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SUMMARY
Duchennemuscular dystrophy (DMD) is a progressivemuscle disorder caused bymutations in theDystrophin gene. Cardiomyopathy is a

major cause of early death.We usedDMD-patient-specific human induced pluripotent stem cells (hiPSCs) tomodel cardiomyopathic fea-

tures and unravel novel pathologic insights. Cardiomyocytes (CMs) differentiated from DMD hiPSCs showed enhanced premature cell

death due to significantly elevated intracellular reactive oxygen species (ROS) resulting from depolarized mitochondria and increased

NADPH oxidase 4 (NOX4). CRISPR-Cas9 correction of Dystrophin restored normal ROS levels. ROS reduction by N-acetyl-L-cysteine

(NAC), ataluren (PTC124), and idebenone improved hiPSC-CM survival.We show that oxidative stress in DMDhiPSC-CMswas counter-

acted by stimulating adenosine triphosphate (ATP) production. ATP can bind to NOX4 and partially inhibit the ROS production. Consid-

ering the complexity and the early cellular stress responses in DMD cardiomyopathy, we propose targeting ROS production and prevent-

ing detrimental effects of NOX4 on DMD CMs as promising therapeutic strategy.
INTRODUCTION

The shortage of human cardiac cell sources has challenged

cardiovascular disease modeling and drug development.

The generation of functional cardiomyocytes (CMs) differ-

entiated from human induced pluripotent stem cells

(hiPSCs) overcomes current limitations and offers an

extraordinary platform to develop hiPSC-based models to

study the genetic disease phenotype of cardiomyopathic

pathologies in vitro (Mummery et al., 2012; Takahashi

and Yamanaka, 2006).

Mutations in the Dystrophin gene cause the X-linked dis-

order Duchenne muscular dystrophy (DMD), the most

common and severe phenotype among the muscular dys-

trophies (Mercuri et al., 2019). Most DMD patients develop

adverse myocardial remodeling and chronic cardiomyopa-

thy, a major cause of morbidity and early mortality (Emery,

2002). With the current standards of care, the median life

expectancy at birth in individuals with DMDhas improved

during the last decades and ranges between 21.0 and 39.6

years (Landfeldt et al., 2020).

The Dystrophin protein has a crucial role during muscle

contraction and stretch. Loss of function or absence lead to

myocyte sarcolemma instability during contraction-relaxa-

tion cycles, making myocytes more susceptible to stretch-

induced damage and necrosis (Davies and Nowak, 2006).
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The signaling-mediated roles of Dystrophin and the associ-

ated dystrophin glycoprotein complex are not yet fully un-

derstood (Allen et al., 2016). The pathophysiological role of

Dystrophin in the heart is poorly defined, and multiple

pathways are involved including dysregulation of calcium

(Ca2+) homeostasis, oxidative stress, inflammation, and

functional ischemia.

Oxidative stress is involved in the pathogenesis of heart

failure. However, clinical trials using antioxidants have

shown limited success (Sesso et al., 2008). Nicotinamide

adenine dinucleotide phosphate (NADPH) oxidase (NOX)

family enzymes generate reactive oxygen species (ROS) in

a highly regulated manner, modulating several physiolog-

ical aspects such as host defense, posttranslational process-

ing of proteins, cellular signaling, regulation of gene

expression, and cell differentiation (Vermot et al., 2021).

However, NOX family enzymes also contribute to a wide

range of pathological processes, including, in particular,

cardiovascular diseases. The NOX4 isoform is predomi-

nantly expressed in CMs, although the precise location re-

mains controversial. It is constitutively active at low levels,

inducing cardioprotective effects under chronic stress. The

exact role of NOX4 in CMs is still not clear, even though

high levels of NOX4 could have severe detrimental effects

(Ago et al., 2010; Varga et al., 2017; Zhang et al., 2013)

including excessive ROS production (Spurney et al.,
uthors.
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2008). Thus, targeting NOX isoforms may be a useful ther-

apeutic strategy.

Several innovative therapeutic approaches focus on tar-

geting the primary defect such as restoring the function

or expression of Dystrophin through exon skipping

(Wu et al., 2008), ribosomal readthrough technology

(Welch et al., 2007), or gene (Moretti et al., 2020) and

cell therapy (Bajek et al., 2015). Recent technological

breakthroughs in genome editing successfully enabled

the correction of the genetic mutation (Calos, 2016). In

addition, compounds targeting downstream pathophysi-

ology are under investigation in clinical trials (Verhaart

and Aartsma-Rus, 2019). 2,3-dimethoxy-5-methyl-6-

(10-hydroxy)decyl-1,4-benzoquinone (idebenone), a syn-

thetic analogue of coenzyme Q10, has a dual mode of

action. First, it detoxifies ROS by donating electrons to

produce non-toxic reaction products. Second, it donates

electrons directly to complex III of the mitochondrial

electron transport chain (ETC), which restores electron

flow, proton pumping activity of complexes III and IV,

and adenosine triphosphate (ATP) production by com-

plex V. Phase 2/3 randomized, placebo-controlled trials

have demonstrated a beneficial role of idebenone in

DMD patients (Buyse et al., 2015).

In this study, we used DMD-patient-specific hiPSC-

derived CMs (hiPSC-CMs) to model cardiomyopathic fea-

tures to explore pathological mechanisms. We observed

mitochondrial dysfunction and high intracellular ROS

concentrations in DMD hiPSC-CMs due to significantly

increased NOX4. These features were not present in

CRISPR-Cas9 genetically corrected DMD isogenic hiPSC-

CMs. Additionally, by administration of the ROS scavenger

N-acetyl-L-cysteine (NAC), the readthrough chemical drug

ataluren (PTC124), or the synthetic benzoquinone idebe-

none, we observed beneficial outcomes regarding the sur-

vival and function of differentiated DMD hiPSC-CMs.

In conclusion, usingDMD-patient-derived hiPSCs, we es-

tablished an in vitro model to recapitulate DMD heart dis-

ease phenotypes and to study novel disease mechanisms

that might become interesting therapeutic targets for car-

diomyopathy in DMD patients.
RESULTS

Generation of integration-free DMD hiPSCs

To obtain an unlimited cell source of CMs, recapitulating

aspects of a single-gene disease phenotype, hiPSC lines

were generated from human dermal fibroblasts (hFs) and

human peripheral blood mononuclear cells (hPBMCs) ob-

tained from DMD patients with known Dystrophin muta-

tions (Table S1). Somatic cells were reprogrammed toward

a pluripotent state using integration-free Sendai virus
(SeV) vectors (Figures S1A–S1C), which expressed the

OSKM (OCT3/4, SOX2, KLF4, and c-MYC) pluripotency

markers. Subcutaneously injected DMD hiPSC lines into

immunodeficient mice displayed teratoma formation,

showing the differentiation capacity into all three devel-

opmental germ layers (ectoderm, mesoderm, and endo-

derm; Figures S1D and S1E). Furthermore, a detailed plu-

ripotency analysis for related genes and proteins is given

in the Supplemental information (Figures S1F and S1G).

Three control hiPSC lines were used, which were gener-

ated from healthy donors with no neuromuscular disor-

ders (Table S1).

CRISPR-Cas9-mediated correction of nonsense

mutation in Dystrophin gene

Additionally, we created an isogenic control line to exclude

genetic background variability. The isogenic control line

was generated from DMD patient hiPSCs using CRISPR-

Cas9 technology that were characterized by a genetic point

mutation in exon 35 (c.4,996C>T; (p.Arg1,666X)) of the

Dystrophin gene, resulting in a premature stop codon

and, consequently, in the complete absence of a functional

Dystrophin protein (Figure 1A). To restore the full-length

expression of the Dystrophin gene, two 20 nt single-guide

RNAs (sgRNAs) were designed to induce Cas9-mediated

double-stranded breaks (DSBs) in the genomic DNA of

the Dystrophin-deficient hiPSCs (Figure 1B). sgRNA speci-

ficity and CRISPR-Cas9 DSB cutting were evaluated in

HEK293T cells by the appearance of non-homologous

end joining (NHEJ) events after transfection of the

sgRNA-Cas9 plasmids (Figures S2A and S2B). Cas9-medi-

ated genome editing was performed via homology-directed

repair (HDR), using a plasmid-based donor repair template

with homology arm regions for the Dystrophin gene exon

of interest, in order to substitute the premature stop codon

into the original amino acid codon for arginine (Figure 1B).

Sequencing analysis of exon 35 of the Dystrophin gene

confirmed CRISPR-Cas9 correction of the DMD hiPSC

line, further indicated as DMD isogenic control (Figure 1C).

CRISPR-Cas9 off-target events were analyzed based on the

sequence homology of sgRNAs (Figure S2C), and detailed

comparative genomic hybridization (CGH) molecular kar-

yotyping did not show additional chromosomal abnor-

malities due to unwanted Cas9-mediated DSB cuts (Fig-

ure S2D). To demonstrate that gene editing did not

influence the pluripotency state of the DMD isogenic con-

trol line, pluripotency genes (c-MYC, GDF-3, KLF4,

NANOG, OCT4, REX1, SOX2, and hTERT) and proteins

(OCT4, NANOG, SSEA4, SOX2, TRA-1-60, and LIN28)

were analyzed in several undifferentiated human pluripo-

tent stem cell (hPSC) lines (Figures S1F and S1G). Further-

more, immunofluorescent staining showed the expression

of the Dystrophin protein (green) in differentiated DMD
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Figure 1. DMD hiPSC CRISPR-Cas9 gene editing of a nonsense mutation in exon 35 (c.4,996C>T; (p.Arg1,666X)) of the Dystrophin
gene
(A) Schematic representation of the human Dystrophin gene sequence (top, transcript variant Dp427m) and the encoded Dystrophin protein
(bottom, isoform Dp427m). The genetic point mutation is located in exon 35 of the Dystrophin gene, resulting in a premature stop codon.
(B) The 20 nt sgRNA (ATTTAACCACTCTTCTGCTC) to induce the Cas9-mediated DSB (indicated as black triangles). The donor repair template
containing the genetic correction of the nonsense mutation in the Dystrophin gene is also shown.
(C) DNA sequencing of the mutated region of interest of Dystrophin before (DMD diseased) and after (DMD isogenic) CRISPR-Cas9 gene
editing.
(D) Immunofluorescent staining showing the expression of Dystrophin protein levels (green) in differentiated DMD hiPSC-CMs (cTnT, red
and Hoechst, blue) after CRISPR-Cas9-mediated correction. Scale bar: 50 mm. White boxes with corresponding insets are at a higher
magnification. Scale bar: 10 mm.
See also Figures S1F, S1G, and S2A–S2D.
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hiPSC-CMs (cardiac troponin T [cTnT], red and Hoechst,

blue) after CRISPR-Cas9 correction (Figure 1D).

hiPSC-CMs to model diseased heart phenotype in

DMD

Burridge et al. developed a fully chemically defined and

small-molecule-based cardiac differentiation protocol that

is effective for several hiPSC lines and has a high yield of

mainly ventricular-like CMs (Burridge et al., 2014). Here,

we differentiated control and DMD hiPSC lines to CMs, ac-

cording to this monolayer-based cardiac differentiation

strategy (Burridge et al., 2014), with additional 3D

maturation in fibrin-based engineered heart tissue (EHT)

constructs (Figures 2A and2B) (Breckwoldt et al., 2017).Dur-

ing the early phases of cardiac differentiation, hiPSCs

were treated with chemical Wnt signaling mediators

(CHIR99021 and IWR-1) to obtain high CM yields (Fig-

ure 2A). Additional 3D maturation of hiPSC-CMs could

significantly increase the expression of the cardiac-specific

maturation isoforms MYL2 and TNNI3 (Figure 2C).

Immunostaining of cTnT-positive hiPSC-CMs additionally

matured in3DEHTs showed a structural, aligned orientation

due to the mechanical loading of the flexible microposts

compared with those matured in classical 2D monolayer-

based differentiation systems (Figure 2D). Importantly,

differentiated hiPSC-CMs from DMD patients manifested

pathologic features of cardiac involvement. They exhibited

a significant reduction of the L-type Ca2+ current, indicating

abnormal Ca2+ homeostasis (Figure 2E), and representative

action potential (AP) recordings from DMD hiPSC-CMs dis-

played arrhythmogenic firing patterns including delayed

afterdepolarizations (DADs) and oscillatory prepotentials
Figure 2. Characterization of the hiPSC-CM differentiation protoc
(A) Schematic representation of the cardiac differentiation protocol
entiation protocol using chemical Wnt signaling mediators (CHIR990
structs based on fibrinogen and thrombin polymerization.
(B) Representative example of 2D monolayer-based cardiac differenti
microposts positioned 7 mm from each other (right panel).
(C) Normalized gene expression ratios for isoforms of Myosin Heavy
Troponin I (TNNI3/TNNI1) after 15 and 30 days of differentiation. Dat
values are expressed as mean ± SEM. Significance of the difference
****p < 0.0001.
(D) Immunostaining of cardiac troponin T (cTnT) -positive CMs (cTnT,
(2D) or EHT constructs (3D). White dotted lines indicate the borders
(E) Voltage-current relation curve of the L-type Ca2+ current (pA/pF) a
indicated biological replicates (DMD: N = 13, DMD isogenic: N = 7, he
**p < 0.01, ***p < 0.001, and ****p < 0.0001 (DMD versus DMD isogen
(DMD versus healthy control).
(F) Representative AP recordings. DMD hiPSC-CMs displayed arrhythm
(G) Patch-clamp recordings at day 24 of differentiation for mean APD9
(gray dots).
(H) Patch-clamp recordings for AP amplitude (mV), RMP (mV), cell capa
biological replicates (DMD: N = 19, DMD isogenic: N = 7, healthy: N =
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(OPPs; Figure 2F), as reported in literature (Eisen et al.,

2019; Lin et al., 2015; Pioner et al., 2020; Sato et al., 2019).

Furthermore, patch-clamp recordings at day 24 of differenti-

ation showed significantly longermeanAP durations at 90%

repolarization (APD90) in DMD compared with in control

hiPSC-CMs (Figure 2G). Other electrophysiological parame-

ters including AP amplitude, resting membrane potential

(RMP), cell capacitance, and beating frequency did not

show significant differences (Figure 2H).

Enhanced cell death and excessive intracellular ROS

levels in DMD hiPSC-CM cultures

The absence of the Dystrophin protein in differentiated

hiPSC-CMs from DMD patients results in the progressive

loss of CMs (Davies and Nowak, 2006; Lin et al., 2015).

Here, we wanted to identify novel pathological cues

that caused decreased cell survival of DMD hiPSC-CMs.

We mainly used DMD hiPSCs that were characterized

by the nonsense mutation in exon 35 (c.4,996C>T;

(p.Arg1,666X)) of the Dystrophin gene (DMD #2 in Table

S1). This DMD line represents a subgroup of DMD patients

(approximately 13%) that is responsive to the readthrough

chemical drug ataluren (PTC124; Figures 3A–3C). Cell death

was examined by flow cytometric analyses using annexin V

and 7-amino-actinomycin D (7AAD). DMD hiPSC-CMs un-

derwent accelerated cell death compared with correspond-

ing DMD isogenic and healthy controls (Figures 4A and

S3A, left panels). A remarkable percentage of DMD hiPSC-

CMs had high intracellular ROS concentrations compared

with those found in controls (Figures 4B and S3A, middle

panels).Moreover, the intracellular ROS content (meanfluo-

rescence intensity [MFI]) in DMD hiPSC-CMs was
ol
. hiPSCs were differentiated to CMs in a monolayer cardiac differ-
21 and IWR-1) and, eventually, further matured into 3D EHT con-

ation (left panel) and 3D mini-EHT construct between two flexible

Chain (MYH7/MYH6), Myosin Light Chain (MYL2/MYL7), and Cardiac
a are representative of three independent experiments (n = 3), and
is indicated as follows: *p < 0.05, **p < 0.01, ***p < 0.001, and

red and Hoechst, blue) in monolayer-based cardiac differentiation
of the 3D EHT constructs. Scale bar: 50 mm.
ssessed after whole-cell patch-clamp configuration. Each data point
althy: N = 11), and values are expressed as mean ± SEM. *p < 0.05,
ic control) or $p < 0.05, $$p < 0.01, $$$p < 0.001, and $$$$p < 0.0001

ogenic firing patterns including DADs and OPPs.
0 (ms). Additional measurements were performed with di-4-ANEPPS

citance (pF), and beating frequency (Hz). Each data point indicates
8). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.



Figure 3. Dystrophin re-expression in DMD hiPSC-CMs after PTC124 treatment
(A) Dystrophin gene expression profiles in DMD hiPSC-CMs, characterized by a genetic point mutation in exon 35 (c.4,996C>T;
(p.Arg1,666X)) of the Dystrophin gene, upon NAC, PTC124, and idebenone addition. Each data point is represented as DCt and normalized
for the housekeeping genes (GAPDH and RPL13a). Data are representative of five or more independent experiments (nR 5), and values are
expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 versus subjects within the treatment condition.
(B) Immunostaining at day 24 of differentiation demonstrating Dystrophin protein re-expression (green) upon PTC124 treatment in cTnT-
positive DMD and control hiPSC-CMs (cTnT, red and Hoechst, blue). Scale bar: 100 mm.
(C) Western blot analysis quantifying Dystrophin proteins in ACTN2-positive DMD and control hiPSC-CMs, normalized to the loading protein
ACTB.
significantly higher (Figures 4C and S3A, right panels).

Upon treatment with NAC, PTC124 (alone or in combina-

tion), or idebenone, DMD hiPSC-CMs showed increased

cell survival (Figures 4A and S3A, left panels) and reduced

intracellular ROS levels (Figures 4B and S3A, middle panels)

compared with those in untreated DMD hiPSC-CMs. The

specificity of the drug effect on CM death and intracellular

ROS levels of the experimental groups is shown in the Sup-

plemental information (Figures S4A–S4D). Taken together,
these results show increased intracellular ROS levels in

DMD hiPSC-CMs. Interestingly, NAC, PTC124, and idebe-

none had beneficial effects on the cell survival, although

idebenone exhibited superior effects in DMD cultures.

Dystrophin-deficient hiPSC-CMs are characterized by

depolarized mitochondria

DMD pathology is accompanied by abnormal intracel-

lular Ca2+ handling and the accumulation of
Stem Cell Reports j Vol. 17 j 352–368 j February 8, 2022 357



Figure 4. Characterization of the cardiomyopathic phenotype in vitro of DMD hiPSC-CMs, showing premature cell death, depo-
larized mitochondria, and increased intracellular ROS levels, which were counteracted by NAC, ataluren (PTC124), and idebenone
(A–C) Flow cytometric quantification at day 15 of cardiac differentiation showing the percentage of cell death of signal-regulatory protein
alpha (SIRPA)-positive hiPSC-CMs (A), the percentage of CMs with high intracellular ROS levels (B), and the MFI of intracellular ROS in CMs

(legend continued on next page)
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dysfunctional mitochondria with defective structures

(Timpani et al., 2015). A distinctive feature of early phase

cell death is the loss of the membrane potential of active

mitochondria (DJm) (Zorova et al., 2018). The carbocya-

nine compound JC-1, a fluorescent voltage-sensitive dye

with membrane-permeant fluorescent lipophilic cationic

properties (Mathur et al., 2000), was used to determine

DJm and mitochondrial health. Consistently with the

previously observed accelerated death of untreated

DMD hiPSC-CMs, these cultures were characterized by

mitochondrial depolarization, indicated by the decrease

in the red (aggregates)/green (monomers) JC-1 fluores-

cence intensity ratio (Figures 4D, 4E, and S3B). Interest-

ingly, the combinatorial treatment of NAC and PTC124,

as well idebenone treatment, displayed significantly

beneficial effects on DJm with respect to untreated

DMD hiPSC-CMs. Furthermore, flow cytometric analyses

confirmed a significant increased superoxide production

in depolarized mitochondria compared with in controls

(Figures 4F and S3C). No significant differences were

observed for mitochondrial content upon the different

treatments (Figures S3D and S3E). The specificity of the

drug effect on DJm and on the mitochondrial superoxide

concentrations of the experimental groups is shown in

the Supplemental information (Figures S4E–S4H). Taken

together, these results indicate dysfunctional depolarized

mitochondria in DMD hiPSC-CMs, which could lead to

excessive ROS leakage. The combined treatment of NAC

and PTC124, as well idebenone treatment, could rescue

this condition.

NOX4 is overexpressed in DMD hiPSC-CMs

Several independent studies have reported increased NOX4

expression and activity in chronic heart failure, supporting

the clinical relevance, although the role of NOX4 in CMs is

still unclear (Ago et al., 2010; Spurney et al., 2008; Varga

et al., 2017; Zhang et al., 2013). Here, NOX2 and NOX4,

the predominantly expressed isoforms of the ROS-produc-
(C) in conditions with (NAC, PTC124, and idebenone) or without (un
experiments (n = 4), and values are reported as mean ± SEM. *p < 0.
(D) Immunostaining of the fluorescent voltage-sensitive dye JC-1 wa
differentiated hiPSC-CMs. Untreated DMD hiPSC-CMs were characterize
mitochondrial aggregates (JC-1 red, top panels) and the increase in m
treated DMD hiPSC-CMs and controls. Corresponding histograms (bot
gates/monomers). Scale bar: 5 mm.
(E) Representative flow cytometric analyses at day 15 of differentia
(fluorescein isothiocyanate [FITC]) in DMD hiPSC-CMs upon treatmen
(F) Flow cytometric analyses at day 15 of differentiation showing the
DMD mitochondria compared with in DMD isogenic and healthy contro
Flow cytometry data are reported as mean ± SEM.
See also Figures S3A–S3E and S4A–S4H.
ing NOX family enzymes in the heart, were investigated.

Gene expression profiles did not reveal a differential expres-

sion for NOX2 and accessory regulatory subunits (p47phox,

p67phox, RAC2, and RAC3; Figure 5A). Interestingly, NOX4

and its regulatory subunit p22phox were significantly upregu-

lated in DMD hiPSC-CMs. Moreover, DMD hiPSC-CMs

treated with PTC124 alone or in combination with NAC ex-

hibited decreased NOX4 and p22phox gene levels. In

contrast, upon idebenone treatment, no reduction was

observed in the expression of both genes. Flow cytometric

analyses demonstrated a significant increased percentage

of NOX4-positive DMD hiPSC-CMs compared with DMD

isogenic and healthy controls (Figures 5B and 5C). The per-

centage of NOX4-positive DMD hiPSC-CMs was reduced

upon idebenone treatment. The specificity of the drug on

the expression of NOX4 among the experimental groups

is shown in the Supplemental information (Figures S4I

and S4J). Western blot analysis confirmed the increased

protein levels of NOX4 in DMD hiPSC-CMs (Figure 5D).

Upon idebenone addition, DMD hiPSC-CMs showed a

downregulation of NOX4, as also observed in controls.

These data demonstrate a significantly increased NOX4

expression in DMD hiPSC-CMs that upon treatment with

idebenone could be reverted to basal levels.

Additionally, we demonstrated that the NOX4 upregula-

tion in DMD hiPSC-CMs (DMD #2 in Table S1) was not a

common downstream pathway of cell death. Therefore,

we preincubated hiPSC-CMs with 1 mM staurosporine

(STS), a potent cell death inducer, for 6 h (Belmokhtar

et al., 2001), and we did not observe any increase in the

NOX4 expression (Figures S5A and S5B). Interestingly, by

analyzing DJm and the mitochondrial superoxide produc-

tion in various DMD-patient-specific hiPSC-CM lines

(DMD #2, DMD #5, and DMD #6 in Table S1), we could

observe an association between the levels of mitochondrial

depolarization and ROS production with the gene and pro-

tein levels of NOX4, suggesting a crucial role of NOX4 (Fig-

ures S6A–S6G).
treated) treatments. Data are representative of four independent
05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
s used to determine DJm and mitochondrial health in 15-day-old
d by mitochondrial depolarization, as indicated by the decrease in
itochondrial monomers (JC-1 green, middle panels) with respect to
tom panels) showed the JC-1 fluorescence intensity ratios (aggre-

tion for JC-1 aggregates (phycoerythrin [PE]) and JC-1 monomers
t. Data are representative of four independent experiments (n = 4).
mitochondrial superoxide production (MitoSOX; PE) in depolarized
ls. Data are representative of four independent experiments (n = 4).
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Figure 5. Increased expression levels of the ROS-producing NOX family enzyme NOX4 and its accessory regulatory subunit p22phox

in Dystrophin-deficient hiPSC-CM cultures
(A) Gene expression profiles at day 24 of cardiac differentiation of NOX2 and NOX4, and the regulatory subunits (p22phox, p47phox, p67phox,
RAC1, RAC2, and RAC3) in DMD, DMD isogenic, and healthy control hiPSC-CMs upon treatment with NAC, PTC124, and idebenone. Each data
point is represented as DCt and is normalized for the housekeeping genes (GAPDH and RPL13a). Data are representative of five or more
independent experiments (n R 5), and values are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001
versus subjects within the treatment condition or $p < 0.05, $$p < 0.01, $$$p < 0.001, and $$$$p < 0.0001 versus treatment conditions within
the subject group.
(B) Representative flow cytometric analyses at day 15 of differentiation showing the percentage of NOX4 (APC) protein expression in SIRPA
(PE)-positive DMD hiPSC-CMs upon treatment. Data are representative of three independent experiments (n = 3). Flow cytometry data are
reported as mean ± SEM.

(legend continued on next page)
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Idebenone stimulates ATP production in depolarized

mitochondria, ameliorating NOX4-mediated ROS

overproduction

Overall, oxidative stress, in synergy with intracellular Ca2+

overload, results in the progressive worsening of DMD car-

diomyopathy (Allen et al., 2016). We hypothesized that

Dystrophin gene mutations elicit excessive ROS generation

via the mitochondrial ETC of depolarized mitochondria

and via a NOX4-based NADPH-dependent process. To

assess whether increased NOX4 could contribute to

elevated intracellular ROS concentrations, NOX4 mRNA

levels were transiently degraded by the addition of Anti-

sense LNA GapmeRs to the DMD hiPSC-CM cultures (Fig-

ure 6A, left panel). Antisense LNA GapmeRs targeting

MALAT1 mRNA were used as positive controls (Figure 6A,

right panel). Interestingly, transient GapmeR-induced

NOX4 mRNA degradation significantly reduced NOX4 ac-

tivity, as monitored through changes in NADPH absorp-

tion (Figure 6B) (Shanmugasundaram et al., 2017). DMD

hiPSC-CMs exhibited significantly elevated NOX4 activity

compared with controls (Figure 6C). However, when idebe-

none was added to DMD hiPSC-CM cultures, the NOX4

NADPH-dependent ROS production was significantly

reduced in isolatedmitochondria (Figure 6C) and in the to-

tal CM fraction (Figure S7A). Moreover, idebenone restored

ATP levels due to its electron donating property for mito-

chondrial ETC stimulation (Figures 6D and S7B).

Recent studies have identified an ATP-binding motif

within NOX4 through which ATP, upon binding, could

regulate NOX4 activity (Shanmugasundaram et al.,

2017). Adding dose-dependent ATP concentrations to

DMD hiPSC-CM cultures demonstrated that 2.5 mM

ATP had a beneficial effect and significantly reduced

ROS production of the NOX4 activity with respect to no

ATP addition (Figures 6E and S7C). Interestingly, idebe-

none alone or in combination with a 2.5 mM ATP addi-

tion did ameliorate the activity of NOX4 in a similar

manner, resulting in a significantly decreased NADPH-

dependent ROS production compared with untreated

DMD hiPSC-CMs (Figures 6F and S7D). The specificity of

idebenone on the NOX4 ROS-producing activity and on

the ATP levels of the experimental groups is shown in

the Supplemental information (Figures S7E–S7H). These

findings reveal an increased mitochondrial ROS-produc-

ing NOX4 activity in DMD hiPSC-CMs, which was coun-

teracted by idebenone through ATP.
(C) Flow cytometric quantification at day 15 of differentiation of th
treatment. Data are representative of three independent experiments
0.01, ***p < 0.001, and ****p < 0.0001.
(D) Western blot analysis quantifying the protein expression levels
normalized to the loading protein ACTB. See also Figures S4I and S4J
DMD EHTs show improved contractile function after

idebenone administration

In order to assess the amplitude of contraction of 3D EHT

constructs, we monitored the micropost deflection move-

ments of the EHT devices, which were the result of a

spontaneous contraction of the EHTs attached to the flex-

ible microposts (Figure 2B). At physiological 1.8 mM Ca2+

concentrations, the contractile function of untreated

DMD hiPSC-CM EHTs was significantly lower than of un-

treated EHTs generated from isogenic or healthy hiPSC-

CMs (Figure 7A), confirming the validity of the 3D EHT

model system for DMD. However, DMD EHTs treated

with idebenone exhibited a significantly increased contrac-

tion, whereas the combined treatment of idebenone and

PTC124 improved the contractile function even further.

By incubating DMD EHTs with Ca2+ concentrations of

2.5 mM, we wanted to analyze the amplitude of contrac-

tion of DMD EHTs, mimicking the detrimental increased

Ca2+ environment, as reported in hearts from DMD pa-

tients (Figure 7B) (Kyrychenko et al., 2017; Sato et al.,

2019). At higher Ca2+ concentrations, treatment with ide-

benone alone no longer improved the contractile function

of DMD EHTs. However, the contractile function remained

significantly improved with the combinatorial treatment

of idebenone and PTC124. These data point out the bene-

ficial effect of a combinatorial treatment of idebenone and

PTC124, highlighting the importance of targeting simulta-

neously different aspects of DMDcardiomyopathy in terms

of heart functionality.
DISCUSSION

hiPSCs have the potential to differentiate in functional cell

types that can be used as an unlimited cell source of inac-

cessible tissues to study genetic disorders and, conse-

quently, to gain novel insights in signaling pathways

involved in the disease pathology.

In this study, we generated hiPSC-based cardiac disease

models from three DMD patients to study the early stages

of cardiomyopathy in DMD. hiPSCs were differentiated to-

ward CMs according to the protocol of Burridge et al. (Bur-

ridge et al., 2014) and Breckwoldt et al. (Breckwoldt et al.,

2017). First, hiPSCs were differentiated in a monolayer-

based method using a fully chemically defined medium

consisting of the basal medium RPMI 1640, rice-derived
e percentage of SIRPA-positive hiPSC-CMs expressing NOX4 upon
(n = 3), and values are expressed as mean ± SEM. *p < 0.05, **p <

of NOX4 in 15-day-old differentiated DMD and control hiPSC-CMs,
.
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Figure 6. Idebenone could counteract the oxidative stress in DMD hiPSC-CMs through ATP stimulation of the mitochondrial ETC,
which, in turn, reduced ROS-producing NOX4 activity
(A) Quantitative RT-PCR of NOX4 gene expression levels after the addition of NOX4-targeted Antisense LNA GapmeRs to the DMD hiPSC-CM
cultures (left panel). As a positive control for the efficiency of the Antisense LNA GapmeRs, MALAT1 levels were determined after the
addition of MALAT1-targeted Antisense LNA GapmeRs (right panel). Each data point is represented as DCt and is normalized for the

(legend continued on next page)
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Figure 7. Improved contraction of 3D EHT constructs after administration of idebenone alone or in combination with PTC124
under physiological Ca2+ levels
(A) Spontaneous contraction and relaxation cycles of EHTs were monitored under temperature-controlled conditions (37�C) at 1.8 mM
physiological Ca2+ concentrations and measured by the deflection movements of the microposts (in mm). The effect of idebenone and
PTC124 on the contractility of EHTs derived from DMD hiPSC-CMs (EHT diameter: 1,041.9 ± 74.1 mm) was compared with that from DMD
isogenic (diameter: 938.0 ± 86.6 mm) and healthy control EHTs (diameter: 849.9 ± 80.5 mm). Data are representative of three or four
independent experiments (n R 3), and values are expressed as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
(B) EHTs derived from DMD hiPSC-CMs were incubated with Ca2+ concentrations of 1.8 and 2.5 mM to assess the amplitude of contraction.
Data are representative of three or four independent experiments (nR 3), and values are expressed as mean ± SEM. *p < 0.05, **p < 0.01,
***p < 0.001, and ****p < 0.0001 (untreated versus idebenone + PTC124), $p < 0.05, $$p < 0.01, $$$p < 0.001, and $$$$p < 0.0001
(idebenone versus idebenone + PTC124), or #p < 0.05, ##p < 0.01, ###p < 0.001, and ####p < 0.0001 (untreated versus idebenone).
recombinant human albumin, and L-ascorbic acid 2-phos-

phate along with a small-molecule-based induction of dif-

ferentiation (Burridge et al., 2014). L-ascorbic acid 2-phos-

phate has been shown to enhance cardiac differentiation

and maturation through increased collagen production

by promoting cardiac progenitor cell proliferation via

the MEK-ERK1/2 pathway. Furthermore, L-ascorbic acid

2-phosphate-induced CMs exhibited better sarcomeric or-

ganization and enhanced responses of APs and Ca2+ tran-

sients to b-adrenergic and muscarinic stimulations (Cao

et al., 2012). Second, hiPSC-CMs were further differenti-
housekeeping genes (GAPDH and RPL13a). Data are representative of
mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.00
(B) Quantification of the NOX4 ROS production, measured via the NADP
of DMD hiPSC-CMs after a 6-day preincubation with GapmeRs. Each dat
mitochondrial fraction of the untreated DMD hiPSC-CMs (vehicle).
(C) Quantification of the NADPH-dependent ROS production of NOX4
idebenone treatment compared with in DMD isogenic and healthy co
(D) ATP luminescence detection showing the effect of idebenone tre
(E) Quantification of the ROS-producing NOX4 activity after 2.5 mM AT
represented as a percentage (%) and is normalized to the mitochond
(F) Quantification of the NADPH-dependent ROS production of NOX4
addition with or without idebenone treatment. Each data point is repr
fraction of the idebenone-treated DMD hiPSC-CM cultures. Data are rep
and values are expressed as mean ± SEM. *p < 0.05, **p < 0.01, **
independent experiments.
See also Figures S7A–S7H.
ated in 3D fibrin-based EHT constructs for contractility

measurements (Breckwoldt et al., 2017). In several cancer-

related studies, the effect of ascorbic acid on ROS produc-

tion has been reported (Fukumura et al., 2012; Wei et al.,

2017). In these studies, a ROS-scavenger effect was

observed after the addition of 1 mM or higher concentra-

tions of ascorbic acid. We used a lower final concentration,

suggesting no significant antioxidative effect on ROS

levels. Interestingly, Bartsch et al. (Bartsch et al., 2011)

demonstrated an ascorbic-acid-enhanced cardiac differen-

tiation accompanied by an upregulation of the NADPH
three independent experiments (n = 3), and values are expressed as
01.
H-dependent ROS generation, in the isolated mitochondrial fraction
a point is represented as a percentage (%) and is normalized to the

in the mitochondrial fraction of DMD hiPSC-CMs with or without
ntrols.
atment on the mitochondrial ATP levels in DMD hiPSC-CMs.
P addition in DMD hiPSC-CM and control cultures. Each data point is
rial fraction of the untreated DMD hiPSC-CMs.
in the mitochondrial fraction of DMD hiPSC-CMs upon 2.5 mM ATP
esented as a percentage (%) and is normalized to the mitochondrial
resentative of four or six independent experiments (n = 4 or n = 6),
*p < 0.001, and ****p < 0.0001. Colored rectangles represent the
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oxidase isoforms NOX2 and NOX4 at basal expression

levels with intracellular physiological ROS concentrations,

indicating the suitability of the applied cardiac differentia-

tion methods.

hiPSC-CMs obtained from DMD patients represent hall-

marks of DMD-associated heart complications in in vitro

cultures. Published studies showed that the lack of Dystro-

phin in DMD hiPSC-CMs resulted in enhanced cell death

(Lin et al., 2015), Ca2+-handling abnormalities, and

reduced contractile function (Kyrychenko et al., 2017;

Sato et al., 2019). We observed premature cell death of

DMD hiPSC-CMs due to significantly elevated intracellular

oxidative stress levels. Furthermore, a detailed characteriza-

tion demonstrated mitochondrial depolarization and

significantly increased NOX4 expression. Whether the

abnormal upregulation of NOX4 and its increased basal

rate of ROS production are a direct or indirect consequence

of the absence of Dystrophin is currently unknown.

Increased Nox4 proteins have been found in left ventricu-

lar CMs of mdx mice and are associated with fibrosis and

altered functional parameters in the heart (Spurney et al.,

2008). Deep RNA sequencing of the cardiac transcriptome

on explanted human heart samples, obtained from pa-

tients suffering from heart failure, indicated extensive

alternative splicing of the NOX4 gene, which is associated

with upregulation of the full-length NOX4 protein (Varga

et al., 2017). Consistent with these results, we found signif-

icantly increased expression and activity of the cardiac-spe-

cific ROS-producing NOX4 isoform in DMD hiPSC-CMs.

Dystrophin-deficient CMs are more vulnerable to mechan-

ical stress due to their increased membrane fragility and

stretch-induced Ca2+ influx, which results in cell death

(Kyrychenko et al., 2017; Lin et al., 2015; Sato et al.,

2019). The complexity of the DMD pathology results

from signal amplification systems with bidirectional cross-

talk and positive feedback loops. ROS generation in

response to mechanical forces may originate from diverse

sources including mitochondria and NOX isoforms (Ago

et al., 2010; Zhang et al., 2013) or even other oxidase sys-

tems (Kerr et al., 2015; Khairallah et al., 2012; Prosser

et al., 2011).

To ameliorate the DMD disease phenotype, we applied

several therapeutic approaches. We investigated whether

NAC, ataluren (PTC124), and idebenone could have bene-

ficial effects on the dystrophic features observed in DMD

hiPSC-CM cultures. PTC124 drug efficacy analyses were

performed only on DMD hiPSCs with the nonsense muta-

tion in exon 35 (c.4,996C>T; (p.Arg1,666X)) of the Dystro-

phin gene. This line represents a subgroup of DMD patients

(approximately 13%) that is responsive to the readthrough

chemical drug PTC124, which allowed us to investigate the

effects of PTC124 on DMD cardiomyopathy in an in vitro

hiPSC-based disease model. PTC124 is one of the gene-
364 Stem Cell Reports j Vol. 17 j 352–368 j February 8, 2022
based therapeutic approaches for DMD, although it is

applicable for only a small subgroup of DMD patients

with a nonsense mutation (Welch et al., 2007). We demon-

strated re-expression of Dystrophin after PTC124 addition

in a fraction of differentiating DMD hiPSC-CMs. Recently,

a phase 3 randomized, placebo-controlled trial evaluating

an improvement in the 6-min walking test after 48 weeks

has been completed (Campbell et al., 2020), and a clinical

trial to studyDystrophin expression levels in a small cohort

of PTC124-treated patients with DMD is currently

ongoing. These clinical studies aim at targeting the primary

cause of DMD progression.

Nowadays, several innovative therapeutic approaches

focus on secondary pathology. In the last decade, re-

searchers have shown growing interest in idebenone as po-

tential treatment for DMD. The precise mechanism by

which idebenone exerts its protective effect is still un-

known. Yet, idebenone has been reported to protect mito-

chondria from oxidative damage and to boost their

impaired function, delaying the disease progression of

DMD (Buyse et al., 2015). Interestingly, given the dual

mode of action of idebenone (ROS-scavenger function

and stimulation of the mitochondrial ETC), we showed

that idebenone exhibited a superior beneficial outcome

on DMD hiPSC-CMs through increased ATP production

that, in turn, decreased NOX4 activity. The exact mecha-

nism of ATP-mediated inhibition of NOX4 activity is still

unclear.

Recently, an ATP-binding motif within the NOX4 iso-

form has been identified, suggesting a potential novel

mechanism through which NOX4 can be allosterically

regulated. During normal respiration, OXPHOS-driven

ATP production in the mitochondria binds NOX4 through

the ATP-binding domain, keeping the NOX4-produced

ROS levels low (Shanmugasundaram et al., 2017). The

ATP-binding motif (AXXXXGKT) (Walker et al., 1982)

that resides within the amino acids 534–541 of the C termi-

nus, is unique to NOX4 (it is not found in other NOX iso-

forms) and is conserved in Homo sapiens, Rattus norvegicus,

and Mus musculus (Shanmugasundaram et al., 2017). In

line with these results, we demonstrated that the addition

of idebenone to DMD hiPSC-CM cultures increased the

intracellular and, more specifically, the mitochondrial

ATP concentrations through idebenone-induced ETC stim-

ulation. Moreover, idebenone could significantly reduce

the ROS-producing NOX4 activity, assuming the allosteri-

cally regulation of NOX4 through ATP. Interestingly, the

addition of external ATP to DMD hiPSC-CM cultures re-

sulted in a similar reduction of the NADPH-dependent

ROS production of NOX4.

Elevated ATP concentrations can be used by skeletal and

cardiacmyosin to increase cross-bridge binding and cycling,

leading to stronger and faster contraction and relaxation



(Moussavi-Harami et al., 2015). Cardiac-specific overexpres-

sion of the enzyme ribonucleotide reductase that converts

adenosinediphosphate (ADP) todeoxy-ADP(dADP),which,

in turn, is rapidly converted to deoxy-ATP (dATP) in cells,

facilitated CM contraction and cardiac performance in

normal rodent hearts and in rodent and pig infarcted hearts

(Kolwicz et al., 2016). We showed improved contractile

properties of EHTs derived fromDMDhiPSC-CMsupon ide-

benone administration at physiological Ca2+ concentra-

tions. Preincubation of idebenone with PTC124 further

enhanced the contractility, probably due to the PTC124-

induced re-expression of Dystrophin proteins. In line with

these results, the Olson’s group performed CRISPR-Cas9-

mediated exon skipping (‘‘myoediting’’) for DMDmutation

corrections in order to rescue the contractile dysfunction

of DMD hiPSC-CMs that were differentiated in 3D EHTs

(Atmanli et al., 2021; Kyrychenko et al., 2017).

In conclusion, by using DMD-patient-derived hiPSC-

CMs, we provided the first evidence that NOX4 expression

and activity were significantly upregulated, contributing to

increased intracellular ROS and cell death. Furthermore, we

compared the effects ofNAC, PTC124, and idebenone in an

in vitro setting of cardiomyopathic DMD. Finally, we gained

novel mechanistic insights into the mode of action of ide-

benone on the hyperactive state of NOX4 ROS production.

Idebenone-mediated stimulation of ATP production by the

ETC of mitochondria could increase the affinity of ATP to

bind with NOX4, reducing its ROS production. Consid-

ering the early cellular stress responses present in CMs

from DMD patients, interfering with any of these early

cellular events that lead to excessive ROS signals would

positively affect the mitochondrial activity, resulting in

an improved contractile function.
EXPERIMENTAL PROCEDURES

hiPSC culture
Control and DMD-diseased hiPSC lines (Table S1) were cultured

feeder-free on Geltrex LDEV-Free hESC-Qualified Reduced Growth

Factor Basement Membrane Matrix and maintained in Essential 8

Flex Basal Medium supplemented with Essential 8 Flex Supple-

ment (503) and 0.1% penicillin-streptomycin (Pen/Strep) (all

fromThermo Fisher Scientific) at 37�Cunder normoxic conditions

(21% O2 and 5% CO2). Colonies were routinely passaged non-

enzymatically with 0.5 mM EDTA in phosphate-buffered saline

(PBS; both from Thermo Fisher Scientific). Mycoplasma contami-

nation was assessed on a periodic basis for all cell cultures. No

contaminated cells were used in the described experiments of

this study.

Monolayer-based cardiac differentiation of hiPSCs
hiPSCs were differentiated into functional CMs according to a

monolayer-based cardiac differentiation protocol, as previously

described (Burridge et al., 2014). Briefly, prior to differentiation,
control and DMD hiPSC lines were split into small colonies and

subsequently cultured on a thin Matrigel Growth Factor Reduced

(GFR) Basement Membrane Matrix layer (Corning) in complete

Essential 8 flex medium at 37�C under hypoxic conditions (5%

O2 and 5% CO2), in order to obtain the optimal confluency of

85%, 3 days after splitting. Mesoderm differentiation (day 0) was

induced using 6 mM CHIR99021 (Axon Medchem) for 48 h in a

chemically defined medium consisting of RPMI 1640 (Thermo

Fisher Scientific), 500 mg/mL rice-derived recombinant human al-

bumin, and 213 mg/mL L-ascorbic acid 2-phosphate (both from

Merck). After 24 h of CHIR99021 stimulation, hiPSCs were trans-

ferred from hypoxia to normoxia. At day 2 of differentiation,

hiPSC-derived mesodermal cells were fed with basal medium sup-

plementedwith 4 mMIWR-1 (Merck) for 48 h to induce cardiac pro-

genitor cell differentiation. From day 4 onwards, the medium was

changed every other day with CM maintenance medium (RPMI

1640, rice-derived recombinant human albumin, and L-ascorbic

acid 2-phosphate). Contracting CMs appeared at day 8 or 9 of car-

diac differentiation. DMD hiPSC-CMs were treated with 3 mM

NAC and 0.5 mM idebenone from day 8 onwards, and 20 mg/mL

ataluren (PTC124) was supplemented to the cardiac differentiation

medium from day 4 onwards. In NOX4 knockdown experiments,

250 nM of single-stranded antisense oligonucleotides for silencing

NOX4 mRNA, called Antisense LNA GapmeRs (Qiagen), were

added to the cell cultures at day 8 of differentiation.
Generation of 3D EHT constructs
3D EHT constructs were generated from 8- to 10-day-old hiPSC-

CMs, as previously described (Breckwoldt et al., 2017). CMs were

dissociated with collagenase A (1 U/mL; Merck) for 20 min at

37�C and transferred to custom-made 2% agarose (UltraPure;

Thermo Fisher Scientific) casting molds in 24-well plate formats.

The single-cell suspension was maintained in DMEM low glucose

medium containing 10% fetal bovine serum (FBS), 1% heat-inacti-

vated horse serum (HS), 1% Pen/Strep (all from Thermo Fisher Sci-

entific), and 0.1% Rho-associated protein kinase (ROCK) inhibitor

(Y-27632; VWR). Each EHT construct consisted of 1.0 3 106 cells

supplemented with GFR Matrigel, 5.06% fibrinogen (human

plasma; Merck), 3U/mL thrombin (Stago BNL), and 1.44% aproti-

nin (Merck). The casting was performed around two flexible poly-

dimethylsiloxane (PDMS) microposts within the agarose molds.

After 2 h of incubation, polymerization formed a fibrin block

around the microposts, embedding the single-cell suspension.

The fibrin block was removed from the casting molds and trans-

ferred to 24-well plates containing an EHT medium composed of

DMEM low glucose, 10% heat-inactivated HS, 1% Pen/Strep,

0.1% aprotinin, and 0.1% human insulin solution (Merck). Me-

dium was changed every other day with EHT medium.
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