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Activation of PDGFRA signaling contributes to filamin 
C–related arrhythmogenic cardiomyopathy
Suet Nee Chen1*†, Chi Keung Lam2,3,4†, Ying-Wooi Wan5, Shanshan Gao1, Olfat A. Malak2,3,  
Shane Rui Zhao2,3, Raffaella Lombardi1,6, Amrut V. Ambardekar1, Michael R. Bristow1, 
Joseph Cleveland1, Marta Gigli7, Gianfranco Sinagra7, Sharon Graw1, Matthew R.G. Taylor1, 
Joseph C. Wu2,3,8*, Luisa Mestroni1*

FLNC truncating mutations (FLNCtv) are prevalent causes of inherited dilated cardiomyopathy (DCM), with a high 
risk of developing arrhythmogenic cardiomyopathy. We investigated the molecular mechanisms of mutant FLNC 
in the pathogenesis of arrhythmogenic DCM (a-DCM) using patient-specific induced pluripotent stem cell–derived 
cardiomyocytes (iPSC-CMs). We demonstrated that iPSC-CMs from two patients with different FLNCtv mutations 
displayed arrhythmias and impaired contraction. FLNC ablation induced a similar phenotype, suggesting that 
FLNCtv are loss-of-function mutations. Coimmunoprecipitation and proteomic analysis identified -catenin 
(CTNNB1) as a downstream target. FLNC deficiency induced nuclear translocation of CTNNB1 and subsequently 
activated the platelet-derived growth factor receptor alpha (PDGFRA) pathway, which were also observed in human 
hearts with a-DCM and FLNCtv. Treatment with the PDGFRA inhibitor, crenolanib, improved contractile function 
of patient iPSC-CMs. Collectively, our findings suggest that PDGFRA signaling is implicated in the pathogenesis, 
and inhibition of this pathway is a potential therapeutic strategy in FLNC-related cardiomyopathies.

INTRODUCTION
Dilated cardiomyopathy (DCM) is the most common inherited 
cardiomyopathy and is a leading cause of sudden cardiac death and 
heart failure, particularly in young adults. (1–4). The prevalence of 
DCM is approximately 1:250 (5). In the United States, the annual 
cost of managing DCM has been estimated to be approximately 
$4 billion to $10 billion. Ventricular arrhythmia is a major cause of 
morbidity and mortality in patients with DCM (4). Notably, carriers 
of filamin C (FLNC) truncating mutations are at high risk of devel-
oping dilated and arrhythmogenic cardiomyopathies (6, 7). We 
previously identified truncation mutations in FLNC as a cause of 
arrhythmogenic DCM (a-DCM), which implicates FLNC as a previ-
ously unidentified a-DCM causal gene (6). Thus, it becomes important 
to understand the roles of FLNCtv mutations in the pathogenesis 
of a-DCM to develop effective targeted treatment.

FLNC is an isoform of the filamin family, predominantly ex-
pressed in skeletal and cardiac muscle (8, 9). Mutations in FLNC have 
been associated with myofibrillar skeletal myopathies, hypertrophic 
cardiomyopathy, restrictive cardiomyopathy, DCM, and arrhyth-
mogenic cardiomyopathy (ACM) (10–12). FLNC is an actin binding 
protein and is known to localize to the Z-discs and the intercalated discs 
(ID). FLNC modulates cell stiffness by regulating cross-linking of actin 

filaments and anchorage of the actin-cytoskeleton to transmembrane 
proteins at cell-cell adhesion sites (8, 9). Because of its interactions 
with transmembrane and Z-disc proteins, mutations in FLNC would 
be expected to dysregulate intracellular signaling. However, signal-
ing functions of FLNC in cardiac myocytes are not currently known. 
Moreover, the precise molecular mechanisms that cause arrhythmias 
due to FLNCtv mutations are largely unknown.

Numerous studies have shown that platelet-derived growth 
factor (PDGF) signaling is an important regulator of cardiogenesis 
(13–15). Previously, our cell fate lineage studies have shown that 
PDGF receptor alpha (PDGFRA)–positive progenitor cells contribute 
to a subpopulation of cardiac myocytes (16). PDGFRA is a trans-
membrane tyrosine kinase receptor activated by PDGFA and 
PDGFC (17, 18). During cardiac development, PDGFRA is impli-
cated in a spectrum of physiologic and pathologic processes, includ-
ing cell growth and survival (19,  20), stem cell differentiation 
(16, 21), and migration (13, 22). Following development, both alpha 
and beta cardiac PDGFRs become silent. However, abnormal 
PDGFRB activation has been implicated in the pathogenesis of 
cardiomyopathy induced by lamin-A/C (LMNA) mutations (23). In 
tumorigenesis studies, PDGFR activation has been shown to pro-
mote the activation of intracellular signaling pathways such as Ras/
MAPK (mitogen-activated protein kinase) and phosphatidylinositol 
3-kinase (PI3K)/Akt (24, 25). However, the molecular mechanisms 
governing PDGFR activation and downstream signaling in cardiac 
myocytes remain largely unknown.

In the present study, we aimed to identify the downstream 
molecular mechanisms involved in the pathogenesis of FLNCtv 
cardiomyopathies. Our data indicated significant up-regulation of 
PDGFRA signaling in FLNC-mutant induced pluripotent stem 
cell–derived cardiomyocytes (iPSC-CMs) compared to isogenic 
iPSC-CMs, leading us to investigate the role of PDGF receptor 
signaling activation on arrhythmogenesis in FLNC mutant cardiac 
myocytes and ultimately to examine the potential of PDGFR inhibi-
tion in rescuing FLNC-related cardiomyopathy.

1University of Colorado Cardiovascular Institute, University of Colorado Anschutz 
Medical Aurora, CO, USA. 2Stanford Cardiovascular Institute, Stanford, CA, USA. 
3Department of Medicine, Division of Cardiovascular Medicine, Stanford University 
School of Medicine, Stanford, CA, USA. 4Department of Biological Sciences, University 
of Delaware, Newark, DE, USA. 5Department of Molecular and Human Genetics, 
Baylor College of Medicine, Houston, TX, USA. 6Department of Advanced Biomed-
ical Sciences University of Naples “Federico II”, Naples, Italy. 7Cardiovascular 
Department, Azienda Sanitaria-Universitaria Giuliano Isontina (ASUGI), Trieste, 
Italy. 8Department of Radiology, Stanford University School of Medicine, Stanford, 
CA, USA.
*Corresponding author. Email: suet.chen@cuanschutz.edu (S.N.C.); joewu@stanford.
edu (J.C.W.); luisa.mestroni@cuanschutz.edu (L.M.)
†These authors contributed equally to this work.

Copyright © 2022 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversita degli Studi di T

rieste on M
arch 30, 2022

mailto:suet.chen@cuanschutz.edu
mailto:joewu@stanford.edu
mailto:joewu@stanford.edu
mailto:luisa.mestroni@cuanschutz.edu


Chen et al., Sci. Adv. 8, eabk0052 (2022)     23 February 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 17

RESULTS
Modeling FLNC-related DCM using patient-specific iPSC-CMs
We recruited two family cohorts with patients carrying truncating 
mutations in FLNC: G1891Vfs61X and E2189X (7, 26). Affected 
individuals with the G1891Vfs61X mutation were diagnosed with 
a-DCM with clinical presentation of polymorphic sustained ven-
tricular tachycardia, paroxysmal atrial fibrillation, and depressed 
left ventricular systolic function (7), while affected family members 
with E2189X mutation were diagnosed with arrhythmogenic right 
ventricular cardiomyopathy (ARVC) with clinical presentation of 
nonsustained ventricular tachycardia with left bundle branch block 
morphology and frequent ventricular extrasystoles (26). Clinically 
affected individuals from both families with the truncating muta-
tions presented with cardiac restricted phenotypes without skeletal 
muscle anomalies. Overall, these affected individuals from both 
families exhibited cardiac arrhythmias with DCM.

Next, we generated iPSC lines from patients who carried the 
respective truncating mutations using nonintegrating reprogram-
ming methods (27). We differentiated the iPSCs into iPSC-CMs 
using a chemically defined protocol for subsequent electrophysio-
logical properties and molecular mechanism delineation studies 
(28). We found that iPSC-CMs from both patients with FLNCtv 
showed weaker contraction and slower relaxation, compared to 
healthy controls (Fig. 1, A and B, and fig. S1). The observed pheno-
type is most likely attributed to dysregulation of genes involved in 
contractility (fig. S2). Both lines of patient-specific iPSC-CMs also 
exhibited spontaneous arrhythmia (Fig.  1C). The arrhythmic 
phenotype was also indicated by larger variations in beating rate 
as compared to control iPSC-CMs (Fig. 1D). To further validate 
the arrhythmic phenotype, we examined the action potential 
(AP) morphology of both healthy and patient iPSC-CMs. Consist-
ent with the contraction data, 40% of FLNCG1891Vfs61X and 36% 
of FLNCE2189X iPSC-CMs exhibited abnormal AP morphology as 
compared with the two lines of control iPSC-CMs (Fig. 1, E and F). 
Together, these data show that FLNC patient iPSC-CMs recapit-
ulate the arrhythmia phenotype associated with FLNC-related 
DCM in vitro.

FLNCG1891Vfs61X and FLNCE2189X are loss-of-function mutations 
that lead to haploinsufficiency in FLNC-related 
cardiomyopathy
We next examined the expression levels of FLNC in the patient- specific 
iPSC-CMs and found that both FLNCG1891Vfs61X and FLNCE2189X 
mutants expressed significantly lower FLNC protein and mRNA 
levels compared to control iPSC-CMs as detected by immunoblots 
and quantitative polymerase chain reaction (qPCR) (Fig. 2, A to C). 
Despite the reduced expression levels, we were able to detect FLNC 
and its colocalization with -actinin at Z-disc by immunofluores-
cence staining and colocalization analysis, in both FLNC-mutant 
iPSC-CM lines (Fig. 2D).

To investigate whether FLNCG1891Vfs61X and FLNCE2189X were 
loss-of-function mutations, we generated FLNC-deficient iPSC lines 
and isogenic control lines for differentially expressed gene (DEG) 
profiles in comparison with DEG profiles from patients’ iPSC-CMs. 
As shown in Fig. 2 (E to H) and fig. S3, we successfully generated 
FLNC homozygous (FLNCKO−/−) and heterozygous (FLNCKO+/−) 
knockout (KO) iPSC-CMs. The FLNC expression levels were sig-
nificantly reduced in FLNCKO−/− and FLNCKO+/− iPSC-CMs in 
an allele-dependent fashion at both mRNA and protein levels as 

detected by qPCR and immunoblots. Moreover, FLNC was not 
detected at the Z-disc by immunofluorescence staining and colocal-
ization analysis in the FLNC KO lines (Fig. 2H). FLNCKO−/− iPSC-CMs 
showed -actinin disorganization indicating disturbed sarcomere 
organization (Fig.  2H). Notably, RNA sequencing (RNA-seq) 
bioinformatics analysis demonstrated a positive correlation between 
the DEGs in FLNC truncating mutations and those in FLNC KO 
iPSC-CMs, supporting loss of function as the main mechanism 
through which FLNC mutations cause the phenotypic manifestations 
(Fig. 2I). In addition, iPSC-CMs carrying FLNC mutations had 
significantly decreased levels of ID proteins; the same finding was 
observed in FLNC KO iPSC-CMs (Fig. 2J). Last, FLNCKO−/− cells 
exhibit a similar arrhythmic phenotype to the patient iPSC-CMs 
(Fig. 1, E and F). Together, the data support the notion that 
FLNCG1891Vfs61X and FLNCE2189X truncating mutations lead to 
haploinsufficiency. In addition, bioinformatics analysis suggested 
that loss of FLNC affected the integrity of Z-discs and IDs in cardio-
myocytes as evidenced by down-regulation of Gene Ontology (GO) 
biological function pathways involved in cardiac contraction and 
sarcomere organization (fig. S4).

The loss of FLNC causes nuclear localization of -catenin 
and activation of the -catenin signaling pathway
To discover the partners of FLNC, we performed coimmuno-
precipitation followed by proteomic analysis and identified -catenin 
through proteomic analysis. The proteomic data were confirmed by 
immunoblots (Fig. 3A). We did not detect -catenin in the pull-
down lysates from FLNCKO−/− iPSC-CMs and there was also a 
reduced amount of -catenin in the pull-down lysate from FLNC- 
mutant iPSC-CMs (Fig. 3A and fig. S5A). Furthermore, we detected 
significant amounts of -catenin in the nuclei of FLNC-mutants 
and FLNCKO−/− iPSC-CMs in contrast to control iPSC-CMs in which 
-catenin was mainly detected in the cytoplasm (Fig. 3, B and C). In 
addition, expression profiles on RNA-seq data from FLNCKO−/− 
and FLNC-mutant iPSC-CMs showed activation of -catenin sig-
naling [The Database for Annotation, Visualization and Integrated 
Discovery (DAVID); GO000813_92G] (Fig. 3D). In addition, gene set 
enrichment using the Molecular Signature Database HALLMARK_
WNT_BETA_CATENIN_SIGNALING showed a trend similar to 
the -catenin signaling gene set cataloged in DAVID (fig. S5, B 
to D). Together, our data demonstrate that -catenin is possibly a 
novel binding partner as well as a downstream effector of FLNC and 
that the loss of FLNC in iPSC-CMs caused the migration of -catenin 
from the cytosol to the nucleus leading to -catenin signaling 
activation.

To examine the potential of targeting -catenin signaling in 
patients with FLNC, we next performed rescue experiments by 
pharmacologically inhibiting -catenin in mutant FLNC iPSC-CMs 
to determine whether treatment could improve contractility of 
cardiac myocytes. We treated FLNC patients’ iPSC-CMs with two 
-catenin inhibitors, JW74 and JW67, at increasing concentration 
(100 nM, 1 M, and 10 M) and measured contractility on treat-
ment days 0, 3, and 7. -Catenin inhibition failed to improve con-
tractility of the patients’ iPSC-CMs (figs. S6 and S7), suggesting that 
-catenin signaling may be too upstream to the disease-causing 
signaling cascades, or that blockade of -catenin may also affect 
other important pathways in cardiomyocytes. We then tested the 
hypothesis that a more downstream effector may be a better thera-
peutic target for patients with FLNC.
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The PDGFRA is up-regulated in FLNC-related 
cardiomyopathy and a downstream regulator of -catenin
To identify a more downstream target for drug discovery, we 
compared the transcriptomes from FLNCKO−/− and FLNCKO+/− with 
isogenic iPSC-CMs to identify potential target genes that are 

associated with FLNC haploinsufficiency in DCM. We observed that 
both FLNCKO−/− and FLNCKO+/− iPSC-CMs had approximately equal 
numbers of up-regulated and down-regulated DEGs, with FLNCKO−/− 
having higher (by 10%) up-regulated DEGs compared to FLNCKO+/− 
iPSC-CMs (58.9%; FLNCKO−/− versus 49.9%; FLNCKO+/− DEGs) (Fig. 4A). 

Fig. 1. FLNCG1891Vfs61X and FLNCE2189X iPSC-CMs exhibited impaired contractility and arrhythmia. (A) Contraction and (B) relaxation velocities of both patient- derived 
iPSC-CMs were lower than those of healthy controls (n = 20 to 400 replicates from two different batches). (C) Representative contraction traces of healthy control iPSC-CMs and 
FLNCG1891Vfs61X iPSC-CMs suggest spontaneous arrhythmia in the patient cells (red arrow). (D) Beating rate variations were higher in both patient-derived iPSC-CM lines 
(n = 20 to 400 replicates from two different batches). (E) Representative spontaneous action potential recordings from healthy and arrhythmic iPSC-CMs. Healthy iPSC-CMs 
do not manifest arrhythmias but mutants FLNC and isogenic FLNCKO−/− iPSC-CMs display delayed afterdepolarizations indicated by the red arrows. (F) Percentage of 
proarrhythmic cells were higher in patient-derived and FLNCKO−/− iPSC-CMs. KO, knockout; ns, not significant. *P < 0.05, **P < 0.01, ***P <0.001, and ****P < 0.0001.
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Fig. 2. FLNCG1891Vfs61X and FLNCE2189X are loss-of-function mutations leading to haploinsufficiency in FLNC-related cardiomyopathy. (A) Expression levels of FLNC 
in patient-derived iPSC-CMs were significantly decreased as detected by immunoblot. (B) Quantitative representation of the immunoblots in (A). (C) FLNC mRNA expression 
levels were significantly decreased in patient-derived iPSC-CMs. (D) Detection of FLNC (red) by immunofluorescence staining in control and patients’ iPSC-CMs, -actinin 
(green), a cardiac myocyte marker, and 4′,6-diamidino-2-phenylindole (DAPI)–stained (blue). FLNC was colocalized with ACTN by ImageJ colocalization analysis. (E) FLNC 
expression levels were significantly decreased by immunoblots in heterozygous and homozygous KO iPSC-CMs. (F) Quantitative representation of the immunoblots from 
(E). (G) FLNC mRNA expression levels were significantly decreased in FLNC heterozygous and homozygous KO iPSC-CMs compared to isogenic controls. (H) Significantly 
reduced detection of FLNC (red) at Z-disc (green) and confirmed by ImageJ colocalization analysis. (I) DEGs from patients’ iPSC-CMs were highly concordant with FLNC 
homozygous KO iPSC-CMs. (J) FLNC-deficient iPSC-CMs affected expression levels of intercalated disc proteins. All experiments were independently repeated three times. 
DSP, desmoplakin; JUP, plakoglobin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Notably, the dysregulated genes from the FLNC homozygous and 
heterozygous genotypes were highly concordant (fig. S8). Therefore, 
we used up-regulated (1498 genes) and down-regulated (1284 genes) 
DEGs that were shared between homozygous and heterozygous for 
more in-depth pathways and functional enrichment analyses. The 

analyses revealed that up-regulated genes were enriched in Kyoto 
Encyclopedia of Genes and Genomes pathways involved in regulating 
cell-cell adhesion, intercellular communication, and ion transport 
(Fig. 4, B and C) as evidenced by the expression heatmap shown in 
Fig. 4D. Moreover, the up-regulated genes were found to be 

Fig. 3. -Catenin is associated with FLNC and the loss of the FLNC-activated -catenin signaling pathway. (A) -Catenin was not detected in the coimmunoprecipitation 
pull-down lysate from FLNC KO iPSC-CMs. Each lane represents one differentiation batch. There is a reduction in the amount of -catenin in the pull-down protein lysate from 
patients’ iPSC-CMs using antibody against FLNC. Each lane represents one iPSC-CM immunoprecipitation (IP) sample. IP: FLNC, IP with FLNC antibody; IP: CTNNB1, IP with 
coimmunoprecipitation and proteomic analysis identified -catenin antibody. (B) Immunofluorescence staining against active -catenin (green) showed increased nuclear 
localization of -catenin in FLNC homozygous KO and patients’ iPSC-CMs. PCM1 (red) is a marker of cardiac myocytes. Nuclei (blue) was stained with DAPI. Yellow arrows indicate 
nuclear localization of -catenin. All experiments were independently repeated three times. (C) Quantification of nuclear vs cytoplasmic CTNNB1 from the IF images in Fig. 3C. 
(D) Heatmap plot of DEGs involved in the -catenin signaling pathway indicating -catenin signaling activation in FLNC KO lines. PCM, pericentriolar material 1.
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Fig. 4. Dysregulation of cell-cell adhesion pathways resulted in PDGFRA activation in the pathogenesis of FLNC-related cardiomyopathy. (A) Number of DEGs in 
FLNC heterozygous and homozygous KO iPSC-CMs compared to isogenic control iPSC-CMs. Percentage representation of the DEGs for each line is listed as up-regulated 
(red) and down-regulated (blue) in the bar graphs. (B) Venn diagram of shared DEGs between FLNC heterozygous and homozygous iPSC-CMs. (C) Enrichment analysis of 
Kyoto Encyclopedia of Genes And Genomes (KEGG) datasets identified dysregulation of pathways involved in cell-cell adhesion systems and membrane signaling. ECM, 
extracellular matrix. ER, Endoplasmic Reticulum. (D) Heatmap of DEGs in dysregulated cell-cell adhesion pathway (hsa04510). (E) GO analysis of DEGs revealed acti-
vation of the PDGF signaling pathway. Color codes indicate log10 transformed P values of the top 10 dysregulated pathways in GO molecular function. The number of 
genes involved in each pathway is represented by the size of the bubble. (F to H) PDGFRA and phosphorylated extracellular signal–regulated kinase (p-ERK) expression levels 
were significantly up-regulated in FLNC KO and patient’s iPSC-CMs as detected by immunoblot. Quantitative representation of each blot was presented as dot plots. All 
experiments were independently repeated three times.
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enriched in PDGF binding activities at the molecular levels with the 
highest enrichment score in FLNC KO iPSC-CMs compared to the 
isogenic controls’ iPSC-CMs (Fig. 4E). The activation of PDGFR 
pathway suggested by the transcriptome analysis was confirmed by 
detection of increased protein levels of PDGFRA by immunoblotting. 
Also, we checked on an additional FLNC homozygous KO clone 
and observed the same PDGFRA up-regulation (fig. S9). The data 
showed that PDGFRA expression levels were markedly increased by 
fourfold in FLNC KO lines compared to isogenic control iPSC-CMs 
(Fig. 4F). Since our data suggest that FLNCG1681Vfs61X and FLNCE2189X 
mutations cause haploinsufficiency, we hypothesized that PDGFRA 
levels may be increased also in the patients’ iPSC-CMs carrying 
these mutations. As shown in Fig.  4  (G  and  H), PDGFRA was 
up-regulated in both lines of patient-derived iPSC-CMs compared 
to control iPSC-CMs. Together, the findings suggest that the activa-
tion of PDGFRA signaling pathway is implicated in the pathogenesis 
of FLNC-related cardiomyopathy.
-Catenin has been suggested to up-regulate expression of 

PDGFRA in other tissues and/or diseases (29–31). Because of our 
observation of significant nuclear localization of -catenin in FLNC- 
deficient iPSC-CMs, we investigated the hypothesis that -catenin 
is an upstream transcription activator of PDGFRA. Hence, we in-
hibited -catenin using -catenin inhibitors (JW67 and JW74) at 
different concentrations and observed a dose-dependent suppression 
of the PDGFRA transcript levels (Fig. 5A). Moreover, the chromatin 
immunoprecipitation (ChIP) pull-down experiment showed that 
SOX2, a known transcription factor and a -catenin binding partner, 
binds to the PDGFRA promoter region (Fig. 5B). Together, the data 
suggest that -catenin is likely a transcriptional activator of PDGFRA 
and that nuclear localization of -catenin causes sustained up-regulation 
of PDGFRA in FLNC-deficient iPSC-CMs.

PDGFRA inhibition rescued connexin 43  
membrane localization
PDGFRA is known to disrupt connexin 43 [Gap junction protein 
alpha-1 (GJA1)] communication at the cell membrane through activa-
tion of MAPK/extracellular signal– regulated kinase (ERK) signaling 
(32–35). Several studies have shown that MAPK/ERK signaling 
activation induces phosphorylation of GJA1, which leads to its inter-
nalization and, subsequently, disruption of the gap junction func-
tion (36–38). GJA1 dysfunction in the heart has also been found to 
hamper contractility and induce arrhythmias (39–41). Our data re-
vealed activation of ERK, a MAP kinase, and GJA1 mobilization 
away from the cell membrane in FLNC mutant and KO iPSC-CMs 
compared to control iPSC-CMs (Fig. 6A). To test that PDGFRA 
activation in our FLNC haploinsufficient iPSC-CMs is responsible 
for mislocalization of GJA1, we pharmacologically inhibited PDGFRA 
with crenolanib, a U.S. Food and Drug and Administration (FDA)–
approved drug, to determine the effects on GJA1 membrane localization. 
PDGFRA inhibition by crenolanib rescued GJA1 localization to the 
membrane as shown by an immunofluorescence study (Fig. 6A).

The transcriptome analysis revealed that FLNCE2189X mutant 
iPSC-CMs showed the greatest response to crenolanib with the highest 
number of rescued DEGs as compared with the FLNCG1891Vfs61X 
mutant and the KO iPSC-CMs (Fig. 6B). Notably, Gene Set Enrichment 
Analysis (GSEA) revealed partial normalization of the cell adhesion 
pathway (hsa04510), supporting the hypothesis that structural sta-
bilization of the cell-cell adhesion sites facilitated GJA1 attachment 
on the cell membrane (Fig. 6C and fig. S10). Nevertheless, we found 

that GJA1 expression levels were not altered upon treatment with 
crenolanib as detected by immunoblotting, suggesting that PDGFRA 
inhibition does not affect expression levels but rather affects GJA1 
trafficking (Fig. 6D and fig. S11). Last, and critically, treatment with 
crenolanib also significantly improved the contractility and reduced 
arrhythmias in iPSC-CMs derived from patients with FLNC, but 
not healthy control individuals (Fig. 6, E and F, and figs. S12 and 
S13). This beneficial effect was specific to PDGFRA inhibition, as 
we did not observe any rescuing effect after treatment with ERK or 
other tyrosine kinase inhibitors (TKIs) (fig. S14 to S17). Hence, our 
data suggest that PDGFRA inhibition partially restored membrane 
localization of GJA1, which may contribute to improvement in 
cardiac contractility and the electrical stability in iPSC-CMs derived 
from patients with FLNCtv.

PDGFRA inhibition blunted nuclear localization of -catenin
We detected increased nuclear localization of -catenin in FLNC 
mutant iPSC-CMs by immunofluorescence, compared to control 
iPSC-CMs (Fig. 7A). Upon crenolanib treatment, we observed a 

Fig. 5. -Catenin is a possible transcription activator of PDGFRA. (A) Dosage- 
dependent decrease of PDGFRA mRNA levels upon inhibition of -catenin using 
JW67 and JW76. All experiments were independently repeated three times. (B) In 
silico analysis of transcription factors binding sites on PDGFRA regulatory region. 
(C) Chromatin immunoprecipitation polymerase chain reaction (qPCR) showed 
enrichment of -catenin–SOX2 binding to the promoter region of PDGFRA. NFB, 
nuclear factor B.
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Fig. 6. The loss of FLNC causes dysregulation to the cell-cell adhesion systems and inhibition of PDGFR signaling improved contractility of FLNC mutant 
iPSC-CMs. (A) Immunofluorescence staining evidenced the loss of FLNC that resulted in segregation of GJA1 (red) away from the membrane compared to control 
iPSC-CMs. GJA1 segregated at the membrane upon treatment with crenolanib. -Actinin was stained in green as a marker for Z-disc and cardiomyocytes. Nuclei (blue) 
were stained with DAPI. Yellow arrows indicate membrane localization of GJA1. (B) FLNCE2189X iPSC-CMs had the largest DEGs changes to the cell adhesion pathway 
compared to other FLNC-mutant lines upon crenolanib treatment. (C) Gene Set Enrichment Analysis (GSEA) indicated partial normalization of the cell adhesion pathway 
upon treatment with crenolanib in patients’ and FLNC KO iPSC-CMs. (D) Immunoblots indicated no significant changes to expression levels of GJA1, active -catenin, and 
total -catenin before and after PDGFRA inhibition. All experiments were independently repeated three times. (E) PDGFRA inhibition improved contractility of patients’ 
iPSC-CMs. (F) Crenolanib treatment over a period of 7 days showed improved contractility of patients’ iPSC-CMs (n = 20 repeated measured replicates). *P < 0.05, 
**P < 0.01, and ****P < 0.0001.
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Fig. 7. PDGFRA inhibition attenuated -catenin signaling and its nuclear localization in FLNC mutant iPSC-CMs. (A) Immunofluorescence staining against active 
-catenin (green) showed increased nuclear localization of -catenin in FLNC homozygous KO and patients’ iPSC-CMs. PCM1 (red) is a marker of cardiac myocytes. Nuclei 
(blue) were stained with DAPI. Treatment with crenolanib prevented nuclear localization of -catenin in FLNC homozygous and patients’ iPSC-CMs. Yellow arrows indicate 
nuclear localization of -catenin. (B) Reduced -catenin targets transcripts by qPCR in FLNC mutant lines. (C) GSEA analysis showed partial normalization of the -catenin 
signaling pathway in FLNC mutant lines. (D) Heatmaps showing partial normalization of expression profiles in genes involved in -catenin signaling in FLNC mutant 
iPSC-CMs. ns, not significant. *P < 0.01, **P < 0.001, and ***P < 0.0001. All experiments were independently repeated three times.
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significant decrease in -catenin nuclear location in both FLNC 
mutant and FLNC KO iPSC-CMs compared to control iPSC-CMs 
(Fig. 7A). The beneficial inhibitory effects of crenolanib on -catenin 
nuclear signaling were confirmed by qPCR, which showed reduced 
expression of the transcript levels of -catenin targets genes, such as 
TCF4, SOX9, COL1A2, and TGF3 (Fig. 7, A and B). Moreover, 
when we compared the profile of DEGs in patient-derived and KO 
iPSC-CMs before and after crenolanib treatment by GSEA analysis, 
we further confirmed partial rescue of the -catenin signaling path-
way after suppression of PDGFRA signaling (Fig. 7C and figs. S18 
and S19). The finding is also supported by the normalization of the 
DEGs involved in the -catenin signaling as shown in the heatmaps 
in Fig. 6D. The evidence therefore suggests that PDGFRA activation 
potentiates -catenin signaling and promotes a positive feedback 
loop. Furthermore, we demonstrated that PDGFR inhibition can 
partially restore -catenin membrane localization, reducing its acti-
vation caused by FLNCtv mutations.

PDGFRA signaling activation in a-DCM
To confirm the findings from the in vitro studies, we determined 
the PDGFRA expression levels in the hearts of human patients with 
a-DCM. Among the patients with a-DCM (n = 5), one of the patients 
was the sister of the proband with the FLNCG1891V61X mutation. The 
other four patients were diagnosed with idiopathic DCM with ven-
tricular arrhythmias. We found that PDGFRA levels were increased 
in the heart of the patients with a-DCM. We also showed that the 
PDGFRA downstream effector, ERK, was activated as shown by the 
increased levels of its phosphorylated form (Fig. 8, A and B). Also, 
we determined the expression levels and localization of -catenin 
and GJA1 in the DCM hearts. Although the expression levels of 
-catenin and GJA1 remained unchanged as shown by immuno-
blotting, -catenin and GJA1 were dissociated from the cell mem-
brane as detected by immunofluorescence staining (Fig. 8, C to E). 
Moreover, the RNA-seq data from explanted hearts showed signifi-
cantly higher PDGFRA mRNA abundance in the hearts of a-DCM 
(n = 20) compared to DCM (n = 15) and nonfailing hearts (n = 12) 
(Fig. 8F). The RNA-seq data were confirmed by qPCR as shown in 
Fig.  8G. Moreover, PDGFRB mRNA transcript levels were not 
changed among groups, suggesting that the pathogenic mecha-
nisms of a-DCM caused by FLNC mutations are specific to the 
PDGFRA isoform (Fig. 8F). In summary, we confirmed the in vitro 
findings from patient-specific and KO iPSC-CM lines and from 
human a-DCM explanted hearts, strongly suggesting that PDGFRA 
promotes pathogenic signaling in a-DCM.

DISCUSSION
FLNC is a known actin cross-linker with an important role in struc-
tural integrity of Z-discs, IDs, and cell membranes (42, 43). In our 
study, we found that -catenin is the downstream target of FLNC 
and that FLNC haploinsufficiency not only affects cell-cell adhesion, 
and cytoskeletal and sarcomeric organization, but also increased 
nuclear migration of -catenin that, in turn, up-regulates transcrip-
tion of PDGFRA. The consequent activation of PDGFRA signaling 
is likely responsible for the contractile dysfunction and electrical 
instability observed in FLNC mutant iPSC-CMs. The arrhythmic 
phenotype caused by FLNC haploinsufficiency and subsequent 
PDGFRA activation is at least partly due to displacement of GJA1 
from the cell membrane induced by several mechanisms, such as 

phosphorylation by the PDGFRA downstream target ERK, ID 
disruption, and abnormal translocation due to disorganization of 
the cytoskeleton network.

Moreover, we show an attenuation of the arrhythmic phenotype 
of FLNC patients’ iPSC-CMs by inhibiting the PDGFRA signaling 
using crenolanib, an FDA-approved PDGFRA inhibitor. The 
findings identify PDGFRA as a potential preventive and therapeutic 
target in FLNC-related cardiomyopathies caused by FLNC haplo-
insufficiency and imply that FDA-approved PDGFRA inhibitors could 
be repurposed to treat these specific cardiomyopathies (Fig. 9).

Plakophilin-2, desmoplakin, desmoglein-2, desmocolin-2, and 
plakoglogin encoding desmosomal proteins are important for ID 
formation and signaling transduction in cardiomyocytes (44–47) 
and are the most commonly mutated genes in ACM (48), suggest-
ing that disruption in cell-cell adhesion and activation of the sub-
sequent signaling cascades contribute to arrhythmias and heart failure 
in ACM. As FLNC is important in maintaining the membrane 
structure and mechano-transduction (9, 49), it is anticipated that 
mutations in this gene will disrupt the dynamic of the adhesion 
junctions and signaling, resulting in contractile dysfunction and 
arrhythmias. This hypothesis is supported by studies in FLNC KO 
mouse hearts (50), as well as by our findings in patient-specific and 
FLNC KO iPSC-CMs. Since it would be difficult to reverse structural 
disruption of IDs without gene therapy, this study aimed to identify 
the signaling pathways affected by FLNC truncating mutations 
that contribute to disease development. Our findings also provide 
insights into understanding the disease mechanism related to 
desmosome or cadherin dysfunction in which cell-cell adhesion is 
similarly affected.

By examining the changes of the FLNC interactome in patient- 
specific iPSC-CMs, we identified -catenin and hypothesized that 
FLNC is important in retaining -catenin at the cell membrane for 
signal transduction. We found that, in both FLNC patient iPSC-CM 
lines, -catenin was localized in the nucleus and -catenin signaling 
was activated as indicated by up-regulation in the expression of 
target genes. Although our findings are consistent with the notion 
that -catenin is implicated in ACM where cardiac-specific ablation 
of plakoglobin results in activation of -catenin signaling (51), it is 
not clear how the loss of FLNC affects the stability of -catenin and 
its nuclear localization in FLNC-related cardiomyopathy. Under 
normal physiological conditions, -catenin that is not membrane- 
bound is rapidly destroyed by the -catenin destruction complex, 
preventing its nuclear translocation and formation of the TCF/LEF 
DNA transcription complex responsible for the transcription of 
its gene targets (52–54). In our study, the transcriptome profile of 
FLNC KO iPSC-CMs indicated activation of cadherin binding (by 
GO analysis) (Fig. 4E). This finding is in line with several studies 
showing that activation of -catenin is associated with up-regulation 
of cadherin transcription levels. Our findings and those of others 
suggest a negative feedback loop in which -catenin could up-regulate 
cadherins, which, in turn, inhibit -catenin signaling by sequestering 
-catenin at the cell membrane to prevent its nuclear localization 
(55–59). Moreover, cadherin dysregulation has been shown to cause 
ID remodeling in the heart (60, 61). Together, our data suggest a 
possible role of FLNC in the formation of cadherin/-catenin complex 
in regulating cell-cell adhesion and in attenuation of -catenin signal-
ing in cardiomyocytes.

However, the compounds JW67 and JW74, which facilitate 
-catenin destruction and hence inhibit Wnt signaling, failed to 
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confer any functional rescue in FLNC patient–derived iPSC-CMs, 
suggesting that -catenin may be too upstream to have a substantial 
role in the pathogenesis of FLNC-related cardiomyopathy. JW67 
and JW74 reduce -catenin levels rather than prevent its nuclear 
localization, and our data demonstrated that FLNC deficiency did 

not change expression levels of -catenin but rather affected nuclear 
and cytoplasm distribution of -catenin (Fig. 6, A and D).

By profiling the transcriptomes of FLNC patient and FLNC KO 
iPSC-CMs, we identified PDGFRA as a potential disease pathway 
that is downstream of -catenin. Our findings on ERK activation 

Fig. 8. Up-regulation of PDGFRA contributes to GJA1 and -catenin delocalization in the hearts of arrhythmogenic dilated cardiomyopathy. (A) Up-regulation of 
PDGFRA and its effector p-ERK expression levels in the hearts of patients with a-DCM compared to nonfailing (NF) hearts (n = 5). (B) Quantitative representation of the 
immunoblots in (A). (C) Active -catenin expression levels were not significantly different compared to NF hearts (n = 5). (D) Quantitative representation of the immunoblots 
in (C). (E) RNA-seq data showing up-regulation of PDGFRA transcripts but not PDGFRB in the hearts of a-DCM compared to DCM and NF. (F) Validation of increased PDGFRA 
transcripts observed in (E) by qPCR. (G) Immunofluorescence staining against CTNNB1 (red) and GJA1 showed CTNNB1 and GJA1 mobilized away from the ID of cardiac 
myocytes in the hearts of a-DCM compared to NF. Nuclei (blue) were stained with DAPI. Yellow arrows indicate GJA1 and -catenin segregated away from the cell membrane. 
All experiments were independently repeated three times. ABC, Active beta-catenin.
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and GJA1 mislocalization are also consistent with an activated 
PDGFRA signaling in patient iPSC-CMs. It is known that, in healthy 
cardiomyocytes, PDGFRA expression is very low (62, 63). Thus, 
increased PDGFRA levels in FLNC haploinsufficiency may serve as 
a disease-specific marker, as well as a feasible therapeutic target. 
When we inhibited PDGFRA by treating the cells with crenolanib, 
GJA1 membrane localization was restored for proper gap junction 
formation, which partly explains the reduction in arrhythmia ob-
served in patients’ iPSC-CMs. It should be noted that only PDGFRA 
inhibition was able to mediate rescuing effects, while treatment with 
-catenin inhibitors or ERK antagonists failed to exert the same 
beneficial effects, possibly due to their nonspecific effects on multi-
ple downstream subcellular substrates. Hence, our findings indicate 
that PDGFRA pathway activation is central and specific to the 
pathogenesis of FLNC-related cardiomyopathy.

We observed that PDGFRA pharmacological inhibition could 
effectively reduce -catenin nuclear translocation, suggesting that 
-catenin–PDGFRA signaling constitutes a positive feedback loop 
that may exacerbate the disease progression. Instead of blocking 
-catenin activity, it would be more advantageous to prevent its 
pathological nuclear translocation in the absence of FLNC as this 
strategy will not affect -catenin signaling function that is necessary 
for several important physiological processes in iPSC-CMs. More-
over, the -catenin inhibitors JW67 and JW74 have been shown to 
reduce cytoplasmic levels of -catenin (64); hence, we hypothesize 
that lack of cytoplasmic -catenin could further disrupt the adhesion 
systems of FLNC mutant iPSC-CMs. However, additional studies 
are required to understand how PDGFRA inhibitor blunted nuclear 
localization of -catenin in cardiac myocytes. Cancer studies have 
shown that activation of PI3K/AKT signaling modulates -catenin 
nuclear translocation; hence, it is highly probable that the PDGFRA 
inhibitor crenolanib reduces PI3K/AKT signaling, preventing nuclear 
localization of -catenin in FLNC-deficient iPSC-CMs (65, 66). 
Alternatively, PDGFR inhibition may reduce GSK3 phosphoryla-
tion by AKT and prevent degradation of -catenin, which is conse-
quently sequestered in the cytoplasm. As shown in Fig. 6D, the total 

expression of -catenin was not changed in FLNC mutant and KO 
iPSC-CMs, indicating that the loss of FLNC perturbed the distribu-
tion of cytoplasm and nuclear pool of -catenin rather than the levels 
of -catenin. Moreover, in our study, RNA-seq and immunoblot-
ting showed that expression levels of GJA1 were not changed at the 
mRNA and protein levels, suggesting that inhibition of PDGFRA 
rescued GJA1 internalization, likely by normalizing the ERK signal-
ing (67). In summary, PDGFRA inhibition is beneficial to attenuate 
disease phenotype caused by FLNC haploinsufficiency in iPSC-CMs, 
due to its pivotal role in regulating both the -catenin and GJA1 
cellular localization. Moreover, the more downstream location of 
this target would largely translate into a more specific, less biological 
disruptive therapeutic effect. Therefore, further studies are warranted 
to identify mechanism-based targets specific to PDGFRA signaling 
to repurpose FDA-approved PDGFRA inhibitors in treating FLNC- 
related cardiomyopathy.

Notably, PDGFR inhibition may appear to be a viable strategy in 
treating ACM in general. Compared to healthy and DCM hearts, 
PDGFRA transcript levels were higher in a-DCM samples than in 
samples from DCM without arrhythmic burden, indicating that 
PDGFRA activation may be a specific signature of increased arrhyth-
mic risks in cardiomyopathies. It has been reported that PDGFRB is 
induced in LMNA-related ACM, further suggesting the therapeutic 
potential of PDGFR family inhibition in treating arrhythmogenic 
cardiac diseases (22). However, PDGFRB was not up-regulated in 
our a-DCM patient samples, suggesting that induction of the 
PDGFRB isoform may be specific to LMNA mutations; alternatively, 
it is possible that we did not find increased expression of PDGFRB 
transcripts that were masked by small number of hearts with LMNA 
mutations in our heart tissue pool. Nevertheless, our data and 
published data highlight the importance of a future meta-study 
to assess the specificity of PDGFR signaling in arrhythmogenic 
cardiomyopathies.

Crenolanib is a TKI used for the treatment of various types of 
cancer. TKIs are known to induce cardiovascular side effects (68). 
In this regard, determining the optimal dose of this drug in patients 
with a-DCM will be the key to maximize the clinical benefits and re-
duce the side effects. Previous TKI toxicity studies using iPSC-CMs, 
iPSC-endothelial cells, and iPSC-cardiac fibroblasts have shown 
that TKIs in general are toxic at concentrations higher than 1 M 
(69, 70). On the basis of our findings, 1 M crenolanib conferred 
cardiac function improvement without compromising cardiomyocyte 
survival (fig. S20), which is consistent with previously published 
findings on LMNA iPSC-CMs (22). The data suggest that the low 
dose of a PDGFR inhibitor may be effective in treating FLNC-related 
cardiomyopathy without provoking cardiovascular adverse effects. 
Conducting a more extensive study, using multiple lines of iPSC cell 
derivatives to examine the cardiac safety index and the effective 
therapeutic window will be instrumental to examine the feasibility 
of PDGFR inhibition as a therapeutic strategy to treat cardiac 
diseases (71). Another caveat is that crenolanib can also inhibit 
other tyrosine kinases (72). Future studies are warranted to examine 
whether the protective or toxic effects of crenolanib may be mediated 
through other tyrosine kinases.

In summary, using patient-specific iPSC-CMs to reveal the 
disease-specific mechanism of FLNC-related cardiomyopathy, we 
identified a novel link to -catenin and PDGFRA that could poten-
tially be important therapeutic targets. We show that treatment 
with crenolanib, a PDGFRA inhibitor, can partially reverse the 

Fig. 9. Disease model of FLNC-related cardiomyopathy. Our data indicate that 
-catenin (-cat) localized to the cell membrane with FLNC in the NF hearts (left). 
However, the loss of FLNC perturbed the cytoplasmic -catenin and increased nuclear 
localization of -catenin and activates transcription of PDGFRA, which leads to sustained 
up-regulation of PDGFRA signaling at the cell-cell membrane and, subsequently, 
activation of ERK signaling resulting in internalization of GJA1 and consequently 
arrhythmias in the heart of patients with a-DCM (right).
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pathological gene expression profile, cardiac dysfunction, and 
electrical instability in FLNC patient–specific cardiomyocytes. Our 
novel findings open the way to further mechanistic studies to 
understand the role of PDGFRA pathways in the pathogenesis of 
arrhythmogenic cardiomyopathies and to test the feasibility of 
PDGFRA inhibition as a strategy for long-term disease management.

MATERIALS AND METHODS
Study populations
Patients with FLNC mutations were selected from the Familial 
Cardiomyopathy Registry (COMIRB 99-177), a multicenter, three-
decade-long ongoing project studying human hereditary cardiomyop-
athies from University of Colorado and University of Trieste hospitals. 
The 1999 consensus criteria of the Guidelines for Familial Dilated 
Cardiomyopathy were used to diagnose patients with DCM (73). 
Detailed medical history, physical examination, and clinical testing 
were performed and recorded at baseline and during follow up, as 
previously reported (74). Patients with DCM were identified based 
on the presence of left ventricular fractional shortening <25% 
and/or an ejection fraction <45%, and left ventricular end-diastolic 
diameter >117% of the predicted value. ARVC diagnosis was based 
on the 2010 ARVC Task Force Criteria (75). Informed consent 
forms were obtained from each patient according to the institutional 
review boards. Blood samples were collected from consented indi-
viduals, and genomic DNA was extracted using a commercial kit 
(Qiagen). Whole-exome sequencing (WES) was performed using 
the Illumina TruSight One Sequencing Panel. All genetic variants 
identified were confirmed by Sanger sequencing. Briefly, exomes of 
FLNC were amplified by PCR, and Sanger sequencing was performed 
using the Big Dye Terminator Cycle Sequencing Ready Reaction Kit 
on an ABI Genetic Analyzer 3730xl (Applied Biosystems) to deter-
mine the genetic codes. Genetic variants identified were confirmed 
in both sense and antisense directions in separate sequencing reac-
tions when detected.

As previously described, patients with a-DCM are those with 
DCM who had a history of ventricular tachycardia requiring im-
plantable cardioverter defibrillator placement and had at least one 
appropriate electric shock within 1 year before transplant (76). The 
patients with nonarrhythmogenic DCM had no report of ventricular 
tachycardia at any point throughout their medical history. Nonfailing 
were organ donors with no major cardiac history and a left ventricular 
echocardiography-based shortening fraction of ≥25% (76).

Ethical approval
The study protocol was approved by the local Institutional Review 
Board and was in accord with the Human Subjects’ Committee 
guidelines. Informed consent forms were provided and signed by 
the study subjects.

Generation of iPSC deficient of FLNC using CRISRP-
Cas9 system
Patient iPSCs were generated by the Stanford Cardiovascular 
Institute (Stanford CVI). FLNCG1891Vfs61X and FLNCE2189X are lines 
SCVI1116 and SCVI1115, respectively. Four healthy control lines 
were from the Stanford CVI (SCVI 113, SCVI 15, SCVI 202, and 
SCVI 273 are healthy 1, 2, 4, and 5, respectively). Healthy 3 is the 
commercially available iPSC line from WiCell. One clone was used 
for each line.

We performed genome editing on the commercial iPSC line 
using the CRISPR-Cas9 system from Integrated DNA Technologies 
Inc. (Coralville, Iowa). Briefly, ribonucleoprotein complexes were 
formed in vitro using CAS9 protein, guide RNA, and tracer RNA 
and delivered into iPSCs by electroporation. Next, the edited iPSCs 
were isolated from single-cell colonies to ensure homogeneity and 
the edited region/PAM site of FLNC was sequenced and validated 
by Sanger sequencing. One heterozygous KO line and two homozy-
gous KO lines were studied.

Contractility analysis
iPSC-CM differentiation and contractility assessment were performed 
as previously described (77). Briefly, iPSC-CMs reseeded on Matrigel- 
coated 384-well plates were cultured for 7 days to recover their 
spontaneous beating. For comparison between various iPSC-CM 
lines, cell density was strictly controlled at 15,000 cells per well to 
avoid variations. Cardiomyocyte contraction was recorded with 
high- resolution motion capture tracking using the SI8000 Live Cell 
Motion Imaging System (Sony Corporation). During data collection, 
cells were maintained under controlled humidified conditions at 
37°C with 5% CO2 and 95% air in a stage-top microscope incubator 
(Tokai Hit). Functional parameters were assessed from the averaged 
contraction-relaxation waveforms from 10-s recordings, using the 
SI8000C Analyzer software.

Whole-cell patch-clamp recordings
Patch-clamp recordings were performed as previously described (78). 
iPSC-CMs were seeded on Matrigel-coated glass coverslips (Warner 
Instruments) for patch-clamp recordings. These recordings were 
conducted using an EPC-10 patch-clamp amplifier (HEKA). Glass 
pipettes with 3- to 4-megohm resistance were prepared using thin-
wall borosilicate glass (A-M System) with a micropipette puller (Sutter 
Instrument). For recording, coverslips containing cardiomyocytes 
were transferred to a RC-26C recording chamber (Warner Instru-
ments) mounted on the stage of an inverted microscope (Nikon). 
Spontaneous APs were recorded from cardiomyocytes superfused with 
Tyrode solution at 37°C (TC-324B heating system, Warner, USA). 
The Tyrode solution consisted of NaCl (140 mM), KCl (5.4 mM), 
CaCl2 (1.8 mM), MgCl2 (1 mM), Hepes (10 mM), and glucose (10 mM); 
pH was adjusted to 7.4 with NaOH. The pipette solution consisted of 
KCl (120 mM), MgCl2 (1 mM), Mg-ATP (3 mM), Hepes (10 mM), 
and EGTA (10 mM); pH was adjusted to 7.2 with KOH. Data were 
acquired using PatchMaster software (HEKA) and digitized at 1.0 kHz. 
Data were analyzed using a custom-written MATLAB program.

Immunoblotting
iPSC-CMs were collected at 80 days and homogenized in radio-
immunoprecipitation assay (RIPA) buffer (Pierce) containing 25 mM 
tris-HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 1% sodium deoxycho-
late, and 0.1% SDS in the presence of protease inhibitor (Roche) 
and phosphatase inhibitors (Sigma-Aldrich). Frozen human ven-
tricular tissues were homogenized in either RIPA buffer or in a lysis 
buffer containing 100 mM tris-HCl (pH 8.0), 0.2% SDS, 8 M urea, 
and 200 mM NaCl in the presence of protease inhibitor (Roche) and 
phosphatase inhibitors (Sigma-Aldrich).

The homogenates were centrifuged at 12,000 rpm for 10 min at 
4°C, and the soluble lysates were used for experiments. Protein 
concentrations were measured by colorimetric RC DC protein assay 
(Bio-Rad). Aliquots of 30 g of protein were denatured in a 5× Laemmli 
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buffer by boiling at 95°C for 5 min, separated on SDS–polyacrylamide 
gel electrophoresis, and transferred to nitrocellulose membranes. 
Target proteins were detected using specific primary antibodies 
(table S1), and the respective horseradish-linked secondary antibodies 
were used at concentrations recommended by the company. The 
ECL chemiluminescence system (Thermo Fisher Scientific) was 
used for signal amplification, and the signal was detected using 
the Bio-Rad ChemiDoc imaging system (Bio-Rad Laboratories). 
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Abcam) 
antibodies were used as loading controls.

Immunofluorescence staining
Paraffin-embedded ventricular samples were sectioned for immu-
nofluorescence staining. Briefly, sections were deparaffinized using 
xylene. Subsequently, sections were rehydrated, transferred to 10 mM 
sodium citrate buffer (pH 6.0), and boiled for 15 min at 95°C for 
antigen unmasking. The slides were then cooled to room tempera-
ture and washed with phosphate-buffered saline (PBS). Subsequent 
steps were performed with reagents from a commercially available 
HRP-DAB Detection System (R&D Systems). The sections were 
blocked with blocking serum and incubated with primary antibody 
(table S1) at 4°C overnight. Samples were then washed in PBS and 
incubated with secondary antibody for 1 hour at room temperature. 
The sections were counterstained with 4′,6-diamidino-2-phenylindole 
and mounted with antifade mounting media (Richard-Allan Scientific). 
Images were taken using a Zeiss microscope equipped with a digital 
camera, and the stained area was quantified using ImageJ. Similar 
procedures, except for deparaffinization and rehydration, were 
carried out for iPSC-CM samples.

Coimmunoprecipitation
iPSC-CMs were lysed in 1× cell lysis buffer (Cell Signaling Technology), 
supplemented with protease inhibitor cocktail and phosphatase 
inhibitor cocktail (Thermo Fisher Scientific). The lysate was centri-
fuged at 5000 rpm for 3 min at 4°C. The centrifuged lysate was 
diluted to 1 g/liter (250 l of final volume) and incubated with 
anti-FLNC (Atlas Antibodies), or immunoglobulin G antibody 
(Santa Cruz Biotechnology) at 4°C overnight with rotation. Twenty-five 
microliters of protein G PLUS agarose beads (Santa Cruz Biotech-
nology) was added into the mixture and incubated for an additional 
5 hours. Agarose beads were sedimented and washed six times with the 
cell lysis buffer. Beads-bound proteins were dissociated in 2× SDS 
at room temperature for 30 min with vortexing at 5-min intervals. The 
identification of the associated proteins was determined by Western 
blots (table S1). Bead-bound proteins were also subjected to label- 
free–based quantitative proteomic analysis (Creative Proteomics).

Quantitative RT-PCR
RNA was extracted from iPSC-CMs or frozen ventricular tis-
sue using a commercially available miRNeasy Mini Kit (QIAGEN, 
catalog no. 217006). Total RNA was treated with deoxyribonuclease 1 
to remove genomic DNA (QIAGEN) (79). Total RNA concentra-
tion was measured using a NanoDrop 2000 spectrophotometer 
(Thermo Fisher Scientific). mRNA reverse transcription was per-
formed to synthesize cDNA by using High Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, catalog no. 4368814). Target 
gene expressions were determined by quantitative reverse transcrip-
tion PCR by using specific TaqMan Gene Expression assays or SYBR 
Green assays. Target gene expression levels were normalized to 

Gapdh mRNA levels. The experiments were performed in triplicate 
with three lines per group, and the ∆CT method was used to calcu-
late the target gene expression levels. The sequences of the SYBR 
Green primers used are listed in table S3.

Chromatin immunoprecipitation
We performed ChIP by using cross-linked lysate from FLNC homo-
zygous KO iPSC-CMs and control iPSC-CMs according to the 
manufacturer’s instructions (ChIP-IT High Sensitivity; ACTIVE 
MOTIF; catalog no. 53040). iPSC-CMs were fixed with formalde-
hyde to cross-link the protein/DNA complexes. DNA was then 
sheared into small fragments by sonication; the sheared DNA was 
then incubated with anti–-catenin (ChIP grade) and precipitated 
using Protein G agarose beads to pull down the complexes of interest. 
Next, the pull-down cross-linked products were reversed and di-
gested with Proteinase K, and the DNA was recovered and purified 
for qPCR. The primers for SOX2 binding region were 5′-TTCAGAC-
CACCCAGTCTTGT-3′ and 5′-CCGTTTTGAACTAGGGGTCT-3′; 
primers for SOX9 binding region were 5′-AGGCCTTTAAACCTTC-
CAGA-3′ and 5′-AAAGCAGAAAGCAATGGATG-3′; NFKB primers 
were 5′-ATCAGAGAGCGATGAAGGTG-3′ and 5′-GATGCTC-
CAGGAACCAGAC-3′.

RNA sequencing
RNA-seq was performed on RNA depleted of ribosomal RNA 
(rRNA) extracted from the iPSC-CMs on an Illumina platform, as 
previously published (79). Briefly, total RNA was extracted from the 
whole heart and the concentration of each RNA sample was deter-
mined using a NanoDrop Spectrophotometer. RNA samples were 
then electrophoretic separated on an Agilent Bioanalyzer RNA chip 
for RNA integrity test and samples with an RNA integrity number 
>8 were used to prepare sequencing library using the Illumina 
TruSeq stranded total RNA library preparation kit. Before RNA 
library construction, RNA samples were depleted of rRNA using 
the EpiCentre Ribo-Zero Gold Magnetic Kit. The RNA samples 
were sequenced on the Illumina HiSeq 4000 instrument using the 
paired-end sample preparation chemistry.

RNA-seq data analysis
For each sample, about 20 million to 30 million pairs of 150–base 
pair paired-end reads were generated. Raw reads were first trimmed 
for 10 bases at the 5′ end to remove reads with biased nucleotide 
(ACGT) distribution. Trimmed reads were then aligned to the 
Mus musculus genome (GRCh38, GENCODE, version 28 and 34, 
primary assembly) using STAR aligner (80) (version 2.5.0a). DEG 
analyses on the read counts were performed using DESeq2 (81) 
(v1.22.2) in R environment. Genes with mean read counts less than 
10 across samples were filtered out from analysis. A gene was 
considered significantly dysregulated if the adjusted P values are 
less than 10% and there is a twofold change based on shrunken log2 
fold change implemented in DESeq2 [false discovery rate < 0.01 
and abs(log2FC) > 1]. Expression heatmaps were generated using 
pheatmap package in R environment. Functional enrichment of the 
significantly dysregulated genes was carried out using DAVID (82) 
and GSEA software (83).

Statistics
Statistical analyses were performed as previously described (84). 
Experimental outcomes were expressed as means ± SD. Statistically 
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significant differences were determined by t test between two groups 
and one-way analysis of variance (ANOVA) among multiple groups, 
followed by pairwise comparison. Experimental data that did not 
follow normal distribution were analyzed by the Kruskal-Wallis 
test. All statistical analyses were performed using GraphPad Prism 8.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk0052

View/request a protocol for this paper from Bio–protocol.
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