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Abstract 

Background:  

Duchenne muscular dystrophy (DMD) is an X-linked disorder characterized by progressive 

muscle weakness due to the absence of functional dystrophin. DMD patients also develop 

dilated cardiomyopathy (DCM). We have previously shown that DMD (mdx) mice and a 

canine DMD model (GRMD) exhibit abnormal intracellular calcium (Ca
2+

 ) cycling related to 

early-stage pathological remodelling of the ryanodine receptor intracellular calcium release 

channel (RyR2) on the sarcoplasmic reticulum (SR) contributing to age-dependent DCM.  

Methods:  

Here, we used hiPSC-CMs from DMD patients selected by Speckle-tracking 

echocardiography and canine DMD cardiac biopsies to assess key early-stage Duchenne 

DCM features.  

Results:  

Dystrophin deficiency was associated with RyR2 remodelling and SR Ca
2+

 leak (RyR2 Po of 

0.03 ± 0.01 for HC vs. 0.16 ± 0.01 for DMD, P < 0.01), which led to early-stage defects 

including senescence. We observed higher levels of senescence markers including p15 (2.03 ± 

0.75 for HC vs. 13.67 ± 5.49 for DMD, P < 0.05) and p16 (1.86 ± 0.83 for HC vs. 10.71 ± 

3.00 for DMD, P < 0.01) in DMD hiPSC-CMs and in the canine DMD model. The fibrosis 

was increased in DMD hiPSC-CMs. We observed cardiac hypocontractility in DMD hiPSC-

CMs. Stabilizing RyR2 pharmacologically by S107 prevented most of these pathological 

features, including the rescue of the contraction amplitude (1.65 ± 0.06 μm for DMD vs. 2.26 

± 0.08 μm for DMD + S107, P < 0.01). These data were confirmed by proteomic analyses, in 

particular ECM remodelling and fibrosis.  

Conclusions:  

We identified key cellular damages that are established earlier than cardiac clinical pathology 

in DMD patients, with major perturbation of the cardiac ECC. Our results demonstrated that 

cardiac fibrosis and premature senescence are induced by RyR2 mediated SR Ca
2+

 leak in 

DMD cardiomyocytes. We revealed that RyR2 is an early biomarker of DMD-associated 

cardiac damages in DMD patients. The progressive and later DCM onset could be linked with 

the RyR2-mediated increased fibrosis and premature senescence, eventually causing cell 

death and further cardiac fibrosis in a vicious cycle leading to further hypocontractility as a 

major feature of DCM. The present study provides a novel understanding of the 

pathophysiological mechanisms of the DMD-induced DCM. By targeting RyR2 channels, it 

provides a potential pharmacological treatment.  

 

  



Background 
 

Duchenne muscular dystrophy (DMD) is an X-linked degenerative disorder with a prevalence 

of 1/3600–6000 in males due to the absence of functional dystrophin in muscles. DMD causes 

muscle weakness, respiratory failure and cardiac complications. DMD patients can present 

with arrhythmias, dilated cardiomyopathy (DCM) progressing to heart failure and sudden 

death.1DMD-associated cardiac disorders, mainly DCM, reduce life expectancy of 

patients.2Amedroet al. showed that conventional echocardiography fails to detect early signs 

of cardiac alterations, whereas Speckle-tracking echocardiography (STE) serves as a 

functional biomarker to identify early-stage left ventricle motion abnormalities.  

 

The cellular pathophysiological mechanisms underlying the early cardiac damages in DMD 

remain poorly under-stood. Several studies have focused on defects in cardiac excitation-

contraction coupling (ECC) that appears stronglyaltered.3Moreover, functional changes in 

intracellular Ca2+homeostasis in Duchenne DCM have been linked to post-translational 

changes in Ca2+signalling proteins. The RyR2macromolecular complex undergoes post-

translational modifications and leak, which leads to cardiac dysfunction in the DMD mouse 

model (mdx)4and GRMD.5We have shown that DMD patient-specific hiPSC-derived 

cardiomyocytes (hiPSC-CMs) exhibit abnormal ECC.3Thesefindings show that sarco-plasmic 

reticulum (SR) Ca2+leak largely contributes to the pathogenesis of DMD-associated cardiac 

dysfunction in mouse, dog and humans. 

 

Here, we selected three DMD boys using STE and studied their hiPSC-CMs to investigate the 

early-stage properties of the cardiac ECC and cardiac morphology in DMD by focusing on the 

intracellular Ca2+cycling in connection with markers of fibrosis and senescence. We also 

exploited canine DMD (GRMD) cardiac biopsies to assess the cardiac senescence. We found 

that premature senescence and cardiac fibrosis are induced by SR Ca2+leak via RyR2 in 

DMD cardiomyocytes. Stabilizing RyR2 prevented most of these pathological features. The 

present study provides new pathophysiological mechanisms and potential pharmacological 

treatment of the DMD-induced DCM.  

 

Methods 
 

Ethics statement 

 

Written informed consent was obtained from all participating patients for obtaining blood 

samples for hiPSC generation. The study adhered to the principles of the Declaration of 

Helsinki and was approved by the Institutional Review Board 

 

Committee of the Montpellier Hospital (2017-A01589-44).Clinical data of the three DMD 

patients are provided in Table S1. The three male healthy control hiPSC lines used in this 

study were previously characterized.6–8 

 

Echocardiographic follow-up  

 

Echocardiographic examinations were performed using the GE Vivid E9 ultrasound system. 

LV function variables, including LV ejection fraction (LVEF) measured using the Teischolz 

method (M-mode), were collected. Speckle tracking echocardiography was conducted offline 

by a single senior paediatric cardiologist with expertise in 2D-strain analysis, utilizing 



EchoPAC version 112 (GE Healthcare). The endocardium was manually traced in end-

diastole, and the software automatically detected myocardial wall movement from 

endocardium to epicardium, defining areas of interest. Global and segmental LV peak systolic 

strain variables were measured based on the 17-segment model. 

 

hiPSC generation and maintenance 

 

We generated hiPSC lines from three different DMD boys (9,12 and 14 years old, 

respectively) as previously described.7Three HC hiPSC lines were used in this work as 

publishedbefore.9 

 

Cardiac differentiation  

 

hiPSC were differentiated into cardiomyocytes using the 2D-sandwich monolayer protocol as 

previously described.8–10Allexperiments used hiPSC-CMs aged 30 days and were per-

formed in at least three independent cardiac differentiations.  

 

RT-PCR and qRT-PCR 

 

RT-PCR and qRT-PCR experiments were performed as previously published.9RPLPO and 

RPL32 were respectively used as reference genes. Primers for human and canine markers 

expression are listed in Tables S2 and S3. 

 

Immunocytochemistry 

 

Immunocytochemistry experiments were performed on 30-day-old hiPSC-CMs. The cells 

were fixed with 4% paraformaldehyde and sucrose for 20 min at 37°C and then permeabilized 

and blocked with 1% BSA and 0.1% Triton 100× for30 min at room temperature. Primary 

antibodies (Table S4) were applied at 1:200 dilution in 1% BSA and incubated over-night at 

4°C. After three washes with PBS, DAPI and secondary antibodies (1:250) were applied for 1 

h at room temperature. The coverslips were mounted with Prolong Gold Antifade Mountant. 

Image acquisition was performed using an inverted confocal microscope (Zeiss LSM 800 

with Zen software). Pixel intensity and cell/nuclei area were calculated using ImageJ 

software.  

 

Measurement of contractile properties  

 

Contractile properties were measured using Zeiss Observer 7microscope equipped with a 

camera and a thermostatic chamber as we published before.6,9The hiPSC-CMs were 

incubated over-night with S107 (5μM) prior video-edge experiments acquisition.  

 

Measurement of cytosolic Ca2+variations 

 

Cytosolic Ca2+variations or Ca2+transients were measured as previously published.9S107 

(5μM) was tested: hiPSC-CMs were incubated overnight with S107 prior Ca2+variation 

measurements. 

 

 

 

 



 

Sarcoplasmic reticulum vesicle preparation  

 

SR vesicles were isolated from hiPSC-CMs as previously published.11S107 treatment (5μM) 

was performed over-night on DMD hiPSC-CMs prior SR vesicle preparation.  

 

Measurement of RyR2single channel activity  

 

SR vesicles containing RyR2 were fused to planar lipid bilayers formed by painting a lipid 

solution of as olectin (type IV, Sigma) at 45 mg/mL in decane at RT as 

previouslydescribed.12–14The channel properties including Po and Fo were determined as 

previously described.14 

 

Immunoprecipitation, western blots and immunoblot analysis 

 

RyR2 co-immunoprecipitation was performed as previously.9 

 

Senescence-associated beta-galactosidase (SA-β-gal) staining  

 

SA-β-gal staining was performed on 30-day-old HC and DMD hiPSC-CMs following the 

manufacturer’s protocol (Cell Signal-ling, cat#9860). The hiPSC-CMs were coated on Lab-

TeK II Chambered #1.5 German Cover glass System (From Nunc, cat#155382) and washed 

with PBS 1×. For S107 treatment, DMD hiPSC-CMs were treated with 5μM S107 for 10 

days. Cardiomyocytes were fixed for 15 min, followed by incubation withβ-galactosidase 

staining solution at 37°C for approximately 36 h in a humidified chamber. After washing with 

PBS1×, hiPSC-CMs were incubated with haematoxylin for 2 min, washed again, and 

mounted with Prolong Gold Antifade Mountant (Thermo Fisher, cat#P36930). Images were 

taken using a bright field microscope. 

 

GRMD cardiac biopsies  

 

Cardiac tissue was obtained from Golden Retriever Muscular Dystrophy (GRMD, n= 8) 

canine model at 6 to 12 months of age (Mézilles, France) and age matched normal healthy 

golden retriever dogs of the same genetic background(n= 6) as previously published.15 

 

Luminex immunoassay  

 

A Luminex™ System was used to measure the cytokine secretion levels of HC and DMD 

supernatant samples using Milliplex Human Cytokine/Chemokine/Growth Factor Panel A kit 

(Millipore, cat#HCYTA-60 K) according to manufacturers’ protocols. The cytokines included 

IL-α, IL-1ß, IL-6, IL-18, IFNγand TNFα. 

 

Global quantitative proteomic analysis  

 

Global quantitative proteomics was performed as previouslypublished.16The protein–protein 

interaction (PPI) networks were constructed using STRING online tool (https://string-

db.org/). Volcano plots were used to represent the comparisons HC versus DMD and DMD 

versus DMD + S107. Gene ontology (GO) analysis was performed using online tool 

Metascape (http://metascape.org) and the most representative pathways were graphed using 

Prism. 



 

Statistical analysis  

 

Normality was verified using the D’Agostino & Pearson omnibus normality test. An unpaired 

t-test compared two independent groups with parametric distribution, while a Mann–Whitney 

test assessed non-parametric distributions. A two-way ANOVA compared more than two 

groups ± treatment with normal distribution, and a Kruskal–Wallis test was used for non-

parametric distributions. Data are expressed as mean ± SEM, and significance was set at 

P<0.05 (*P<0.05;**P<0.01). Prism software performed data analysis and statistics. 

 

Results 

 

Echocardiographic assessment of three DMD patients 

 

We followed up the three DMD children using echocardiography by measuring the left 

ventricular ejection fraction (LVEF) and by speckle tracking echocardiography (STE). Blood 

samples from the three DMD children were taken at 8, 12 and13 years old, respectively. We 

reported normal-ranged standard echo parameters (LVEF) for all three DMD children over-

time and at 2 time points (Figure S1A, B). Regarding the LV global longitudinal strain (GLS), 

DMD 1 and 2 exhibited normal-ranged and were stable over their follow-up period (6 and 13 

years old and 10 and 13 years old, respectively).DMD 3 showed a lower initial GLS result, 

which decreased over time (Figure S1C, D). We observed an LV segmental longitudinal strain 

decrease in inferolateral and anterolateral segments in the basal area for all three DMD, with 

worsened impairment in DMD 3 at 6 and 13 years old (Figure S1C, D). 

DMD hiPSC-CMs lack full length dystrophin isoform 

To verify that DMD hiPSC-CMs lack the full-length dystrophin that is the active form in 

muscles, we performed immuno-blotting and immunocytochemistry experiments to stain 

respectively the N-and C-terminal domains of full-length dystrophin isoform (427 kDa). As 

shown in Figure S2A, the three DMD hiPSC-CMs (DMD 1, 2 and 3, harbouring exon 1, 

52and 55 deletions, respectively) do not express the full-length dystrophin isoform contrary to 

the three HC hiPSC-CMs. Immunocytochemistry staining confirmed the absence of the C-

terminal and N-terminal domains in DMD hiPSC-CMs (Figure S2B). The clinical data of the 

selected DMD patients are summarized in Table S1. 

 

S107prevents RyR2leak and post-translational modifications in the three DMD patient 

hiPSC-CMs 

Based on previous work, including ours,4,17 we first hypothesized that RyR2 channels cause 

diastolic Ca2+leak as such evidence was never proved in DMD patients. To test this 

hypothesis, we performed bilayer experiments for RyR2 single channel recordings from three 



HC and three DMD patient hiPSC-CMs. To discriminate any difference between patientRyR2 

channel properties, we coloured each HC and DMDRyR2 channel values. Representative 

recordings showed ab-errant RyR2 single channels behaviour in DMD hiPSC-CMs 

(Figure1A). At a Ca2+concentration of 150 nM in the cis-chamber (diastolic condition), we 

observed an increase in the single channel open probability (Po) in DMD hiPSC-CMs 

compared with HC hiPSC-CMs (Figure1B). The increased RyR2 Po in DMD hiPSC-CMs 

was accompanied by increased frequency of opening (Figure1C). We observed no difference 

in Po between the three HC and three DMD RyR2 channel populations (Figure1B). 

We and other have shown that S107 specifically stabilizes the closed conformation of RyR2 

without any off-target.4,9We tested S107 in DMD hiPSC-CMs. S107 prevented RyR2 

diastolic leak as evidenced by significantly decreasing Po(Figure1B) and Fo(Figure1C). The 

change in Po was comparable between each patient (Figure1D). 

We evaluated the effect of the three dystrophin mutations on the RyR2 expression and its 

stabilizing partner Calstabin2.HC and DMD hiPSC-CMs express both proteins at 30 days of 

age (Figure S3A). We observed no difference in the total protein expression for these two 

proteins in HC and DMD hiPSC-CMs (Figure S3B, C). 

We performed RyR2 co-immunoprecipitation experiments to evaluate the RyR2 

macromolecular complex remodelling. We assessed the RyR2 PKA and CaMKII 

phosphorylation level, oxidation, cysteine S-nitrosylation and the amount ofcalstabin2 bound 

to the channel in HC and DMD hiPSC-CMs. 

At rest, we observed higher PKA phosphorylation(Figure S4A,B), cysteine S-nitrosylation 

(Figure S4A,C) and oxidation (Figure S4A,E) levels in DMD hiPSC-CMs compared with HC 

hiPSC-CMs. DMD hiPSC-CMs were also significantly more depleted in calstabin2 than HC 

hiPSC-CMs(Figure S4A–F). No significant difference was observed on CaMKII 

phosphorylation level between HC hiPSC-CMs and DMD hiPSC-CMs (Figure S4A–D). 

Under stress, S107 was able to prevent the calstabin2 depletion in DMD hiPSC-CMs 

(Figure1E,F). PKA-phosphorylation (Figures1E and S5A),CaMKII-phosphorylation 

(Figures1Eand S5B),S-nitrosylation (Figure1E and S5C) and oxidation (Figures1Eand S5D) 

levels remain unchanged between HC hiPSC-CMs and DMD hiPSC-CMs, and unaffected by 

S107. 

SR Ca2+leak leads to signalling pathways involving fibrosis and senescence in DMD 

hiPSC-CMs  

To further investigate the consequences of RyR2 dysfunction, we performed proteomic 

analyses. Hierarchical clustering of the differentially expressed proteins (DEPs) showed that 

the three HC populations exhibit similar protein expression clusters when compared with the 

three DMD populations. S107treatment was able to change the DMD profile to HC-like pro-

file (Figures2A, B and S6A, B). We observed that significant biological processes were 

dysregulated in DMD and prevented by S107, in particular the external encapsulating 

structure organization, extracellular matrix and structure organizations and glycoprotein 



metabolic process (Figure2C). Among the latter, we observed the modified pathways related 

to extra-cellular matrix in DMD hiPSC-CMs that are prevented by S107. 

 

 

To analyse the interactions between the identified com-mon targets, a protein–protein 

interaction (PPI) network was constructed using STRING. The PPI network obtained (P-

value: 4.05e-8) consisted of 114 nodes (proteins). There were75 edges that indicated protein–

protein associations both functional and/or physical, from the STRING pathway analysis the 

GO: Cellular component terms confirmed our previous results: extracellular matrix, 



extracellular space and, collagen containing extracellular matrix (Figure S7A). Finally, we 

represented the differentially expressed proteins related to senescence and SASP in a heatmap 

(Figure S11B). Interestingly, dysregulated senescence-associated proteins in DMD hiPSC-

CMs were normalized by S107 treatment (Figure S7B). We identified additional SASP factors 

that belong to the growth factor family, chemokine/cytokine family and ECM family that 

were induced in DMD hiPSC-CMs and downregulated by S107. 

DMD hiPSC-CMs and GRMD hearts are characterized by premature cellular 

senescence 

 Dystrophin deficiency causes oxidative stress and genome in-stability, inducing premature 

senescence.18, 19 Based on these findings and proteomic profile, we hypothesized DMD 

hiPSC-CMs exhibit senescence. SA-βgal activity confirmed increased senescence in DMD 

hiPSC-CMs compared with HC hiPSC-CMs. S107 treatment significantly reduced SA-βgal-

positive cells (Figure3A, B), indicating closed RyR2 prevents senescence. It has been shown 

that larger cell components, such as enlarged nucleoli, may be contributing to the larger 

overall sizes of senescent cells.20–22DMD hiPSC-CMs had larger nuclei than HC hiPSC-

CMs (Figure3D), but S107 prevented nucleus enlargement (Figure3 E). All DMD groups 

exhibited reduced nucleus size under S107 treatment (Figure3F). 

 

 

 



 

We performed qPCR to evaluate senescence markers p21, p15, and p16, as well as SASP 

components like TGFβ2, IL1α, IL1β, and IL6. DMD hiPSC-CMs showed higher p15 and p16 

expression. S107 prevented p15 overexpression (Figure S8 B), while p21 and SASP 

components showed a tendency to increase in DMD hiPSC-CMs (Figure S8A–G). 

To assess SASP proteins secreted by senescent DMD hiPSC-CMs, we performed a 

biotinylated Luminex assay for IL1α, IL1β, IL-6, IL18, IFNγ, and TNFα. IL1α, IL1β, and 

TNFα secretion remained unchanged (Figure S9A, B, F), while DMD hiPSC-CMs tended to 

secrete more IL6, IL18, and IFNγ (Figure S9C–E).S107 treatment appeared to prevent IL18 

secretion (Figure S9D). 

We hypothesized varying cardiac maturity in DMD hiPSC-CMs linked to cellular senescence. 

qPCR experiments for 13 cardiac markers showed lower RYR2 expression in DMD (Figure 

S10A). MYH6, MYH7, and MLC2 gene expression exhibited no significant difference 

(Figure S10B), but DMD hiPSC-CMs displayed a higher MYH7/MYH6ratio (Figure S10F). 

SR calcium handling proteins (CSQ, TRD, JUNCTIN, SERCA2A, PLB, and FKBP12.6) 

showed no change (Figure S10C, D). NCX and HCN4 gene expression were similar between 

HC and DMD hiPSC-CMs (Figure S10E). 

To assess in vivo relevance, we used the cardiac GRMD animal model, examining biopsies at 

6 and 12 months.12-month GRMD exhibited heart failure.5,1512-month GRMD showed a 

trend towards higher p21 expression compared with 6-month GRMD (P= 0.06) and 12-month 

WT cardiac biopsies (P= 0.11). Higher p16 and TGFß2 expression in12-month GRMD 

compared with 6-month GRMD and12-month WT (Figure4A–C), and increased IL6 in 12-

monthGRMD compared with 6-month GRMD (Figure4D). No difference observed between 

WT and GRMD dogs for IL1βat any age (Figure4E). 

 

 

 

 



 

For comparison, we evaluated senescence in another cardiac disorder with diastolic Ca2+leak, 

using hiPSCs harbouring the RyR2-H29D mutation causing PMVT.9,12 No difference 

observed in senescence markers between PMVT hiPSC-CMs and isogenic controls (Figure 

S11A–G). 

Fibrotic deposit and hypertrophy in DMD hiPSC-CMs  

We hypothesized that extracellular matrix remodelling could be associated with fibrosis and 

morphological changes. Using lactate-based sorting to retain hiPSC-CMs in the dish, we 

assessed COL1A1 expression, a fibrosis marker, and found in-creased expression in DMD 

hiPSC-CMs (Figure5A, B). The three DMD groups showed varying fibrotic deposits, with 

higher levels in DMD 2. S107 treatment tended to reduce fibrosis in all three DMD groups, 

especially in DMD 3(Figure5 C). DMD hiPSC-CMs exhibited higher cell surface than HC 

hiPSC-CMs (Figure5A, D, E). 

S107 treatment significantly reduced collagen1A (COL1A1)expression in DMD hiPSC-CMs 

(Figure5A, B) but did not pre-vent cellular hypertrophy (Figure5D). There were differences in 

cellular hypertrophy among the three DMD groups, all of which were abolished by S107 

treatment (Figure5 E). 

To understand the fibrotic components produced in DMD hiPSC-CMs, we examined vimentin 

(fibroblast marker), alpha smooth muscle actin (α-SMA, myofibroblast marker), and PDGF 

receptor α (PDGFRα) expression.23No PDGFRα signal was detected in HC and DMD 

hiPSC-CMs positive for the cardiac sarcomeric alpha-actinin marker (Figure S12A). 



Interestingly, DMD hiPSC-CMs expressed higher levels ofα-SMA compared with HC hiPSC-

CMs, while both HC and DMD TnI-positive hiPSC-CMs expressed vimentin (Figure S12B, 

C). 

In-depth proteomic analysis revealed that pathways related to extracellular matrix (ECM) 

organization and integrin cell surface interactions were significantly altered in DMD hiPSC-

CMs compared with HC hiPSC-CMs. Key ECM structural proteins, such as collagen1A, 

collagen3, ECM-1, and elastin, were upregulated in DMD hiPSC-CMs, and S107treatment 

prevented these changes. The log fold change (log2 FC) values for these proteins between 

DMD and HC hiPSC-CMs were 1.72, 1.77, 2.73, and 1.88, respectively. The 10-day S107 

treatment of the three DMD hiPSC lines induced significant changes in syndecan proteins, 

integrin, and non-integrin cell surface interactions (Figure S12D and Tables S5 and S6). 

S107prevents the aberrant intracellular Ca2+release in DMD hiPSC-CMs  

Dystrophin deletion affects SR Ca2+handling in our three DMD patient-derived CMs. At rest, 

DMD hiPSC-CMs showed abnormal Ca2+handling with increased Ca2 + transients and 

diastolic leaky events (Figure S13A). DMD hiPSC-CMs exhibited higher Ca2+transient 

amplitude, dF/dt max, and decay time (Figure S13B, C, E) with increased frequency of 

diastolic leaky events (Figure S13D). Under stress, DMD hiPSC-CMs displayed aberrant 

Ca2+transients with increased diastolic leaky events (Figure6A). Diastolic Ca2+concentration 

was significantly higher in DMD hiPSC-CMs (Figure S14A). SR Ca2+content remained 

unchanged between HC and DMD hiPSC-CMs (Figure S14B–D). 

S107 treatment on DMD hiPSC-CMs prevented abnormalCa2+release (Figure6A), leading to 

decreased dF/dt max, reduced frequency of diastolic leaky events, and shorter decay time 

(Figure 6C, D, E). 

DMD hiPSC-CMs exhibit hypocontractility prevented by S107treatment 

Duchenne DCM is characterized by hypocontractility.24,25 We assessed contractile 

properties of DMD hiPSC-CMs in 2Dsheets and observed impaired contraction/relaxation 

cycles compared with HC hiPSC-CMs (Figure S15A). Beat rate showed no significant 

difference (Figure S15B) but DMD hiPSC-CMs had lower average amplitude (Figure S15C) 

and increased contraction and relaxation time (Figure S15D,E).Resting time showed no 

significant difference (Figure S15F).Isoproterenol application perturbed contraction/relaxation 

cycles in DMD hiPSC-CMs but remained stable in HC hiPSC-CMs (Figure7A). Beat rate was 

higher in DMD hiPSC-CMs (Figure7B), and they had lower average amplitude (Figure7C) 

and decreased resting time (Figure7F) compared with HC. The differentiating factor, 

representing contractile differences, significantly changed between HC and DMD hiPSC-CMs 

(Figure S16A). S107 treatment decreased beat rate (Figure7B) and increased average 

amplitude and resting time (Figure7C,F). DMD + S107 hiPSC-CMs showed a higher 

differentiating factor, similar to HC (Figure S16A). Sarcomere length in DMD hiPSC-CMs 

was shorter than HC, but S107 re-stored it (Figure S17A,B). 

 



 

 

 

 

 

 



 

 

 

 

 



 

Discussion 

 

In this study, we employed patient-specific DMD hiPSC-CMs to reveal cellular defects 

associated with SR Ca2+leak viaRyR2. We have demonstrated that aberrant SR 

Ca2+handlingis an early pathophysiological feature in DMD mouse (mdx), DMD canine 

(GRMD) and human CMs.3–5While the three DMD patients exhibit normal LVEF and early 

defects by STE at the time of the blood sample taking, our findings revealed that SR 

Ca2+leak and RyR2 post-translational remodelling are common and early-stage pathological 

features in DMD hiPSC-CMs and trigger dramatic cardiac consequences including cardiac 

hypertrophy and fibrosis, hypocontractility, sarco-mere disorganization and senescence. 

Preventing RyR2 dysfunction with S107 improves the intracellular Ca2+dynamicsand 

restores normal contractility and prevents fibrosis development and senescence. 

We showed that RyR2 channels are directly involved in the SR Ca2+leak in patient-specific 

DMD hiPSC-CMs. Ca2+leakfrom RyR2 was observed in the three DMD patient lines with no 

difference between them. These results suggest a com-mon pathological signature in DMD, 

although the dystrophin mutations are different (DMD 1, 2 and 3, harbouring exon 1,52 and 

55 deletions, respectively) with a very early RyR2 dysfunction. These results suggest that 

RyR2 dysfunction is a very proximal mechanism in DMD.  

Stabilizing RyR2 channels prevents the abnormal RyR2 leak in the three DMD patient lines. 

We found PKA-hyper-phosphorylated RyR2 depleted of calstabin2 at rest, suggesting that 

DMD hiPSC-CMs have increased basal level of PKA-phosphorylation and S-nitrosylated and 

oxidized. It has been reported that NO production by eNOS can increase Ca2+spontaneous 

sparks with a direct S-nitrosylation of RyR2.26These results agree with our RyR2 data under 

resting conditions. It is also possible that increased activity of iNOS could lead to RyR2 

hyper-S-nitrosylation. Under stress conditions, RyR2 channels were only calstabin2 depleted. 

These results differ from those we have obtained inmdxmice.4 They also supported the 

blunted ß-adrenergic receptor response in DMD hiPSC-CMs.3,27The significance of such 

differences be-tween human and mouse RyR2 remodelling are unclear and require further 

experiments. One can however suspect that other components in vivo such as the autonomic 

nervous sys-tem, may also account. 

We confirmed that the intracellular Ca2+handling is perturbed in DMD hiPSC-CMs derived 

from three DMD patients. They confirm our results on two other DMD hiPSClines.3It 

supports that the dystrophin deficiency causes a com-mon pathological signature in murine, 

dog and humanmodels.4,5  

 

 



 

 

Our clinical results showed that the three DMD patients have normal LVEF but early defects 

by STE at the time of the blood sample. The DMD 3 exhibited LV segmental longitudinal 

strain decrease at the 2 time points. We and others have reported such pathological feature of 

DMD-associated DCM using hiPSC-CMs.3,24,25,28More recently, we showed left 

ventricular dysfunction in mdx mice and GRMD dogs, a defect that is prevented by 

specifically stabilizing RyR2.5Here, we found that DMD hiPSC-CMs display aberrant con-

traction cycles accompanied by lower amplitude which may reflect hypocontractility. This 

was associated with disorganized sarcomeres, short in length. It has been shown that GRMD 



and mdx models also exhibit altered myofilament structure and sarcomere 

remodelling.5,29,30Interestingly, stabilizing RyR2 with S107 prevents both the 

hypocontractility and sarcomere length remodelling in DMD hiPSC-CMs and restores the 

contractile/relaxation properties similar to those in HC hiPSC-CMs, and in full agreement 

with our re-cent observations on GRMD dogs treated with RyR2stabilizer.5Upon stress, 

DMD hiPSC-CMs exhibit higher beating rate which indicates tachycardia consistently with 

the clinical report that DMD patients have a significantly higher rate of ventricular 

tachycardia.31Higher beat rate in DMD hiPSC-CMs was reversed by S107. These results, in 

addition to our previous ones on animal models, 4, 5 support that targeting the SR 

Ca2+machinery, in particular RyR2, rescued hypocontractility in DMD. 

We here demonstrated, in line with leaky RyR2, DMD hiPSC-CMs exhibit a profile of 

premature senescence, with higher gene and protein expression of the senescence markers 

SA-βgal, p15/p16, nuclear enlargement and cell hypertrophy. The premature senescence was 

not found in a model of inherited cardiopathy (i.e., PMVT) in which RyR2 is mutated and 

causes SR Ca2+leak.9,12 These results indicate that another gene mutation does not cause 

senescence al-though it leads to SR Ca2+leak. Differences in RyR2 properties and SR 

Ca2+leak intensity may explain why dystrophin deficiency causes senescence compared with 

PMVT. We found that DMD hiPSC-CMs have less RyR2 expressed and a different ratio of 

MYH7/MYH6 suggesting a different maturity degree. Considering the treatment with 

Pluricyte medium containing T3,32Yanget al. have shown that T3 further improves the 

maturity of hiPSC-CMs but favours MYH6 overMYH7 expression.33Our data suggest that 

dystrophin deficiency causes a further mature ventricular-like phenotype with higher 

MYH7/MYH6 ratio and senescence upon T3 treatment. Senescence was confirmed in the 

canine DMD (GRMD) model, proving its specificity in Duchenne DCM. Interestingly, the 

three DMD patient lines exhibited senescence independently of the dystrophin mutation they 

harboured. Our results revealed the senescence as a novel common pathological feature in 

DMD patient-derived CMs, which is associated with SR Ca2+leak. Using DMD hiPSC-CMs, 

a recent study revealed progressive and mechanosensitive telomere shortening associated with 

contractile dysfunction.34In the present study, using GRMD cardiac biopsies of 6- and 12-

month, we observed that GRMD dogs of 12-month, specifically selected for heart failure, 5, 

15 exhibit increased expression of senescent markers including p21, p16, TGFß2 and IL6. 

Notably, our observations revealed intriguing trends in GRMD dogs with heart failure, 

wherein they displayed a higher level of senescence compared with age-matched WT dogs, 

albeit with some variability. Strikingly, the senescence levels in these heart failure-affected 

GRMD dogs were even higher than in GRMD dogs aged 6 months, suggesting a potential link 

be-tween dilated cardiomyopathy (DCM), heart failure, and senescence in the context of 

Duchenne muscular dystrophy (DMD). Importantly, the senescence observed in GRMD dogs 

appears to be associated with RyR2 Ca2+leak, further supporting the notion that RyR2 

dysfunction may play a role in the senescence process.5 

 

 



 

 

 

It was recently shown that oxidative stress and telomere damage were the main drivers of 

post-mitotic senescence in cardiomyocytes. Senescent cell ablation decreased hypertrophy 

and fibrosis in the aging heart.35 Telomere dysfunction and oxidative stress have also been 

demonstrated to be involved in heart failure in DMD, as long telomeres could protect mdx 

mice from dystrophic cardiomyopathy.36,37Here,we provide new findings indicating that 



DMD cardiomyopathy is characterized by the induction of premature senescence, revealed by 

higher SA-βgal activity, increase in cell size and nuclear size and increased mRNA expression 

of senescence markers.38 Preventing RyR2 Ca2+leak using S107 was able to reduce 

senescence markers (SA-βgal, nuclear size,p15) in DMD hiPSC-CMs. S107 treatment for 10 

days rather than overnight was aimed at potentially targeting deeper molecular mechanisms 

involved in senescence. The senescence that we observed in DMD hiPSC-CMs and that we 

confirmed in GRMD cardiac biopsies could have further impact on the cardiac 

microenvironment through the secretion of a SASP. Our proteomic analysis confirmed these 

findings with further expressed proteins related to SASP in DMD. This phenotype was 

prevented by S107 treatment, supporting the link be-tween RyR2 Ca2+leak and senescence. 

We observed an in-crease in pro-inflammatory cytokines in the extracellular media of DMD 

hiPSC-CMs. Some of them increased significantly, for the others a tendency was observed. 

Nevertheless, they could have additive effects if together secreted. Importantly, the SASP is 

known to mediate deleterious effects in such as paracrine senescence, inflammation and 

fibrosis, which are detrimental features of DMD cardiomyopathy. In agreement with our 

results, the deleterious impact of senescent cells has recently been established in muscular 

dystrophy progression in DMD rats, indicating that senescence might be a general mechanism 

in both DMD heart and skeletal muscles.39 Dilated cardiomyopathy is characterized by 

myocyte hyper-trophy andfibrosis.40Our study on DMD hiPSC-CMs also revealed higher cell 

surface, indicating cell hypertrophy, consistent with previousfindings.40The hypertrophic 

characteristics of DMD hiPSC-CMs were observed after 30 days of maturation using 

Pluricyte medium, which enhances the morphological and functional features of hiPSC-

CMs.32 How-ever, another study by Eguchi et al. found smaller-sized DMD hiPSC-CMs at 

30 days of differentiation, suggesting that the maturity state of the cells may influence their 

size.41 Stabilizing RyR2 using S107 did not prevent cell hypertrophy in our experimental 

conditions, indicating the need for further investigation into the mechanism. The 10-day S107 

treatment of DMD hiPSC-CMs led to changes in syndecan proteins, integrin, and non-integrin 

cell surface interactions, known to be involved in fibrosis and cardiac hypertrophy. These 

structural changes may be a compensatory response to altered contractile properties, as 

suggested by previous studies.40 We found that DMD hiPSC-CMs exhibited fibrosis, 

consistent with findings in mdx mice and age-dependent fibrosis in DMD hiPSC-CMs.42 Our 

data indicate that DMD hiPSC-CMs themselves produce COL1A1 and expressαSMA, 

contributing to interstitial fibrosis at an early stage. Interestingly, both HC and DMD hiPSC-

CMs expressed vimentin filaments, a feature typically present in human fetal hearts but not in 

adults.43 This suggests that under certain pathological conditions, cardiomyocytes may 

undergo changes leading to the production of ECM components and alterations in their 

sarcomeric structure. Proteomic analysis confirmed significant change sin extracellular matrix 

organization and structure in DMD hiPSC-CMs, which were prevented by S107, further 

supporting the link between fibrosis and Ca2+leak. Myocardial fibrosis is one of the earliest 

clinical features in the diagnosis of dystrophic cardiac pathology, and our findings in DMD 

hiPSC-CMs recapitulate this clinical situation. In addition to cardiomyocytes, other cell types 

might contribute to fibrosis in culture. However, fibroblasts and myofibroblasts lack 

ryanodine receptor expression and are unresponsive to caffeine, which activates RyR1 and 



RyR2.44 As S107 selectively targets RyR1 and RyR2, our data strongly indicate that 

fibroblasts and myofibroblasts are not directly involved in preventing S107-induced fibrosis. 

These data suggest that cellular damages occur earlier than cardiac clinical pathology in DMD 

patients, with significant perturbation of cardiac ECC. RyR2 emerges as an early bio-marker 

for DMD-associated cardiac damages. Early-stage cardiac alterations were indicated by STE 

analysis in DMD boys, mice, and GRMD, and these changes could be linked to the observed 

premature fibrosis and hypocontractility in DMD hiPSC-CMs.5The progressive onset of 

DCM may be associated with increased fibrosis and premature senescence, leading to cell 

death and further cardiac fibrosis in a vicious cycle, resulting in hypocontractility as a major 

feature of DCM. We understand the importance of isogenic controls in genetic studies for 

minimizing genetic variability and strengthening causal relation-ships between mutations and 

phenotypes. Despite this aware-ness, we recognize the limitations in our study due to the 

absence of isogenic controls and potential influences of broader genetic factors beyond DMD 

mutations. Our primary goal is to investigate the early pathological signature of a com-mon 

RyR2 dysfunction in DMD regardless of the mutation. We acknowledge that our approach 

provides valuable insights but represents only one aspect of this complex disease, not ac-

counting for its full genetic variability. 

In conclusion, our study highlights the potential of hiPSC-CMs as a valuable tool to 

understand the molecular mechanisms underlying early-stage dystrophin deficiency and the 

development of Duchenne DCM.  
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