were imaged using a UV-vis Zeiss
12 Stem Cell Reports j Vol. 20 j 102448 j April 8, 2025
LSM 880 confocal microscope equipped with a 203 objec-

tive. Indo-1 fluorescence was excited at 355 nm, and emis-

sionmeasured simultaneously at 390 and 495 nm for Ca2+-

bound Indo-1 and unbound Indo-1, respectively.

Images were analyzed using ImageJ/Fiji. Regions of inter-

est (ROIs) were manually selected for each cell (at least 30

cells per technical replicate), and mean fluorescence inten-

sity was quantified for all ROIs in each channel. Back-

ground was subtracted, and ratios between the emission

signals of bound/unbound Indo-1 were calculated over

time. The resulting ratioed traces representing cytosolic

[Ca2+]c levels have been plotted.

Quantification of myogenic differentiation

Quantification of myogenic differentiation was performed

as described in a previous publication (Maffioletti et al.,

2015). In brief, we quantified the percentage by manually

counting nuclei in single images of the different lines

shown in Figure S3A. Nuclei inside and outside actinin-2-

positive cells were counted, and the ratio of nuclei inside

actinin-2-positive cells to total nuclei was used to calculate

differentiation efficiency. A total of five images, each con-

taining more than 20 fibers, were quantified per differenti-

ation set.
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Materials availability
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Data and code availability

The mass spectrometry proteomics and phosphoproteomic data

have been deposited to the ProteomeXchange Consortium via

the PRIDE (Perez-Riverol et al., 2022) partner repository with the

dataset identifier: PXD058785.
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