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Arrhythmogenic cardiomyopathy (ACM) is an inherited heart disease marked by progressive fattyfibro
replacement of the ventricular myocardium, life-threatening arrhythmias, and sudden cardiac death.
To dissect epicardial contributions to ACM pathogenesis, we generated iPSC lines from patients
carrying plakophilin 2 (PKP2) 1849C > T or PKP2 2013delC mutations, their CRISPR/Cas9-corrected
isogenic controls, and a PKP2 knockout line. Epicardial cells (hPSC-EPCs) differentiated from mutant
and knockout backgrounds exhibit enhanced epithelial-to-mesenchymal transition characteristics,
increased lipid accumulation, and a pronounced fibrotic phenotype. RNA-seq performed on ACM
hPSC-EPCs reveals dysregulation of Wnt, interferon, and Rho GTPase signaling, including an
upregulation of insulin growth factor 2 (IGF2) and a key adipogenic transcription factor, CEBPA.
Subsequent treatment of control and PKP2KO hPSC-EPCs with recombinant IGF2 enhances CEBPA
expression, suggesting that insulin growth factor signaling contributes to ACM fattyfibro remodeling.

Arrhythmogenic cardiomyopathy (ACM) is a complex genetic disorder that
is characterized by progressive fattyfibro remodeling of the ventricular
myocardium that disrupts electrical conduction, leading to lethal
arrhythmias' and increasing the risk of sudden cardiac death’. Typically, the
symptoms of ACM (e.g., palpitations, syncope, shortness of breath, and
chest discomfort) arise during adolescence or early adulthood and become
progressively worse over time”. To date, the majority of mutations associated
with ACM have been found in genes coding for desmosome proteins, with
almost half of the mutations occurring in the gene plakophilin-2 (PKP2)**.

The pathogenesis of ACM has been studied in multiple cell types and
animal models’®. However, studying fattyfibro remodeling using animal
models has been challenging, given that little to no fattyfibro remodeling has
been found in animal models’. Cardiac cell types derived from human
pluripotent stem cells (hPSCs) provide a model to study ACM by elim-
inating species-specific differences between human and animal models and

allowing one to study patient-specific disease characteristics. Human
induced pluripotent stem cell (hiPSC) derived-cardiomyocytes (hiPSC-
CMs) from ACM patients have been previously shown to recapitulate
features of the ACM phenotype, including disrupted desmosomes and
increased formation of lipid droplets upon treatment of cells with an adi-
pogenic cocktail containing dexamethasone, insulin, and IBMX". While
cardiomyocytes express abundant desmosomes and have received much
attention for their involvement in ACM, the complex pathophysiology of
the disease suggests that epicardial cells (EPCs) play a significant role in
fibrosis and fatty infiltrates into the myocardium. In addition, EPCs are
multipotent and have been shown to differentiate into various cell types
within the heart'. Specifically, during heart development, a subset of EPCs
undergo epithelial-to-mesenchymal transition (EMT) and contribute to the
cardiac fibroblast", vascular smooth muscle cell”, pericyte', and vascular
endothelial cell populations'. The involvement of EPCs in the development
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of ACM is further supported by the observation that EPCs also express
desmosomes and thus, would be impacted by the expression of mutant
desmosome proteins'®. This is supported by a previous study demonstrating
that lowering Pkp2 levels in neonatal rat EPCs leads to an increase in lipid
accumulation, increased migration potential, and increased expression of an
EMT marker (a-SMA)". Similarly, another study showed that human
induced pluripotent stem cell derived-EPCs (hiPSC-EPCs) spontaneously
undergo EMT and differentiate into fibroblasts and fat cells, suggested to be
regulated by the transcription factor TFAP2A". These observations support
the involvement of EPCs in the pathogenesis of ACM.

While EPCs have been an area of discussion due to their role in ACM
fattyfibro pathology, a complete understanding of the signaling mechanisms
and growth factors promoting or repressing the pathologic remodeling of
myocardial tissue is still needed. In addition, it is not known whether
epicardial-derived fibroblasts are more susceptible to contributing to the
fattyfibro pathology when compared to non-epicardial derived fibroblasts.
Therefore, to investigate the signaling mechanisms driving epicardial-
dependent fattyfibro pathology, we generated hiPSCs from two families
harboring either a PKP2 2013delC/- or PKP2 1849C > T/-heterozygous
ACM-causative truncation mutation and performed CRISPR/Cas9 genetic
editing to generate isogenic corrected hiPSC lines. Furthermore, we gener-
ated a PKP2 knockout (KO) line (PKP2KO) to assess whether a total loss of
PKP2 recapitulates similar ACM cellular phenotypes compared to hiPSCs
harboring ACM mutations. Subsequently, we differentiated ACM hiPSC
lines, PKP2KO lines, and isogenic control lines into epicardial cells (hPSC-
EPCs). Differentiation of EPCs derived from ACM hiPSC lines and
PKP2KO lines demonstrated perturbed PKP2 localization, enhanced cell
migration, and increased lipid accumulation potential. Moreover, fibroblasts
derived from epicardial cells demonstrated an enhanced fibrotic phenotype
and fibrotic gene expression profile when compared to cardiac fibroblasts
that did not undergo an epicardial state. Transcriptomic analysis revealed
ACM hPSC-EPCs and ACM human heart tissue expressed higher levels of
adipogenic transcription factors CEBPA and IGF2. Exogenous exposure of
IGF2 onto hPSC-EPCs enhanced the expression of CEBPA and PPARG,
suggesting that insulin growth factors drive ACM fattyfibro remodeling.

Results

Generation of ACM and PKP2KO hPSCs, isogenic control hPSCs,
and hPSC-EPCs

Studying ACM fattyfibro pathology has been difficult given that some
animal models do not fully recapitulate the fattyfibro pathology seen in
ACM patients'®. To better understand human ACM fattyfibro pathology
and the molecular signaling mechanism leading to the fattyfibro pathology,
we identified two families, Family 1025 and Family 398, carrying ACM-
causative heterozygous PKP2 mutations, PKP2 1849C>T/- or PKP2
2013delC/-. Collectively, these patients presented with ventricular
arrhythmias, inverted T-waves on EKG, and fattyfibro pathology in the
myocardium (Supplementary Table 1). We reprogrammed blood from
patients with ACM (398100, 398110, 1025100, 1025200), as well as blood
from family members who did not have ACM (1025110, 1025201) into
hiPSCs. To mitigate genetic background differences, we corrected the PKP2
1849C > T/- and PKP2 2013delC/- mutation in two lines (1025100, 398110)
to generate isogenic control hiPSC cell lines using CRISPR/Cas9 gene
editing (Fig. 1A). In addition, to understand whether cellular phenotypes
could be recapitulated in cells without PKP2 expression, we generated a
PKP2KO line via CRISPR/Cas9 editing within the H7 human embryonic
stem cell (hESCs) line (H7 hESCs) (Fig. 1B). All hPSC lines expressed
pluripotency markers (OCT4 and SSEA4), lacked large chromosomal
abnormalities, and did not exhibit any tested CRISPR/Cas9 off-target
effects, as predicted by COSMID" (Supplementary Fig. 1). To investigate
the role of epicardial cells in ACM pathogenesis, both hESC and hiPSC lines
were differentiated into epicardial cells (hPSC-EPCs) (Fig. 2A-C). Immu-
nocytochemistry performed on hPSC-EPCs demonstrated expression of the
epicardial marker, WT'1, and in addition, qPCR analysis identified WT1 and
TBX18 in hPSC-EPCs (Fig. 2D-F). To determine whether hPSC-EPCs

harboring PKP2 mutations affected the localization of PKP2, immuno-
fluorescence (IF) (Fig. 2G) and Western blot analysis (Fig. 2H-J, Supple-
mentary Fig. 3) were performed. PKP2 was observed to localize to the cell
borders in control hiPSC-EPCs and hESC-EPCs while diffuse PKP2 labeling
was observed in ACM hiPSC-EPCs and PKP2 was undetected in PKP2KO
hESC-EPCs. Additionally, Western blot quantification showed reduced
PKP2 expression in ACM hiPSC-EPCs and as expected, PKP2 expression
was undetected in PKP2KO hESC-EPCs.

ACM and PKP2KO hPSC-EPCs demonstrate enhanced EMT
characteristics compared to isogenic control hPSC-EPCs

To model the cellular processes driving fattyfibro remodeling, we first
examined whether ACM and PKP2KO hPSC-EPCs demonstrated
enhanced epithelial-to-mesenchymal transition (EMT) characteristics.
During EMT, the expression of E-cadherin decreases while the expression of
N-cadherin increases. Therefore, to investigate whether ACM/PKP2KO and
isogenic control hPSC-EPCs demonstrate enhanced EMT characteristics,
we measured the expression of CDHI (E-cadherin) and CDH2 (N-cad-
herin) in hPSC-EPCs in the absence or presence of a growth factor shown to
enhance EMT (TGEFp). In the absence of TGEp, levels of E-cadherin were
significantly reduced in both ACM hiPSC-EPCs and PKP2KO hESC-EPCs
compared to their respective isogenic control. In contrast, transcript levels of
N-cadherin were enhanced in both ACM hiPSC-EPCs and PKP2KO hESC-
EPCs in the TGFp treated group. Similarly, N-cadherin expression was
significantly elevated in PKP2KO hESC-EPC under baseline conditions (i.e.,
no TGFp treatment) (Fig. 3A). To further assess EMT characteristics, we
performed an in vitro cell migration assay to evaluate the motility of ACM,
PKP2KO, and control hPSC-EPCs. Epicardial cells were tested for their
ability to migrate at 0, 4, 8, 24, and 48 hours (Fig. 3B, C) after a pipette was
used to generate a gap in the cell monolayer. Compared to control hiPSC-
EPCs, ACM hiPSC-EPCs demonstrated a significant increase in cell
migration at 24 and 48 hours, whereas PKP2KO hESC-EPCs exhibited
enhanced cell migration at 4, 8, 24, and 48 hours compared to control
hESC-EPCs (Fig. 3D, E). These findings indicate that PKP2 deficiency
promotes EMT and enhances epicardial cell migration.

ACM and PKP2KO hPSC-EPCs exhibit increased lipid accumu-
lation under adipogenic induction conditions

ACM fattyfibro pathology is initially formed subepicardially, suggesting that
epicardial cells contribute to the formation of the fattyfibro pathology'****".
Given that ACM hPSC-EPCs expressed higher levels of transcription factors
involved in adipogenesis (CEBPA and PPARG), we investigated whether
PKP2 deficiency promotes epicardial lipid accumulation using an adipo-
genic induction protocol. We used Nile Red, a live fluorescence dye, to
quantify lipid accumulation, enabling longitudinal tracking of lipid uptake
across multiple time points in the same experiment (Fig. 4A, B). When
assessing fluorescent intensity of ACM and control hiPSC-EPCs on days 0,
4,and 8, ACM hiPSC-EPCs showed increased levels of lipids at baseline (day
0) and at day 4 compared to control hiPSC-EPCs. Additionally, PKP2KO
hESC-EPCs also demonstrated significant lipid accumulation at baseline
(day 0) and on days 4, and 8 compared to the control hESC-EPCs (Fig. 4C).
To assess whether key adipogenic transcription factors were changed during
adipogenic induction, we performed qPCR analysis targeting the expression
of CEBPA and PPARG in hPSC-EPCs under baseline and adipogenic
induction conditions (Fig. 4D, E). Under adipogenic induction, hPSC-EPCs
showed elevated CEBPA and PPARG expression compared to their baseline
counterparts. However, ACM and PKP2KO hPSC-EPCs had significantly
increased levels of CEBPA and PPARG compared to isogenic control hPSC-
EPCs under adipogenic induction conditions.

An enhanced fibrotic phenotype is observed in fibroblast-derived
cells from hPSC-EPCs when compared to non-epicardial-
derived fibroblasts

Epicardial cells undergo EMT and have been shown to differentiate into

fibroblasts in cardiac injury models”?*. Additionally, adipogenic
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Fig. 1 | Generation and characterization of patient-derived and gene-edited
PKP2-mutant iPSC lines. A Pedigrees and genotypes of ACM patient families 1025
and 398, showing inheritance of PKP2 mutations. Family 1025 carries a nonsense
mutation (PKP2 ¢.1849C>T, p.Q617X), and Family 398 carries a frameshift muta-
tion (PKP2 c.2013delC, p.P672fsX683). Squares represent males and circles repre-
sent females. Shaded symbols indicate individuals from whom iPSC lines were
derived. Gene-corrected control lines were generated using CRISPR/Cas9 and are
denoted by dashed lines. Predicted protein structures show the location and

potential structural impact of the mutations. Sanger sequencing traces confirm the
presence of the mutant allele (top) and successful correction (bottom) for both
patient-derived lines (1025-100 and 398-110). B Schematic of the human PKP2
gene locus, including isoforms Pkp2a and Pkp2b. Arrows indicate transcriptional
direction. The position of exon 2, which harbors the mutations used in this study, is
highlighted in red. Generation of isogenic control, ACM, and PKP2KO human
pluripotent stem cells (hPSCs).

induction performed on fibroblasts has been previously demonstrated to
transdifferentiate fibroblasts into adipocytes”. Therefore, fibroblasts
derived from epicardial cells may be a unique cell type demonstrating
enhanced fattyfibro characteristics. At baseline, ACM hiPSC-EPCs and
PKP2KO hESC-EPCs expressed higher levels of fibroblast markers
(Collal and PDGFRA) (Fig. 5A, B). Hence, we assessed whether cardiac
fibroblasts derived from epicardial cells (hPSC-EpiCFs) were more
amenable to fattyfibro characteristics when compared to non-epicardial
derived fibroblasts. ACM, PKP2KO, and isogenic control hPSC-EPCs
were differentiated into hPSC-EpiCFs using a fibroblast promoting
medium®, and cardiac fibroblasts (hPSC-CFs) were generated using a
separate protocol that was devoid of an epicardial transition cell state
(Fig. 5C, D). The levels of Collal and PDGFRA were higher in hPSC-
EpiCFs when compared to hPSC-CFs with ACM and PKP2KO hPSC-
EpiCFs expressing the highest levels of Collal and PDGFRA in com-
parison to ACM and PKP2KO hPSC-CFs (Fig. 5E, F). To assess lipid
accumulation in epicardial-derived cells, we performed Nile Red staining
at baseline (Day 0) and after 8 days in culture (Day 8) in both hiPSC- and
hESC-derived epicardial fibroblasts (EpiCFs) and cardiac fibroblasts
(CFs). Representative fluorescence images demonstrated a marked
increase in Nile Red signal in ACM hiPSC-EpiCFs compared to control
hiPSC-EpiCFs by Day 8 (Fig. 5G). Similarly, PKP2KO hESC-EpiCFs
exhibited enhanced lipid staining relative to control hESC-EpiCFs

(Fig. 5H). Quantification of mean fluorescence intensity revealed that at
Day 0, lipid content was comparable among groups. However, by Day 8,
ACM hiPSC-EpiCFs displayed significantly elevated Nile Red fluores-
cence compared to both ACM CFs and control EpiCFs (Fig. 5I). A
similar trend was observed in the hESC-derived cells, where PKP2KO
hESC-EpiCFs exhibited the highest fluorescence intensity at Day 8,
indicating increased lipid accumulation compared to all other groups
(Fig. 5]). CEBPA and PPARG expression of isogenic control, ACM, and
PKP2KO hPSC-CFs and hPSC-EpiCFs with and without adipogenic
induction demonstrated enhanced CEBPA expression in ACM hPSC-
EpiCFs compared to ACM hPSC-CFs (Fig. 5K, L). These data suggest
that ACM-associated and PKP2-deficient epicardial-derived cells have a
heightened propensity for lipid accumulation over time, potentially
contributing to disease pathology.

Transcriptomic profiling of ACM hiPSC-EPCs reveals dysregu-
lated inflammatory, Wnt, and metabolic signaling pathways

To determine how PKP2 perturbations influence epicardial gene expres-
sion, RNA sequencing (RNA-seq) was performed on ACM, PKP2KO and
isogenic control hPSC-EPCs (Fig. 6, Supplementary Fig. 2). A heatmap was
used to display differentially expressed genes (DEGs) identified using
DESeq2 (1202 genes, p < 0.05), with transcription factors and growth factors
labeled on the right panel (Fig. 6A). Notably, IGF2 and CEBPA (a
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transcription factor regulating adipogenesis) were expressed at higher levels
in ACM hPSC-EPCs. Reactome pathway enrichment analysis identified
changes in the Rho, Interleukin, and in metabolic signaling pathways
(Fig. 6B). To further understand the transcription factors regulating DEGs,
motif analysis was performed using DNA sequences that are 2 kb upstream
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and downstream of the DEG start site. HOMER predicted an enrichment in
the motif sequences for TEAD Family members (TEAD2 and TEAD4),
which are associated with Hippo signaling, as well as Forkhead Family
members (FOXA1 and FOXD3), which regulate metabolic and inflamma-
tory processes (Fig. 6C). Lastly, we performed a STRING network analysis to
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Fig. 2 | Epicardial cells generated from isogenic control, ACM, and PKP2KO
human pluripotent stem cells (hPSCs). A Differentiation protocol used to generate
hPSC-EPCs. B Phase-contrast images of hPSC differentiating into hPSC-EPCs from
day 0 up to day 12 with epicardial cobblestone morphology (scale bar= 100 um).
C Phase contrast images of ACM, PKP2KO, and isogenic control hPSC-EPCs (scale
bar= 100 pm). D Immunofluorescence images of WT1 in ACM, PKP2KO, and
isogenic control hPSC-EPCs (scale bar= 100 um). E qPCR of the epicardial marker
WTI in ACM, PKP2KO, and isogenic control hPSC-EPCs relative to undiffer-
entiated hPSCs (mean + SEM, N = 6 of hPSCs, hPSC-EPCs and ACM/PKP2KO
hPSC-EPCs). Statistical significance was evaluated using a one-way ANOVA test
with Bonferroni correction. F qPCR of the epicardial marker TBX18 in ACM,
PKP2KO, and isogenic control hPSC-EPCs relative to undifferentiated hPSCs

(mean + SEM, N =4 of hPSCs, hPSC-EPCs and ACM/PKP2KO hPSC-EPCs). Sta-
tistical significance was evaluated using a one-way ANOVA test with Bonferroni
correction. G Immunofluorescence images of PKP2 in ACM, PKP2KO, and isogenic
control hPSC-EPCs (scale bar= 50 pm). H Representative western blot image of
PKP2 in ACM, PKP2KO, and isogenic control hPSC-EPCs. I Densitometry analysis
of PKP2 expression in ACM hiPSC-EPCs relative to the control (hiPSC-EPCs)
(mean + SEM, N = 8 of hiPSC-EPCs and ACM hiPSC-EPCs). Statistical significance
was evaluated using an one sample t test (p = 0.0642). J Densitometry analysis of
PKP2 expression in PKP2KO hESC-EPCs relative to hESC-EPCs (mean + SEM,
N =4 of hESC-EPCs and PKP2KO hESC-EPCs). Each N value represents a separate
epicardial differentiation from the hPSC state.
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Fig. 3 | ACM and PKP2KO hPSC-EPCs demonstrate enhanced EMT properties
compared to isogenic control hPSC-EPCs. A qPCR of the EMT marker CDH1 (E-
cadherin) and CDH2 (N-cadherin) with or without TGFp treatment relative to
isogenic control hPSC-EPCs, ACM hiPSC-EPCs, and PKP2KO hESC-EPCs
(mean + SEM, N = 3). Statistical significance was evaluated using a one-way
ANOVA with Bonferroni correction. B Representative images of 48-hour cell
migration assay, showing the start of the migration of hiPSC-EPCs and ACM hiPSC-
EPCs or ChESC-EPCs and PKP2KO hESC-EPCs from the introduced gap at hour 0
and the final migration results of hiPSC-EPCs and ACM hiPSC-EPCs at 48 hour
(scale bar = 500 um). D Gap closure quantification of ACM hiPSC-EPCs relative to

Hours N=5
control (hiPSC-EPCs) over 48 hours post introduction of the gap (mean + SEM,

N = 10 of hiPSC-EPCs and ACM hiPSC-EPCs with ** at 24 hour (p = 0.0071), with
*¥* at 48 hour (p = 0.0072)). Statistical significance was evaluated using a two-way
ANOVA test with Bonferroni correction. E Quantification gap closure of PKP2KO
hESC-EPC:s relative to control (hESC-EPCs) over 48 hours post introduction of the
gap (mean + SEM, N =5 of hESC-EPCs and PKP2KO hESC-EPCs with * at 4 hour
(p =0.0408), ** at 8 hour (p = 0.0037), ** at 24 hour (p = 0.0079), with ** at 48 hour
(p=0.0011)). Statistical significance was evaluated using a two-way ANOVA test
with Bonferroni correction. Each N value represents a separate epicardial differ-
entiation from the hPSC state.

predict distinct clusters of protein-protein interactions associated with
biological pathways. Interferon alpha/beta signaling/ISG15-protein con-
jugation (FDR = 0.0063) and Metabolic pathways (FDR = 0.0263) were two
significantly enriched pathways. Key hub proteins in this cluster included
IL1B and RSAD2 (which are central to inflammatory and innate immune

responses) and IGF2 (which is important to cellular growth, metabolic
regulation, and tissue repair), thus indicating a link between metabolic
dysregulation and inflammation in ACM. Lastly, Wnt signaling members
(WNT5B, WNT1I6, and FZD1I) were identified, reinforcing the role of Wnt
signaling in ACM pathology. The presence of IGF2 and IL1B as prominent
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Fig. 4 | ACM and PKP2KO hPSC-EPCs displayed increased lipid accumulation
compared to isogenic control hPSC-EPCs. A Representative fluorescence images
of Nile Red staining of lipids in ACM hiPSC-EPCs and hiPSC-EPCs or B hESC-
EPCs and hESC-EPCs during adipogenic induction at days 0, 4, and 8 (scale bar =
100 pm). C Quantification of Nile Red fluorescent intensity per cell in each field view
of ACM hiPSC-EPCs and hiPSC-EPCs relative to the control (hiPSC-EPCs at day 0)
at days 0, 4, and 8 (mean + SEM, N = 10 of hiPSC-EPCs and ACM hiPSC-EPCs).
Quantification of Nile Red fluorescent intensity per cell in each field view of
PKP2KO hESC-EPCs and hESC-EPCs relative to the control (hESC-EPCs at day 0)
at days 0, 4, and 8 (mean + SEM, N = 6 of hESC-EPCs and PKP2KO hESC-EPCs).
Statistical significance was evaluated using a one-way ANOVA test with Bonferroni
correction. D qPCR of CEBPA in ACM hiPSC-EPCs and hiPSC-EPCs with or
without adipogenic induction treatment relative to untreated hiPSC-EPCs
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(mean + SEM, N = 6 of hiPSC-EPCs and ACM hiPSC-EPCs). qPCR of CEBPA in
PKP2KO hESC-EPCs and hESC-EPCs with or without adipogenic induction
treatment relative to untreated hESC-EPCs (mean + SEM, N = 8 of hESC-EPCs and
PKP2KO hESC-EPCs). Statistical significance was evaluated using a one-way
ANOVA test with Bonferroni correction. E qPCR of PPARG in ACM hiPSC-EPCs
and hiPSC-EPCs with or without adipogenic induction treatment relative to
untreated hiPSC-EPC (mean + SEM, N = 7 of hiPSC-EPCs and ACM hiPSC-EPCs).
qPCR of PPARG in PKP2KO hESC-EPCs and hESC-EPCs, with or without adi-
pogenic induction treatment, relative to untreated hESC-EPC (mean + SEM, N = 8
of hESC-EPCs and PKP2KO hESC-EPCs). Statistical significance was evaluated
using a one-way ANOVA test with Bonferroni correction. Each N value represents
separate epicardial differentiation from the hPSC state.

nodes suggests potential cross-talk between metabolic regulation and
inflammatory responses.

Next, we performed RNA-seq on PKP2KO hPSC-EPCs and isogenic
control H7 hPSC-EPCs. 339 genes were identified to be differentially
expressed (p < 0.05) and plotted as a heatmap (transcription factors anno-
tated on the right) (Supplementary Fig. 2A). Reactome pathway analysis
revealed upregulation of interferon and interleukin signaling while lipid
metabolism was downregulated (Supplementary Fig. 2B). HOMER analysis
consistently identified Foxa3 as a potential binding motif within the DEGs
along with an interferon regulatory factor motif (ISRE(IRF)/ThioMac-LPS-
Expression, Tbox:Smad, and Brnl motifs (Supplementary Fig. 2C).
STRING network analysis consistently identified interferon alpha/beta
signaling as a significantly enriched pathway (FDR =0.0024) including

genes within the Wnt family (WNT2, SFRPI, and FRZB) (Supplementary
Fig. 2D). Integrated analyses of ACM and PKP2KO hPSC-EPCs revealed
that perturbations in PKP2 influence key signaling pathways in epicardial
cells, including interferon-mediated inflammation, metabolic regulation,
and Wnt signaling, all of which may contribute to the fattyfibro remodeling
characteristics of ACM.

Insulin growth factor 2 regulates hPSC-EPC CEBPA and PPARG
expression

Insulin growth factors are key regulators of adipogenesis and lipid meta-
bolism. Interestingly, we found that IGF2 was significantly elevated in ACM
hPSC-EPCs compared to isogenic controls. To assess whether IGF2 is also
elevated in the hearts of ACM patients, we performed qPCR for IGF2,
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PPARG, and CEBPA on control and ACM human right ventricle heart
tissue. Tissue from ACM patients was found to have a significant increase in
the levels of IGF2, PPARG, and CEBPA compared to control human heart
tissue (Fig. 7A). To validate whether IGFs regulate markers involved in
ACM fattyfibro pathology, we exogenously treated control hESC-EPC and
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PKP2KO hESC-EPC with IGF2 for six days (Fig. 7B). Both control and
PKP2KO hESC-EPCs treated with IGF2 exhibited a significant increase in
CEBPA and PPARG expression (Fig. 7C). To assess whether inhibition of
IGF signaling could reduce the expression of pro-adipogenic transcription
factors, we utilized an IGF-1R inhibitor (GSK-1904529), which has

Communications Biology | (2025)8:1502


www.nature.com/commsbio

https://doi.org/10.1038/s42003-025-08921-z

Article

Fig. 5 | A more fibrotic phenotype is observed in fibroblast derived from hPSC-
EPCs when compared to fibroblasts which did not go through an epicardial
cell state. A qPCR of fibrotic markers Collal (mean + SEM, N = 3) and B PDGFRA
in hiPSC-EPCs and ACM hiPSC-EPCs (mean + SEM, N = 4), and in hESC-EPCs
and PKP2KO hESC-EPCs (mean + SEM, N = 3). Statistical significance was eval-
uated using a one sample t test. C Phase contrast images of non-epicardial derived
fibroblasts (ACM, PKP2KO, and isogenic control hPSC-CFs) and D fibroblasts
derived from epicardial cells (ACM, PKP2KO, and isogenic control hPSC-EpiCFs).
E qPCR of Collal and F PDGFRA in hiPSC-CFs, ACM hiPSC-CFs, hiPSC-EpiCFs,
ACM hiPSC-EpiCFs as well as in hESC-CFs, PKP2KO hESC-CFs, hESC-EpiCFs,
and PKP2KO hESC-EpiCFs (mean + SEM, N = 6). Statistical significance was
evaluated using a one-way ANOVA test with Bonferroni correction.

G, H Representative fluorescence images of Nile red staining of lipids in ACM,
PKP2KO, and isogenic control hPSC-EpiCFs and hPSC-CFs during adipogenic
induction at days 0 and 8 (scale bar = 100 um). I Quantification of Nile red

fluorescent intensity per cell in ACM hiPSC-CFs and hiPSC-CFs relative to control
(hiPSC-CFs at day 0) and ACM hiPSC-EpiCFs and hiPSC-EpiCFs relative to control
(hiPSC-EpiCFs at day 0) at day 8 (mean + SEM, N = 3 of hiPSC-CFs, ACM hiPSC-
CFs, hiPSC-EpiCFs, and ACM hiPSC-EpiCFs). J Quantification of Nile red fluor-
escent intensity per cell in each field of view of PKP2KO hESC-CFs and hESC-CFs
relative to control (hESC-CFs at day 0) and PKP2KO hESC-EpiCFs and hESC-
EpiCFs relative to control (hESC-EpiCFs at day 0) at day 8 (mean + SEM, N =4 of
hESC-CFs, PKP2KO hESC-CFs, hESC-EpiCFs, and PKP2KO hESC-EpiCFs). Sta-
tistical significance was evaluated using a one-way ANOVA test with Bonferroni
correction. K qPCR of CEBPA or L PPARG in hiPSC-CFs, ACM hiPSC-CFs, hiPSC-
EpiCFs, ACM hiPSC-EpiCFs, hESC-CFs, PKP2KO hESC-CFs, hESC-EpiCFs, and
PKP2KO hESC-EpiCFs (mean + SEM, N = 6). Statistical significance was evaluated
using a one-way ANOVA test with Bonferroni correction. Each N value represents
separate hPSC-CFs and hPSC-EpiCFs differentiation from the hPSC state.

previously been shown to reduce CEBPA expression and adipocyte for-
mation during adipocyte differentiation of human bone marrow stromal
stem cells” and reassessed lipid uptake upon adipogenic induction in
control and PKP2KO hPSC-EPCs treated with GSK1904529A for eight
days (Fig. 7D). While Nile Red staining was significantly reduced in control
hPSC-EPCs with GSK1904529A treatment, no significant change was
observed when PKP2KO hPSC-EPCs were treated with GSK1904529A
(Fig. 7E). Furthermore, we evaluated whether IGF-1R inhibition could
modulate the expression of CEBPA and PPARG by qPCR (Fig. 7F). While
IGF-1R inhibition reduced the expression of CEBPA (p = <0.0001, N = 4)
and PPARG (p=0.0041, N=4) in control hPSC-EPCs, no significant
change in CEBPA and PPARG expression was observed in PKP2KO hPSC-
EPCs treated with GSK1904529A.

Discussion

The progressive accumulation of fat and fibrosis within the myocardium is a
characteristic pathology seen in ACM, which can lead to cardiac dysfunc-
tion, ventricular arrhythmias, and sudden cardiac death. Understanding the
molecular mechanisms underlying fattyfibro pathology is critical for
developing targeted interventions to prevent or reverse disease progression.
However, studying the mechanisms by which this pathology arises is lim-
ited, as many mouse models do not fully recapitulate the pathogenesis of
ACM observed in human hearts. To address this limitation, we sought to
utilize a human model to understand the molecular mechanisms regulating
fattyfibro remodeling in ACM. Epicardial cells are predicted to contribute to
the fattyfibro pathology given that: (1) a significant increase in WT1+ (an
epicardial marker) mesenchymal cells was found in the fattyfibro sub-
epicardial regions of ACM hearts", (2) epicardial cells have the capacity to
differentiate into various cell types within the heart upon injury, and (3)
fattyfibro remodeling is initiated subepicardially”’. Thus, we generated
epicardial cells from ACM and PKP2KO patient hPSC lines to investigate
the molecular mechanisms leading to ACM fattyfibro pathology.

An initiating step involved in epicardial activation is an epithelial-to-
mesenchymal transition followed by cell migration, both of which facilitate
epicardial-derived cell differentiation and pathological remodeling. Our
findings demonstrate that ACM and PKP2KO hPSC-EPCs expressed lower
levels of E-cadherin, higher levels of N-cadherin, and migrated faster than
isogenic control hPSC-EPCs, suggesting that perturbations in desmosomal
proteins promote an epithelial-to-mesenchymal transition. Given that cell
migration involves the loss of cell-to-cell contacts and results in disassembly
of junctional proteins™, it is not surprising that hPSC lines with desmosomal
mutations display an inherently less adherent state, predisposing them to
increased motility. Following cell migration, epicardial cells differentiate
into various cell types, therefore we sought to understand the intrinsic
potential of epicardial cells to differentiate into a more fibrotic or fatty
phenotype when harboring PKP2 mutations. To model the ability of epi-
cardial cells to develop a fatty phenotype, epicardial cells were subjected to
an adipogenic induction protocol. Epicardial cells derived from ACM hPSC
lines accumulated significantly larger quantities of lipids, suggesting that

mutations in desmosome proteins lead to cellular metabolic changes that
promote adipogenesis. This is consistent with a prior study demonstrating
increased lipid accumulation in knock-out Pkp2 neonatal rat epicardial cells
using an adipogenic induction protocol”. In addition, increased lipid
accumulation was also found in other ACM cellular models, including fibro-
adipocyte progenitors and cardiac mesenchymal stromal cells”. To model
the extent of which epicardial cells in ACM contribute to a fibrotic phe-
notype, we assessed the expression levels of two fibroblast markers
(PDGFRA, Collal) in ACM and PKP2KO hPSC-EPCs. At baseline, both
ACM and PKP2KO hPSC-EPCs expressed higher PDGFRA and Collal,
demonstrating that ACM hPSC-EPCs are primed to develop a fibrotic
phenotype. Furthermore, given that fibroblasts derived from epicardial cells
(hPSC-EpiCFs) expressed higher levels of PDGFRA and Collal when
compared to fibroblasts that did not go through an epicardial cell state
(hPSC-CFs), hPSC-EpiCFs may also be a specific fibroblast population with
enhanced fibrotic characteristics. However, ACM and PKP2KO hPSC-CFs
also expressed elevated levels of Collal and PDGFRA when compared to
isogenic control hPSC-CFs, suggesting that hearts from ACM patients may
also develop interstitial fibrosis.

To understand the signaling pathways and molecular mechanisms
leading to fattyfibro remodeling, we performed RNA-seq on isogenic
control and ACM hPSC-EPCs. STRING network analysis identified an
interaction between cytokines (ILIB, interferon signaling), regulators of
Whnt signaling, Rho-GTPases, and genes involved in adipogenesis (IGF2,
CEBPA). Additionally, motif analysis predicted an enrichment of genes
regulated by TEAD transcription factors (Hippo pathway) and forkhead
transcription factors. Therefore, it is likely that a cross-talk between
insulin growth factors, Wnt signaling, and the Hippo pathway regulates
fattyfibro remodeling in ACM. This is supported by prior studies
demonstrating that IGF/PI3K-AKT signaling removes the suppressive
effects of foxhead transcription factors on CEBPA and PPARG promoters
and represses Wnt signaling. Furthermore, IGF signaling has been shown
to suppress Hippo signaling by promoting YAP/TAZ degradation
resulting in PKP2KO mouse hearts with reduced YAP expression.
Finally, IGF-1R expression is well known to be regulated by Hippo-YAP/
TAZ signaling™.

To support the involvement of insulin growth factor signaling in epi-
cardial dependent fattyfibro remodeling, human heart tissue from ACM
patients was found to express significantly elevated levels of IGF2, PPARG,
and CEBPA. In addition, in a previous study, single-nuclei RNA-seq per-
formed on ACM patient hearts reported an upregulation of insulin growth
factor signaling in ACM hearts”. Furthermore, other studies'”*** have also
reported that the expression of CEBPA and PPARG is upregulated in ACM.
In our study, exogenous treatment with IGF2 performed on PKP2KO and
control hPSC-EPCs promoted the expression of CEBPA and PPARG.
Furthermore, IGF-1R inhibition by GSK1904529A decreased the expres-
sion of CEBPA and PPARG in control hPSC-EPCs but did not alter the levels
of CEBPA and PPARG in PKP2KO hPSC-EPCs. The selective decrease in
CEBPA and PPARG levels in control cells but not in PKP2KO cells may
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Fig. 6 | ACM hiPSC-EPCs differentially expressed genes related to the Rho-
GTPAse, immune (interleukins, interferons), metabolism, and Wnt signaling
pathways. A Heatmap representing log, fold changes in 1202 differentially
expressed genes (p < 0.05) between ACM and isogenic control hiPSC-EPCs (N =5,
transcription factors and growth factors annotated on right panel). B Reactome
pathways called using differentially expressed genes (Rho-GTPase, interleukins, and

IGF signaling terms highlighted in red). C Motif sequences for TEAD2/4, FOXD3/
FOXAL1, and progesterone receptor (PR) were enriched within 2 kb of the differ-
entially expressed gene transcriptional start sites. D STRING network analysis
highlighting the interaction between members of the Wnt Pathway (WNT5B,
WNT16, FZD1), IGF (IGF2), interleukin (IL1B), interferon, and metabolic genes.

suggest that the loss of PKP2 alters the cell’s dependency on IGF-1R sig-
naling. In addition, the effects of IGF2 may be IGF-1R independent.
Therefore, while elevated insulin growth factor signaling may exacerbate
fattyfibro remodeling in ACM patients, IGE-1R receptor inactivation alone
may not be sufficient to prevent fattyfibro formation.

Our findings establish a human epicardial model of ACM that reca-
pitulates key pathological features of fattyfibro remodeling and implicates
IGF2 signaling, Wnt pathway modulation, and Hippo pathway suppression
in the regulation of adipogenic and fibrotic differentiation. However, several
critical questions remain. First, the mechanisms by which desmosomal
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Fig. 7 | IGF2 signaling promotes adipogenic gene expression and lipid accu-
mulation in hPSC-derived epicardial cells, while PKP2KO cells exhibit reduced
sensitivity to IGF-1R inhibition. A qPCR analysis of human heart tissue shows
elevated expression of IGF2 (p = 0.0526, N = 4), PPARG (p = 0.0827, N = 3), and
CEBPA (p=0.0972, N = 3) in ACM patients compared to control hearts. B Phase-
contrast images of control and PKP2KO hPSC-derived epicardial cells (hPSC-EPCs)
after six days of adipogenic induction, with or without IGF2 treatment. IGF2 induces
morphological changes consistent with adipogenic differentiation. C qPCR analysis
of CEBPA and PPARG expression in control (gray) and PKP2KO (purple) hPSC-
EPCs treated with IGF2. In control hPSC-EPCs, IGF2 treatment significantly
increases CEBPA (p = 0.0082, N = 6) and PPARG (p = 0.0186, N = 5). In PKP2KO
hPSC-EPCs, IGF2 also elevates CEBPA (p = 0.0112, N = 6) and PPARG

N=5 N=4 N=4

(p=0.0.0681, N = 5). D Nile Red staining reveals lipid accumulation after 8 days of
adipogenic induction with or without IGF-1R inhibitor GSK1904529A. Lipid con-
tent is visibly reduced in control hPSC-EPCs following inhibitor treatment, with no
obvious change in PKP2KO hPSC-EPCs. E Quantification of Nile Red fluorescence
intensity confirms that GSK1904529A significantly reduces lipid accumulation in
control hPSC-EPC:s (p 0.0386, N = 5), but not in PKP2KO hPSC-EPCs (p = 0.3967,
N =5). F qPCR analysis of CEBPA and PPARG expression in hPSC-EPCs treated
with GSK1904529A. In control cells, CEBPA (p < 0.0009, N =4) and PPARG

(p =0.0205, N =4) levels are significantly reduced. In contrast, GSK1904529A has
no significant effect on CEBPA (p = 0.9106, N = 4) or PPARG (p = 0.4736, N =4)
expression in PKP2KO hPSC-EPCs. Data are presented as mean + SEM. Statistical
comparisons were made using a one sample t-test.

dysfunction initiates or sensitizes epicardial cells to IGF2 signaling remain to
be elucidated. Future studies should investigate whether altered mechan-
otransduction or junctional instability in PKP2-deficient cells primes
transcriptional programs via YAP/TAZ dysregulation or epigenetic remo-
deling. Second, the relative contributions of IGF-1R-dependent versus
independent mechanisms in mediating IGF2-driven remodeling warrant
further investigation. This includes defining potential compensatory path-
ways or alternate receptors involved in IGF2 responsiveness, particularly in

the context of PKP2 loss. Third, the distinct differentiation trajectories and
phenotypic properties of hPSC-derived epicardial fibroblasts (EpiCFs)
versus cardiac fibroblasts (CFs) raise the possibility that targeting
epicardium-derived stromal subsets may offer greater therapeutic specifi-
city. Single-cell transcriptomic and epigenomic analyses of epicardial deri-
vatives in ACM hearts will be valuable to identify lineage-specific regulators
of fattyfibro transformation. Finally, future in vitro studies utilizing engi-
neered heart tissue or cardiac organoids incorporating epicardial
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components will be essential to validate therapeutic strategies that target IGF
signaling or its downstream effectors. Together, these studies will help define
new entry points for preventing or reversing fattyfibro remodeling in ACM
and may offer broader insights into epicardial contributions to cardiac
disease.

Methods

Reprogramming human peripheral blood mononuclear cells
(PBMCs) from ACM family members into hiPSCs

ACM and family matched control blood was obtained through consent and
IRB approval at Stanford and at John’s Hopkins University from two family
cohorts (1025 and 398). All ethical regulations relevant to human research
participants were followed. Individuals 1025-100, 398-100, and 398-110
were diagnosed with ACM, while individuals 1025-110, 1025-201 were
derived from family-matched control individuals without ACM. PBMCs
were reprogrammed into hiPSC lines as previously published™. hiPSCs were
grown in E8 media (Thermo Fisher Scientific) on Matrigel (Corning) coated
6-well plates until passage 8-10 and deposited into the Stanford Cardio-
vascular Institute Biobank.

Sanger sequencing hiPSC lines

DNA was isolated from each hiPSC line using the JETFLEX Genomic DNA
Purification Kit (Ca no: A30700, Thermo Fisher Scientific) and PCR was
performed using PrimeSTAR GXL Master Mix (Ca no: R051A, Takara)
containing one of the following primer sets: PKP2_1849C > T-F1:

tecteeccttetccagetcaaca,  PKP2_1849C > T-R1:  agcagtacggttcatgggtagca,
PKP2_1849C > T-F2:  ccgcagtttaagcacacccagtt, ~PKP2_1849C > T-R2:
atacccaaggccaaatatcaggg, PKP2_2013delC-F1:  tctggtctcctggtttgagtgtga,

PKP2_PKP2013delC-R1: tcacgacagaaagaaggcccacc. Sanger sequencing was
performed at Eton Biosciences and analyzed using the ApE Plasmid editor
software”.

CRISPR/Cas9 knock-in and isogenic control hiPSC lines

The PKP2 P672£sX740 2013delC or PKP2 Q617X 1849T > C mutations
were corrected in two ACM hiPSC lines (1025-100, and 398-110) using
CRISPR/Cas9 using the following protocol™. To correct the PKP2 Q617X
1849C > T mutation, hiPSC line 1025-100 was transfected with 1 ug of the
pX458 (Addgene) plasmid expressing Cas9 and the guideRNA (gtca-
taacctctectactage) along with 3-4 ug of the single-stranded oligodeox-
ynucleotides (ssODN) (catccaatacttttgttgttgtcagtctggatattccggttttgaatataga
tattctgggaatatttctctgggagcetctgectecagetggtaggagaggttatgaagaatgcacacacaattct).
To generate the isogenic corrected PKP2 2013delC hiPSC line (C > X), line
398-110 was transfected with 1 pg of the pX458 plasmid expressing Cas9
and the guideRNA (gcggaggaaaagagcaaccca) along with 3-4 g of the
ssODN (gcttcttgtgtgtagttgeggacacttttggegatcaaggacagatacatccttataacaatggaat
gccacagccactccacgeccttggggttgctcttttecteeggeatcggeacgtectggt). Transfections
were performed using 5 pL lipofectamine 3000 and 10 uL 3000 reagent
(Thermo Fisher Scientific) on 1 million cells. Two days after transfection,
GFP+ cells were sorted using the FACS Aria (BD) and seeded at a cell
density of 2000 cells per 6-well dish. Colonies were picked, expanded, and
sequence verified using Sanger sequencing. Isogenic corrected hiPSC lines
were deposited into the Stanford Cardiovascular Institute Biobank.

Generation of a PKP2 knockout (PKP2KO) hESC line

To generate a human embryogenic stem cell (hESC) PKP2 knockout (KO)
line (PKP2KO), H7 hESCs (WiCell) were passaged using Accutase, and
125,000 cells were plated into one well of a 24-well plate in E8 media plus
10 uM Y-27632 overnight. The following day, two guideRNAs (Synthego)
designed to target a common exon (ENST00000070846.11: exon 2)
encoding PKP2 (guideRNA1: UCCUACCUUUAGCAUGUCAU, guide-
RNA2: ACCUAUGACAUGCUAAAGGU) were resuspended in Tris-
acetate EDTA (TAE) to a final concentration of 3 uM. In one 0.5 pL
Eppendorf tube, 2 pL of each 3 uM guideRNAs was combined with 4 uL of
3 uM Cas9 protein (IDT) in 40 pL OptiMEM. In a separate 0.5 L Eppen-
dorftube, 4 uL of RNAIMAX (Thermo Fisher Scientific) was added to 37 pL

OptiMEM. Both tubes were combined and incubated at room temperature
for 10 minutes. The combined RNP/RNAIMAX complex was added to the
well of H7 cells with fresh E8 media. After four days, H7 cells were passaged
using Cell Dissociation Buffer (Thermo Fisher Scientific) and plated at a
density of 2000 cells per 6-well plate. After culturing for twelve days, H7
colonies were picked and sequenced at Eton Biosciences. Clones with
deleted nucleotides within exon 2 of PKP2 were further propagated. To
verify PKP2 was not expressed at the protein level, clones were differentiated
into cardiomyocytes (hiPSC-CMs) or epicardial cells (hiPSC-EPCs), and
Western blots were performed using antibodies against PKP2 (Cat no: PA5-
53144, Thermo Fisher Scientific). The PKP2KO hESC line was deposited
into the University of Arizona iPSC Core.

Characterization of iPSC lines

Chromosomal abnormality assessment, CRISPR-off target, and expres-
sion of pluripotent makers were previously performed on the PKP2
2013delC hiPSC line"”. To confirm hPSC lines expressed pluripotent
markers (OCT4 and SSEA4), immunofluorescence was performed as
previously described”. To detect for chromosomal abnormalities such as
duplications and deletions that may have occur during iPSC repro-
gramming, culture, or during CRISPR gene editing, DNA was isolated
from the PKP2KO, H7 parental control line, PKP2 1849C > T/- and
isogenic control line using the JETFLEX Genomic DNA Purification Kit
(Ca no: A30700, Thermo Fisher Scientific). DNA samples were sub-
mitted to the UCLA Stem Cell and Genome Engineering Center for an
NGS-based CNV analysis at 0.3X coverage. CRISPR off-target analysis
was determined by Sanger sequencing. To predict off-target sites, default
setting using the COSMID (CRISPR Off-target Sites with Mismatches,
Insertions, and Deletions) tool was used'’. Sanger sequencing was per-
formed on each predicted site from each guideRNA used in generating
the PKP2KO and PKP2 1849T > C isogenic control line and compared to
the unedited/parental line (H7, 1849C > T/-).

Epicardial cells derived from hPSCs

Human PKP2 1849C>T/-, PKP2 2013delC/-, PKP2KO and isogenic
control hPSC lines were differentiated into hPSC-EPCs as previously
described™ with minor changes. hPSCs were cultured until cells were 80%
confluent in E8 medium on Matrigel-coated 6-well cell culturing plate. On
day 0, E8 medium was replaced by Dulbecco’s Modified Eagle Medium
(DMEM) (Cat no: 10-092-CM, Fisher Scientific) that was supplemented
with 128 pug/mL ascorbic acid-2-phosphate with 6 uM CHIR99021 (Cat no:
C-6556, LC Laboratories), an agonist of Wnt signaling pathway. After
twenty-four hours, the medium was replaced with fresh DMEM with
128 ug/mL ascorbic acid-2-phosphate for the following two days. On day 3,
cells were treated for forty-eight hours in DMEM with 128 ug/mL ascorbic
acid-2-phosphate supplied with 5 uM IWR-1-endo (Cat no: S7086, Sell-
eckchem), an inhibitor of Wnt signaling pathway. On day 5, IWR-1-endo
was replaced with fresh DMEM with 128 pg/mL ascorbic acid-2-phosphate.
On day 6, the progenitor cells were dissociated using Accutase for five
minutes at 37°C and centrifuged (200 x g for three minutes) to remove the
Accutase. Cells were resuspended in epicardial maintenance medium
(DMEM medium supplemented with 128 ug/mL ascorbic acid-2-
phosphate and 10 pg/mL insulin) containing 10 pM Y27632. Cells were
placed in a new Matrigel-coated 6-well culturing plate at a seeding density of
40,000 cells per cm? On days 7 and 8, the medium was replaced with fresh
epicardial maintenance medium supplied with 3 pM CHIR99021. Days 9,
10, and 11, the medium was replaced with fresh epicardial maintenance
medium. From day 12 onwards, the cells were treated with 2 uM SB431542
(Catno: S1067, Selleckchem), a TGF-p inhibitor for long-term maintenance
and split when confluent. To split hPSC-EPCs, Accutase was added to the
culture well for five minutes, cells were dislodged from the culture well with a
pipette, and Accutase was removed by centrifugation (200 x g for 3 min-
utes). After 2-3 passages (approximately 30 day old hPSC-EPCs), SB431542
was removed from the epicardial maintenance medium three days before
the start of experimentation.
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Fibroblasts derived from hPSC-EPCs (hPSC-EpiCFs) and cardiac
fibroblasts (hPSC-CFs)

To generate fibroblasts from hPSC-EPCs, hPSC-EPCs were treated using an
adapted protocol®’. hPSC-EPCs from days 10-12 of differentiation were
placed in fibroblast medium containing 75 ng/ml bFGF, HLL supplement
[500 pg/ml human serum albumin, 0.6 uM linoleic acid, 0.6 pg/ml lecithin],
1 pg/ml hydrocortisone hemisuccinate, 7.5 mM glutamine, and 5 pg/ml rh
insulin to promote a profibroblast state. Once showing fibrotic character-
istics, cells were maintained and split with the same treatment alongside 5%
fetal bovine serum (FBS), allowing the cells to mature into epicardial derived
cardiac fibroblasts (hPSC-EpiCFs). Cardiac fibroblasts (hPSC-CFs) that did
not pass through an epicardial state were generated using an additional
protocol™. In brief, hiPSCs were subjected to 6 uM CHIR99021 to upre-
gulate the Wnt signaling pathway during mesendoderm induction. The
medium was replaced after 24 hours with DMEM supplemented with
128 pug/mL ascorbic acid-2-phosphate. The following day, cells were placed
in fibroblast medium to promote fibroblast differentiation for 20 days. Cells
were split with this medium along 5% FBS and maintained within this
medium.

Immunofluorescent imaging

hPSC-EPCs were passed onto Matrigel-coated glass coverslips and were
allowed to grow until fully confluent. The media was removed and rinsed
with phosphate-buffered saline (PBS) (Cat no: 14190-144, Thermo Fisher
Scientific). For cell fixation and permeabilization, room temperature cells
were treated for five minutes with 100% methanol that was chilled at —20°C,
washed with PBS five times for five minutes, and then blocked using 2%
bovine serum albumin (BSA) (Cat no: BP1600-100, Fisher Scientific) in PBS
with 0.1% Tween-20 (Cat no: 85113, Thermo Fisher Scientific) (PBST) for
one hour at room temperature. After blocking, primary antibodies (Sup-
plementary Table 2) were diluted in 2% BSA in PBST and incubated for one
hour at room temperature or overnight at 4°C. The cells were washed with
PBST five times for three minutes before the cells were subsequently stained
with the corresponding secondary antibodies (Supplementary Table 2) for
one hour at room temperature. Cells were washed in a repeated manner and
treated with 1:10,000 4’,6-diamidino-2-phenylindole (DAPI) (Cat no:
D1306, Thermo Fisher Scientific) for five minutes. Cells were washed three
times for three minutes each with PBS and cover-slipped using VECTA-
SHIELD Vibrance® Antifade Mounting Medium (Cat no: H-1700, Vector
Laboratories). Imaging was performed using a Nikon Eclipse Ti2 micro-
scope equipped with a pco.edge camera.

Cell migration assay

hPSC-EPCs were seeded with a density of 300,000 cells per well in a 12-well
cell culturing plate and were grown until a fully confluent monolayer was
formed. hPSC-EPCs were treated with 10uM cytosine B-D-
arabinofuranoside (Cat no: 02100071-CF, MP Biomedicals), a selective
DNA synthesis inhibitor to prevent undergoing cell division during the cell
migration assay. The cell monolayer was scratched with a sterile P200
pipette tip to form a gap. The cell monolayer was imaged at hours 0, 4, 8, 24,
and 48 using a Nikon Eclipse Ti2 microscope equipped with a pco.edge
camera. The gap area of each image was quantified using Image] software
with the wound size tool plugin installed®.

Adipogenic induction and lipid uptake quantification

hPSC-EPCs were seeded at a density of 150,000 cells per well in a 24-well cell
culturing plate and grown to 90% confluency. Cells were treated with adi-
pogenic induction medium [DMEM with 100 uM indomethacin, 500 pM 3-
isobutyl-1-methylxanthine (IBMX), 700 nM dexamethasone, 1 uM insulin,
and chemically defined lipid concentrate] for eight days with the media
being replaced every other day*'. For IFNy treatment, cells were subjected to
50 ng/ml IFNy (Ca no: 300-02, Peprotech) in adipogenic induction med-
ium. Lipid staining was performed on days 0, 4, and 8 during adipogenic
induction by incubating 20 ng/ml Nile red stain (Cat no: 300-02, Peprotech)
for 20 minutes at 37°C. hPSC-EPCs were live imaged using the Nikon

Eclipse Ti2 microscope equipped with an mCherry filter, which has an
excitation range of 550-590 nm and an emission range of 608-683 nm at 50
milliseconds of exposure. Fluorescence intensity of the acquired images
were saved in TIF format and then quantified using Image]J software by
measuring the mean grey value of each acquired image®.

Protein quantification using western blots

Protein was isolated from hPSC-EPCs and collected using a lysis buffer
[50 mM tris-HCI (pH 8.0), 150 mM NaCl, 0.1% SDS, 0.5% sodium deox-
ycholate, 1% Triton X-100, and protease inhibitor (Cat no: 11836153001,
Sigma Aldrich) and sodium orthovanadate (Cat no: P0758S, New England
BioLabs)]. Protein concentration was determined using the Pierce BCA
Protein Assay. Sodium dodecyl sulfate (SDS) polyacrylamide gel electro-
phoresis and Western blot were performed using Mini-PROTEAN Tetra
Vertical Electrophoresis Cell with Mini Trans-Blot (Ca no: 1703935, Bio-
Rad). For each lysate, 30-40 pug of protein was loaded onto a 1.5 mm,
10-12% polyacrylamide gel and transferred to a polyvinylidene fluoride
(PVDF) membrane using transfer buffer [25 mM Tris, 192 mM glycine,
20% methanol] overnight at 4°C. The next day, the membrane was blocked
for an hour using tris-buffered saline (TBS) [50 mM Tris-Cl, (pH 7.5),
150 mM NaCl] with 0.1% Tween-20 (TBST) and incubated overnight at 4°C
with the primary antibodies (Supplementary Table 3) diluted in 5% BSA in
TBST. On the final day, the membranes were washed five times with TBST
for ten minutes and incubated with the corresponding secondary antibodies
(Supplementary Table 3) for one hour at room temperature. Membranes
were subsequently washed again five times for ten minutes with TBST, and
protein bands were visualized using the LI-COR Odyssey CLx imaging
system (LI-COR Biosciences, Lincoln, NE). Protein densitometry was
quantified and analyzed using Image Studio software” and GraphPad
Prism 9.5.1.

RNA isolation, RNA sequencing, and quantitative polymerase
chain reaction (qPCR)

hPSC-EPCs were seeded with a density of 600,000 cells per well in a 6-well
cell culturing plate and were grown until confluent. Cells were either sub-
jected to either adipogenic induction, epicardial maintenance medium with
1 ng/ml TGFp (Cat no: 100-21 C, Peprotech), or left untreated. Cells were
treated for eight days and replaced with fresh medium every other day.
Subsequently, cells were lysed with TRIzol (Cat no: R2050-1-200, Zymo
Research), and total RN A was extracted and purified from the TRIzol lysates
using the Direct-zol RNA MiniPrep kit and protocol (Cat no: R2052, Zymo
Research). RNA-sequencing (RNA-seq) was performed targeting >20
million, 2x150 paired-end reads (Novogene). Reads were mapped to the
hg38 genome using STAR, and a count matrix was produced using DESeq2.
A string network was generated using STRING*, motif analysis using
HOMER?Y, and gene enrichment analysis was performed using GSEA™. For
quantitative polymerase chain reaction (QPCR), the total RNA was con-
verted to single stranded complementary DNA (cDNA) using the High-
Capacity cDNA Reverse Transcription kit (Cat no: 4368814, Thermo Fisher
Scientific) or the EpiScript RNase H-Reverse Transcriptase kit (Cat no:
ERT12925K, Biosearch Technologies) following the manufacturer’s
instructions. cDNA samples were used for gPCR analysis using the GoldBio
SYBR green master mix following the manufacturer’s protocol. Transcript
quantities were compared using the relative Ct method, where the amount
of each target gene is normalized to the amount of endogenous control gene
(18S) and relative to the control sample as 2~**“. Values were plotted and
analyzed using GraphPad Prism 9.5.1 The sequences of primers used for
qPCR are included in a table (Supplementary Table 4).

PKP2 mutant molecular modeling

The full-length structure of PKP2 isoform 2 is not available in the Protein
Data Bank. Therefore, a computational method was used to model the full-
length three-dimensional (3D) structure. Initially, the sequence of PKP2
isoform 2 was retrieved from Uniprot database” and submitted to Robetta
webserver™. A total of five models were retrieved from the Robetta server,
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and their geometry consistency/reliability were evaluated using SAVES and
ProSA* webservers. Based on these consensus model validation results, the
most reliable PKP2 isoform 2 structure was chosen for further study. The
most reliable PKP2 isoform 2 structure was then used as a homology
template to model the PKP2 isoform 1 using MODELLER software™. After
modeling, the predicted PKP2 isoform 1 structures geometry consistency/
reliability was validated as described above. Finally, the mutant protein
(ie, PKP2 isoform 1) structure was generated using Discovery Studio
Visualizer.

IGF2 and IGF-1R inhibitor treatment

hPSC-EPCs were seeded with a density of 600,000 cells per well in a 6-well
cell culturing plate and were grown until fully confluent. The untreated cells
only contained DMEM. Treated cells were subjected to DMEM medium
with 10-50 ng/mL IGF2. Cells were treated for six days replaced with fresh
treatment solutions every other day. Phase images were taken on days 0, 3,
and 6 during the treatment period. On day 6, the cells were lysed, and total
RNA was extracted to perform qPCR. To measure the effects of IGF-1R
inhibition during adipogenic induction, control and PKP2KO hPSC-EPCs
were seeded with a density of 150,000 cells per well in a 24-well culture plate.
hPSC-EPCs were grown until confluent and subjected to the adipogenic
induction described above. Control wells (untreated) were only exposed to
the adipogenic induction medium, while IGF-1R inhibitor wells were
treated with 1M GSK1904529A (S1093, Selleckchem) in adipogenic
induction medium. Cells were treated for eight days with the medium and
replaced with fresh treatment solutions every other day. Nile Red fluorescent
intensity was quantified on day 8.

Human ACM and control heart tissue

Human ACM heart tissue and unaffected control heart tissue (10-20 mg)
was obtained under IRB approval from the Bruce McManus Cardiovascular
Biobank at St. Paul’s Hospital affiliated with the University of British
Colombia (H23-03278). All ethical regulations relevant to human research
participants were followed. All tissue samples were dissected from the same
anatomical position (mid-RVFW). Heart tissue was minced using a sterile
blade and placed in TRIzol. RNA was isolated and converted to cDNA using
the same method described above. Samples were processed for gPCR using
primers for CEBPA, PPARG, and IGF2.

Statistics and reproducibility

All experiments were performed at least in biological triplicate (n>3
independent differentiations or cell preparations), with each differentiation
or preparation treated as a biological unit. No data points were excluded.
Data are presented as mean * standard error of the mean (SEM) unless
otherwise noted. Statistical comparisons between two groups were made
using unpaired two-tailed Student’s t-tests with Welch’s correction when
variances were unequal, or one-sample t-tests when one group was nor-
malized to a fixed reference. Multiple group comparisons were analyzed by
one-way or two-way analysis of variance (ANOVA) with Bonferroni (for
one-way) or Tukey’s (for two-way) post-hoc correction for multiple testing.
A p-value < 0.05 was considered significant.

RNA-seq experiments were conducted on at least four independent
differentiations per condition. Raw read counts were normalized and tested
for differential expression using DESeq2. Due to high inter-line variance, a
p <0.05 threshold was used. Gene set enrichment and network analyses
were performed using GSEA and STRING, respectively, with default
settings.

Ethics declarations

All ethical regulations relevant to human research participants were
followed. Written informed consent was obtained from all participants
prior to enrollment. The study protocol was approved by the Institu-
tional Review Boards of Stanford University and Johns Hopkins Uni-
versity, and all data were handled in a HIPAA-compliant, de-identified
manner.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All data generated or analyzed during this study are included in this pub-
lished article [and its supplemental information files], and all relevant data
are available from the corresponding author on reasonable request.
Unprocessed gels/scans and numerical source data provided as Supple-
mentary Fig. 3 and Supplementary Data 1. RNA-seq data are deposited
under the GEO accession number GSE301005.
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