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Abstract

Background Arrhythmogenic cardiomyopathy (ACM) is an inherited cardiomyopathy characterized with progressive
cardiac fibrosis and heart failure. However, the exact mechanism driving the progression of cardiac fibrosis and heart
failure in ACM remains elusive. This study aims to investigate the underlying mechanisms of progressive cardiac fibro-
sis in ACM caused by newly identified Desmoglein-2 (DSG2) variation.

Methods We identified homozygous DSG23'¢ variant in a family with 8 ACM patients using whole-exome sequenc-
ing and generated Dsg2™*%¢ knock-in mice. Neonatal and adult mouse ventricular myocytes isolated from Dsg2"36¢
knock-in mice were used. We performed functional, transcriptomic and mass spectrometry analyses to evaluate

the mechanisms of ACM caused by DSG273'C variant.

Results All eight patients with ACM were homozygous for DSG27%'C variant. Dsg2%%“F%¢ mice displayed cardiac
enlargement, dysfunction, and progressive cardiac fibrosis in both ventricles. Mechanistic investigations revealed

that the variant DSG2-F536C protein underwent misfolding, leading to its recognition by BiP within the endoplasmic
reticulum, which triggered endoplasmic reticulum stress, activated the PERK-ATF4 signaling pathway and increased ATF4
levels in cardiomyocytes. Increased ATF4 facilitated the expression of TGF-B1 in cardiomyocytes, thereby activating cardiac
fibroblasts through paracrine signaling and ultimately promoting cardiac fibrosis in Dsg2" %% mice. Notably, inhibition
of the PERK-ATF4 signaling attenuated progressive cardiac fibrosis and cardiac systolic dysfunction in Dsg2%“"3¢ mice.

Conclusions Hyperactivation of the ATF4/TGF-B1 signaling in cardiomyocytes emerges as a novel mechanism
underlying progressive cardiac fibrosis in ACM. Targeting the ATF4/TGF-B1 signaling may be a novel therapeutic target
for managing ACM.
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Background

Arrhythmogenic cardiomyopathy (ACM) is an inherited
cardiomyopathy characterized by ventricular arrhyth-
mias, high risks of sudden death and progressive heart
failure [1]. Implantable cardioverter defibrillators and
radiofrequency ablation have significantly reduced the
risk of ventricular arrhythmias and sudden death, how-
ever, patients with ACM are still threatened by progres-
sive heart failure. The pathological features of ACM are
marked by cardiomyocyte loss and cardiac fibrosis [2],
which may contribute to the progressive heart failure.
Genetic variations in genes encoding desmosomal pro-
teins account for approximately two-thirds of ACM cases
[3]. Desmoglein 2 (DSG2), a transmembrane protein
encoded by DSG2, is an important component of desmo-
some complex [4]. Since its discovery as a causative gene
for ACM in 2006 [5], DSG2 has consistently ranked as the
second most prevalent pathogenic gene associated with
ACM [6]. Additionally, ACM patients with pathogenic
DSG2 variations have high likelihood of left ventricular
fibrosis and cardiac systolic dysfunction [7]. While previ-
ous studies have highlighted the involvement of disrupted
desmosomal adhesion, Wnt signaling, and inflammation
in ACM [8-13], the mechanism underlying the progres-
sive cardiac fibrosis in ACM caused by pathogenic DSG2
variations remains unclear. Furthermore, there is cur-
rently a lack of effective treatments to mitigate or reverse
the progressive cardiac dysfunction in ACM.

The endoplasmic reticulum (ER), the primary site for
the folding and post-translational modification of mem-
brane proteins, plays a crucial role in maintaining pro-
tein homeostasis in eukaryotic cells [14]. However, under
conditions of inflammation, hypoxia, or gene variation,
accumulated misfolded or unfolded proteins in the ER
could induce ER stress and activate the unfolded protein
response (UPR), promoting apoptosis, inflammation,
fibrosis, and other detrimental effects in various diseases
[15]. However, the role of UPR in ACM caused by variant
DSG2 is unclear.

Previous studies, including our own, have identified
the DSG2 missense variant ¢.1592 T>G (rs200484060)
in patients with ACM [16-19]. This variant leads to the
substitution of phenylalanine with cysteine at codon
site 531 (p. F531C), which is located in the extracellular
anchoring domain of DSG2. In silico analysis indicated
a high likelihood of this missense variant having a detri-
mental impact on the structure and function of the pro-
tein (Polyphen: probably damaging; SIFT: deleterious).
Nevertheless, the pathogenicity and underlying mecha-
nisms of this variant in ACM are still not fully under-
stood. Given that DSG2 is a transmembrane protein, we
postulated that the UPR may be activated and involved
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in the progressive cardiac fibrosis in ACM caused by the
DSG2F31C yariant.

In the present study, we conducted genetic sequenc-
ing of a five-generation family affected by ACM. All eight
patients diagnosed with ACM were homozygous for
DSG2F3IC variant. Subsequently, we developed a knock-
in mouse model carrying the mouse-equivalent form
(Dsg2f%36C) of this variant. Homozygous knock-in mice
exhibited overt cardiac phenotypes highly similar to the
clinical manifestations of ACM. Through mechanistic
investigations, we demonstrated that the variant DSG2
(vDSG2) in cardiomyocytes was misfolded and triggered
protein kinase R like ER kinase (PERK)—activating tran-
scription factor 4 (ATF4) signaling, leading to an increase
in the expression of transforming growth factor 1 (TGE-
B1). This activated cardiac fibroblasts via paracrine sign-
aling, ultimately promoting cardiac fibrosis in Dsg2f*3¢¢/
F536C mice. Inhibition of the PERK-ATF4 signaling atten-
uated the elevated TGF-B1 levels, ameliorated the pro-
gressive cardiac fibrosis and dysfunction in Dsg2f*36¢/
F$36C mice. These findings highlight the hyperactivation
of the ATF4/TGF-B1 signaling in cardiomyocytes as a
novel mechanism driving progressive cardiac fibrosis in
ACM, suggesting that targeting the ATF4/TGF-p1 sign-
aling could serve as a potential therapeutic strategy for
ACM.

Methods
Human study
This study involved 48 individuals from a large family in
China. The proband was diagnosed with ACM during
hospitalization for ventricular tachycardia at the First
Affiliated Hospital of Nanjing Medical University. All
family members were clinically evaluated according to
the guideline for management of ACM, which included
clinical history, 12-lead electrocardiography (ECG) and
transthoracic echocardiography [20, 21]. In addition,
24-h ambulatory ECG and cardiac magnetic resonance
imaging (MRI) were performed on some participants.
This study was approved by the Ethics Committee of the
First Affiliated Hospital of Nanjing Medical University
(NO.2011-SR-014) and informed consent was obtained
from all participants prior to evaluation and testing.
Genomic DNA from all family members was extracted
from peripheral blood samples using QIAamp DNA
Blood Mini Kits (Qiagen). Sanger sequencing was per-
formed to analyze the five desmosome-encoding genes
(DSG2, DSC2, JUP, PKP2, DSP) as well as the TMEM43
and PLN genes, as previously reported [16]. To further
explore whether additional genes beyond those men-
tioned above were associated with ACM, whole-exome
sequencing was performed in the proband using the
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Agilent SureSelect Human All Exon V6 Kit on the Hiseq
X Ten. The ACMG criteria were applied to evaluate the
pathogenicity of identified variants. Novel nonsynony-
mous variants were assessed in a population of 950 ethni-
cally matched healthy controls.

Animal experiments

Animal experiments were approved by the Institutional
Animal Care and Use Committee of Nanjing Medical
University (approval number: IACUC-14030160). All ani-
mal procedures were performed in accordance with the
National Institutes of Health Guide for the Care and Use
of Laboratory Animals. General anesthesia was induced
using a 1%-3% inhaled isoflurane/oxygen mixture. The
mice were housed under specific pathogen-free condi-
tions with 12-h dark-light cycles and had free access to
food and water. Animals of both sexes were used in the
experiments without bias. All mice were euthanized by
cervical dislocation after deep anesthesia using a 5% iso-
flurane/oxygen mixture.

Dsg2f>3%C mice were generated using homologous
recombination technology as previously described [22,
23]. Briefly, the targeting construct, which included the
F536C point variant and a neomycin cassette flanked by
Loxp sites, was designed and electroporated into embry-
onic stem cells (ESCs) (Additional file 1: Fig. S3a). After
genotyping by Southern blotting, the targeted ESCs were
injected into C57BL/6 ] blastocysts to generate mouse
chimeras (Additional file 1: Fig. S3b). By crossing the
chimeras with CMV-Cre mice, the neomycin cassette
was removed, and the heterozygous Dsg2/>%°¢“"T prog-
eny were generated after backcrossing with C57BL/6 |
mice. This backcrossing process was repeated for at least
4 generations to eliminate background diversity. Subse-
quently, heterozygous intercrosses of Dsg2f36“/WT mijce
were used to obtain cohorts of homozygous Dsg2/>3¢¢
F536C heterozygous Dsg2f>3*“/WT and wild-type Dsg2"?/
YT mice for this variant. Further sequencing analysis for
the polymerase chain reaction (PCR) product confirmed
the positive mutation leading to the substitution of phe-
nylalanine with cysteine (Additional file 1: Fig. S3c). Sub-
sequently, PCR strategy was carried out to identify the
wild-type allele (368 bp) and the mutant allele (466 bp)
(Additional file 1: Fig. S3d).

Echocardiography was performed under inhaled anes-
thesia with 1% to 3% isoflurane/oxygen mixture. The
mice were maintained at an appropriate state, with heart
rate at about 450 bpm and temperature at about 37 °C.
Images were obtained using a mouse transthoracic
echocardiography system equipped with a 30-MHz lin-
ear transducer (Vevo2100; VisualSonics Inc) at a sweep
speed of 200 mm/s. The left ventricular geometry and
systolic function were assessed in the short-axis view
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at the level of the papillary muscles. All the procedures
were performed by the same researcher, who was blinded
to the genotype.

Electrocardiographic measurements were performed
under the same anesthesia conditions as the echocardi-
ography. Limb-lead surface ECGs were recorded using
subcutaneous 23-gauge needle electrodes attached to
each limb. The ECGs were continuously recorded by
the Powerlab acquisition system (AD Instruments) and
analyzed with IOX Software (EMKA) and Chart5 Pro
analysis software (AD Instruments). To accurately meas-
ure the duration and amplitude of the P wave and QRS
complex, we selected ECG segments with a stable base-
line and excluded any instances of arrhythmias. The
P wave was marked from the beginning of the P wave
to the point where it returned to the iso-electrical line.
The QRS complex was measured from the onset of the
first deflection of the QRS complex to the point where
the last returned to the baseline [24]. The measurement
and analysis of ECG parameters were performed by the
same professional cardiac electrophysiologist, who was
blinded to the genotype. After ECG recording, the mice
were euthanized and their hearts were excised for further
study, either by freezing at -80 °C or by fixing in 4% para-
formaldehyde (PFA)/OCT Compound (Sakura).

Histological analysis

Frozen Sects. (5 um) were used for immunofluorescence
staining. The sections were fixed with 4% PFA for 1 h and
then washed with PBS. Antigen retrieval was performed
by boiling in sodium citrate for 2 min, followed by per-
meabilization with 1% Triton X-100 (Sigma-Aldrich)
for 15 min. After washing with PBS, the sections were
blocked with 1% bovine serum albumin (BSA) for 45 min
and incubated with primary antibodies at 4°C overnight.
The sections were then washed in PBS and incubated
with the secondary antibodies for 1 h at room tempera-
ture. Following additional PBS washes, the sections were
stained with DAPI (Invitrogen) and mounted with Pro-
long Gold Antifade Mountant (Invitrogen). The slides
were scanned with laser scanning confocal microscopy
(Nikon) and analyzed with Image Pro Plus 6.0.

To assess the extent of fibrosis throughout the ven-
tricles, the paraffin-embedded hearts were serially sec-
tioned from the apex to the base into 10 pm slices. At
least five mice of the same age and genetic background
were included in each group to assess cardiac fibrosis
and ventricular wall thickness (n>5 in each group). For
each heart, eight levels of paraffin sections from the apex
to the base were selected for Masson’s trichrome stain-
ing (Nanjing Jiancheng Bioengineering Institute), and
observed under a light microscope. The collagen vol-
ume fraction (CVF) and ventricular wall thickness were



Zhang et al. BMC Medicine (2024) 22:361

measured using Image Pro Plus 6.0. The CVF was calcu-
lated as the ratio of the collagen area to the total tissue
area in each slice. The CVF of the entire heart was deter-
mined by averaging the CVF values from the 8 selected
tissue sections. The measurement method for ventricular
wall thickness is the same as in our previous publication
[25]. Briefly, the thickness of the left ventricular free wall,
the interventricular septum, and the right ventricular
free wall were measured at the level of the left ventricu-
lar papillary muscles. The minimal value among these
measurements was selected as the final ventricular wall
thickness.

Paraffin Sects. (5 um) were prepared and stained for
immunohistochemistry according to standard proce-
dures. After baking at 60 °C for 30 min, the sections were
deparaffinized, underwent antigen retrieval, and were
subjected to endogenous peroxidase and protein block-
ing. Primary and secondary antibody incubations were
performed sequentially, followed by DAB staining and
hematoxylin counterstaining. Isotype control antibody
staining was performed simultaneously. The slides were
then scanned with light microscopy and analyzed using
Image Pro Plus 6.0.

Plasmid construction and transfection

HEK293T cells were purchased from ATCC and cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) and 1% peni-
cillin/streptomycin. The pcDNA3.1 vector containing
cDNA of mouse Dsg2 and a C-terminal 3xFlag epitope
was purchased from Youbio Bio Inc. PCR with high-fidel-
ity DNA polymerase (Q5 High-Fidelity 2X Master Mix,
NEB) was performed to construct the plasmid with a
Dsg?2 site mutation. After confirming the Dsg2 variant by
DNA sequencing, pcDNA3.1 vectors with wild-type Dsg2
and variant Dsg2 were used to transfect HEK293T cells
(Lipo 8000 transfection reagent, Beyotime Bio.) to over-
express the wild-type DSG2 (wtDSG2) and vDSG2.

HL-1 cells culture and lentiviral transfection

HL-1 cells were cultured in dishes coated with gela-
tin/fibronectin and maintained in Claycomb culture
medium supplemented with 10% FBS, 0.1 mM norepi-
nephrine, 2 mM L-glutamine and 1% penicillin/strep-
tomycin. Wild-type and variant mouse Dsg2 cDNA
with Ascl and Pacl restriction sites were cloned from
pcDNA3.1-mDsg2-3 x Flag (C). Both Dsg2 cDNA were
cloned back into pCDH plasmid containing 3xFlag tag
and ampicillin resistance selection marker. These vectors
were transformed into DH5a competent cells, and single
clones were selected from LB Agar plates to grow in the
LB broth. After verification by PCR and DNA sequenc-
ing, plasmids were purified using the Plasmid Midi Kit
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(QIAGEN). Plasmids containing inserted Dsg2 cDNA
were mixed with psPAX-2 and VSVG plasmids at a ratio
of 10:3:2, and used to transfect HEK293T cells with EZ
Trans reagent. Six hours post-transfection, the culture
medium was replaced with fresh DMEM complete cul-
ture medium. Virus particles were harvested from the
culture medium of HEK 293 T cells after 48 h incuba-
tion. The viral medium was mixed with HL-1 cell culture
medium at a ratio of 1:1 to transfect the HL-1 cells. After
48 h of lentiviral transfection, fresh HL-1 cell culture
medium containing puromycin (2ug mL™!) was used to
select HL-1 cells transfected with lentivirus. Stable clones
were amplified after 10 days of puromycin selection and
were identified by qPCR and immunoblotting.

Knockdown of Atf4 in HL-1 cells via CRISPR-Cas9
Knockdown of Atf4 was performed using the CRISPR-
Cas9 system. The sgRNA sequence was designed using
the online CRISPR guide design software (Benchling,
https://www.benchling.com) and synthesized by Songon
Biotech (Shanghai). After phosphorylation and anneal-
ing, the sgRNA containing the BsmBI restriction site was
cloned into the lenti-CRISPRv2-puro vector, followed by
transformation into DH5a-competent cells and plasmids
purification. The supernatant containing lentivirus par-
ticles from HEK293T cells was collected 48 h after co-
transfection with lenti-CRISPRv2, psPAX-2 and VSVG
plasmids. HL-1 cells were then transfected with the viral
supernatant for 48 h and subsequently selected with
puromycin (2ug mL™") for 10 days. The knockdown of
Atf4 was verified by Western blotting.

Primary ventricular myocyte isolation and treatment

Adult mice ventricular myocytes (AMVM) were isolated
using Langendorf-free method [26]. Briefly, mice were
anesthetized by inhaling 1% to 2% isoflurane/oxygen
mixture, and the chest was opened to expose the heart.
The descending aorta was cut, followed by injection of
7 ml EDTA buffer into the right ventricular. After isola-
tion of the heart from the chest, 10 ml EDTA buffer, 3 ml
perfusion buffer, and 30 to 40 ml collagenase buffer were
sequentially injected into the left ventricular at the same
site. Both ventricles were gently pulled into 1 mm? tiny
pieces using forceps, and then the cardiomyocytes were
dissociated by gentle trituration. The enzyme activity of
collagenase was inhibited by stop buffer, and the cell sus-
pension was passed through a 100-pm filter. The cardio-
myocytes were isolated from other non-cardiomyocytes
by 4 times gravity settling, which included 3 intermedi-
ate calcium reinduction buffers to restore the physiologi-
cal condition of the cardiomyocytes. The cells in every
supernatant were collected as non-cardiomyocytes.
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For obtaining neonatal mice ventricular myocytes
(NMVM) and fibroblasts, hearts were excised from the
0-3 days old Dsg2VT'WT or Dsg2f¥36C/F536C mice pups,
and rinsed with cold PBS. After removing atria tissue,
both ventricular were sheared and digested in 0.25%
Trypsin (EDTA free) for 7—9 h at 4 °C, followed by diges-
tion in DMEM medium supplemented with 0.1% colla-
genase type-1I and 1% BSA for 10 min at 37°C. The buffer
solution was then transferred to a tube with DMEM and
10% EBS to stop the digestion. This process was repeated
3—4 times until the cardiac tissue was fully digested. After
passing the 100-um filter, the solution was centrifuged
at 800 rpm for 5 min, and the pellet was resuspended in
DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin. The cells were plated in a 6-cm dish and
incubated at 37 °C for 90 min to allow the fibroblasts to
adhere. Then the supernatant containing cardiomyocytes
was collected, plated in 12-well culture plate at 1*10°
cells per well, and maintained in medium containing
DMEM, M199, 10% EBS, 1% penicillin/streptomycin, and
100 pM 5-Bromo-2’-deoxyuridine for further study. For
the p-PERK inhibition assay, NMVMs from Dsg2f>36¢/
F536C mice were treated with GSK2606414 for 24 h, sub-
sequently maintained in normal culture medium for 24 h,
and subjected to protein assay. For adenovirus transfec-
tion, NMVMs were transfected adenovirus for 12 h, sub-
sequently maintained in normal culture medium for 24 h
and subjected to protein assay.

Immunoblotting, immunoprecipitation and mass
spectrometry

Heart tissue samples and cells sample were lysed with
RIPA buffer (Cell Signaling Technology) supplemented
with protease and phosphatase inhibitor cocktail (Roche).
The protein fractions were separated by centrifugation
and the concentrations were determined by the Pierce
BCA kit (Pierce). Protein denaturation was achieved by
mixing with Laemmli sample buffer supplemented with
10% p-mercaptoethanol (Sigma-Aldrich) and boiled.
Equal amounts of protein extracts were loaded and elec-
trophoresed on SDS—polyacrylamide gels, followed by
blotting onto pre-equilibrated Immobilon-P polyvi-
nylidene fluoride membrane (Millipore). The protein
fractions were probed with primary antibodies overnight
at 4 °C, followed by incubation with HRP-conjugated sec-
ondary antibody. The bands were detected using Super-
Signal West Femto substrate (Pierce) on a ChemiDoc
Imaging system (Bio-Rad). Band intensity quantification
was performed using Image]. To identify ubiquitination
of vDSG2, immunoprecipitation with anti-Flag anti-
body was conducted in HL-1 cells with stable expres-
sion of vDSG2 and wtDSG2. HL-1 cells were lysed with
IP lysis buffer (Pierce) supplemented with protease and
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phosphatase inhibitor cocktail (Roche). Lysates were
separated by centrifugation, and the supernatants were
incubated with anti-Flag antibody and tumbled over-
night at 4 °C. Protein A agarose beads (Cell Signaling
Technology) were then added into the lysates, and tum-
bled for 2 h at 4 °C. After being rinsed with IP lysis buffer
five times, the bead-bound proteins were solubilized
with Laemmli sample buffer supplemented with 10%
B-mercaptoethanol and boiled to denature, followed by
immunoblotting to probe the target protein.

To screen for potential vDSG2-interacting proteins,
cell lysates purified by immunoprecipitation with anti-
Flag antibody in HL-vDSG2 cells were loaded onto SDS-
PAGE gels and stained with Coomassie Brilliant Blue
(Beyotime). Bands were exercised from the gel, digested,
and subjected to mass spectrometry analysis via online
nano-reversed phase liquid chromatography (Oebiotech).
The MS/MS data were analyzed using ProteomeDiscov-
erer 2.5.

Quantitative real-time polymerase chain reaction (qPCR)
Total RNA samples were extracted from mouse heart tis-
sue and HL-1 cells using Trizol reagent (Invitrogen) and
the RNeasy Mini Kit (Qiagen) following the manufactur-
er’s instructions. A total of 1000 ng mRNA was used to
synthesize cDNA using iScript reagent (Bio-Rad). Quan-
titative PCR (qPCR) was performed using SYBR Green
mix (Bio-Rad). The 2722¢T method was employed to esti-
mate the mRNA levels of target genes, calculating fold
changes relative to the expression of GAPDH or B-actin,
which served as endogenous controls.

RNA-sequencing and data analysis

Bulk RNA-sequencing (RNA-Seq) was conducted to
explore the potential mechanisms underlying the patho-
genesis of ACM caused by Dsg2>36C, Total RNA was
extracted from the hearts of Dsg2f>36C¢/F536C  Dggofs36¢/
YT and Dsg2%T"WT mice at 10 weeks of age. Sequenc-
ing was performed on the Hiseq-PE150 instrument
using paired-end sample preparation chemistry. The raw
RNA-Seq reads were aligned to the mm10 genome using
Hisat2 (version 2.1.0) with parameters ‘—no-unal —no-
mixed —no-discordant’ Gene count values were quanti-
fied using Featurecounts (version 2.0.0). Gene transcript
per million (TPM) values were generated by custom R
scripts. DESeq?2 (version 1.28.1) was utilized for differen-
tial analyses with cutoffs FoldChange > =2 and adjusted
P value < =0.05. Gene ontology (GO) analysis for differ-
entially expressed genes was performed using DAVID
(version 6.8). Gene Set Enrichment Analysis (GSEA)
employed the ‘GSEA’ function of the clusterProfiler R
package (version 4.6.0).
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X_tropicalis | Ala__ Pro | Phe | Asn , Phe I Ser lle lle Asp

Fig. 1 Clinical characteristics and the family pedigree of the patients with the c.1592 T> G (p.Phe531Cys) variant in DSG2. a Conventional
electrocardiography showed T-wave inversion and epsilon waves (black arrows) in the precordial leads. b Transthoracic echocardiography showed
thinning of the apical myocardium of the right ventricle, the formation of aneurysm (arrow in the upper figure), and the widening of right
ventricular outflow tract (arrow in the lower figure). ¢ Fibrosis in both the left ventricle (arrow in the upper figure) and right ventricle (arrow

in the lower figure) identified by cardiac LGE +MRI. d Family pedigree of the ACM patients with the c.1592 T> G (p.Phe531Cys) variant in DSG2. The
filled symbols represented clinically diagnosed ACM patients, and open symbols were heathy individuals without clinical characteristics of ACM.
The proband was marked with an arrow ((lll-9)). e Sanger sequencing was performed to validate the variant identified by targeted sequencing
and whole-exome sequencing. f The variant (F531C) was located in an evolutionary highly conservative area across multiple species

snRNA-seq analysis

An available processed single-nucleus RNA sequenc-
ing (snRNA-seq) dataset containing human ACM and
normal heart tissues was downloaded from CellxGene
(https://cellxgene.cziscience.com/collections/e75342a8-
0f3b-4ec5-8eel-245a23e0f7cb) [27]. Cardiac cell types
were already well-clustered and annotated in the study,
and we used the annotations directly from the data-
set’s metadata. Data from normal ventricular tissues
was extracted and visualized with Dimplot using Seurat
(4.2.0). The expression levels of DSG2 in different cell
clusters were showed with FeaturePlot and VInPlot.

Statistical analysis

Continuous variables are presented as mean + standard
deviation. The Shapiro—Wilk normality test was utilized
to assess data distribution. For normally distributed data,
unpaired t-tests (for two datasets) or one-way ANOVA
with Tukey’s multiple comparison test (for three data-
sets) was employed. Alternatively, the Mann—Whitney U
test (for two datasets) or Kruskal-Wallis test with Dunn’s
multiple comparison test (for three datasets) was were

used for non-normally distributed data. All data were
processed and analyzed using GraphPad Prism 8.0.2,
with significance set at a two-tailed p-value <0.05.

Results

Identifying DSG273"€ variant in an ACM family

Clinical evaluations were performed systematically for
all family members, eight of whom were diagnosed with
ACM according to the updated diagnostic criteria for
ACM [20, 21]. All patients with ACM presented with pal-
pitations and dyspnea, and the eldest sister of the index
patient died suddenly at the age of 50 (III-1) (Additional
file 2: Table S1). The mean age of onset of symptomatic
ACM was 50.5+6.38 years. Typical characteristics of
surface ECG in patients with ACM include complete
right bundle branch block, prolonged terminal activa-
tion duration of QRS (>55 ms) in lead V1-V3, typical
epsilon wave, abnormal inverted T-waves in precor-
dial leads (Fig. 1a, Additional file 2: Table S1), and fre-
quent ventricular premature complex and/or ventricular
tachycardia with left bundle branch block morphology
(Additional file 1: Fig. S1, Additional file 2: Table S1).
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Echocardiographic findings indicated diffuse right ven-
tricular dilation and regional akinesia or aneurysm in the
right ventricular free wall in all patients with ACM, three
of whom had abnormalities in the left ventricle (II-1, III-
3, and III-9) (Fig. 1b, Additional file 2: Table S1). Cardiac
MRI revealed a paradoxical movement of the apical myo-
cardium of the right ventricle, systolic myocardial ectasia,
aneurysm formation in the right ventricle, and fibrosis in
both ventricles (Fig. 1c, Additional file 2: Table S1).

The grandparents (I-1 and I-2) and parents (II-I & II-2) of
the proband were consanguineous (Fig. 1d). We identified
a homozygous DSG2 missense variant, ¢.1592 T>@G, in the
proband (III-9, Fig. 1d, e). This missense variant leads to an
amino acid change p.F531C, which is considered detrimen-
tal according to PolyPhen-2 and SIFT analyses. This variant
was observed in 0.093% of alleles (heterozygous state) from
individuals of East Asian descent in the Exome Aggrega-
tion Consortium. In addition, we identified only one het-
erozygous DSG2F*3I€ variant among 950 healthy controls.
Bioinformatic analysis confirmed that the amino acid at the
variant site was highly conserved among DSG2 homologs in
lower organisms and vertebrates, and even in other mem-
bers of the cadherin family (Fig. 1f, Additional file 1: Fig.
S2a). Furthermore, whole-exome sequencing in the proband
revealed no additional pathogenic or likely pathogenic
variants associated with ACM. In addition, we performed
cascade screening of the remaining family members. Inter-
estingly, all the family members diagnosed with ACM were
homozygous carriers of this variant. All heterozygous carri-
ers (12 members) were absent from the ACM clinical char-
acteristics (Fig. 1d, Additional file 2: Table S1).

Homozygous Dsg2"**%¢ mice presented with cardiac
enlargement, systolic dysfunction, and progressive cardiac
fibrosis

Phenylalanine at the 536th position of mouse DSG2 was
homologous to phenylalanine at the 531st position of
human DSG2 (Additional file 1: Fig. S2b). Therefore, we

(See figure on next page.)

Page 7 of 23

generated Dsg2/°3C knock-in mice using homologous
recombination technology to validate the pathogenic-
ity of Dsg2f>3%C variant and investigate its mechanism in
ACM pathogenesis (Additional file 1: Fig. S3). Echocar-
diography was performed to assess the cardiac geometry
and function in homozygous Dsg2f>3¢¢/F536C  heterozy-
gous Dsg2f35CWT and Dsg2% YT mice at 10 weeks of
age, which were considered adult mice. Left ventricular
ejection fraction and left ventricular fractional shorten-
ing were markedly lower in Dsg2f>36¢/F536C mijce than in
Dsg2WT'WT accompanied by an increased left ventricular
internal diameter (Fig. 2a, b). In addition, the left ven-
tricular wall thickness was lower in Dsg2f>36¢/F536C mice
(Additional file 1: Fig. S4). These findings indicated that
Dsg2F536C/Fs36C mijce had abnormalities in cardiac geom-
etry and function. Electrocardiography showed increased
P-wave duration and amplitude in Dsg2f>3¢¢/F>36C mice at
10 weeks of age as well as prolonged QRS duration and
decreased QRS amplitude (Fig. 2c, d), implying depo-
larization and conduction abnormalities in Dsg2f>36¢
F536C mice. No differences in echocardiography or elec-
trocardiography were observed between Dsg2" 7% and
Dsg2F53¢/WT mice (Fig. 2a-d, Additional file 1: Fig. S4).
The loss of cardiomyocytes and replacement of fibrous
tissue are the most important hallmarks of ACM pathol-
ogy. Masson’s trichrome staining demonstrated obvious
fibrotic infiltration in both ventricles of Dsg2f>36¢/F536C
mice (Fig. 2e). The CVF of hearts from Dsg2 536C/F536C
mice was significantly higher than that of hearts from
Dsg2P>3¢/WT and Dsg2%T™T mice (Fig. 2f). Fibrosis was
mainly located at the free wall of both ventricles, but
less so in the interventricular septum (Fig. 2f). The free
walls of both ventricles in Dsg2f>36¢/F536C mice were sig-
nificantly thinner than those in Dsg2f>3¢“WT and Dsg2V?’
YT mice (Fig. 2g). Furthermore, we examined the fibrosis
patterns in the hearts of Dsg2f>36C/F536C mice, Replace-
ment fibrosis secondary to cardiomyocyte loss, inter-

stitial fibrosis, and perivascular fibrosis were all evident

Fig. 2 Homozygous Dsg27%* mice had cardiac enlargement, systolic dysfunction, and progressive cardiac fibrosis. a Representative images

of M-mode echocardiography in 10-week-old Dsg2"""T (WT), Dsg2"**“"T (Het) and Dsg2/*“*535¢ (Hom) mice. b Quantification analysis of LV
geometry (LVDD and LVDS) and systolic function (LVEF and LVFS) among 10-week-old WT, Het and Hom mice. N=13 in WT group, N=16 in Het
group, and N=19 in Hom group. ¢ Representative images of ECG recorded in 10-week-old WT, Het and Hom mice. d Quantification of the duration
and amplitude of P wave and QRS complex among 10-week-old WT, Het and Hom mice. N=6 in each group. e Representative images of Masson's
staining in 10-week-old WT, Het and Hom mice. N=6 in each group. f Quantification of cardiac collagen volume fraction in 10-week-old WT,

Het and Hom mice. g Quantification of thickness of both free ventricular walls in 10-week-old WT, Het and Hom mice. h Representative images

of cardiac replacement fibrosis, interstitial fibrosis, and perivascular fibrosis in 10-week-old Hom mice. i Representative images of cardiac
progressive fibrosis in Hom mice. j Quantification of cardiac collagen volume fraction in Hom mice from 2-week-old to 10-week-old (N=5

in each group). ***: p<0.001 compared with the hearts from 2-week-old mice, ###: p <0.001 compared with the hearts from 4-week-old mice. k
Quantification of ventricular wall thickness in Hom mice from 2-week-old to 10-week-old (N=5 in each group). * p <0.05 compared with the hearts
from 2-week-old mice, **p <0.01 compared with the hearts from 2-week-old mice, ***: p<0.001 compared with the hearts from 2-week-old mice,
#i#t#: p <0.001 compared with the hearts from 4-week-old mice. Ordinary one-way ANOVA with Turkey’s multiple comparisons test was used

to analyze the data
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in the hearts of Dsg2" 536C/FS36C mjce (Fig. 2h). To clarify

the disease course and progression of ACM, hearts from
Dsg2fS36C/FS36C  DeapFSS6CWT and DsgaWTWT mice at
early stages (2 and 4 weeks) were excised for Masson’s tri-
chrome staining. Obvious fibrosis was observed in both
ventricles of 4-week-old Dsg2f*36C/F53¢C mice (Fig. 2i,
Additional file 1: Fig. S5a). Unexpectedly, fibrosis was
observed in some Dsg2f>36¢/F536C mjce at 2 weeks of age
and was locally scattered in the epicardium of both ven-
tricles (Fig. 2i). Therefore, cardiac fibrosis in Dsg2f>3¢
F536C mice had several characteristics: presence at a very
early stage (2 weeks), early involvement of both ventri-
cles, rapid progression from the epicardium to the endo-
cardium (Fig. 2i, j). In addition, the thicknesses of both
ventricles in Dsg2f>3¢/F536C mice decreased progressively
(Fig. 2k, Additional file 1: Fig. S5¢c). Consistent with the
echocardiography and electrocardiography results, no
pathological characteristics of ACM were observed in the
hearts of Dsg23“’"T mice, indicating that heterozygous
Dsg2F536C carriers might be exempt from ACM.

Both the pedigree investigation and animal study
showed that ACM was absent in heterozygous DSG2F>3/¢
carriers, which differed from most desmosome gene-
related ACM cases [28]. To confirm this finding, a
pharmacological stress study with isoproterenol (ISO)
intraperitoneal injection (20 mg Kg™' body weight for
2 weeks), which was used to increase mechanical stress
and accelerate the progression of ACM [29], was per-
formed in Dsg23“WT and Dsg2V7%7T mice (Addi-
tional file 1: Fig. S6a). Although echocardiography results
showed impaired cardiac systolic function after a two-
week ISO injection, the changes were similar between
Dsg2F538/WT and Dsg2"T'WT mice (Additional file 1: Fig.
Séb, c). Interstitial fibrosis induced by ISO was observed
in the hearts of both Dsg2f>3WT and Dsg2"T'WT mice,
but there was no significant difference in the cardiac
fibrosis between the two groups (Additional file 1: Fig.
S6d, e). In addition, the distribution of cardiac fibro-
sis induced by ISO in Dsg2f3“WT mice was mainly in
the endocardium and septum, which was different from

(See figure on next page.)
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that in Dsg2f36¢/F536C mice, but was similar to the distri-
bution of cardiac fibrosis in WT mice treated with ISO
(Additional file 1: Fig. Séd, e). In addition, there were
no significant differences in the thickness of either ven-
tricle between Dsg2f>%*“/WT and Dsg2V " mice (Addi-
tional file 1: Fig. S6d, e). Therefore, fibrosis in the hearts
of Dsg2f35¢’WT mice was due to the direct pro-fibrotic
effects of 1ISO [30], which was also present in WT mice.
These results indicate that ACM was absent from het-
erozygous DSG2F*31C variant carriers, even under severe
mechanical stress and sympathetic hyperactivity.

DSG2-F536C was degraded through the ubiquitin-
proteasome system

Western blotting and immunohistochemistry were per-
formed to investigate the effect of the variant on the level
and location of DSG2. Unexpectedly, there was nearly
undetectable DSG2 in immunoblotting in hearts from
Dsg2FS36C/Fs36C mice (Fig. 3a). Immunohistochemistry
demonstrated that DSG2 mainly located at desmosomes
in the hearts from Dsg2%7WT and Dsg2f>3“WT mice, but
was absent in Dsg2f>36¢/F53¢C mice (red arrow in Fig. 3b).
The levels of Dsg2 mRNA from the hearts of Dsg2f*36¢
F536C mice were similar to those in Dsg2f>36“/WT and
Dsg2VT'WT mice (Additional file 1: Fig. S7a), excluding
the possibility of abnormal transcription or degrada-
tion of the variant Dsg2 mRNA. The overexpression of
vDSG2, tagged with a C-terminal 3xFlag, in HEK293T
cells effectively ruled out the possibility that the antibody
was unable to recognize vDSG2 (Additional file 1: Fig.
S7b). We speculated that vDSG2 might be modified and
degraded after translation. 3D models of wtDSG2 and
vDSG2 protein were constructed using AlphaFold2 [31].
Root Mean Square Deviation (RMSD) was used to quan-
tify the differences between the structure of wtDSG2
and vDSG2. Although there was no significant change
in protein structure at the variant site (RMSD =0.876),
the global structure of vDSG2 was significantly altered
(RMSD 16.679, Fig. 3c, Additional file 1: Fig. S7c). Fur-
ther comparison of the three-dimensional structures of

Fig. 3 DSG2-F536C was degraded via ubiquitin-proteasome system. a Representative western blot and quantification of DSG2 protein levels

in the hearts from 10-week-old Dsg2"™"T (WT), Dsg2"**“"T (Het) and Dsg2./3“F535 (Hom) mice. N=6 in each group. b Representative images

of immunohistochemical staining and quantification of DSP and DSG2 in the hearts of 10-week-old WT, Het, and Hom mice. ¢ The predicted 3D
model of wild-type DSG2 protein (left) and the variant DSG2-F536C protein (right) via AlphaFold2. d Representative western blot and quantification
of DSG2-Flag protein levels in HL-1 cells (Ctrl), HL-1 cells with stable expression of vDSG2 (vDSG2), and HL-1 cells with stable expression of wtDSG2
(WtDSG2). N=3 in each group. e Mass spectrometry analysis revealed several candidates interacting with vDSG2. f Representative western blot

and quantification of the ubiquitination of DSG2-Flag followed immunoprecipitation with anti-Flag antibody. N=3 in each group. g Representative
western blot and quantification of DSG2-Flag protein levels in HL-1 cells with stable expression of vDSG2 treated with DMSO, MG132 (10 uM for 8 h),
or CQ (25 uM for 8 h). N=3 in each group. h Representative western blot and quantification of DSG2-Flag in HL-1 cells with stable expression

of vDSG2 or vDSG2 with lysine site mutation. N=3 in each group. Ordinary one-way ANOVA with Turkey's multiple comparisons test or Unpaired

t-test were used to analyze the data, * p<0.05, **: p<0.01, ***: p<0.001



Page 10 of 23

Zhang et al. BMC Medicine (2024) 22:361

12
WT  Het Hom & 1
s
a
§ 4
H
B-Tubulin
—50KD o
WT  Het Hom
*okk
s 1
1.5+ ns
1
- ° kK 15
= N x
] i DSG2 3 L
£ 1.0 8 o
n S0 o
S 3
4 <]
=
a HE
2 0.5
]
=
& o
WT Het Hom
°
0.0-
WT Het Hom Isotype
control
C
v
&L

KKk
f} T
=]
2
s3
2
I
& 2
§ *K
24
k4
&
DSG2 (F536C) .
v v
& & &
S &
RMSD: 16.679
°
e f g1s
Protein Peptides Score Coverage  Abundance g *k
=]
DSG2 26 109.53 27 1059000310 5 1.0
HSPA8 1 36.27 19 118673457 H
HSPAS 6 1221 10 12039150.4 DSG2-ubiquitinati £
HSPA9 5 12.16 9 30318026.4 E- 05
2
uBC 2 1.75 28 5905059.5 DSG2-Flag E
UBAP2L 1 1 267 1214870 —150KD % 00
TRIM21 1 178 3 1154726.25 e \DSG2  wiDSG2
UsP10 1 1.75 1 2679788
s ™
g 28 20 — h . N . N .
z z
ca - - + 350 5., . 090 @‘b N /&": q"‘:’\
3 3" & & ¢ ¢ e
MG132 - + - . £ _
245 H — -~y |
DMSO - - - 2 1o g P —
8 1.
e H .
2
y A g
_ ca - - - c@ - - ns
eron E so vets2 - - M - G132 - N i
DMSO - + - - DMSO - + £ s
L3 3 L
- —15KD . 3
LCa-l L a
g
52'7 ‘t
p-catenin Elimomj g = g10 M
g X
Tred o1, ';
g g|'D5
o0 o SRR S S S
ca - - -t F&&ES
MG132 - - + -
bMsO - o+ - -

Fig. 3 (Seelegend on previous page.)



Zhang et al. BMC Medicine (2024) 22:361

vDSG2 and wtDSG2 revealed abnormal folding in the
intracellular segment (amino acids 630-781) of vDSG2
(red segment in vDSG2 and yellow segment in wtDSG2
in Additional file 1: Fig. S7d). To validate the degrada-
tion of vDSG2 in cardiomyocytes, HL-1 cells with stable
expression vDSG2-Flag (HL-vDSG2) and wtDSG2-Flag
(HL-wtDSG2) were generated by lentiviral transfection
and puromycin screening. The mRNA levels of Dsg2 were
similar between HL-vDSG2 and HL-wtDSG2 cells (Addi-
tional file 1: Fig. S7e), but the protein levels of DSG2-Flag
in HL-vDSG2 cells were significantly decreased (Fig. 3d),
which was in accordance with the nearly undetectable
DSG2 in the hearts from Dsg2f>36¢/F536C mjce,

Mass spectrometry analysis of proteins purified by
immunoprecipitation with an anti-Flag antibody in HL-
vDSG2 cells showed that ubiquitination-related proteins
(UBC, UBAP2L, TRIM21, USP10) were potential candi-
dates interacting with vDSG2 (Fig. 3e, Additional file 3:
Table S2), suggesting that vDSG2 might be modified
by ubiquitin in cardiomyocytes. The ubiquitin—protea-
some system (UPS) and autophagy-lysosome system are
the major pathways for clearing misfolded and aggrega-
tion-prone proteins in cardiomyocytes [32]. We purified
DSG2-Flag via immunoprecipitation with an anti-Flag
antibody in HL-1, HL-vDSG2, and HL-wtDSG2 cells to
compare the ubiquitination levels between vDSG2 and
wtDSG2. There was a robust increase in the ubiquitina-
tion of vDSG2 compared to that of wtDSG2 (Fig. 3f). HL-
vDSG2 cells were then treated with proteasome inhibitor
(MG-132) and lysosomal inhibitor (chloroquine, CQ).
The levels of DSG2-Flag increased significantly with
MG-132 treatment but remained unchanged after CQ
treatment (Fig. 3g). In contrast, the DSG2-Flag levels in
HL-wtDSG2 cells did not increase after MG-132 treat-
ment (Additional file 1: Fig. S7f). These results validated
that UPS contributed to the degradation of the DSG2-
F536C variant protein in cardiomyocytes.

Four lysines in mouse DSG2 (K698, K712, K783, and
K987) were predicted to be modified by ubiquitin using
PhosphoSitePlus. Each predicted lysine was mutated to
an arginine to identify the ubiquitination sites involved
in the degradation of vDSG2. The K698R mutation
attenuated the degradation of vDSG2 in HL-vDSG2 cells
(Fig. 3h), indicating that K698 is the ubiquitination site
contributing to the degradation of vDSG2.

Primary activation of TGF-B1/SMADs signaling

in the hearts from Dsg23¢</F536C mice

Degradation of the DSG2-F536C variant protein via the
UPS may impair the desmosome structure and func-
tion, a common mechanism underlying ACM caused
by desmosomal genetic variations, which is insuffi-
cient to match the high risk of progressive heart failure
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in ACM caused by DSG2 variants. RNA sequencing of
bulk hearts was performed to investigate the potential
unique mechanisms underlying the pathogenesis of
ACM caused by Dsg2f36C. Generally, the transcrip-
tome of Dsg2f>3¢/F36C mice showed significant differ-
ences compared with Dsg2f>**¢WT mice and Dsg2V /"7
mice (Additional file 1: Fig. S8a). Of the 878 differentially
expressed genes (DEGs) between Dsg2f>36¢/F53¢C and
Dsg2f536¢/WT mice, 753 genes were upregulated and 125
genes were downregulated in Dsg2f>%¢C¢/F536C mice, Of
the 1230 DEGs between Dsg2f536C/F536C and Dsg2WT/WT
mice, 1074 genes were upregulated and 156 genes were
downregulated in Dsg2f>36¢/F536C mjce. However, there
were only 3 DEGs between Dsg2f*3“/WT and Dsg2WT/WT
mice (Additional file 1: Fig. S8b-c), providing molecular
evidence for the absence of ACM in Dsg2>3“/WT mijce,
Furthermore, 630 genes were upregulated in Dsg2f>36¢
F536C mice compared with both Dsg2f°3¢¢/WT and Dsg2% T/
YT mice (Additional file 1: Fig. S8c). GO analyses showed
that genes with increased expression were enriched for
functional terms related with inflammatory response, cell
adhesion, extracellular remodeling and cellular response
to transforming growth factor beta stimulus (Additional
file 1: Fig. S8d). Given that cardiac fibrosis is the pri-
mary pathological feature of ACM mice and considering
the central role of the TGF-f signaling pathway in car-
diac fibrosis, we further confirmed the activation of the
TGF-B1 signaling pathway in the hearts of Dsg2f>36¢/F536¢
mice through GSEA (Fig. 4a-c, Additional file 4). West-
ern blotting showed markedly increased levels of TGF-B1
in Dsg2f>36¢/F536C hearts compared to those in Dsg2V?’
YT and Dsg2f3“’"T hearts (Fig. 4d) as well as elevated
phosphorylation levels of SMAD2/3 (Fig. 4e, f). These
results indicated that the canonical TGF-Bf1 pathway
was activated and might be an important mechanism in
ACM.

As the master regulator of fibrosis, TGF-f1 plays a
pivotal role in cardiac fibrosis and is upregulated under
stress, inflammation, fibrosis, and myocardial injury
[33]. The elevated TGF-P1 may be the primary cause
or secondary effect of cardiac fibrosis in 10-week-old
Dsg2F536C/Fs36C mijce. We compared TGE-B1 levels in the
hearts of Dsg2fS36C/FS36C, DggoFS36CWT g DegaWTWT
mice at 1 week of age, when cardiac fibrosis was absent
in Dsg2f36C/F536C mice. The results showed a trend of
elevated TGF-P1 expression in the hearts of Dsg2f>36¢
£536C mice before the onset of fibrosis (Additional file 1:
Fig. S8e). Furthermore, TGF-B1 levels in NMVM from
Dsg2fs36C/FS36C mijce were significantly increased, but
were similar between neonatal mouse cardiac fibroblasts
from Dsg2f>36¢/F36C and Dsg2VT"T mice (Fig. 4g). A
previous dataset found that DSG2 was mainly expressed

in human cardiomyocytes, but not in fibroblasts
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Fig. 4 Primary activation of TGF-B1/SMADs signaling in hearts from Dsg236“"35C mice. a-b GSEA indicated that response to TGF-beta stimulus
pathway was activated in the hearts in 10-week-old Dsg2"**“35¢ (Hom) mice compared with Dsg2"/""T (WT) or Dsg2.*3“"T (Het) mice. ¢
Heatmap of DEGs in cellular response to TGF-beta stimulus pathway. d Representative western blot and quantification of TGF-f1 protein levels

in the hearts from 10-week-old WT, Het and Hom mice. N=4 in each group. e-f Representative western blot and quantification of the ratio

of p-SMAD2/SMAD?2 (e) and p-SMAD3/SMAD3 (f) in the hearts from 10-week-old WT, Het and Hom mice. N=4 in each group. g Representative
western blot and quantification of TGF-B1 protein levels in NMVM and NMFB from WT and Hom mice. N=3 in each group. h Representative western
blot and quantification of TGF-B1 protein levels in HL-1 cells (Ctrl), HL-1 cells with stable overexpression of variant DSG2 (vDSG2) and HL-1 cells

with stable overexpression of wild-type DSG2 (wtDSG2). N=3 in each group. Mann-Whitney U test was used to investigate the difference of TGF-f31
in NMFB between WT and Hom mice in panel g. Otherwise, ordinary one-way ANOVA with Turkey’s multiple comparisons test or Unpaired t-test
were used to analyze the data, * p<0.05, **: p<0.01, ***: p<0.001

(Additional file 1: Fig. S9a-c) [27]. Immunoblotting also
showed undetectable DSG2 levels in cardiac fibroblasts
isolated from neonatal rats (Additional file 1: Fig. S9d).

Together, these results suggested that elevated TGEF-

B1 levels in the hearts from Dsg2f>36¢/F$36C

be directly due to the DSG2-F536C variant protein in

mice might
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cardiomyocytes, which was further corroborated in HL-
vDSG2 cells (Fig. 4h).

Cardiac fibroblast activation and differentiation into
myofibroblasts are hallmarks of cardiac fibrosis [34].
Due to the low expression of DSG2 in cardiac fibro-
blasts, we hypothesized that cardiac fibroblasts were pas-
sively activated by TGF-B1 released by cardiomyocytes
in Dsg2f>36C/FS36C mice. To investigate this, we treated
neonatal mouse cardiac fibroblasts with conditioned
medium from HL-1, HL-vDSG2 and HL-wtDSG2 cells,
respectively. We observed enhanced migration abil-
ity (Additional file 1: Fig. S9e), increased expression of
a-SMA (Additional file 1: Fig. S9f), and activation of the
canonical TGF-B1/SMADs signaling (Additional file 1:
Fig. S9g, h) in cardiac fibroblasts treated with condi-
tioned medium from HL-vDSG2 cells. These results indi-
cated that increased levels of TGF-P1 in cardiomyocytes
could activate cardiac fibroblasts and promote cardiac
fibrosis through paracrine signaling.

DSG2-F536C promoted TGF-f31 expression by inducing
endoplasmic reticulum stress in cardiomyocytes

The mechanism underlying the increased expression of
TGF-B1 induced by the DSG2-F536C variant in cardio-
myocytes remains unclear. Mass spectrometry analysis
showed that HSPA5 (also known as BiP) might inter-
act with vDSG2 (Fig. 3e, Additional file 3: Table S2),
which was validated by co-immunoprecipitation (Co-IP)
(Fig. 5a). As an important chaperone, BiP is responsible
to bind with misfolded protein in ER. The interaction
between vDSG2 and BiP indicated that vDSG2 entered
into the ER, and was recognized as misfolded protein.
The interaction between BiP and misfolded protein could
induce ER stress and activate the UPR. Increased levels
of BiP in NMVM from DngF 536C/FS36C mice, as well as
in HL-vDSG2 cells, implied that the DSG2-F536C vari-
ant protein could induce ER stress in cardiomyocytes
(Fig. 5b, Additional file 1: Fig. S10a). Elevated levels of
BiP and C/EBP homologous protein (CHOP) were also
observed in the cardiac tissue of 1-week and 10-week-old
Dsg2Fs36C/F536C mijce (Fig. 5c¢, d), providing evidence of
ER stress in the hearts of DSG2536C/F535C mice. Cytoskel-
eton associated protein 4 (CKAP4), a marker protein of
sheet-like cisternal ER [35], was shown to be increas-
ingly expressed in the hearts of 10-week-old Dsg2f>36
F536C mice, presenting with an increased intensity and
area of CKAP4 in cardiomyocytes on immunofluores-
cence staining (Fig. 5e). Immunoblotting also revealed
increased CKAP4 levels in the hearts of 10-week-old
Dsg2fS36C/FS36C mice (Fig. 5f). These results indicated
ER expansion in cardiomyocytes from Dsg2f>36¢/F536C
mice, which is an important characteristic of ER stress
[36]. Furthermore, immunoblotting revealed that BiP
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levels were significantly higher in adult mouse ventricu-
lar myocytes than in non-cardiomyocytes (Fig. 5g), sup-
porting that ER stress induced by vDSG2 was mainly in
cardiomyocytes.

To investigate the relationship between ER stress and
elevated TGF-Bf1 in cardiomyocytes, HL-1 cells were
treated with brefeldin A (BFA) to induce ER stress. The
findings revealed elevated TGF-p1 levels in BFA-treated
cardiomyocytes compared to those in control cells
(Additional file 1: Fig. S10b). Furthermore, by overex-
pressing BiP to inhibit ER stress in HL-vDSG2 cells [37],
we observed a reduction in the expression of TGF-$1
(Fig. 5h). These results demonstrated that ER stress could
promote the expression of TGF-f1 in cardiomyocytes.

DSG2-F536C promoted the expression of TGF-f1

via the PERK-ATF4 signaling in cardiomyocytes

There are three pathways of UPR in mammals: PERK-
ATF4, IRE1-XBP1s, and ATF6 signaling (Fig. 6a) [38].
Considering that ATF4, XBP1s, and cleaved ATF6 are
the main transcription factors downstream of the UPR
pathway, we assessed the protein levels of these tran-
scription factors in HL-vDSG2 cells. Immunoblotting
showed increased levels of ATF4 (Fig. 6b), unchanged
levels of XBP1s, and decreased levels of cleaved ATF6 in
HL-vDSG2 cells (Additional file 1: Fig. S11a). Immunob-
lotting of cardiac tissue also showed that only ATF4 lev-
els were significantly increased in 10-week-old Dsg2f>36¢/
F536C mice (Fig. 6d, Additional file 1: Fig. S11b). In addi-
tion, the ratios of phosphorylated PERK (p-PERK)/PERK
and p-elF2a/elF2a in both HL-vDSG2 cells and car-
diac tissue from 10-week-old Dsg2f536¢/F535C mijce were
increased parallelly (Fig. 6¢, d). These results demon-
strate that only the PERK-ATF4 pathway was activated by
vDSG2 and might contribute to the increased expression
of TGF-P1 in cardiomyocytes.

In order to investigate the cause-and-effect relation-
ship between ATF4 and TGF-B1, we overexpressed ATF4
in cardiomyocytes and found that ATF4 overexpres-
sion increased TGE-P1 levels in HL-1 cells and NMVM
(Fig. 6e, f). ATF4 knockdown via CRISPR-Cas9 did not
significantly change TGF-B1 in HL-1 (Additional file 1:
Fig. Sllc, d). However, ATF4 knockdown attenuated
BFA-induced expression of TGF-B1 in HL-1 cells (Addi-
tional file 1: Fig. S11e). In parallel, the levels of TGF-B1
were decreased significantly after ATF4 knockdown
in HL-vDSG2 cells (Fig. 6g). Knockdown of ATF4 was
also performed in NMVM from Dsg2f536¢/F536C mice via
adenovirus, and the results validated that ATF4 knock-
down ameliorated the enhanced expression of TGF-1
in cardiomyocytes (Fig. 6h). Furthermore, GSK2606414,
an inhibitor of p-PERK [39], attenuated the increased
expression of ATF 4 and TGF-B1 in HL-vDSG2 cells
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in a dose-dependent manner (Fig. 6i, Additional file 1:
Fig. S11f), which was further validated in AMVM and
NMVM from Dsg2f536¢/F$36C mice (Fig. 6j). Together,
these results demonstrated that DSG2-F536C promoted
the expression of TGF-Bf1 via PERK-ATF4 signaling in
cardiomyocytes.

The p-PERK inhibitor ameliorated cardiac fibrosis

and cardiac systolic dysfunction in Dsg236¢/F536C mjce

The p-PERK inhibitor GSK2606414 showed profound
effects on the alleviation of increased TGF-B1 expression
induced by DSG2-F536C in cardiomyocytes, prompting
us to investigate its effects on cardiac fibrosis and car-
diac systolic dysfunction in Dsg2f>3¢¢/F36C mice, Four-to
five-week-old Dsg2f>36</F53¢C mice were randomly treated
with DMSO (control group) or GSK2606414 (GSK
group, Fig. 7a). After 4 weeks of treatment, GSK2606414
retarded progressive cardiac enlargement, thinning of
the ventricular wall, and cardiac systolic dysfunction in
Dsg2f$36C/F536C mice compared with DMSO (Fig. 7b, c).
Masson’s staining demonstrated that the administration
of GSK2606414 significantly reduced cardiac fibrosis and
improved the thickness of the left ventricular free wall
(Fig. 7d, e). Immunoblotting verified that GSK2606414
treatment decreased ATF4, TGF-B1 levels and
p-SMAD2/SMAD2 ratio in the hearts of Dsg2f>36¢/F>36¢
mice (Fig. 7f, g). All these results indicated ATF4/TGE-
1 signaling played an important role in ACM caused by
Dsg2F53¢C variant, and inhibition of ATF4/TGF-p signal-
ing could attenuate the progressive cardiac fibrosis and
systolic dysfunction in Dsg2f36¢/F536C mice,

Discussion

In this study, we identified the DSG2*3!C variant in
patients with ACM from a large family that were all
homozygous carriers of the DSG23I€ variant. To elu-
cidate the pathogenic role of this variant, we generated
Dsg2f%36C knock-in mice and found homozygous mice

(See figure on next page.)
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presenting typical characteristics of ACM, including car-
diac enlargement, cardiac systolic dysfunction, and car-
diac fibrosis in both ventricles. However, these features
were absent in mice with the heterozygous Dsg2/>3%¢
variant, even under chronic pharmacological stress
with ISO. Mechanistic investigations demonstrated that
DSG2-F536C was misfolded, recognized by the chap-
erone BiP in ER, and was degraded via the UPS. Mean-
while, the variant protein induced ER stress, activated
PERK-ATF4 signaling, and subsequently enhanced the
expression of TGF-B1 in cardiomyocytes, which activated
cardiac fibroblasts in a paracrine manner and promoted
cardiac fibrosis in ACM. Inhibition of the PERK-ATF4
pathway attenuated the increased TGF-P1 expression,
progressive cardiac fibrosis, and systolic dysfunction in
Dsg2FS36C/Fs36C ACM mice (Fig. 8).

Although previous studies have identified homozygous
DSG2F53IC variant in ACM patients, its pathogenicity
and genetic mode of inheritance remain uncertain [16—
19]. This study identified DSG2F°3!C variant in a large
family with 8 ACM patients. The pedigree investigation
revealed that the DSG2F>3/€ variant might contribute to
ACM through an autosomal recessive inheritance pat-
tern, distinguishing it from the majority of pathogenic
variations in desmosomal genes [40]. Accordingly, in
Dsg2f53%C knock-in mice, we observed that only mice
harboring homozygous variants presented a severe and
fully penetrant ACM phenotype, whereas Dsg2f>36¢
YT mice presented no abnormalities in cardiac struc-
ture, systolic function, histology, or molecular signa-
ture. Competitive and high-intensity endurance exercise
could increase the likelihood of developing ACM in het-
erozygous desmosomal variant carriers, mainly because
of the high activity of the sympathetic nervous system
during exercise [41, 42], which could be simulated by
pharmacological stress with chronic infusion of ISO
[29]. In this study, there were no differences in cardiac
geometry, function, or histological findings between

Fig. 6 DSG2-F536C induced the expression of TGF-B1 via PERK-ATF4 signaling pathway. a Schematic showing the three UPR pathways

in mammals. Created with Biorender.com under academic license. b Representative western blot and quantification of ATF4 protein levels in HI-1
cells (Ctrl), HL-1 cells with stable expression of vDSG2 (vDSG2), and HL-1 cells with stable expression of wtDSG2 (wtDSG2). N=3 in each group. ¢
Representative western blot and quantification of p-PERK/PERK ratio, and p-elF2a/elF2a ratio in HI-1 cells (Ctrl), HL-vDSG2 (vDSG2), and HL-wtDSG2
(WtDSG2). N=3 in each group. d Representative western blot and quantification of the levels of ATF4, p-PERK/PERK ratio, and p-elF2a/elF2a ratio

in hearts from 10-week-old Dsg2"/""T (WT), Dsg23“"T (Het) and Dsg2"*°“*535C (Hom) mice. N=4 in each group. e Representative western blot
and quantification of the levels of TGF-31 protein levels in HL-1 cells with overexpression of ATF4 via lentivirus. N=3 in each group. f Representative
western blot and quantification of the levels of TGF-31 protein levels in NMVM with overexpression of ATF4 via adenovirus. N=3in each group.

g Representative western blot and quantification of the levels of TGF-B1 protein levels in HL-vDSG2 cells with ATF4 KD. N=3 in each group. h
Representative western blot and quantification of the levels of TGF-B1 protein levels in NMVM with ATF4 KD. NMVM were isolated from Dsg27%%

F536C

mice. N=3 in each group. i Representative western blot and quantification of the levels of TGF-B1 protein levels in HL-vDSG2 treated

with GSK2606414 (0.4 uM for 24 h). N=3 in each group. j Representative western blot and quantification of the levels of TGF-31 protein levels
in AMVM and NMVM treated with GSK2606414 (0.2 uM for 24 h). AMVM and NMVM were isolated from Dsg27%“"3C mice. N=3 in each group.
Ordinary one-way ANOVA with Turkey’s multiple comparisons test was used to analyze the data, * p <0.05, **: p<0.01, ***: p<0.001
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Dsg2F535CWT and Dsg2VT'™T mice after 2-week ISO
administration. Accordingly, Dsg2*3¢C variant may be
associated with autosomal recessive inherited ACM.
This finding is of great significance for the management
of family members who are heterozygous DSG2/>3/€ var-
iant carriers. Family members with pathogenic gene var-
iants but without phenotypes are recommended to avoid
competitive or high-intensity endurance exercise [20]. In
this study, Dsg2f>36¢/F>36C mice presented no features of
ACM after chronic and high-intensity pharmacological
stress, indicating that exercise recommendations might
be provided on an individual basis to some pathogenic
gene carriers.

Activation of quiescent fibroblasts by TGF-Bf1 and
subsequent remodeling of extracellular matrix proteins
are key pathophysiological processes of cardiac fibrosis
(33]. A previous study demonstrated Dsg2"?** patho-
genic variant could activate and release TGF-B1 through
integrin-aV/B6 pathway, leading to cardiac fibrosis and
ACM [12]. The present study not only identified the acti-
vation of TGF-P1 signaling but also revealed that the
Dsg2f%36C variant could directly promoted the expres-
sion of TGF-P1 in cardiomyocytes. The increased TGF-
B1 activated the canonical TGF-p1 pathway in fibroblasts
by increasing the phosphorylation of SMAD2/3, which
was transferred into the nucleus, promoted the expres-
sion of extracellular matrix-related genes, and led to car-
diac fibrosis [43]. Moreover, we identified that elevated
TGF-f1 from cardiomyocytes harboring homozygous
Dsg2F53¢C variant was one of the primary causes of car-
diac fibrosis in ACM. Interestingly, cardiac fibroblasts
from Dsg2f>36C/F536C mijce exhibited similar TGE-B1 lev-
els to those from WT mice. This suggested that cardiac
fibroblasts were passively activated by TGF-B1 secreted
from adjacent cardiomyocytes in Dsg2f>36¢/F536C mijce,
Previous studies demonstrated that the loss of plako-
philin-2 and the mutation of transmembrane protein 43
enhanced the expression of TGF-P1 in cardiomyocytes in
ACM [44, 45]. However, the mechanism underlying the
increased expression of TGF-B1 caused by desmosomal
gene variants is unclear.

(See figure on next page.)
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A previous study showed the presence of ER stress in
the hearts of ACM mice, yet the mechanisms underly-
ing ERS and its significance in ACM remain unclear [46].
In this study, it was found that DSG2-F536C was mis-
folded and interacted with BiP in the ER. The interaction
of DSG2-F536C and BiP could release the three stress
sensors, PERK, ATF6, and IRE1 at the ER membrane,
which would activate the 3 corresponding downstream
signaling and induce ER stress. The elevated levels of
BiP, CHOP, and ER expansion in cardiomyocytes veri-
fied ER stress in the hearts of Dsg2f>36¢/F536C mice. Fur-
ther investigation revealed that ER stress upregulated the
expression of TGF-B1 in cardiomyocytes, consequently
promoting cardiac fibrosis in Dsg2f?36¢/F536C mice, The
correlation between ER stress and increased TGF-f}1
levels was shown in Crohn’s disease [47]. However, it
remains unclear how ER stress leads to the elevated levels
of TGE-P1. Increased ATF4 levels with unchanged lev-
els of ATF6 and XBP1s in cardiac tissues from Dsg2*36¢
F536C mice and HL-vDSG2 cells indicated that only the
PERK-ATF4 pathway was selectively activated in cardio-
myocytes harboring the homozygous Dsg2">%°C variant.
This may be related to chronic ER stress induced by the
continuous expression of the vDSG2. A previous study
showed that activities of IRELa—XBP1s and the ATF6
pathway were attenuated while the PERK-ATF4 path-
way remained active during chronic ER stress [48], which
might be related to the inhibition of global protein trans-
lation [49].

After disassociation from BiP in the ER lumen, PERK
normally form homodimers and undergo autophos-
phorylation. This is followed by the phosphorylation
of elF2a. Phosphorylated elF2a functions to inhibit
the translation of cap-dependent mRNA, while pro-
moting the translation of a subset of mRNA with small
upstream open reading frames, including ATF4 [50,
51]. As a transcription factor, ATF4 binds to the target
gene promoters, thereby facilitating the transcription of
genes involved in apoptosis, redox regulation, and amino
acid metabolism [52, 53]. Studies have reported con-
flicting results on the role of ATF4 in the heart. Some

Fig. 7 Inhibition of ATF4/TGF-B1 signaling ameliorated cardiac dysfunction and cardiac fibrosis in Dsg2/“"3¢ mice. a Schematic diagram
showing the treatment strategy with GSK2606414 in Dsg2" %53 mice. Created with Biorendercom under academic license. b Representative
images of M-mode echocardiography of LV geometry and systolic function in Dsg27*“F3C mice at baseline and after 4-week treatment

with GSK2606414 or DMSO. ¢ Quantification of LV geometry (LVDD and LVDS) and systolic function (LVEF and LVFS) in Dsg2" 363 mice

at baseline and after 4-week treatment with GSK2606414 or DMSO. N=4 in control group and N=9 in GSK2606414 group. d Representative images
of Masson’s staining in Dsg22“/F3C mice after 4-week treatment with GSK2606414 or DMSO. Scale bar 1 mm. e Quantification of global fibrosis
and wall thickness of both ventricles in Dsg2/3“"3¢ mice after 4-week treatment with GSK2606414 or DMSO. N=5 in GSK group, and N=3

in control group. f-g Representative western blot (f) and quantification (g) of TGF-B1, ATF4 protein levels and p-SMAD2/SMAD?2 ratio in hearts

from Dsg2/36/F536C mice after 4-week treatment with GSK2606414 or DMSO. N=4 in GSK group, and N=3 in control group. Unpaired t-test were
used to analyze the data, * p<0.05, **: p<0.01, ***: p<0.001, ns, not significant
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Fig. 8 Schematic conclusion of the main findings of the study. Dsg2 % in the cardiomyocyte leads to the misfolding of the variant protein, which

is recognized by the chaperon BiP in the ER, followed by translocating to cytosol to be degraded via ubiquitin-proteasome pathway. Meanwhile,
the variant protein activated the PERK-ATF4 signaling pathway, and subsequently increase the expression of TGF-31 in cardiomyocytes, which

promotes cardiac fibrosis and heart failure in ACM via activating cardiac fibroblasts. Notably, inhibition of the PERK/ATF4 signaling could attenuate
the increased TGF-B1 levels and cardiac fibrosis in ACM mice. Created with Biorender.com under academic license

researchers have found that ATF4 had cardioprotective
effects under hemodynamic and mitochondrial stress via
its antioxidant effects [54, 55]. However, ATF4 overex-
pression in cardiomyocytes induced lethal cardiac atro-
phy by enhancing autophagy [56]. Another study found
that increased ATF4 levels mediated the impaired cardio-  tin cascade reaction, and followed by the degradation
myocyte maturation induced by the RYR2 variant [57].  in the proteasome [58]. Increased levels of vDSG2-Flag
Our study showed that ATF4 accelerated cardiac fibrosis  following MG132 treatment, along with elevated ubiq-
by increasing TGF-P1 levels in cardiomyocytes. In addi-
tion, the expression of TGF-P1 in cardiomyocytes could
be reversed by a p-PERK inhibitor or ATF4 knockdown,
indicating that the activation of PERK/ATF4 signaling
was a novel mechanism underlying the elevated TGF-$1
levels in ACM. In vivo experiments validated the benefi-
cial effects of a p-PERK inhibitor in attenuating progres-
sive cardiac fibrosis and cardiac systolic dysfunction in
Dsg2Fs36C/Fs36C

In addition to UPR, The ER associated degradation is
the main protein degradation systems to deal with mis-
folded proteins in ER to attenuate the ER stress. Most of
the misfolded proteins in ER are translocated to cytosol,
where they are targeted with ubiquitin label by ubiqui-

uitination levels of vDSG2 in HL-V cells, indicate that
vDSG2 may be degraded through the ER-associated
degradation pathway. Targeting the ubiquitination and
degradation of proteins has emerged as a new therapeu-
tic strategy [59]. Mass spectrometry analysis identified
TRIM21 and USP10 as potential candidates interacting
with vDSG2. TRIM21 is an intracellular ubiquitin ligase
[60], whereas USP10 functions as a deubiquitinating
mice. .

enzyme [61]. These findings suggest that TRIM21 and
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USP10 may play roles in the ubiquitination and degra-
dation of DSG2, highlighting their potential as thera-
peutic targets for DSG2-related ACM in the future.

Conclusions

Hyperactivation of the ATF4/TGEF-B1 signaling in cardio-
myocytes is a novel driver of progressive cardiac fibrosis
in ACM. The identification of these mechanisms provides
potential therapeutic targets for ACM management.
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AMVM Adult mouse ventriclar myocytes

ATF4 Activating transcription factor 4
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GO Gene ontology
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TGF-B1 Transforming growth factor 31
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Additional file 1: Figure S1. Representative ECG of persistent ventricular
tachycardia in an ACM patient with DSG23C variant. Figure S2.
Comparation of amino acids sequence of DSG2 across the cadherin family
number and between human and mouse. (a) The variant (F531C) was
located in an evolutionary highly conservative area across the cadherin
family proteins. (b) The Phe 536 of mouse DSG2 (black arrow) was
homologue to the Phe 531 of human DSG2 (red arrow). Figure S3.
Generation of Dsg2"*C variant mice. (a) Generation of the variant allele.
(b) Southern blot analysis on four initially screened neomycin-resistant
embryonic stem (ES) clones. The left panel displayed Hpal digest (19.9 K
and 10 K) and the right panel displayed Nhel digest for Neo (14.2 K). Clone
B6 served as the wild-type ES clone, while clones E11 and E1 were
identified as correctly targeted clones. Clone B10, however, was
determined to be an incorrectly targeted clone. (c) Sequencing result to
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showed correct change of TTC (encoding phenylalanine) to TGC
(encoding cysteine). (d) Genotyping. The PCR products were 466 bp for
Homozygous (Dsg2™<F535% and 368 bp for wild-type (Dsg2"/""').
Figure S4. Comparison of left ventricular free wall thickness among
10-week-old Dsg2" ™" (WT), Dsg2"**“W(Het), and Dsg2™~/F36¢
(Hom) mice. Ordinary one-way ANOVA and Turkey’s multiple
comparisons test was used to analyze the data, ***: p<0.001; ns, not
significant. N=13in WT group, N=16 in Het group, and N=19 in Hom
group. Figure S5. Homozygous Dsg2™“ 3 mice showed significant
biventricular fibrosis. (a) Representative images of Masson’s staining in
4-week-old Dsg2"""T (WT), Dsg2™*“MT (Het) and Dsg2"*°“"C (Hom)
mice. (b) Quantification of biventricular CVF, thickness of both free
ventricular walls and interventricular septum in 4-week-old WT, Het and
Hom mice. N=5 in each group. ***: p<0.001, **: p<0.01, *: p<0.05. (C)
Quantification of interventricular septum thickness in Dsg2/36/F3¢¢
mice from 2- to 10-week-old. N=5 in each group. #: p < 0.05 compared
with the heart of 4-week-old mice; ns, not significant. One-way ANOVA
and Turkey's multiple comparisons test was used to analyze the data.
Figure S6. Failed to induce the phenotypes of ACM under the chronical
pharmacological stress with 1SO in heterozygous Dsg2**“*'" mice. (a)
Schematic diagram showing the strategy of the chronically pharmaco-
logical stress with 1SO. Created with Biorender.com under academic
license. (b) Representative images of M-mode echocardiography of LV
geometry and systolic function in WT and Dsg2*“"T (Het) mice after
2-week treatment with ISO. ns, not significant. (c) Quantification of LV
geometry (LVDD, LVDS, thickness of free wall and interventricular
septum) and systolic function (LVEF and LVFS) in WT and Het mice after
2-week treatment with ISO. N=6 in WT group, and N=_8 in Het group.
ns, not significant. (d) Representative images of Masson'’s staining in WT
and Het mice after 2-week treatment with ISO. Scale bar 1 mm. (e)
Quantification of global fibrosis and wall thickness of both ventricles in
WT and Het mice after 2-week treatment with ISO. N=6 in WT group,
and N=8in Het group. ns, not significant. Unpaired t-test was used to
analyze the data. Figure S7. DSG2-F536C was degraded via the
ubiquitin—proteasome signaling. (a) Relative mRNA levels of Dsg2 in the
hearts of 10-week-old WT, Het and Hom mice. N=3 in each group. (b)
Representative western blot and quantification of DSG2-Flag in
HER293T cells transfected with plasmids with mutant or WT mice Dsg2
cDNA and a C-terminal 3xflag epitope. The DSG2-Flag was detected by
anti-DSG2 and anti-Flag antibody respectively. N= 3 in each group. (c)
The predicted 3D model of extracellular and transmembrane domains
(55th—619th amino acid) of wild-type DSG2 protein (blue) and the
variant DSG2-F536C protein (green) via AlphaFold2. The black dashed
box indicated a similar secondary structure at the variant site, and the
purple indicated the mutated amino acid. (d) Comparison of the
three-dimensional structures between vDSG2 (green) and wtDSG2
(blue). The red segments indicate the regions of abnormal folding in
vDSG2, whereas the yellow segments represent the corresponding
normal structure in wtDSG2. (e) Relative mRNA levels of Dsg2 in HL-1
cells, HL-1 cells with stable expression of variant DSG2 (vDSG2) and wild
type DSG2 (WwtDSG2). N=3 in each group. (f) Representative western
blot and quantification of DSG2-Flag and B-Catenin protein levels in
HL-wtDSG2 treated with MG132. N=3 in both groups. Kruskal-Wallis
test with Dunn's multiple comparison test was used to analyze
DSG2-Flag levels in panel f. Otherwise, One-way ANOVA and Turkey's
multiple comparisons test or Unpaired t test was used to analyze the
data. *: p<0.05, **: p<0.01, ***: p<0.001, ns, not significant. Figure S8.
Activation of TGF-B1 pathway in the hearts of 10-week-old Dsg2 3%
F535C mice. (a) Heatmap of differentially expressed genes (DEGs) in the
hearts of 10-week-old Dsg2"""T (WT), Dsg2™*“WT (Het) and Dsg2™*“
F536C (Hom) mice. N=4 in each group. (b) Volcano plot and quantifica-
tion of DEGs between different groups. N=4 in each group. (c) Venn
diagram between Hom vs Het and Hom vs WT mice. N=4 in each
group. (d) Gene Ontology (GO) analyses for upregulated genes in the
hearts of 10-week-old Hom mice compared with both WT and Het
mice. (e) Representative western blot and quantification of TGF-31
protein levels in the hearts from 1-week-old WT, Het and Hom mice.
N=3in each group. Kruskal-Wallis test with Dunn’s multiple
comparison test was used to analyze the data. Figure S9. Overexpres-
sion of DSG2-F536C in HL-1 cells significantly promoted fibroblast
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activation via SMADs signaling. (@) UMAP map of snRNA-seq displaying 9
distinct cellular clusters. (b) Feature plot showing expression of DSG2
among different cellular clusters. (c) Violin plot showing DSG2 expression
in human hearts. (d) Representative western blot and quantification of
DSG?2 levels in neonatal rat ventricular myocytes (NRVM) and neonatal rat
fibroblasts (NRFB). N=3 in both groups. ***: p <0.001. (e) The conditioned
medium from HL-vDSG2 cells promoted NMFB migration by wound
healing assay compared with conditioned medium from HL-1 and
HL-wtDSG2 cells. N=3 in each group. *: p <0.05 compared with HL-1, **:
p<0.01 compared with HL-1 cells, *: p < 0.05 compared with HL-wtDSG2
cells. (f) Representative western blot and quantification of a-SMA protein
levels in NMFB treated with conditioned medium of HL-1, HL-vDSG2 and
HL-wtDSG2 cells. N=4in each group. *: p <0.05. (g-h) Representative
western blot and quantification of p-SMAD2/SMAD?2 ratio (g) and
p-SMAD3/SMAD3 ratio (h) in NMFB treated with conditioned medium
from HL-1, HL-vDSG2 and HL-wtDSG2 cells (red arrow indicates p-SMAD3).
N=4in each group. ***: p<0.001. Kruskal-Wallis test with Dunn’s multiple
comparison test was used to analyze p-SMAD3 in the panel h. Otherwise,
One-way ANOVA and Turkey’s multiple comparisons test or Unpaired t
test was used to analyze the data. Figure S10. DSG2-F536C promoted the
expression of TGF-31 via inducing endoplasmic reticulum stress in
cardiomyocytes. (a) Representative western blot and quantification of BiP
protein levels in HL-1 cells, HL-1 cells with stable expression of variant
DSG2 (vDSG2), and HL-1 cells with stable expression of wild type DSG2
(WtDSG2). N=3 in each group. (b) Representative western blot and
quantification of TGF-B1 protein levels in HL-1 cells treated with placebo
or brefeldin A (BFA, 2.5ug/L for 12 h). N=3 in each group. One-way
ANOVA and Turkey's multiple comparisons test or unpaired t-test was
used to analyze the data, **: p<0.01, ***: p <0.001. Figure S11. DSG2-
F536C promoted the expression of TGF-B1 in cardiomyocytes via
PERK-ATF4 pathway. (a) Representative western blot and quantification of
XBP1s and ATF6-50KD in HL-1 (Ctrl), HL-vDSG2 and HL-wtDSG2 cells. N=3
in each group. (b) Representative western blot and quantification of
ATF6-50KD, XBP1u and XBP1s in the hearts of 10-week-old Dsg2"/""T
(WT), Dsg2" T (Het) and Dsg2"%36C (Hom) mice. N=3 in each
group. (c) Representative western blot and quantification of ATF4 in HL-1
cells treated with CRISPR-Cas9 with sgRNA targeting ATF4. N=3 in each
group. (d) Representative western blot and quantification of TGF-B1 in
HL-1 cells with ATF4-KD. N=3 in each group. (e) Representative western
blot and quantification of ATF4 and TGF-31 protein levels in HL-1 cells with
ATF4-KD under ER stress induced by BFA. N=3 in each group. (f)
Representative western blot and quantification of ATF4 and TGF-31 in
HL-vDSG2 cells treated with different doses of GSK2606414. N=3 in each
group. One-way ANOVA and Turkey's multiple comparisons test was used
to analyze the data. *: p<0.05, **: p<0.01, ***: p<0.001. Table S3. Lists of
primary antibodies used in this study. Table S4. Primary sequence for
genotyping. Table S5. Primary sequence for real time quantitative PCR.
Table S6. Target for RNAI.

Additional file 2: Table S1. Clinical characterization of DSG2-F531C
mutation-positive family members.

Additional file 3: Table S2. Results of mass spectrometry analysis of puri-
fied protein by immunoprecipitation with anti-Flag antibody in cultured
cardiomyocytes with stable expression vDSG2.

Additional file 4. GSEA of DEGs between Dsg2/3“/36C and Dsg2" 36T or
Dsg2"""T mice.

Additional file 5. Uncut blot
Additional file 6. ARRIVE guidelines checklist.
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