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Abstract

Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC) is a progressive disease
characterized by adipose and fibrous replacement of the myocardium. Elevated
testosterone levels may contribute to the pathological process in ARVC patients.
However, the exact contribution of testosterone to cardiac fibrosis in ARVC remains
unclear. In this study, we analyzed the gender differences in the distribution of the\low-
voltage area in an ARVC cohort undergoing an electrophysiological studyyand feature
selection suggested the potential contribution of gender differences in the low-voltage
areas in ARVC patients. Additionally, we established engineered cardiac spheroids
models in vitro using patient-specific induced, ‘pluripotent stem cell derived
cardiomyocytes (iPSC-CMs) and fibroblasts (i5Bs), and elucidated the pathogenicity
of abnormal splicing in the PKP2 gene edused by an intronic mutation. The additional
pathogenic validation of the Desnioglein2 (DSG2) point mutation further confirms the
reliability of the models. Moreover, testosterone exacerbated the DNA damage in the
mutated cardiomyocytes (CMs) and further activated myofibroblasts as a chain reaction.
In conclusion;w¢ designed and constructed an in vitro 3D engineered cardiac spheroid
model ofZARVC based on clinical findings and provided direct evidence of the fibrotic

role of testosterone in ARVC.
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Introduction

Arrhythmogenic right ventricular cardiomyopathy (ARVC) is an inherited
cardiomyopathy primarily attributed to mutations in desmosomal protein-encoding
genes, notably Plakophilin2 (PKP2), Desmoplakin (DSP), Desmoglein2 (DSG2),
Desmocollin2 (DSC2), and Plakoglobin (PKG). The prevalence of ARVCis ~1:2,000
to 1:5,000, depending on geographic location[1]. Clinically, ARVC is markedby the
adipose and fibrous degeneration of myocardial tissue, and manifests of ARVC include
arrhythmogenic syncope, sustained ventricular tachycardia (VT))and sudden cardiac
death[2, 3]. Finally, up to 50% of ARVC patients may develop heart failure[4].

Epidemiological studies suggest that ARVC s'¢more prevalent in males than
females[5]. Male patients also face higher rigks)of ventricular tachycardia/ventricular
fibrillation (VT/VF) or death. A previeus study has shown that testosterone is an
essential factor leading to malignaftarrhythmias and an increased risk of major adverse
cardiac events (MACE) in thale patients with ARVC[6]. Testosterone can increase
cardiomyocyte apoptesis and excessive adipogenesis[6]. However, the role of
testosterone in(the fibrotic process of ARVC remains unclear.

Digease-specific induced pluripotent stem cells drived cardiomyocytes (iPSC-CMs)
have successfully replicated the critical features of ARVC, including progressive
myocardial cell apoptosis, adipogenesis, and abnormal calcium handlings[6-8].
However, the monolayer culture of CMs leads to cellular disorientation, lacks
extracellular matrix, and exhibits limited interactions among various cell types.[9],

which may obscure contributions from various cardiac stromal cells[10]. Fabricated



cardiac microtissues like organoids and engineered cardiac tissues have been leveraged
over the past several years to construct disease models, predict drug toxicity, and assess
metabolic properties[11]. Hence, developing an advanced cardiac tissue model in vitro
would be highly beneficial for investigating the pathology of ARVC.

In this article, we detected a potential impact of gender on low-voltage areas in
clinical ARVC patient electrophysiological mapping. Considering that lowvoltage
areas serve as surrogate markers for cardiac fibrosis [12], we hypathesized that
testosterone may promote cardiac fibrosis in ARVC. We obtained disease-specific
iPSCs from two ARVC patients and differentiated them into‘cardiac fibroblasts (icFBs)
and ventricular cardiomyocytes (VCMs). Subsequently, we established an engineered
cardiac spheroid model and successfully replicated ARVC-related phenotypes in vitro.
Furthermore, we introduced dihydrotestosterone (DHT) and evaluated its role in the
fibrotic process of the ARVC model. Finally, we conducted a preliminary exploration

of the mechanisms by which DHT promotes ARVC cardiomyocyte fibrosis.

Materials -afid methods

ARV Cpatients and Electroanatomic mapping

We enrolled 60 consecutive patients diagnosed with ARVC who were scheduled to
undergo electrophysiological examination or catheter ablation. Electroanatomic
mapping was performed using the Ensite system (Abbott Inc.) or the CARTO mapping
system (Biosense Webster Inc.). For mapping, we utilized a deflectable duo-decapolar

catheter (Livewire, 2-2-2 mm spacing, St. Jude Medical) or an ablation catheter



(Thermocool, Biosense Webster Inc; Coolflex, Abbott Inc). Areas exhibiting a bipolar
electrogram amplitude below 0.5 mV were defined as "low-voltage areas." In patients
who underwent endocardial and epicardial substrate mapping, 19 showed abnormal
substrate in the right ventricular free wall. The study protocol adhered to the ethical
guidelines set forth in the 1975 Declaration of Helsinki and received prior approval

from the ethics committee of the First Affiliated Hospital of Nanjing Medical University.

Cell Culture and Differentiation
Two iPSC lines used in this study were derived from two, ARVC patients with PKP2
mutation ¢.336+1G>A (PKP2m) or DSG2 mutatiénr 1592T>G (DSG2m) from a
previous study[12], respectively. One of theinli€althy family members was used as the
corresponding Control-iPSC line respectively. The Ethics Committee of the First
Affiliated Hospital of Nanjing Médical University provided the approval of the study.
The iPSC lines were generated using a CytoTune-iPS 2.0 Sendai reprogramming kit
(Thermo Fisher Scientific, A16517), which employed four Yamanaka factors (OCT4,
KLF4, SOX2anhd cMYC), following the manufacturer's instructions with subtle
adjustments. Individual colonies were identified and maintained in mTeSR1 Medium
(STEMCELL, 85850). The mutation site was examined using Sanger sequencing.

For cardiac differentiation. In accordance with our previous protocol[13], two
ARVC-iPSC lines and corresponding Control-iPSC lines underwent cardiac
differentiation towards the ventricular myocyte lineage. Briefly, the confluence of

iPSCs reached approximately 90% on D0. On DO to D1, additional CHIR-99021 (6



umol/L, Selleck, S1263) was added to induce mesodermal differentiation. On D3 to D4,
IWR-1 (5 umol/L, Sigma-Aldrich, 10161) was added to the medium to inhibit Wnt
signaling and induce cardiogenesis. From D5 to D7, BMS493 (1 pumol/L, Sigma-
Aldrich, B6688) was added for directly differentiating into ventricular cardiomyocytes.
From DO to D7, the basic medium was RPMI 1640 medium (Gibco, C11875500BT)
containing B27 minus-insulin supplement (Gibco, A1895601). From D8 onwards;cells
were cultured in RPMI 1640 medium containing B-27 complete supplethent (Gibco,
17504044). Beating cardiomyocytes were observed on D8 to D10."Besides, to obtain
enriched cardiomyocyte populations, glucose-free DMEM (Gibco, 11966025) medium
supplemented with 4 mmol/L Sodium L-lactate ((Sigma-Aldrich, 71718) and 3.6
mmol/L HEPES (Sigma-Aldrich) were appliedfor 3-4 days. Purified myocardium was
maintained in advanced DMEM/F12 (Gibco, 12634028) supplemented with 2% FBS
(Gibco, 10099141). The splicing)site was examined using Sanger sequencing. The
extracted RNA from Contfel*VCMs and PKP2m-VCMs was reverse transcribed into
cDNA, followed by P€R amplification. Gel electrophoresis was performed, and the
amplified cDNA fragments corresponding to EXON1~3 were purified after gel excision.

For i¢FBs differentiation. Follow the method described earlier[14]. Control-iPSCs
reached a confluence of approximately 50% on D0. On DO to D1, additional CHIR-
99021 (6 umol/L, Selleck) was added and On D3 to D4, IWR-1 (5 umol/L, Sigma-
Aldrich, Germany) was added. On D4, human induced pluripotent stem cell-derived
cardiac progenitor cells (iPSC-CPCs) were cultured in advanced DMEM/F12 medium

for 24h and re-plated at a density of 20,000 cells/cm? and treated with 5 pmol/L of



CHIR-99021 and 2 pmol/L of retinoic acid (S1653, Selleck) for 2 days, and recovered
in advanced DMEM/F12 for 3 days. On D8, human induced pluripotent stem cell-
derived epicardial cells (iPSC-EPCs) were replated and treated with 10 ng/L of FGF2
(100-18B, PeproTech) and 10 umol/L of SB431542 (S1067, Selleck chemicals) in
Fibroblast Medium-2 (FM2, ScienCell, 2331) for another 5-6 days to harvest icFBs.
And icFBs were maintained in FM2 as seed cells of spheroids construction, and

transwell co-culture model.

Cardiac spheroids generation

Cardiac spheroids use the scaffolded construction méthod described earlier[15]. Briefly,
Collagen type I from rat tail (Corning, 354249) and Geltrex (LDEV-Free, Gibco,
A1413301) mix was used to fabricate cardiac spheroids. The final concentrations were
collagen I (3 mg/mL), Geltrex (0,08 mg/mL), 2.3% 1M NaOH, and 1x107 total cells/mL
consisting of 85% cardioniydcytes and 15% icFBs. A volume of 1 pl of this cocktail
was seeded into adow’ adhesion U-bottom 96-well plate (SpheroX™ 96Ukit, EFL-
SP101). Spherdids were maintained in RPMI 1640 medium supplemented with 3% FBS

and complete B27 supplement until contractile (D7) and structural (D14) analysis.

Analysis of contraction physiology of spheroids
Spheroids in U-bottle 96-well plate were monitored daily for a spontaneous beating by
acquiring representative videos. All videos collected in our experiment were shot at a

fixed frame rate of 15 frames/s under the same light intensity. The beating velocity was



characterized using custom-built motion tracking software[16] by analyzing videos
taken by a bright-field inverted microscope with a CMOS camera (E3CMOS,
TOUPTEK PHOTONICS CO., LTD)[17]. The beating velocity is obtained by matching
a block of pixels with an identically sized block of pixels in the neighboring frame and
capturing the corresponding motion vector data. Subsequently, the tracings of the
beating velocity are determined based on the known temporal interval betweenframes.
The procedure to derive the beating velocity involves correlating a set ©f pixels in a

given frame with a corresponding set of pixels in the subsequent frame.

Intracellular calcium transient

Spheroids were loaded with the calcium-sensitive dye Fluo-4 AM (Invitrogen, F14201)
at a working concentration of 5 umol/L fer’60 minutes at 37 °C. Spheroids were rinsed
and then maintained in Tyrode's.sdlution. The spontaneous calcium fluorescence signal
was recorded by an invetted fluorescence microscope (Axio Vert Al, Carl Zeiss,
Germany) equipped with an sSCMOS camera (Tucsen, Dhyana95, China). Recordings
were obtained(at the acquisition rate of 70+ frames/second to get original videos. The
fluoreseonce intensity in the region of interest was determined based on the (F-FO0)/FO0,
and a time series analysis was carried out. FO is the initial background fluorescence
intensity, while F is the intensity at any point in time. All calcium transient videos were

analyzed using the Time Series Analyzer V3 plugin in ImageJ.

Co-culture Protocol and drug treatment



1cFBs and PKP2m-icFBs were co-cultured with PKP2m-VCMs and Control-VCMs,
respectively, in Transwell inserts (membrane pore size of 0.4 um, JET BIOFIL,
TCS001012). Adipogenesis medium (Cyagen, HUXXC-90031), with or without 50nM
DHT (Selleck, S4757), was added to both the apical and basolateral sides of the
Transwells. Control samples were supplemented with ddH20 or 0.1%DMSO,
depending on the solvent used to prepare the concentrated stock. After co-culturing in
the Transwell for 48 hours, RNA was extracted from icFBs for qRGR analysis.
Additionally, icFBs used for immunofluorescence staining and ROS detection were

subjected to an extra 3-day co-culture period.

Immunofluorescence and antibodies

Cells were seeded on a coverslip and eultured for 7 days before being fixed in 4%
paraformaldehyde for 30 minutes) The cells were permeabilized with 0.2% Triton X-
100 for 3 minutes and then blocked in 3% BSA in PBS for 30 minutes at room
temperature. Cells were then incubated overnight at 4 °C with primary antibodies. For
iPSCs, anti-TRA=1-60 (1:200 dilution; CST, #4746) and anti-Nanog (1:200 dilution;
CST, #4903) were applied. For CMs, anti-a-actinin (1:200 dilution; Sigma-Aldrich,
A5044), anti-cardiac troponin I (1:500 dilution; Abcam, ab92547), anti-cardiac
troponin T (1:100 dilution; Abcam, ab8295), anti-PKP2 (1:200 dilution; Abcam,
ab223757), and anti-yH2AX (1:100 dilution; Abcam, ab11174) were used. For icFBs,
anti-Vimentin (1:200 dilution; Abcam, ab47003), anti-yH2AX, and anti-a-SMA (1:200

dilution; Abcam, ab5694) were used. The primary antibodies are listed in Table SI.



Alexa Fluor 488 labeled Donkey anti-Rabbit IgG (1:500 dilution; Yeasen, 34206ES),
Alexa Fluor 488 labeled Donkey anti-Mouse IgG (1:500 dilution; Yeasen, 34106ES),
and Alexa Fluor 594 labeled Donkey anti-Mouse IgG (1:500 dilution; Yeasen, 34112ES)
were used for secondary antibodies. Secondary antibodies were incubated with samples
at room temperature for 60 minutes. Phalloidin-California Red Conjugate (APExBIO,
B8325) was used to detect the F-actin of EPCs and icFBs. The nuclei were stained,with
DAPI (Beyotime, C1002) for 1 minute. The cells were imaged under a fluorescence
microscope (Axiolmager A2, Carl Zeiss, Germany). Images were analyzed and merged

with ImageJ (NIH, version 1.8.0 _77).

Transmission electron microscopy (TEM)

The cells were fixed with 2.5% glutaraldehyde and 1% osmium tetroxide. After rinsing
with PBS, the cells were dehydrdtéd using ethanol solutions and embedded in resin.
Ultrathin sections were cut\sing an ultramicrotome (EMUCT7; Leica, Germany) and
stained with lead citrate. Visualization was performed using a transmission electron
microscope equipped with a CCD camera operating at 75 kV (JEM-1010, Jeol Ltd,

Japan).

ROS detection and Flow cytometry
ROS levels were determined using the DCFH-DA (2',7'-Dichlorodihydrofluorescein
diacetate) probe (Beyotime, S0033) following the manufacturer's protocol. Briefly,

intracellular ROS can oxidize non-fluorescent DCFH (2',7'-Dichlorodihydrofluorescein)



to produce fluorescent DCF. The intracellular ROS level was analyzed by inverted
fluorescence microscopy and flow cytometry. The Transwell inserts containing icFBs
were rinsed with PBS and placed onto glass slides, followed by visualization using an
inverted fluorescence microscope (Axio Vert Al, Carl Zeiss, Germany). The cells were
analyzed for flow cytometry using FACSCalibur™ (BD, USA), and subsequent

analyses were performed using FlowJo software (Tree Star, version 10.5.3).

Real-Time qPCR analysis

Gene expression was quantified using real-time qPCR <analysis. On Day 28 of
differentiation, PKP2m-VCMs and Control-VCMs were sacrificed for the Real-Time
qPCR analysis. qPCR was performed on i¢FBs co-cultured with VCMs after 48h
Transwell co-culture. Total RNA fromntissues or cells was extracted using Trizol
(Invitrogen, 15596026) following the manufacturer's protocol, quantified by using
NanoDrop, and reverse transcribed into cDNA using a cDNA synthesis kit (Yeasen,
11141ES60). gPCR.was done with a Step one plus Real-Time PCR system (Applied
Biosystems,- USA) with gene-specific primers. The amount of RNA was calculated
using_the& comparative threshold cycle method. The mRNA expression levels were
normalized to the GAPDH using the 2-AACt method. All primers were custom-made

by Tsingke Biotech Co., Ltd. The primer sequences are shown in Table S2.

Statistical analysis

For statistics of clinical baseline data, data with a normal distribution were presented



as the mean+SD. Feature selection was performed in the discovery cohort by using the
maximal information coefficient (MIC) algorithm with the low-voltage areas via
epicardial mapping and endocardial mapping as the target data, respectively. R software
(Version 4.1.0) was used for statistical analyses and data visualization. The minerva
package (https://search.r-project.org/CRAN/refmans/metrica/html/MIC.html) was
used to perform Feature selection[18]. For the in vitro experiment part. Datawith a
normal distribution were presented as the mean+=SEM. Students' t-tests were then used
to compare two groups. One-way analysis of variance was used ‘t0-Compare multiple
groups. The Chi-square test was used for categorical variabies. All statistical analyses
were performed with GraphPad Prism 9 (GraphPad)Software, USA). Significance

levels were determined by *p < 0.05, **p < 0;0Ty and ***p < 0.001.

Results

Feature selection suggested the potential influence of gender differences on the
low-voltage areas in ARVC patients

To evaluate. the” contributors of the lesions in ARVC patients, we analyzed a
retrospective cohort of ARVC in our medical center, in which 19 patients underwent
3D electrophysiological substrate mapping and exhibited massive areas of low voltage
(Table S3). It is evident that males have a relatively big size and percentage of low-
voltage area, but differences were relatively small in magnitude. The representative
endocardial and epicardial substrate mappings revealed a female ARVC patient with

moderate low-voltage area and a male ARVC patient with extensive low-voltage area



(Figure 1a). Additionally, the low-voltage area in the epicardium is more significant
than that in the endocardium. We then applied a supervised machine learning method,
i.e., feature selection, to analyze the contributors of the endocardial and the epicardial
low-voltage areas, respectively. The 14 most important features are listed in Figure 1b.
Left ventricular end-diastolic dimension (LVDd) and age were the top two relevant
features with the target data. The gender difference was ranked 6th and 4th important
feature, respectively. Figure 1c shows the relationship between the low voltage area of
substrate mapping and fibrotic myocardial tissue. Considering the télationship between
gender differences and cardiac fibrosis in ARVC patients i§ eurrently poorly studied,
we focused on the association of testosterone, the most important male sex hormone,

with the pathological process of cardiac fibrosi&’in ARVC in vitro.
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Figure 1 Substrate mapping and clinical features of an ARVC cohort.

Endocardial and epicardial substrate mapping shows (a) one female ARVC patient with
a moderate low-voltage area and one male ARVC patient with an extensive low-voltage
area. (b) Feature selection in the ARVC cohort. The 14 most important features
regarding the low voltage areas on both the endocardium and epicardium. (c) Schematic
diagram of the relationship between the LVA of substrate mapping and fibrotic
myocardial tissue. Abbreviation: LVA, Low voltage area; LVDd, Left ventricular end-



diastolic dimension; RAD, Right atrial diameter; LAD, Left atrial diameter; LVEF, Left
ventricular ejection fractions; VT, Ventricular tachycardia.

3D Spheroids enabled biomimetic modeling of ARVC

We first generated the PKP2m-iPSC line and DSG2m-iPSC line derived from ARVC
patients, respectively, with their corresponding Control-iPSC line derived from an
unaffected family member. The mutation sites in the genomic DNA were validated by
Sanger sequencing (Figure S1a). The pluripotency of four iPSC lines was(Confirmed by
immunofluorescence staining of Nanog and TRA-1-60 (Figure S1b)-Subsequently, the
differentiation to VCMs of four iPSC lines was performed.~The differentiation into
icFBs was performed on the PKP2m-iPSC line and ‘the corresponding Control-iPSC
line. The differentiation protocols for VCMs @nd icFBs, along with representative
bright-field images at different stages of.differentiation, were depicted in Figure S2a
and Figure S2c, respectively. (Control-VCMs and ARVC-VCMs all exhibited
expression of cardiac markers cTnl and a-actinin (Figure S2b). Figure S2d and Figure
S2e showed the cellular morphology of epicardial progenitor cells (EPC) before icFB
differentiation( the cytoskeletal morphology of icFBs, and the expression of the marker
proteing Vimentin. In addition, ARVC-VCMs have a characteristic phenotype of
increased lipogenesis in both PKP2m-VCMs and DSG2m-VCMs. Figure S3 showed
the characterization of adipogenesis in PKP2m-VCMs, DSG2m-VCMs, and
corresponding Control-VCMs. Figure S3a illustrated the up-regulation in the
adipogenesis-related gene expressions (SOX2, CTGF, FABP4, PPARa) observed under

adipogenic culture conditions. The application of Nile Red staining fluorescence



images reveals the formation of intracellular lipid droplets, indicating an increased
quantity of lipid droplets within ARVC-VCMs (Figure S3b).

We then generated 3D cardiac spheroids by incorporating an extracellular matrix
using type I rat tail collagen and Matrigel. The day of spheroids fabrication was
designated as DO. Figure 2a depicted the self-assembly and compaction of two kinds of
ARVC-spheroids with PKP2 mutation (PKP2m-spheroids) and DSG2 mutation
(DSG2m-spheroids) and their corresponding Control-spheroids froni{ D0 to D7.
Calcein-PI staining confirmed the good cell viability in all types‘of-Spheroids (Figure
2b). As the spheroids self-assembled, PKP2m-spheroids ~and DSG2m-spheroids
exhibited higher compaction and smaller diametefsr than corresponding Control-
spheroids (Figure 2c). We performed a reundness analysis to assess the shape
characteristics of the spheroids on D7;revealing that ARVC-spheroids exhibited a
relatively more irregular shape. (Bigure 2d). Representative bright field videos were
recorded (Supplementary video1), and the beating behaviors of the cardiac tissues were
analyzed. The spontarieous beating frequency was higher in PKP2m-spheroids than in
corresponding(€ontrol-spheroids, but both decreased over time (Figure 2¢). Whereas
the spontaneous beating frequency of DSG2m-spheroids increased a little (Figure 2f).
Figure S4 displayed the representative beating behavior maps and color-coded heat
maps of PKP2m-spheroid, DSG2m-spheroid, and corresponding Control-spheroid
during one beat cycle on D7. The length of the arrow in the picture is proportional to
the rate of contraction. Control-spheroids exhibited distinct contraction-relaxation

directionality, while the beating characteristic of ARVC-spheroids was less pronounced



and less consistent in direction. We analyzed three randomly selected areas at the edge
of each spheroid and quantified the beating contraction rate velocity. Two kinds of
control spheroids displayed synchronized beating trajectories and had a larger
maximum contraction rate velocity (Figure 2g). In contrast, the ARVC-spheroids
exhibited faster beating frequency, and the beating characteristic varied across different

regions (Figure 2h, 1).
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Figure 2 The formation and characteristics of 3D cardiac spheroids.

(a) Representative bright-field images from DO to D7 showing the self-assembly
process of both PKP2m-Spheroids and DSG2m-Spheroids and corresponding Control-
Spheroids. Bar=200 um. (b) Representative live/dead staining of formed Spheroids.
Calcein (green), PI (red), and Nucleus (blue). Bar=200 pum. (¢) Quantification of
Spheroids compaction on the indicated days of culture. **P<0.01, ***P<0.001
compared with corresponding control. (d) The Circularity of PKP2m-Spheroids and
DSG2m-Spheroids and corresponding Control-Spheroids. ***P<0.001. (e, f) The Beats




frequency of PKP2m-Spheroids and DSG2m-Spheroids and corresponding Control-
Spheroids. (g) The max velocity of PKP2m-Spheroids and DSG2m-Spheroids and
corresponding Control-Spheroids. **P<0.01. h, 1) Representative spontaneous trace of
PKP2m-Spheroids and DSG2m-Spheroids and corresponding Control-Spheroids.

DHT exacerbated fibrosis in ARVC spheroids

To evaluate the role of DHT in the fibrosis process of ARVC, two kinds of ARVC-
spheroids and their corresponding Control-spheroids were cultured for an extraAdays
with or without the addition of DHT in the adipogenic medium, starting ftom the D7 of
spheroids construction.

Figure 3a, b showed the representative trace of PKP2m-Spheroid and DSG2m-
Spheroid, cultured with or without DHT. It was @bserved that the cultured in the
adipogenic medium increased proarrhythmice¥oiits in PKP2m-spheroids and induced
the asynchrony of beating. While DSGZm-spheroids appeared in no more incidents
(Figure 3c, d). However, additiortal DHT in the medium significantly increased
proarrhythmic events in PKP2m-spheroids and DSG2m-spheroids (Figure 3c, d), and
the extra DHT impaired’the maximum contraction rate of both ARVC-spheroids (Figure
3e, f).

Immanofluorescent staining of fibrosis was performed on ARVC-spheroids and
corresponding Control-spheroids (Figure 3g, h). The results demonstrated that the DHT
treatment did not significantly increase the expression of a-SMA in corresponding
Control-spheroids, but it significantly enhanced the expression of a-SMA in PKP2m-
spheroids (fold changes 3.54+0.45 vs 2.03+0.25, plus DHT or not) and DSG2m-

spheroids (fold changes 2.90+0.25 vs 1.37+0.18, plus DHT or not) (Figure 3i).



Furthermore, none of the treatments significantly impacted the expression of Vimentin
in PKP2m-spheroids and corresponding Control-spheroids (Figure S5a, b). These
findings suggested that fibrosis is primarily caused by the activation of fibroblasts into
myofibroblasts within the spheroids rather than the proliferation. The calcium transient
analysis demonstrated that Control-spheroids treated with DHT exhibited higher peak
amplitudes than PKP2m-spheroids. However, DHT treatment caused altered\Ca**
handling in PKP2m-spheroids (Figure 3j) and resulted in a higher eéccurrence of

proarrhythmic events (Figure 3k).
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Figure 3 Additional DHT increased proarrhythmic events and fibrosis in ARVC-
Spheroids.

(a, b) Representative spontaneous trace of PKP2m-Spheroids and DSG2m-Spheroids,
cultured with or without DHT. (c, d) Proportions of proarrhythmic events in PKP2m-
Sphefotds and DSG2m-Spheroids and corresponding Control-Spheroids, with or
without DHT. (e, f) The max velocity of PKP2m-Spheroids and DSG2m-Spheroids and
corresponding Control-Spheroids, with or without DHT. *P<0.05. (g, h) Representative
immunofluorescence images obtained from PKP2m-Spheroids and DSG2m-Spheroids
and corresponding Control-Spheroids, with or without DHT, stained for cTnl (green),
a-SMA (red), and DAPI (blue). Bar=50/15(zoom)um. (i) Quantitative analysis of
average a-SMA expression from 5 independent fields. *P<0.05, **P<0.01, ***P<0.001.
(j) Representative spontaneous traces of calcium transient of PKP2m-Spheroids. (k)
Number of proarrhythmic spheroids treated with or without DHT.



Aberrant pre-mRNA splicing caused by intronic mutations in the PKP2 gene leads
to abnormal desmosome complex expression
Mutations in the PKP2 gene are the most common mutation in ARVC, and the mutation
site of the PKP2m-iPSC line used in this study is also relatively remarkable [19]. DNA
Sanger sequence shows that the mutation site (PKP2 ¢.336+1G>A) is located at the 3'
end of Intron 2 (IVS2) of the PKP2 gene (Figure 4a). Figure 4b demonstrated>Sanger
sequencing of the reverse-transcribed cDNA, revealing that the ¢.336+1G>»A mutation
in the genomic DNA leads to aberrant splicing of the pre-mRNA, ‘skipping the entire
Exon2. Figure 4c schematically illustrated the aberrant splicing pattern of the pre-
mRNA caused by this intronic mutation. Figure 4d¢showed the schematic diagram of
the pathogenic mechanism of desmosome complex instability and DNA damage caused
by PKP2 mutation, and W~5) showed-tiew the mutations can lead to disease. PKP2
protein is located in the intracelludat segment of the desmosomes complex. In addition
to PKP2, the desmosomes“complex also includes transmembrane proteins DSC2 and
DSG2 and intracellulawproteins DSP, PKG, and others, which ultimately connect to the
intracellular. gytoskeletal system[20]. The Sring network analysis of PKP2-related
proteins ¥eveals that PKP2 is associated with desmosome complexes and other proteins,
such as PRKCA, GJAIl, and SCNS5SA, playing roles in signaling pathways, cell
connectivity, and arrhythmias, respectively (Figure 4e).

The PKP2 mutation did not significantly alter the mRNA expression of PKP2.
However, the gene expression of other desmosome genes (DSP, JUP, DSC2, DSG?2)

was upregulated (Figure 4f). This suggested that the structural and functional



abnormalities caused by the PKP2 mutation may lead to compensatory upregulation of
adjacent desmosomal-related genes. The representative immunofluorescent images
showed the distribution of PKP2 on both Control-VCMs and PKP2m-VCMs (Figure
4g). PKP2 protein expression was almost absent in PKP2m-VCMs, while in the
Control-VCMs, PKP2 protein was scattered in the cell membrane. Transmission
electron microscopy (TEM) images showed the ultrastructure of Control-VCMs and
PKP2m-VCMs. (Figure 4h). Compared with Control-VCMs, PKP2m-YCMs have

dysplastic sarcomere structure (black arrow) and intracellular lipid droplets (white

arrow).
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Figure 4 Mutation characterization of iPSC-VCM.
(a) Sanger sequencing of the DNA confirmed the mutation site (PKP2 c.336+1 G>A,
IVS2). (b) Sanger sequencing of the cDNA confirmed the splicing mutations within the
canonical splice sites leading to whole EXON2 skipping. (¢) Schematic diagram of
aberrant splicing. (d) Schematic diagram of the pathogenesis of desmosomes complex
instability and DNA damage caused by PKP2 mutations. () Sring network analysis of



PKP2-related proteins. (f) The relative gene expression of other desmosome genes (DSP,
JUP, DSC2, DSG2) except PKP2 were compensatively upregulated. (g) Representative
immunofluorescent images showing the distribution of PKP2 on both control-VCMs
and PKP2m-VCMs. PKP2 (green), cTnT (red), and DAPI (blue). Bar=50/10(zoom)um.
(h) Representative transmission electron microscopy (TEM) images show the
ultrastructure of Control-VCM and PKP2m-VCM. PKP2m-VCM has a dysplastic
sarcomere structure and intracellular lipid droplets. The black arrow indicates z-lines,
the white arrow indicates lipid droplets, black star arrow indicates mitochondria.
Bar=2pm.

DHT increased DNA damage and ROS levels in PKP2m-VCM

To investigate the potential role of DHT in cardiac fibrosis of ARVG;We employed a
co-culture model involving VCMs and icFBs in a Transwell-8ystem to simulate the
intercellular communication present in vivo and investigate the pathogenic mechanisms
of ARVC. The culture medium was supplemented-with or without 50nM DHT. The
schematic diagram of this Transwell co-culfilre experiment is depicted in Figure Sa,
while Figure 5b presents the grouping ©f the experimental conditions.

Mutations in desmosomal-proteins can lead to nuclear instability, resulting in DNA
damage indicated by thé.uncreased YH2AX levels [21]. Immunofluorescence staining
of YH2AX in_PKP2m-VCMs and Control-VCMs revealed that PKP2m-VCMs
exhibited a~higher ratio of YH2AX-positive cells compared to Control-VCMs (Figure
5c, d)s Furthermore, the percentage of YH2AX-positive cells was further increased in
PKP2m-VCMs upon DHT supplementation. These findings suggest that PKP2m-
VCMs experienced more pronounced DNA damage than Control-VCMs, and DHT can
exacerbate this damage. Increased DNA damage in cardiomyocytes was accompanied
by elevated production of ROS (Figure5e). In our study, we observed that both PKP2m-

VCMs with and without DHT supplementation exhibited a significant increase in DCF



(2',7'-dichlorofluorescein) fluorescence intensity compared to the matched Control-
VCMs (cCV and cCT). The fold changes in DCF fluorescence intensity were 8.93+1.13

and 10.13+1.29, respectively (Figure 5f).
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Figure S PKP2 mutations and additional DHT lead to DNA damage and ROS up in
VCMs.

(a) Diagram of Transwell co-culture between VCMs and icFBs. (b) Grouping diagram
of co-culture experiment in the Transwell. The co-cultured VCMs carry PKP2 mutation
or not (control/mutation); co-cultured with VCMs or not (Separate/Co-culture); treated
with or without 50nm DHT (Vector/DHT). (c¢) Representative images obtained from



control-VCMs and PKP2m-VCMs, with or without 50nM DHT, stained for yYH2AX
(red) and DAPI (blue). Bar=20/2(zoom)um. (d) Quantitative analysis of the percentage
of YH2AX positive cells from 10 independent fields. ***a, compared with cCV; ***b,
compared with cCT; ***c, compared with mCT, ***P<0.001. (¢) Representative ROS
Assay (DCF) images obtained from control-VCMs and PKP2m-VCMs, with or without
50nM DHT in the medium. Bar=50 pm. (f) Quantitative analysis of DCF fluorescence
intensity from 10 independent visual fields (VCMs). ¥P<0.05, ***P<0.001

icFBs co-cultured with PKP2m-VCMs represent elevated ROS levels, and DHT
exacerbated this process.

PKP2m-VCMs represent spontanecous DNA damage. The paracrin€ pathway of
cardiomyocytes and excessive ROS generated by cardiomyocytes can impact the co-
cultured icFBs (without mutation). While under the curreiit co-culture conditions, icFBs
show no spontaneous DNA damage (Figure 6a,.b) but represent ROS up when co-
cultured with PKP2m-VCMs. When icFBs were co-cultured with PKP2m-VCMs, the
DCEF fluorescence intensity of icFBs Gignificantly increased compared to icFBs co-
cultured with Control-VCMs, gegardless of DHT supplementation (Figure 6¢). The fold
changes in DCF fluorescence intensity were 5.61+1.20 and 7.26+0.96, respectively
(Figure 6d). Notably, PKP2m-icFBs carrying the mutation still showed spontaneous
DNA damage and ROS up even when co-cultured with Control-VCMs (Figure 6a, b,
c). This may, therefore, may obscure the independent role of DHT. Consistent results
were obtained through flow cytometry analysis (Figure 6e, f). Furthermore, within the
subset of icFBs co-cultured with PKP2m-VCMs and DHT supplementation, a
significant upregulation of DCF fluorescence intensity was observed in a specific

subset of icFBs (indicated by the red arrow).
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Figure 6 Co-cultyred with PKP2m-VCMs and additional DHT lead to DNA damage
and increased ROS level in icFBs.

(a) Representative images obtained from icFBs co-cultured with control-VCMs or
PKP2m-VEMs, with or without SOnM DHT, and PKP2m-icFBs co-cultured with
control-VCMs. stained for YH2AX (green), F-actin (red), and DAPI (blue). Bar=20 um.
(b) Quantitative analysis of the percentage of yYH2AX positive cells from 10
independent fields. (c) Representative ROS Assay images obtained from icFBs. (d)
Quantitative analysis of DCF fluorescence intensity from 10 independent visual fields
(icFBs). ***P<0.001; #, compared with icFBs co-cultured with Control-VCMs,
P<0.001. (e, f) Flow cytometry of ROS Assay to analyze the DCF fluorescence intensity
of icFBs.

DHT exacerbates the imbalance between anti-inflammatory and pro-



inflammatory responses in the co-culture system and leads to increased
myofibroblast activation

To assess the myofibrosis of icFBs in response to co-culture with PKP2m-VCMs and
Control-VCMs, we performed a-SMA staining (Figure 7a). Our results revealed a
significant increase in a-SMA expression in icFBs co-cultured with PKP2m-VCMs
compared to those co-cultured with Control-VCMs. Moreover, additional \DHT
supplementation further upregulated the expression of a-SMA in icFBs)co-cultured
with PKP2m-VCMs (Figure 7b, mCV vs. mCT). However, no significant changes in o-
SMA expression were observed in icFBs co-cultured with, Control-VCMs (Figure 7b,
cCV vs. c¢CT). Previous studies have reported that{.¢ardiomyocytes inhibit fibroblast
fibrosis under normal circumstances through.the' ANP/BNP pathway (13). However,
analysis of the concentration of Pro-BNP-in the culture medium supernatant did not
reveal significant changes (Figdre 7c). Additionally, figure 7d demonstrates no
significant difference in tho.expression of NPPA/NPPB genes between Control-VCMs
and PKP2m-VCMs,

Using gPCR; we then quantitatively analyzed fibrosis and inflammation-related
mRNAiticFBs (Figure S6). The results indicate that when icFBs were not co-cultured
with VCMs, the DHT treatment did not exacerbate fibrosis or upregulate mRNA
expression of collagen deposition-related genes. It also did not alter the inflammation
levels in icFBs (grey block). However, the situation changed when icFBs were co-
cultured separately with Control-VCMs and PKP2m-VCMs. Co-culturing with

Control-VCMs led to significant downregulation of several fibrosis-related mRNA (SV



vs cCV), including ACTA2, COLIAIl, POSTN, DDR2, MMP1, MMP2, and MMP3.
Among the inflammation-related genes, ILla, IL6, TNFo, and NFkb were also
significantly downregulated. This suggests that cardiomyocytes exert inhibitory effects
on inflammation activation and fibrosis activation in co-cultured fibroblasts. While
COX2 was upregulated, this may be due to the influence of robust myocardial
mitochondrial respiration under co-culture conditions. When icFBs were co-gultured
with PKP2m-VCMs, PKP2m-VCMs did not exhibit an inhibitoty, " effect on
inflammation activation and fibrosis activation (cCV vs. mCV),\as’evident from the
increased expression of almost all mentioned genes except AL1J.

These findings suggest that the mutation did notdveaken the classical ANP/BNP
pathway but promoted fibroblast fibrosis threugh increased ROS levels in the culture
system. In the process, the additional DHT exacerbated the imbalance between anti-
inflammatory and pro-inflammatayy responses in the co-culture system and finally led

to an increased myofibroblast activation of icFBs (Figure 7e).
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Figure 7 Co-culturing VCM can attenuate or enhance the myofibroblast transformation
of icFBs through the ANP/BNP or ROS pathways during co-cultivation.

(a) Representative immunofluorescent images obtained from icFBs co-cultured with
control-VCMs or PKP2m-VCMs, with or without 50nM DHT, stained for Vimentin
(green), a-SMA (red), and DAPI (blue). Bar=50 um. (b) Quantitative analysis of
average a-SMA expression from 10 independent fields. **P<0.01, ***P<0.001. (c) The
content of pro-BNP in the supernatant of cell culture medium in the Transwell. (d)
Expression of NPPA/NPPB genes in the Control-VCM and PKP2m-VCM. (e)



Schematic diagram of the effect of DHT and co-cultured VCMs on icFBs during co-
cultivation. Light red dotted arrows represent lower ROS levels.

Discussion

Cardiac fibrosis in ARVC patients provided the abnormal substrate for arrhythmias
maintenance, and we have reported that achieving electrical isolation of the right
ventricular free wall (RVFW) is a feasible option for late-phase patients[22]. Therefore,
it is essential to elucidate the potential contributors to the progression of mypacardial
fibrosis to understand the disease better.

In this study, we observed that gender differences impact the\aréa of low-voltage
zones detected in the electrophysiological mapping of pafients' hearts with ARVC.
Multiple studies have found that compared to femalés;ales have a higher relative risk
(1.6 to 3.2 times) of ARVC[23-28]. This effect @ppears to be partially associated with
differences in sex hormones. Testosterone enhances the ARVC phenotype and increases
cardiac-related events, while estradiol has a protective effect[6]. Previous studies have
suggested that elevated testogterone levels contribute to disease progression in ARVC
patients[6, 29]. An, epidemiological researchs has also demonstrated that increased
testosterone -l€vels are associated with a higher incidence of arrhythmic events and
MACEddARVC patients[30]. One possible mechanism is that testosterone exacerbates
cardiomyocyte apoptosis in ARVC[6]. However, a causal relationship between
testosterone and the aggravation of fibrosis has not been well established in ARVC.

Testosterone exerts different effects on the process of cardiac fibrosis. Previous
studies have shown that testosterone can attenuate the activation of cardiac fibroblasts

in rats by modulating TGFf and AngllI signaling pathways[31]. Exogenous testosterone



has been found to alleviate cardiac fibrosis and cell apoptosis in Axl-knockout mice[32].
However, testosterone can exacerbate age-related cardiac and renal fibrosis[33]. In
addition, the debate regarding testosterone replacement therapy (TRT) in older men
continues[34]. On the other hand, Elisa Giacomelli et al. [10] demonstrated that
spheroids constructed with normal iPSC-VCMs and icFBs obtained from ARVC
patients carrying PKP2 mutations exhibited arrhythmic behavior in vitro, indicating the
pathogenicity of mutated icFBs. Our present study also found spontaneous DNA
damage and ROS up in PKP2m-icFBs. In the co-culture systeniand spheroids with
normal icFBs. It demonstrated that DHT exacerbates fibrosi€ by inducing the excessive
release of ROS from mutant cardiomyocytes, ¢léading to the upregulation of
inflammatory markers in icFBs, ultimately restilting in fibrosis. DHT can cause more
severe nuclear damage and increased ROS release in PKP2m-VCMs, which may be
related to the instability of cell menibrane-cytoskeleton-nuclear connections caused by
desmosomal gene mutationis[35]. In the present study, DHT alone did not significantly
affect fibrotic marker ‘expression in icFBs. The changes occurred only in the presence
of mutant cardiomyocytes, indicating that mutant cardiomyocytes act as the trigger,
with testosterone pulling the trigger of DNA damage and ROS production, while
fibroblasts, which undergo fibrosis, serve as the scapegoat during the pathogenesis of
ARVC.

Interstitial fibrosis contributes to arrhythmogenesis by slowing action potential
propagation, facilitating reentry, promoting post-depolarization, and increasing ectopic

automaticity in vivo [36]. Standard single-cell monolayer in vitro models can partially



recapitulate 2D arrhythmia phenotypes, such as reentry and rotor formation[37, 38].
However, the 2D models lack hierarchical structures and the representation of multiple
cell types, which limits their comprehensiveness and representativeness. Therefore, the
use of tissue engineering to construct 3D models with various cell types has become an
excellent approach for studying arrhythmias. In the spheroid models, cardiomyocytes
derived from iPSCs exhibit greater physiological maturity than monolayer ¢ultures,
with aligned sarcomeres, enhanced calcium handling, and improved contractility and
electrophysiology[39]. In the present study, our spheroid models exhibited phenotypes
including impaired contraction mode, arrhythmogenesis, afid fibrosis, which enables
researchers to gain a multicellular perspective @1OARVC and identify potential
therapeutic targets.

In addition to spheroid models, nonranimal models (NAMs) have become state-of-
the-art for in vitro testing. Including but not limited to cell micropatterning[40, 41],
fabricated cardiac microtissugs| 15, 42-44]. and 3D-printed functional cardiac tissue[45-
47]. Although sphetoids in this study can simulate cell-cell interactions in 3D culture,
this model still\has some limitations. For example, it does not have a microfluidic
perfusion/system, which may lead to insufficient cardiomyocyte maturation in
spheroids. In addition, if no engineering strategy like engineered cardiac tissue is
adopted[48], the simple spheroids cannot reflect the direction and strength of the
contraction well. Therefore, more advanced tissue engineering models are still needed

in the future to explain the diverse phenotypes and complex mechanisms of diseases.



Conclusions

In conclusion, our findings provide the first direct evidence in vitro of the fibrogenic
effect of testosterone in ARVC. Furthermore, we demonstrate the feasibility of utilizing
human iPSC-derived engineered cardiac spheroids platforms for modeling genetic

cardiomyopathies and conducting drug screening.
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