
Fig. 1.  Clinical characteristics and genetic testing. (a) Pedigree of a family, some of its members affected with 
(myocardium-enriched zonula occludens-1–associated protein) MYZAP mutation (c.388 C > T, p.Arg130*), 
modified and updated from Heliö K et al. (2021). Circles represent women; squares represent men. Solid-filled 
symbols represent individuals fulfilling dilated cardiomyopathy (DCM) criteria. Grey-filled circle represents 
cardiomyopathy of other aetiology. Arrows indicate the individuals used in this study. Genotypes: + / + 
homozygous and +/ − heterozygous for the MYZAP (c.388 C > T, p.Arg130*), − / − wild type allele. Clinical 
features are listed below the symbols; Age–age at the time of clinical examination or at the time of death, 
LVEDD for left ventricular end-diastolic diameter (mm), LVEF for left ventricular ejection fraction (%), 
pacemaker/cardiac transplant: + indicates yes, – indicates no. NSVT for non-sustained ventricular tachycardia, 
VES for ventricular extrasystoles > 1000/24 h, SVES for supraventricular extrasystoles > 1500/24 h, AF for atrial 
fibrillation, AFL for atrial flutter. (b) Sequencing revealed homozygous and heterozygous variants at position 
(c.388 > T, p.Arg 130*). The homozygous variant resulted in a premature stop codon that is expected to cause 
loss of the normal protein function through protein truncation. Cell lines are control (UTA. 04602.WT), 
homozygous MYZAP (UTA.15403), and heterozygous MYZAP (UTA.15503).
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markedly shortened FPD (273 ± 102 vs. 517 ± 96 ms, respectively; P < 0.0001) (Fig.  7b). However, when FPD 
was corrected with the beating rate (cFPD), no differences between the groups were observed (304 ± 134 vs. 
319 ± 63 ms; P = 0.108) (Fig. 7c). While mean cFPD did not differ significantly between groups, its coefficient 
of variation (% CV) was ~ 2.3-fold higher in homozygous MYZAP hiPSC-CMs (43%) compared with control 
(19%). QRS amplitude was significantly reduced (0.60 ± 0.84 vs. 0.78 ± 0.57 mV; P = 0.046) (Fig.  7d), and a 

Fig. 3.  Representative transmission electron microscope (TEM) images and ultrastructural analysis of 
homozygous myocardium-enriched zonula occludens-1–associated protein (MYZAP) mutated human induced 
pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) compared to control. (a) Excessive glycogen 
accumulation (white arrowheads) and prominent vacuole formation (green arrowheads) in homozygous 
MYZAP-mutated hiPSC-CMs (a2,3) compared to the control that showed sparse glycogen deposits and 
minimal vacuolation (a1). (b) homozygous MYZAP-mutated hiPSC-CMs revealed marked mitochondrial 
abnormalities including swelling and cristae disruption (b2,3) (black arrowheads) compared to control 
which showed structurally intact mitochondria (b1). (c) Homozygous MYZAP-mutated hiPSCs displayed 
fragmented intercalated discs (IDs) (c2,3; red arrowheads) compared to the control that exhibited intact IDs 
(c1). Disrupted sarcomere organization (d2,3; blue arrowheads) were observed in the homozygous MYZAP-
mutated hiPSCs compared to the control which exhibit well-organized sarcomeres (d1). (TEM images a3, 
c1, c2 and c3 and d3 at magnification 2000×, images a1 and a2 at magnification 2500×, images b2 and d2 
at magnification 3000× and images b1, b3 and d1 at magnification 4000×; scale bars: 2 μm). TEM images 
were further analysed to quantitatively assess: (e) mitochondrial number (P < 0.0001), (f) mitochondrial 
area (P < 0.0001), (g) mitochondrial length (P = 0.0007), (h) glycogen area (P = 0.0029), (i) sarcomere length 
(P < 0.0001) and (j) Cristae area % (P < 0.0001).
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pronounced shortening of the QTtop interval (98 ± 44 vs. 250 ± 35 ms; P < 0.0001) (Fig. 7e). Additionally, a non-
significant trend toward prolonged FPP time was observed (1.7 ± 0.6 vs. 1.15 ± 0.3 ms; P = 0.180) (Fig. 7f). The 
MEA heatmaps compare the spatial distribution of conduction velocity across the electrode array in control 
versus homozygous MYZAP hiPSC-CMs. In the control line, most regions exhibited higher conduction 
velocities, demonstrated by abundant yellow and orange pixels, reflecting efficient and homogeneous electrical 
propagation. In contrast, the homozygous MYZAP line presented a heterogeneous pattern: multiple areas of 
lower conduction velocity, indicated by purple and dark tones, are interspersed with zones of intermediate or 
absent velocity signal, pointing to impaired or discontinuous electrical conduction.

Single-cell electrophysiological properties and pro-arrhythmic features in homozygous 
MYZAP hiPSC- CMs revealed by patch-clamp analysis
Patch-clamp electrophysiology revealed distinct abnormalities in hiPSC-CMs harboring homozygous MYZAP 
mutation compared to the control (Fig. 8a, b). The homozygous MYZAP-mutant hiPSC-CMs exhibited frequent 
DADs (Supplementary Table S2), indicative of heightened arrhythmogenic potential. Quantitative analyses 
showed that neither the spontaneous beating rate (homozygous: 66.0 ± 6.5 BPM; control: 53.1 ± 5.6 BPM), APA 
(homozygous: 107.2 ± 3.0 mV; control: 105.2 ± 3.1 mV), nor maximum diastolic potential (MDP; homozygous: 
− 61.5 ± 1.9 mV; control: − 64.4 ± 1.7 mV) differed significantly between the homozygous MYZAP and control 
hiPSC-CMs. In contrast, homozygous MYZAP-mutant hiPSC-CMs demonstrated a pronounced increase in 
Vmax (dV/dt; homozygous: 43.1 ± 9.4  V/s; control: 24.3 ± 5.9  V/s) but did not reach statistical significance. 
Although APD50 and APD90 trended shorter in the homozygous MYZAP hiPSC-CMs (APD50: homozygous 
191.6 ± 45.7 ms, control 193.4 ± 16.1 ms; APD90: homozygous 236.3 ± 49.7 ms, control 241.7 ± 17.9 ms), this 
difference did not reach statistical significance (Fig.  8a). Upon stimulation at 1  Hz, homozygous MYZAP 
hiPSC-CMs displayed irregular depolarizations with prominent DADs. Further quantification of AP parameters 
revealed no significant differences in APD at − 20 mV or − 60 mV was found between groups (APD–20 mV: 
homozygous 126.4 ± 11.8 ms, control 161.4 ± 15.1 ms; APD–60 mV: homozygous 163.9 ± 13.6 ms, control 
206.8 ± 15.4 ms), indicating that overall APD was not substantially altered (Fig. 8b).

Fig. 3.  (continued)
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Contractility analysis
MYZAP deficiency induces contractility dysfunction in hiPSC-CMs demonstrated by video recordings
Video-based functional analysis revealed profound contractile dysfunction in the homozygous MYZAP hiPSC-
CMs monolayers compared with the control (Fig. 9). At single cell level (Fig. 9ib and Fig. 9ii), both the time 
to reach peak contraction and the total duration were significantly longer in the homozygous MYZAP hiPSC-
CMs compared to the control (0.25 ± 0.06 vs. 0.19 ± 0.06 s; P = 0.0462 and 1.87 ± 0.83 vs. 0.44 ± 0.11 s; P < 0.0001, 
respectively). At monolayer level (Fig. 9ic and Fig. 9ii), the contractile dysfunction in the homozygous MYZAP 
hiPSC-CMs was more pronounced as demonstrated by significant reduction in the interbeat interval mean 
(1.30 ± 0.74 vs. 2.83 ± 0.89 s, P = 0.0020). Moreover, relaxation duration was significantly longer (0.32 ± 0.11 vs. 
0.23 ± 0.04 s; P = 0.0371) in the homozygous MYZAP hiPSC-CMs compared to the control. Notably, BPM was 
significantly higher (64 ± 45 vs. 18 ± 8; P = 0.0125) in the homozygous MYZAP hiPSC-CMs compared to the 
control despite no significant difference at the single cell level, was observed.

Discussion
DCM remains a significant clinical and scientific challenge, particularly as nearly half of all DCM cases 
currently lack a definitive genetic diagnosis. In this study, we employed a hiPSC disease model to illuminate 
the pathophysiological consequences of MYZAP loss-of-function. Our findings support our hypothesis 
that the homozygous mutation in the MYZAP gene may directly contribute to the pathogenesis of DCM by 
disrupting cytoskeletal architecture and sarcomere integrity, triggering early markers of myocardial stress and 
maladaptive remodelling29. These structural perturbations coincided with metabolic changes indicated by 
disrupted mitochondrial bioenergetics and presence of excess amount of glycogen. Additionally, pro-arrhythmic 
electrophysiological phenotypes were present in the cellular model.

The structural and ultrastructural findings, presented in our study, demonstrated that MYZAP deficiency 
in the homozygous hiPSC-CMs resulted in disrupted sarcomeric organization, with shortening of its length 
which is intricately linked to the pathophysiology of DCM30. Similarly, mutations in other ID genes, such as 
DSP, PKP2, Junction plakoglobin (JUP) and Desmoglein 2/ Desmocollin 2 (DSG2/DSC2) have been reported 
to drive sarcomere shortening at early stages11,31,32. In this context, our finding that the homozygous MYZAP 
hiPSC-CMs display shortened sarcomeres is consistent with an emerging paradigm in which ID gene mutations 
can alter sarcomere architecture in multiple directions, depending on the gene involved, the stage of disease, 
and the cellular context. Moreover, disruption of ID integrity, observed in the MYZAP-mutant cells, suggests 
impaired cell-to-cell communication and compromised mechanical stability. These observations align well 
with previous reports demonstrating cytoskeletal disorganization and cardiomyopathic changes upon MYZAP 
suppression, reinforcing its pivotal role in cardiac structural integrity30,33. In addition, our results are consistent 

Fig. 4.  Enzyme-linked immunosorbent assay (ELISA)-based quantification of cardiac injury and stress 
biomarkers. (a) Homozygous myocardium-enriched zonula occludens-1–associated protein (MYZAP) mutated 
human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) display significantly increased 
troponin T2 (cTnT) levels (P = 0.0286). (b) Significant elevation of natriuretic peptides B (proBNP) relative to 
the control (P = 0.0006) is demonstrated. Black dots represent individual biological data points.
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with and extend previous studies demonstrating the importance of cytoskeletal proteins in maintaining cardiac 
architecture and function. For instance, prior work has shown that mutations in DSP34, desmin (DES)35 and 
Titin (TTN)36 genes lead to defective sarcomere structure and ultimately protein dysfunction. Together, these 
results emphasize the central role of cytoskeletal and sarcomeric protein integrity in the maintenance of normal 
cardiac function and the development of DCM when disrupted.

Biochemical analysis performed in this study further supports the clinical relevance of these structural 
findings. It is plausible that these structural defects caused by MYZAP loss induce chronic cardiomyocyte stress, 
leading to release of cardiac-specific biomarkers, cTnT and proBNP, as confirmed by their upregulation in our 
ELISA assays. Elevation of cTnT indicates cardiomyocyte damage or subclinical injury37 and is consistent with 
the clinical findings reported earlier by Heliö et al. (2021)9. On the other hand, elevation of proBNP, as a heart 
failure marker, in the homozygous MYZAP patients could be attributed to dysregulation of the SRF signalling 
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in the ID38. Evidence supporting our observations is also demonstrated in previous studies with other ID 
genes’ mutations such as PKP239, DSP40 and CDH241. The heightened myocardial stress and injury reflect the 
pathological state of DCM.

Our qPCR and STRING network findings underscore significant molecular alterations linked to MYZAP 
absence. The foremost change in gene expressions is the trend toward significant upregulation of its directly 
binding partner, DSP, likely represents a compensatory mechanism attempting to maintain ID integrity. This 
observation aligns with the mice-based study conducted by Rangrez et al. (2016)10. However, this compensation 
appears insufficient. As a result, the mechanical properties of the ID is altered creating mechanical stress within 
hiPSC-CMs42. Because of this stress, Rho/SRF-dependent signalling pathways that regulate sarcomere gene 
expression, including TNNT2 and NPPB, is directly activated43. In our study, the significant upregulation of both 
genes suggests this pathway might be at least partially activated by the absence of MYZAP. Upregulated TNNT2 
and NPPB promotes chamber dilation and systolic dysfunction44. Ultimately, the absence of MYZAP leading 
to compensatory upregulation of DSP, followed by upregulation of TNNT2 and NPPB, representing a possible 
molecular pathway that is linked to DCM pathogenesis45,46. Increased gene expressions by qPCR of both TNNT2 
and NPPB are further supported by increased release of their proteins’ counterparts (cTnT and proBNP) by 
ELISA and also in clinical settings. These observations illustrate the possible consequences of the stress due to 
MYZAP absence from molecular to protein and eventually clinical levels.

While the qPCR analysis demonstrated a 1.48-fold upregulation of TNNT2 transcripts in the diseased line, 
ELISA measurements showed a more pronounced increase in cTnT protein levels released from the diseased 
cells (3.2 ng/ml vs. 1.3 ng/ml in control). This means that the cTnT was produced more in the diseased cells 
potentially due to compensation of the damaged cells. The elevated cTnT concentration in the culture medium 
reflects cellular damage and release of troponin from the cells, similar to what is observed in patients. Therefore, 
the two measurements are not contradictory; instead, they tell about different phenomena happening in the cells.

Seahorse was employed to find out the possible correlation between structural disruption and metabolic 
fitness. These findings reveal a multifaceted compensatory metabolic response in the homozygous MYZAP 
hiPSC-CMs to meet the elevated energy demands driven by structural instability. The uniform increase in basal 
respiration, ATP-linked respiration, proton leak, maximal respiration, and spare capacity in the homozygous 
MYZAP hiPSC-CMs represents a compensatory initial mitochondrial hyperactivation that contrasts sharply 
with the bioenergetic impairment typically seen upon loss of other ID proteins such as PKP2, DSP and Cx4347. 
Pérez-Hernández and co-workers showed that adult hearts deficient in PKP2 not only disrupt structural integrity 
but also trigger intracellular signalling pathways that remodel the metabolism and impair the mitochondrial 
function48. MYZAP, as being part of the ID complex, might reveal similar consequences upon its absence. 
These consequences might be explained by the presence of more, shorter and abnormal mitochondria in the 
quantitatively assessed TEM images of the homozygous MYZAP hiPSC-CMs compared to the control ones. 
Numerous and shorter mitochondria may be result of mitochondrial fission in cells upon stress as previously 
described49. These observations might be due to an early compensatory response to higher energy demand, 
demonstrated by the increased mitochondrial biogenesis as shown in our results49,50. Although initially 
beneficial, persistent mitochondrial hyperactivation may result in excessive production of reactive oxygen 
species (ROS), consequently elevating oxidative stress leading to mitochondrial dysfunction, apoptosis, fibrosis, 
and chamber dilation, hallmark features of DCM51. Further investigations into mitochondrial quality control 
mechanisms, including mitophagy and stress pathways, are needed to dig deeply and better comprehend these 
mitochondrial responses. In addition to mitochondrial abnormalities, presence of excessive glycogen granules 
prompts a metabolic shift towards glycolysis and subsequent glycogen accumulation. This phenomenon, 
validated in genetic models such as myostatin knockout, underscores glycogen accumulation as a robust 
biomarker of mitochondrial stress and compensatory glycolysis52. In summary, our findings highlight a less 
well-appreciated early compensatory mitochondrial adaptation phase in the context of acute cytoskeletal injury, 
which precedes eventual energetic decline in the DCM pathophysiology. This interpretation aligns with recent 
genetic and mechanistic studies in cytoskeletal-related cardiomyopathies53,54.

Fig. 5.  Reverse transcription quantitative polymerase chain reaction (RT-qPCR) analysis (a–g) of 
myocardium-enriched zonula occludens-1–associated protein (MYZAP) gene expression using two TaqMan 
assays (Hs00940303 and Hs00940306) in addition to intercalated disc (ID) and cardiac remodelling gene 
expression in control and homozygous MYZAP hiPSC-CMs, with STRING network mapping (h) of 
differentially expressed genes. Relative expression (fold change normalized to GAPDH) of (a) MYZAP assays 
303 and 306 (P = 0.0049 and P = 0.009, respectively) (b) SRF target genes (TNNT2 “P = 0.0397”, MYH7, NPPB 
“P = 0.0079” and VCL) (c) MYZAP-colocalized genes (CTNNB1, CDH2, TJP1 and DSP “P = 0.0571”) (d) 
Apoptosis-related gene (CASP3) (e) Gap junction remodelling marker (GJA1) (f) Mechanical stress and cardiac 
remodelling marker (ACTN2) (g) ID signalling mediators (MRIP and MAPK) in MYZAP versus control 
hiPSC-CMs. Black dots represent individual biological data points. (h) STRING protein–protein interaction 
network generated from fold-change data, illustrating how MYZAP connects with the panel of examined 
genes. Each node in the network corresponds to a protein, while edges represent predicted associations 
supported by various evidence types. The edges utilize a sophisticated color-coding scheme: green indicates 
text mining (literature-derived associations), magenta represents experimental evidence (physically confirmed 
interactions), blue denotes curated interactions from high-quality databases, and black reflects co-expression 
evidence (correlation of mRNA expression levels across multiple datasets). Multiple colour lines on a single 
edge indicate stronger, multi-source support for the connection.

◂

Scientific Reports |        (2026) 16:18736 15| https://doi.org/10.1038/s41598-026-48921-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


The electrophysiological characterization revealed distinct functional impairments in homozygous MYZAP 
hiPSC-CMs. Notably, these the homozygous MYZAP hiPSC-CMs exhibited significantly increased spontaneous 
beating rates compared to controls which was significant with cell sheets and to a lesser extent with single cell 
in patch clamp experiments. This suggests heightened excitability and altered ion channel kinetics especially 
when cells are connected to each other in 2D sheets12,33,55. Interestingly, while our MEA data demonstrated a 
significant increase in spontaneous beating rate in the homozygous MYZAP hiPSC-CMs sheets, the patch-clamp 
measurements of isolated single cells showed no significant difference in spontaneous action potentials. This 

Fig. 6.  Mitochondrial energy production in control and homozygous myocardium-enriched zonula 
occludens-1–associated protein (MYZAP) human induced pluripotent stem cell-derived cardiomyocytes 
(hiPSC-CMs). (a) Cell Mito Stress Test (purple: control, pink: homozygous MYZAP-mutant line), black dashed 
lines indicate the addition of mitochondrial functional modulators (oligomycin, FCCP, rotenone/antimycin 
A). (b–g) Bar graphs to compare key parameters of oxygen consumption rate (OCR) among control and 
homozygous MYZAP hiPSC-CMs, including (b) basal respiration (P < 0.0001), (c) proton leak, (d) maximal 
respiration (P < 0.0001), (e) spare respiratory capacity, (f) ATP-linked OCR (ATP production; P < 0.0001) and 
(g) non-mitochondrial respiration (P < 0.0001). Biological replicates (n = 3).
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variation is also observable in the contractility analysis of the homozygous MYZAP and control hiPSC-CMs at 
both monolayer and single cell levels which mirror MEA and patch clamp analyses, respectively. This discrepancy 
suggests that the effects of MYZAP deficiency may primarily influence intercellular coupling and network-level 
electrophysiological behaviour rather than intrinsic single-cell excitability. MYZAP is known to be involved 
in ID structure and function, which mediate electrical and mechanical coupling between CMs. Impaired 
connectivity could alter conduction properties and synchronization, leading to phenotypes observable only in 
electrically coupled cell sheets. This interpretation aligns with previous reports that disruptions in intercellular 
communication frequently manifest functionally at the multicellular syncytium level rather than in isolated 
cells, emphasizing the importance of considering cell-cell interactions in cardiac disease modelling33,56–59. 
Concurrently, reductions in QRS amplitudes, and QTtop suggest perturbations in ventricular depolarization and 
repolarization dynamics60. The presence of higher incidence of DADs arrhythmias, elevated cFPD variability and 
low connexin-43 expression highlights impaired gap junction function and electrical integrity with increased 
susceptibility to arrhythmic events61. Collectively, these electrophysiological disturbances can be interpreted 
as a direct consequence of both structural (sarcomeric disorganization) and molecular modulations (TNNT2 
and NPPB upregulations) upon MYZAP absence. Therefore, our results possibly underscore the critical role of 
MYZAP in maintaining cardiac electrical stability, reinforcing that its absence may contribute significantly to 
DCM occurrence.

Ultimately, our study highlights the utility of hiPSC-CMs as a translational platform for dissecting the 
molecular and cellular mechanisms underlying the genetic pathophysiology of DCM. By modelling patient-
specific mutations in a controlled in vitro environment, we were able to directly link the MYZAP mutation to 
specific cellular and clinical phenotypes, providing mechanistic insights that are difficult to obtain from clinical 
samples alone. Moreover, by showing that MYZAP deficiency can recapitulate the hallmarks of DCM, this 
work fills a critical gap in understanding DCM in our patients. The correspondences between our hiPSC-CMs 
model and clinical observations in DCM patients confirm the validity of using patient-derived hiPSC-CMs to 
recapitulate disease phenotypes at the cellular level. These findings not only enhance our understanding of the 
molecular basis of genetic cardiomyopathies but also establish a foundation for the development of personalized 
therapeutic strategies using patient-derived hiPSC-CMs.

Fig. 7.  MEA-based electrophysiological profiling of control and homozygous myocardium-enriched zonula 
occludens-1–associated protein (MYZAP) human induced pluripotent stem cell-derived cardiomyocytes 
(hiPSC-CMs) monolayers. (a) Quantification of spontaneous beating rate (beats per minute; BPM) reveals a 
significant increase in MYZAP-mutant cells compared to controls (P < 0.0001). (b) QT interval (FPD; time 
from initial depolarization upstroke to end of the T wave) is significantly shortened in MYZAP-mutant cells 
(P < 0.0001). (c) Corrected QT interval (cFPD) (QTc; Izumi-Nakaseko formula) shows no significant difference 
between groups. (d) QRS complex amplitude is significantly reduced in MYZAP-mutated hiPSC-CMs 
compared to controls (P = 0.046). (e) QTtop (time to peak of the T wave) is significantly shortened in MYZAP-
mutant cells (P < 0.0001). (f) Field potential propagation (FPP) time measured shows no significant difference 
between control and MYZAP homozygous hiPSC-CMs (biological replicates; n = 8 per group). Representative 
heat maps of conduction velocities in control and MYZAP-mutated hiPSC-CMs; colour scale indicates 
conduction velocity (ms) from low (yellow) to high (dark purple).
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Despite these strengths, several limitations should be acknowledged. Although hiPSC-CMs faithfully 
replicate numerous characteristics of human cardiomyocyte biology, they remain developmentally immature 
compared to adult cardiomyocytes. This immaturity can influence the presentation and severity of specific 
disease phenotypes. Additionally, inefficient differentiation of the homozygous MYZAP hiPSC-CMs line posed 
technical barriers, impeding protocol optimization and comprehensive experimental evaluations. On the other 
hand, our study prioritized multi-level phenotypic characterization over comprehensive mechanistic dissection, 
including transcriptomic level. Despite the lack of these mechanistic approaches in our study, the results with 
limited practical confirmation, in the context of our model, were theoretically confirmed and backed up with 
previous studies. Moreover, it was not possible to have a completely healthy family member, and isogenic control 
will be the focus of our next study with this mutation. Future investigations will incorporate comprehensive 

Fig. 8.  Single-cell electrophysiological analysis of control and homozygous myocardium-enriched zonula 
occludens-1–associated protein (MYZAP) human induced pluripotent stem cell-derived cardiomyocytes 
(hiPSC-CMs) using patch-clamp. (a) Spontaneous beating of hiPSC-CMs, baseline action potential properties 
of ventricular-like hiPSC-CMs. Averaged values for beats per minute (BPM), action potential durations 
(APD50 and APD90), action potential amplitude (APA), maximum diastolic potential (MDP) and derivative of 
voltage over time (dVdt) presented in violin plots. (b) Stimulation at 1 Hz of hiPSC-CMs. Averaged values for 
the APD (-20 mv), APD (-60 mv), and dVdt are visualized in violin plots. Homozygous MYZAP hiPSC-CMs 
was more arrhythmic compared to the control one evidenced by more delayed afterdepolarizations (DADs). 
Red arrows indicate the DADs. Biological replicates (n = 3).
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transcriptomic, proteomic, and metabolomic profiling to provide a more detailed characterization of DCM 
pathogenesis in the context of MYZAP mutation.

Conclusion
Our findings demonstrate that the homozygous MYZAP mutation induces structural and ultrastructural 
abnormalities in the cytoskeletal architecture and sarcomeric integrity. These changes are accompanied by 
increased markers of myocardial stress and heart failure, as well as altered mitochondrial bioenergetics. 
Additionally, a pro-arrhythmic electrophysiological phenotype was prominent. Collectively, these alterations 
suggest the potential role of the homozygous MYZAP mutation in initiating myocardial stress responses and 
maladaptive cardiac remodelling, contributing directly to DCM pathogenesis. Our hypotheses will not only 
deepen our understanding of MYZAP’s role in cardiomyocyte biology but also pave the way toward precision 
therapies for patients with MYZAP-associated DCM.

Data availability
All data generated or analysed during this study are included in this published article and its supplementary 
information files.
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Fig. 9.  Contractility analysis of control and homozygous myocardium-enriched zonula occludens-1–
associated protein (MYZAP) human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) 
using optical flow-based quantification. i Time series trace of directional velocity of homozygous MYZAP 
hiPSC-CMs compared to the control (a) Velocity vector field of a patched dissociated CM clusters during 
contraction. (b) The contractility of single patched hiPSC-CMs and (c) Monolayers were quantified from 
brightfield video recordings. ii Detailed contractility analysis parameters of homozygous MYZAP hiPSC-CMs 
compared to the control at single cell and monolayer levels. Data are presented as means. Statistical significance 
was calculated by two-tailed Student’s t test.
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