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Aims Mutations in the DSP gene encoding desmoplakin, a constituent of the desmosomes at the intercalated discs (IDs), cause a pheno-
type that spans arrhythmogenic cardiomyopathy (ACM) and dilated cardiomyopathy. It is typically characterized by biventricular 
enlargement and dysfunction, myocardial fibrosis, cell death, and arrhythmias. The canonical wingless-related integration (cWNT)/ 
β-catenin pathway is implicated in the pathogenesis of ACM. The β-catenin is an indispensable co-transcriptional regulator of the 
cWNT pathway and a member of the IDs. We genetically inactivated or activated β-catenin to determine its role in the pathogen-
esis of desmoplakin cardiomyopathy.

Methods 
and results

The Dsp gene was conditionally deleted in the 2-week-old post-natal cardiac myocytes using tamoxifen-inducible MerCreMer mice 
(Myh6-McmTam:DspF/F). The cWNT/β-catenin pathway was markedly dysregulated in the Myh6-McmTam:DspF/F cardiac myocytes, as 
indicated by a concomitant increase in the expression of cWNT/β-catenin target genes, isoforms of its key co-effectors, and the 
inhibitors of the pathway. The β-catenin was inactivated or activated upon inducible deletion of its transcriptional or degron do-
main, respectively, in the Myh6-McmTam:DspF/F cardiac myocytes. Genetic inactivation of β-catenin in the Myh6-McmTam:DspF/F mice 
prolonged survival, improved cardiac function, reduced cardiac arrhythmias, and attenuated myocardial fibrosis, and cell death 
caused by apoptosis, necroptosis, and pyroptosis, i.e. PANoptosis. In contrast, activation of β-catenin had the opposite effects. 
The deleterious and the salubrious effects were independent of changes in the expression levels of the cWNT target genes and 
were associated with changes in several molecular and biological pathways, including cell death programmes.

Conclusion The cWNT/β-catenin was markedly dysregulated in the cardiac myocytes in a mouse model of desmoplakin cardiomyopathy. 
Inactivation of β-catenin attenuated, whereas its activation aggravated the phenotype, through multiple molecular pathways, inde-
pendent of the cWNT transcriptional activity. Thus, suppression but not activation of β-catenin might be beneficial in desmoplakin 
cardiomyopathy.

* Corresponding author. Tel: +1 713 500 2350, Fax: +1 713 383 0313, E-mail: Ali.J.Marian@uth.tmc.edu
† Present address. Heart Center and Beijing Key Laboratory of Hypertension, Beijing Chaoyang Hospital, Capital Medical University, Beijing, China 100020.
‡ Present address. Center for Precision Health, School of Biomedical Informatics and School of Public Health, The University of Texas Health Science Center at Houston, Houston, TX 77030, USA.
This article was handled by consulting editor Ajay M. Shah.
© The Author(s) 2023. Published by Oxford University Press on behalf of the European Society of Cardiology. All rights reserved. For permissions, please e-mail: journals.permissions@oup.com

Cardiovascular Research (2023) 119, 2712–2728 
https://doi.org/10.1093/cvr/cvad137

https://orcid.org/0000-0002-1252-7120
mailto:Ali.J.Marian@uth.tmc.edu


. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Graphical Abstract

Keywords Desmoplakin • Cardiomyopathy • WNT pathway • β-Catenin • Oxidative phosphorylation • Cell death • Fibrosis

1. Introduction
Hereditary cardiomyopathies comprise a genetically and phenotypically 
heterogenous group of myocardial diseases wherein the primary defect 
is in cardiac myocytes; the ensuing phenotype, however, is multi-cellular 
involving cellular constituents of the myocardium.1–4 Despite their 
heterogeneity, hereditary cardiomyopathies exhibit partial genetic and 

phenotypic overlaps. Among the three most common forms of heredi-
tary cardiomyopathies, namely hypertrophic cardiomyopathy, dilated 
cardiomyopathy (DCM), and arrhythmogenic cardiomyopathy (ACM), 
the latter two exhibit considerable overlaps and at times are indistin-
guishable. Consequently, terms such as arrhythmogenic left dominant 
cardiomyopathy and arrhythmogenic DCM are used to describe overlap-
ping phenotypes.5,6
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DCM is characterized by cardiac dilatation and reduced left ventricular 
ejection fraction and is caused by mutations in genes coding for the cyto-
skeletal or sarcomere proteins.1 ACM, in its classic form, predominantly in-
volves the right ventricle and is referred to as arrhythmogenic right 
ventricular cardiomyopathy and is primarily a disease of the intercalated 
disc (ID) proteins, mostly desmosome proteins.3 Among the genes known 
to cause ACM, the DSP gene, which encodes desmoplakin (DSP), causes a 
somewhat distinct phenotype that straddles between DCM and ACM5,7

The phenotypic overlap likely reflects the topographic location of DSP in 
the intra-cellular component of the desmosome structures where it inter-
acts with the cytoskeletal proteins, such as cardiac α-actin, which are 
known to cause DCM.8,9 The phenotype caused by the DSP mutations is 
somewhat distinct, as it typically involves both ventricles, leading to biven-
tricular dilatation and dysfunction, ventricular tachycardia, severe myocar-
dial fibrosis, and apoptosis.6,7,10,11 Consequently, the phenotype is 
recognized as DSP cardiomyopathy.6,7,10,11

The cardiac IDs are comprised of multi-functional proteins that attach the 
adjacent cardiac myocytes and provide mechanical integrity to the myocar-
dium, enable rapid electric conduction throughout the myocardium, and 
serve as a signalling hub responding to external or internal mechanical 
stress.12–16 The β-catenin (CTNNB1), which is the indispensable transcrip-
tional co-effectors of the canonical WNT (cWNT) pathway, is an abundant 
constituent of the adherens junction at the IDs, where it interacts with the 
mechano-sensing proteins N-cadherin and α-catenin.17,18 Given the intricate 
interplays between the β-catenin and protein constituents of desmosomes, 
the cWNT/β-catenin is implicated in the pathogenesis of ACM and has 
emerged as a target of experimental therapy.16,19–24 However, no consensus 
has been established because of the inconsistent findings, likely reflective of 
the differences in the experimental approaches (see Supplementary material 
online, Figure S1A–D). One set of studies has targeted Glycogen Synthase 
Kinase 3 (GSK3β), typically using a pharmacological agent that inactivates 
both GSK3β and GSK3α.19,20,25–27 Inhibition of the GSK3β prevents phos-
phorylation of the β-catenin and its subsequent degradation following ubiqui-
tinoylation, which leads to the activation of the cWNT pathway (see 
Supplementary material online, Figure S1C). Inhibition of GSK3β (and 
GSK3α), which is expected to activate the cWNT pathway, has been shown 
to improve the phenotype in zebrafish and mouse models of ACM.19,20,25–27

The findings, however, are confounded by the cWNT-independent effects of 
the GSK3β, which are numerous, as well as the concomitant inhibition of 
GSK3α, which has functions independent of the cWNT pathway.28,29 The 
findings are also in contrast with the data showing the deleterious effects 
of inhibition of the GSK3β on cardiac conduction and arrhythmias, which 
pertain to ACM.30 In an alternative approach, the cWNT pathway has 
been targeted by inhibiting porcupine (PORCN), which is the exclusive en-
zyme involved in the post-translational palmitoylation and the subsequent se-
cretion of the WNT molecule to the extracellular milieu (see Supplementary 
material online, Figure S1D).22,31 Thus, inhibition of PORCN by preventing 
secretion of the WNT ligand abrogates receptor–ligand coupling and leads 
to suppression of the cWNT pathway.31 Suppression of the cWNT pathway 
upon inhibition of PORCN has been shown to impart salubrious effects and 
attenuate the phenotype in a mouse model of ACM.22

To address the existing conundrum and gain further insights into the 
role of the cWNT pathway in the pathogenesis of ACM, we utilized genetic 
loss-of-function (LoF) and gain-of-function (GoF) approaches to inactivate 
or activate β-catenin, respectively, in cardiac myocytes in a mouse model 
of ACM caused by cardiac myocyte-specific DSP deficiency (see 
Supplementary material online, Figure S1C). We determined the ensuing 
phenotypic effects and investigated the putative mechanisms.

2. Methods
2.1 Data sharing
RNA-Sequencing (RNA-Seq) data have been submitted to GEO 
(GSE180972). All data are available from the corresponding authors 
upon request.

2.2 Regulatory approvals
The use of mice in these studies was approved by the Institutional Animal 
Care and Use Committee (AWC-21-0015) and as per the NIH Guide for 
the Care and Use of Laboratory Animals.

2.3 Anaesthesia and euthanasia
Isoflurane was used to induce (3%) and maintain (0.5%) anaesthesia in mice. 
Euthanasia was accomplished after placing the mice under 100% CO2 inhal-
ation and cervical dislocation.

2.4 The Myh6-Mcm:DspF/F mice
The Dsp gene was specifically deleted in the post-natal cardiac myocytes 
upon daily intra-peritoneal injection of five consecutive doses of tamoxifen 
(30 mg/Kg/d) to the Myh6-Mcm:DspF/F mice starting at post-natal day 14, as 
published.11

2.5 Genetic inducible activation or 
inactivation of CTNNB1 in cardiac  
myocytes in the post-natal mice
The mouse models of tamoxifen-inducible Cre-mediated β-catenin activa-
tion and inactivation have been published.32 In brief, to activate β-catenin, 
the floxed exon 3 of the Ctnnb1 gene, which encodes the GSK3β phos-
phorylation sites (Thr41, Ser37, and Ser33), necessary for its degradation 
by ubiquitinoylation (degron), was deleted.32–34 The deletion leads to the 
expression of a stable and a smaller β-catenin protein (lacking 80 amino 
acids or ∼10 kDa). The mouse represents the GoF of β-catenin 
(Ctnnb1GoF). To inactivate β-catenin, floxed exons 8–13 of the Ctnnb1 
gene, which encodes the trans-activator motif comprised of amino acids 
361–692, were deleted.32,35 The deletion leads to the expression of trun-
cated mRNA and protein, which are unstable and degraded.35 The mouse 
represents the LoF of β-catenin (Ctnnb1LoF).

Inducible activation or inactivation of β-catenin is concomitant with de-
letion of the Dsp gene in cardiac myocytes in the post-natal mice: To delete 
Dsp and concomitantly activate or inactivate β-catenin in cardiac myocyte, 
Myh6-McmTam:DspF/F:Ctnnb1LoF and Myh6-McmTam:DspF/F:Ctnnb1GoF mice 
were generated and injected with tamoxifen (30 mg/kg/d) starting at P14 
for 5 consecutive days (see Supplementary material online, Figure S2). 
The P14 time point was chosen to avoid embryonic lethality associated 
with homozygous deletion of the Dsp gene.16,36 It also reduces confound-
ing effects of activation or suppression of the cWNT/β-catenin pathway 
during the proliferative phase of cardiac myocytes in the early post-natal 
period.37,38

2.6 Genotypes
The mice were genotyped by polymerase chain reaction (PCR) using gen-
omic DNA isolated from the tail, as described.16,39 The list of oligonucleo-
tide primers used for the genotyping is provided in Supplementary material 
online, Table S1.

2.7 Survival analysis
Kaplan–Meier survival plots were constructed in the main study groups, 
namely the wild-type (WT), Myh6-McmTam:DspF/F, Myh6-McmTam:DspF/F: 
Ctnnb1LoF, and Myh6-McmTam:DspF/F:Ctnnb1GoF using the GraphPad 
Prism 9 software. The short-term survival data, matching the time frame 
of the present study, in Myh6-McmTam, Myh6-McmTam:Ctnnb1LoF, and 
Myh6-McmTam:Ctnnb1GoF have been published and were not included to 
avoid redundancy.32,40

2.8 Gross morphology
Body and heart weight were measured at 4 weeks of age, which is the time 
point that most phenotypes were analysed. The heart weight was indexed 
to body weight and compared among the groups.
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2.9 Echocardiography
Echocardiography was performed on 4-week-old mice using a Vevo 1100 
ultrasound imaging system (FUJIFILM VisualSonics Inc., Toronto, ON, 
Canada), as published.32,40,41 In brief, cardiac images were obtained in 
the M mode using a B-mode guide at the level of left ventricular (LV) pap-
illary muscles in mice anaesthetized with 0.5% isoflurane. LV anterior wall 
thickness, posterior wall thickness, end-systolic diameter, and end-diastolic 
diameter were measured using the leading-edge method. The LV fractional 
shortening and mass were calculated from the m-mode images, as 
published.32,40,41

2.10 Rhythm monitoring
Two surface leads were placed over the mouse’s chest, and the cardiac 
rhythm was monitored for about an hour in each mouse under 0.5% iso-
flurane anaesthesia, as published.11,42 A Power Lab 4/30 data acquisition 
system was used, and the data were analysed using Lab Chart7 software 
(ADInstruments, Colorado Springs, CO, USA).

2.11 Cardiac myocyte isolation
Cardiac myocytes were isolated from 4-week-old mice as published.11,43 In 
brief, mice were anaesthetized, and the heart was excised, mounted onto a 
Langendorff perfusion system, and perfused with a Type 2 collagenase di-
gestion buffer (2.4 mg/mL concentration) at a flow rate of 4 mL/min 
(Worthington Cat# LS004176). The ventricles were minced in a stop buf-
fer containing 10% calf serum, 12.5 μM CaCl2, and 2 mM adenosine tri-
phosphate, and the cell suspension passed through a 100 µm cell strainer 
and centrifuged at 20 g to precipitate cardiac myocytes. The isolated cells 
were treated with CaCl2 in the stop buffer in a stepwise increase from a 
molar concentration of 100–900 μM. The isolated myocytes were sus-
pended either in a Qiazol reagent (Qiagen Cat# 79306) for RNA extrac-
tion or in a protein extraction buffer for immunoblotting.

2.12 Immunoblotting
Ventricular tissues or cardiac myocytes were homogenized and dissolved 
in a RIPA buffer (Cat# 974821) containing 0.5% SDS.44 The buffers con-
tained protease and phosphatase inhibitors (Roche, Cat#04693159001 
and Cat#04906837001, respectively). The lysates were sonicated briefly 
using a Bioruptor Pico (Diagenode, Denville, NJ) and centrifuged at 
13 000 rpm to precipitate the protein. Aliquots of 30–50 μg protein extracts 
were loaded onto an SDS polyacrylamide gel, electrophoresed, and trans-
ferred onto nitrocellulose membranes. The membranes were probed with 
antibodies against the target proteins followed by incubation with the corre-
sponding secondary antibodies. The signals were detected using the ECL 
western blotting detection kit (Amersham Cat# RPN2106), and the images 
were collected using the LiCOR (Odyssey, Denville, NJ) imaging system.

2.13 Reverse transcription–polymerase 
chain reaction
Total cardiac myocyte RNA was extracted using a miRNeasy Mini Kit 
(Qiagen, Cat # 217006) and treated with DNase I (Qiagen, Cat# 
79254). Reverse transcription was performed on ∼1 μg of total RNA using 
random primers and a high-capacity cDNA synthesis kit (Applied 
Biosystems Cat# 4368814). The SYBR green probes or TaqMan assays 
were used in duplicate to determine the transcript levels of the selected 
genes, which were normalized to the Gapdh transcript levels. Changes in 
the transcript levels were calculated using the ΔΔCT method and pre-
sented as fold changes relative to the values in the WT mice. The primers 
used in the study are listed in the Supplementary material online, Table S1.

2.14 RNA-Sequencing
RNA-Seq was performed on ribosome-depleted ventricular cardiac myo-
cyte RNA extracts, as published.11,24,32,40 In brief, total RNA was extracted 
using the miRNeasy Mini Kit (Qiagen, Cat # 217004), and extracts with an 
RNA Integrity Number value of >8, determined using an Agilent 

Bioanalyzer RNA chip, were used to construct sequencing libraries. 
Strand-specific sequencing libraries were generated using TruSeq stranded 
total RNA library preparation kit (Illumina Inc. Cat # 20020596) and se-
quenced as 75 bp paired-end reads on an Illumina instrument.

2.15 Myocardial fibrosis
Myocardial fibrosis was assessed by multiple methods, including calculation 
of collagen volume fraction (CVF) from thin myocardial sections stained 
with picrosirius red, quantification of the transcript of genes involved in fi-
brosis by reverse transcription–PCR (RT–PCR) and selected proteins by 
western blotting and immunofluorescence staining, as published.11,32,40,45

Likewise, fibrosis pathways were analysed in the cardiac myocyte 
RNA-Seq dataset.

2.16 Myocyte cross-sectional area
To identify cardiac myocytes, thin myocardial sections were stained with an 
antibody against pericentriolar material protein 1 (PCM1), which mainly 
marks the myocyte nuclei in the heart (Sigma Cat# HPA023370), as pub-
lished.32,39,42,46 The sections were co-stained with wheat germ agglutinin 
(WGA) conjugated to Texas red [concentration 1 μg/mL, Thermo Fisher 
Scientific, Cat#W21405)] and 4′,6-diamidino-2-phenylindole (DAPI) to 
mark the interstitium and nuclei, respectively. The number of myocytes 
was calculated along with the areas not stained with WGA to determine 
the myocyte cross-sectional area (CSA).

2.17 Terminal deoxynucleotidyl transferase 
dUTP nick end labelling assay
The terminal deoxynucleotidyl transferase dUTP nick end labelling 
(TUNEL) assay was performed to detect apoptosis using the TUNEL assay 
and in-situ cell death detection Fluorescein kit (Roche Cat#11684795910), 
as published.41,43,44

2.18 Mitochondrial electron chain transport 
complexes activities
Enzymatic activity of each mitochondrial electron chain transport (ETC) 
complex was determined in cardiac myocyte protein extracts by adding 
specific substrates and inhibitors to homogenates using the commercially 
available kits (see Supplementary material online, Table S1). In brief, cardiac 
myocytes were isolated and were gently homogenized on ice using a 
Dounce homogenizer in a buffer containing 120 mM KCl, 20 mM 
HEPES, and 1 mM EGTA at pH 7.4. The homogenates were centrifuged 
at 600 g at 4°C for 10 min, and the supernatants were collected and 
used in the enzymatic assays. The specific substrate of each ETC complex 
was added to the supernatant, and the activity was measured by colorimet-
ric assays using a monochromator microplate reader (Tecan M200) at 
25°C. Complex I activity was determined upon measuring the oxidation 
rate of Nicotinamide adenine dinucleotide (NAD) hydrogen in the pres-
ence of 1 mM potassium cyanide at 340 nm. Complex II and Complex III 
activities were determined by the rate of reduction of cytochrome C, 
measured at 550 nm, in the presence of 1 mM potassium cyanide, 1 mM 
rotenone, 1 mM antimycin A, and 1 mM thenoyltrifluoroacetone, 
which were added to inhibit Complex III and Complex II activities, respect-
ively. Complex IV activity was measured by the rate of oxidation of 
reduced cytochrome C, as determined at an absorbance at 550 nm. 
Complex V activity was measured by the production of NAD+, measured 
at 340 nm, based on the utilization of ADP generated by the adenosine tri-
phosphatase upon the reduction of pyruvate to lactate. All activities were 
calculated as ΔOD/min and expressed as a percentage of WT activity. 
Experiments were performed on at least five independent samples for 
each genotype.

2.19 Bioinformatics and statistics
The RNA-Seq reads were aligned to the mouse reference genome build 
mm10 using STAR.47 The uniquely aligned read pairs were annotated using 
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GENCODE gene model. Read counts were determined using the 
featureCount tool and normalized using the Remove Unwanted 
Variation method.48 The differentially expressed genes (DEGs) were iden-
tified using the DESeq2 programme.49 Benjamini–Hochberg method was 
used to calculate the false discovery rate, and a cut-off level of <0.05 
was considered significant. Normalized count per million values were 
used to generate the heatmaps and volcano plots using the Rstudio pack-
age. The Circos maps were plotted using the GOCHORD function in the R 
package.

Gene set enrichment analysis (GSEA, version 2.2.3) was utilized to iden-
tify the dysregulated biological pathways. Normalized enrichment score, 
determined from the molecular signature database (MSigDB) 3.0, was 
used to curate gene sets to identify the Hallmark canonical pathways. 
The DEGs were also analysed using the upstream regulator analysis func-
tion of the Ingenuity Pathway Analysis software (IPA®, QIAGEN, 
Redwood City, CA, USA). The targets of the specific transcriptional 
regulators were identified using the IPA programme, and those with a 
P-value of <0.05 for overlap with the IPA target genes and a predicted Z 
score of <−2 or >2 were considered dysregulated.

The conventional statistical analysis was performed as published.11,50

The Gaussian distribution of each set of data was analysed by the 
Shapiro–Wilk normality test and the normally distributed were compared 
between two groups by the t-test and among multiple groups by one-way 
ANOVA followed by Bonferroni pairwise comparisons. Data that 
deviated from a Gaussian distribution were compared by the Kruskal– 
Wallis test. The categorical data were compared by the Fisher exact or 
the χ2 test. Kaplan–Meier survival plots were compared using the 
Log-rank test. Statistical analyses were performed using Graph pad Prism 
9 or STAT IC, 15.1.

3. Results
3.1 Study groups
Seven genotypes were generated, which were comprised of WT, 
Myh6-McmTam, Myh6-McmTam:DspF/F, Myh6-McmTam:Ctnnb1LoF, Myh6- 
McmTam:Ctnnb1GoF, Myh6-McmTam:DspF/F:Ctnnb1LoF, and Myh6-McmTam: 
DspF/F:Ctnnb1GoF. The phenotype in Myh6-McmTam, Myh6-McmTam:DspF/F, 
Myh6-McmTam:Ctnnb1LoF, and Myh6-McmTam:Ctnnb1GoF have been pub-
lished.11,32,40 Therefore, to avoid redundancy and for clarity, only the 
four main groups of WT, Myh6-McmTam:DspF/F, Myh6-McmTam:DspF/F: 
Ctnnb1LoF, and Myh6-McmTam:DspF/F:Ctnnb1GoF are included.

3.2 Dysregulation of the cWNT pathway in 
the Myh6-McmTam:DspF/F cardiac myocytes
A total of 12 762 genes were differentially expressed in the Myh6-McmTam: 
DspF/F as compared to the WT cardiac myocytes, comprised of >10 000 
protein-coding and >1000 genes coding for the long coding RNAs.11

Three hundred forty-six genes whose transcript levels were affected by 
the transient expression and activation of Cre recombinase and tamoxifen 
injection were removed from the dataset.40 Analysis of the remaining 
DEGs showed enrichment for the cWNT (TCF7L2/β-catenin) target genes 
in the Myh6-McmTam:DspF/F myocytes, comprised of 214 up-regulated and 
68 down-regulated genes (Figure 1A and B). The dysregulated cWNT target 
genes predicted the activation of EMT and inflammatory pathways, includ-
ing TNFα, TP53, and apoptosis, among others (Figure 1C).

The level of β-catenin (CTNNB1) protein, a key protein in the cWNT 
pathway, was increased in the Myh6-McmTam:DspF/F mouse cardiac myo-
cytes, whereas the transcript level of the Ctnnb1 gene was unchanged, indi-
cating a post-transcriptional regulation (Figure 1D–M). In addition, alternative 
isoforms of TCF7L2 protein, a co-transcriptional regulator of the cWNT 
pathway, AXIN2 (Axis inhibition), the bona fide target of the pathway, and 
MYC were increased (Figure 1D–M), whereas the levels of the main isoforms 
of these proteins were unchanged (Figure 1D–M). Immunofluorescence 
staining of thin myocardial sections corroborated increased levels of 
β-catenin at the IDs and increased nuclear localization of TCF7L2 in cardiac 

myocytes (Figure 1N–R). Moreover, the number of myocardial cells expres-
sing PCM1, which mainly marks cardiac myocytes, was reduced in the 
Myh6-McmTam:DspF/F mouse hearts (Figure 1N and Q).

Transcript levels of 73 inhibitors/suppressors of the cWNT/β-catenin 
pathway were also changed (46 up-regulated and 27 suppressed) in the 
Myh6-McmTam:DspF/F cardiac myocytes (Figure 2A). Genes encoding 
secreted cWNT inhibitors Sfrp2 (Secreted frizzled-related protein 2), 
Dkk2 (Dickkopf-2), Tsku, Apoe, and Sost were up-regulated ,whereas 
Wnt5b, Wif1, and Fgf9, among others, were down-regulated (Figure 2A). 
Increased expression of selected inhibitors of the cWNT pathway was cor-
roborated in independent RNA samples by RT–PCR (Figure 2B). In add-
ition, levels of DKK2, APOE (Apolipoprotein E), and LGALS3 (Galectin 
3) proteins were also increased in the myocardial protein extracts from 
the Myh6-McmTam:DspF/F mice (Figure 2C and D). Similarly, immunocyto-
chemical staining of thin myocardial sections showed increased levels of 
SFRP4, a classic secreted cWNT inhibitor (Figure 2E).

3.3 Genetic activation or inactivation of 
β-catenin in cardiac myocytes in the 
Myh6-McmTam:DspF/F mice
To discern the role of the dysregulated cWNT/β-catenin pathway in the 
pathogenesis of DSP cardiomyopathy, β-catenin was genetically activated 
or inactivated in cardiac myocytes in the Myh6-McmTam:DspF/F mice (see 
Supplementary material online, Figure S2). Consistent with the data in 
Figure 1, immunoblotting showed increased β-catenin levels in the 
Myh6-McmTam:DspF/F as compared to the WT mice (Figure 3A and B). 
Genetic LoF of β-catenin (Myh6-McmTam:DspF/F:Ctnnb1LoF) attenuated 
the up-regulated β-catenin level as compared to the Myh6-McmTam:DspF/F 

but did not normalize it as compared to the WT cardiac myocytes 
(Figure 3A and B). The level of the full-length β-catenin was reduced in 
the Myh6-McmTam:DspF/F:Ctnnb1GoF cardiac myocytes, but the level of 
the ∼75 kDa truncated β-catenin was increased, as expected (Figure 3A 
and B). The residual expression of full-length β-catenin is likely due to in-
complete Cre-mediated excision, and the increased levels of the 
∼75 kDa β-catenin is the consequence of the deletion of the degron do-
main (Figure 3A and B). Immunofluorescence staining of thin myocardial 
sections corroborated the findings by showing increased areas stained 
for β-catenin expression in Myh6-McmTam:DspF/F mouse hearts as com-
pared to the WT mice, reduced areas in the Myh6-McmTam:DspF/F: 
Ctnnb1LoF, and augmented β-catenin stained areas in the Myh6-McmTam: 
DspF/F:Ctnnb1GoF mouse hearts (Figure 3C and D).

3.4 Survival
The Myh6-McmTam:DspF/F mice died prematurely with a median survival of 
approximately 90 days, as published (Figure 3E).11 Genetic inactivation of 
β-catenin markedly prolonged survival in the Myh6-McmTam:DspF/F mice, 
as ∼75% of the Myh6-McmTam:DspF/F:Ctnnb1LoF mice survived up to 
9 months (Figure 3E). A small number of mice in the Myh6-McmTam: 
DspF/F and Myh6-McmTam:DspF/F:Ctnnb1LoF groups survived beyond 90 
days, which may reflect technical and experimental conditions, such as in-
efficient recombination or the intrinsic biological variability among mice in 
each genotype. In contrast, activation of β-catenin (Myh6-McmTam:DspF/F: 
Ctnnb1GoF) markedly reduced survival, leading to 100% mortality within 
90 days of age (Figure 3E). The Myh6-McmTam, Myh6-McmTam:Ctnnb1LoF, 
and Myh6-McmTam:Ctnnb1GoF mice survived normally during the first 
6 months of life.32,40

3.5 HW/BW
The heart weight (HW)/body weight (BW) ratio, calculated in 4-week-old 
mice, was increased in the Myh6-McmTam:DspF/F, as compared to the WT 
mice. It remained unchanged in the Myh6-McmTam:DspF/F:Ctnnb1LoF and 
Myh6-McmTam:DspF/F:Ctnnb1GoF mice as compared to the Myh6-McmTam: 
DspF/F but remained increased as compared to the WT mice (Figure 3F).
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Figure 1 Dysregulated cWNT pathway in cardiac myocytes in a mouse model of DSP cardiomyopathy. (A) GSEA predicting activation of the cWNT/ 
TCF7L2/β-catenin target genes in the Myh6-McmTam:DspF/F mouse cardiac myocytes. (B) Heat map of the cWNT target genes. (C ) Circos map showing path-
ways predicted to be affected by the cWNT target genes in the Myh6-McmTam:DspF/F mouse cardiac myocytes. (D) Immunoblots showing protein levels of 
selected key molecules in the cWNT pathway, showing either up-regulation of the main or the alternative isoforms. (E) Quantification of the β-catenin protein 
levels. (F and G) Transcript levels of the Ctnnb1 gene in the RNA-Seq data and determined by RT–PCR in an independent set of RNA extracts. (H–M) 
Quantitative data are corresponding to TCF7L2 and MYC proteins and their isoforms, which were shown in (D). (N–R). Immunofluorescence panels showing 
expression of β-catenin (CTNNB1), TCF7L2, and PCM1 in thin myocardial sections along with the corresponding quantitative data. The mean values among 
the groups were compared by ANOVA followed by Bonferroni correction for multiple comparisons. Only significant P values (Bonferroni corrected) are de-
picted in the panels throughout all figures. Sample size: Each dot in the panels represents one independent sample throughout the figures. Whenever a mem-
brane is probed for multiple test proteins, the same blot for the loading control is included in the figures. The same color symbols in all quantitative panels are 
used for consistency and only one set of symbols is listed in each panel to avoid redundancy.
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Figure 2 Up-regulation of the cWNT pathway inhibitors in the Myh6-McmTam:DspF/F cardiac myocytes and myocardium. (A) Heat map of the transcript levels of 
genes known to encode inhibitors of the cWNT pathways that are differentially expressed in the Myh6-McmTam:DspF/F cardiac myocytes. (B) Transcript levels of 
selected inhibitors of the cWNT determined by RT–PCR in independent samples. (C and D) Immunoblots showing protein levels of selected cWNT inhibitors and 
the corresponding quantitative data. (E) Immunohistochemistry panels showing the expression of SFRP4, a classic cWNT inhibitor, in the experimental groups. The 
mean values among the groups were compared by ANOVA followed by Bonferroni correction for multiple comparisons. Only significant P values (Bonferroni 
corrected) are depicted in the panels throughout all figures. Sample size: Each dot in the panels represents one independent sample throughout the figures. 
Whenever a membrane is probed for multiple test proteins, the same blot for the loading control is included in the figures. The same color symbols in all quan-
titative panels are used for consistency and only one set of symbols is listed in each panel to avoid redundancy.
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Figure 3 Effects of genetic inactivation and activation of β-catenin on survival and cardiac function. (A) Immunoblot showing β-catenin expression in the WT, 
Myh6-McmTam:DspF/F, Myh6-McmTam:DspF/F:Ctnnb1LoF, and Myh6-McmTam:DspF/F:Ctnnb1GoF myocytes along with the vinculin (VCL), the latter as a control for load-
ing conditions. (B) Quantitative data showing levels of full-length and stable β-catenin (exon 3 deleted, GoF) protein. (C and D) Immunofluorescence panels show 
expression and localization of the β-catenin in the myocardial sections along with the corresponding quantitative data. (E) Kaplan–Meier survival plots. (F) Heart 
weight/body weight ratio. (G) Selected echocardiographic indices, namely LV end-diastolic diameter (LVEDD), LV end-systolic diameter (LVESD), LV fractional 
shortening (LVFS), and LVMI. (H ) Transcript levels of selected markers of hypertrophy and failure, as analysed by RT–PCR. (I) Transcript levels of selected secreted 
biomarkers of heart failure, as determined by RT–PCR. (J ) Immunohistochemistry panels showing expression of SFRP2. Myocardial sections stained with 
Immunoglobulin G alone served as controls. The mean values among the groups were compared by ANOVA followed by Bonferroni correction for multiple 
comparisons. Only significant P values (Bonferroni corrected) are depicted in the panels throughout all figures. Sample size: Each dot in the panels represents 
one independent sample throughout the figures. Whenever a membrane is probed for multiple test proteins, the same blot for the loading control is included 
in the figures. The same color symbols in all quantitative panels are used for consistency and only one set of symbols is listed in each panel to avoid redundancy. 
* denotes P < 0.05 compared to WT, # P < 0.05 compared to Myh6-McmTam:DspF/F and ¶ P < 0.05 compared to Myh6-McmTam:DspF/F:Ctnnb1LoF.
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3.6 Cardiac size and function
The effects of LoF and GoF of β-catenin on cardiac size and function in the 
Myh6-McmTam:DspF/F mice were determined at 4 weeks of age by echocar-
diography. As reported before, deletion of Dsp was associated with severe 
cardiac dilatation and dysfunction consistent with the high mortality of the 
Myh6-McmTam:DspF/F (Figure 3G and Table 1).11 Genetic inactivation of 
β-catenin in the Myh6-McmTam:DspF/F mice was associated with the attenu-
ation of cardiac dilatation and dysfunction, whereas its activation had the 
opposite effects (Figure 3G and Table 1). The LVM index (LVMI) remained 
increased in all groups with the deletion of the Dsp gene, compared to the 
WT mice (Figure 3G and Table 1).

Cardiac dysfunction is associated with the altered expression of several 
genes, including those whose protein products are commonly used as 
heart failure biomarkers. By and large, the LoF and GoF of β-catenin had 
no significant effects on the transcript levels of the conventionally used mo-
lecular markers except Atp2a2 (adenine triphosphate) level, which was re-
duced in the Myh6-McmTam:DspF/F mice; it was partially rescued in the 
Myh6-McmTam:DspF/F:Ctnnb1LoF and remained suppressed in the 
Myh6-McmTam:DspF/F:Ctnnb1GoF mouse hearts (Figure 3H). Similarly, tran-
script levels of the selected secreted biomarkers of heart failure, namely 
Gdf15, Lgals3, and Spp1, were elevated in the Myh6-McmTam:DspF/F mouse 
hearts and remained largely unaffected by the LoF and GoF of β-catenin 
(Figure 3I). Finally, immunohistochemical staining of thin myocardial sec-
tions showed increased levels of the SFRP2 in the Myh6-McmTam:DspF/F 

mouse myocardium, which remained increased in the myocardium of 
DSP-deficient mice with the LoF and GoF of β-catenin (Figure 3J).

3.7 Myocyte size and number
Cardiac myocyte size and number were assessed upon co-staining of thin 
myocardial sections with WGA and anti-PCM1 antibody.32,39,42,46 The 
myocyte CSA was increased in the Myh6-McmTam:DspF/F mouse hearts 
(Figure 4A and B). It was normalized in the Myh6-McmTam:DspF/F: 
Ctnnb1LoF and further increased in the Myh6-McmTam:DspF/F:Ctnnb1GoF 

mouse hearts (Figure 4A and B). The number of cells expressing PCM1, a 
marker mainly for cardiac myocytes in the myocardium, was reduced in 
the Myh6-McmTam:DspF/F mouse heart, and it was normalized in 
Myh6-McmTam:DspF/F:Ctnnb1LoF and remained reduced in the 
Myh6-McmTam:DspF/F:Ctnnb1GoF mouse hearts (Figure 4A and C).

3.8 Cardiac arrhythmias
Deletion of the Dsp gene in cardiac myocytes was associated with a signifi-
cant increase in the prevalence of ventricular arrhythmias (Figure 4D and E). 
Premature ventricular contractions (PVCs) were the most common ven-
tricular arrhythmias, and the number of PVCs per hour was increased by 
∼15-fold in the Myh6-McmTam:DspF/F mice, albeit there was a wide range 
of variability (Figure 4D and E). Likewise, the prevalence of ventricular 
tachycardia, defined as ≥3 PVCs in the row, was increased markedly in 
the Myh6-McmTam:DspF/F, and ∼40% of these mice exhibited VT episodes 
during the rhythm monitoring period (Figure 4D, F, and G). The prevalence 
of ventricular arrhythmias trended lower in the Myh6-Mcm:DspF/F: 
Ctnnb1LoF, whereas it was the highest in the Myh6-Mcm:DspF/F:Ctnnb1GoF 

mice, albeit there was a large variability in the prevalence of arrhythmias 
(Figure 4D–G).

3.9 Myocardial fibrosis
The Myh6-McmTam:DspF/F mice exhibit severe myocardial fibrosis, in agree-
ment with the phenotypic feature of DSP cardiomyopathy, as published.11

Myocardial fibrosis was markedly attenuated in the Myh6-McmTam:DspF/F: 
Ctnnb1LoF and exacerbated in the Myh6-McmTam:DspF/F:Ctnnb1GoF mice, as 
determined by multiple complementary methods (Figure 5). For example, 
CVF comprised ∼25% of the myocardium in the Myh6-McmTam:DspF/F 

mice; it was reduced to ∼15% in the Myh6-McmTam:DspF/F:Ctnnb1LoF and in-
creased to ∼35% in the Myh6-McmTam:DspF/F:Ctnnb1GoF mice (Figure 5A–C). 
Immunostaining of thin myocardial sections for the expression of COL1A1, a 
major myocardial collagen, showed a similar pattern (Figure 5D). Moreover, 

immunoblotting of myocardial protein extracts probed with an anti-TGFβ1 
(transforming growth factor beta 1) antibody showed increased levels of la-
tent and mature TGFβ1 protein in the Myh6-McmTam:DspF/F and 
Myh6-McmTam:DspF/F:Ctnnb1LoF mice as compared to the WT mice and their 
further augmentations in the Myh6-McmTam:DspF/F:Ctnnb1GoF mice (Figure 5E 
and F).

Transcript levels of several genes involved in myocardial fibrosis, analysed 
by RT–PCR, which showed marked increases in the levels of Tgfb1, Tgfb2, 
Tgfb3, Postn, Pdgfra, Col1a1, Col1a3, Ctgf, Mmp2, Mmp14, Lrp1, Mgp, Vim, 
Timp1, and Lgals3 in Myh6-McmTam:DspF/F mouse hearts and the pattern of 
attenuation or augmentation in the Myh6-McmTam:DspF/F:Ctnnb1LoF and 
Myh6-McmTam:DspF/F:Ctnnb1GoF mice, respectively (Figure 5G).

3.10 PANoptosis
PANoptosis, comprised of apoptosis, necroptosis, and pyroptosis, is a 
prominent phenotypic feature of the Myh6-McmTam:DspF/F mice in agree-
ment with the prominence of cell death in humans with DSP cardiomyop-
athy.7,11 TUNEL assay showed an increased number of cells stained 
positive in the Myh6-McmTam:DspF/F mice, an attenuated number in the 
Myh6-McmTam:DspF/F:Ctnnb1LoF, and an increased number in the 
Myh6-McmTam:DspF/F:Ctnnb1GoF mouse hearts (Figure 6A and B). 
Immunoblot analysis of myocardial protein extracts showed increased le-
vels of several proteins involved in apoptosis, necroptosis, and pyroptosis, 
namely CASP3 (Caspase 3), RIPK1 (Receptor-interacting serine/threonine- 
protein kinase 3) and 3, MLKL (mixed lineage kinase domain-like), GSDMD 
(Gasdermin D), and ASC (Apoptosis-associated speck-like protein con-
taining a CARD) in the Myh6-McmTam:DspF/F mouse hearts, consistent 
with the previous data.11 The LoF of β-catenin attenuated but not normal-
ized up-regulated expression levels of the above proteins, whereas the 
GoF of β-catenin further augmented the up-regulated proteins involved 
in selected cell death programmes (Figure 6C and D). The pattern of attenu-
ation upon the LoF of β-catenin and augmented expression upon the GoF 
of β-catenin were consistent among the selected proteins.

Analysis of the transcript levels of a dozen genes involved in PANoptosis 
in isolated cardiac myocytes showed markedly increased levels in the 
Myh6-McmTam:DspF/F mice. However, the LoF and GoF of β-catenin did 
not have consistent effects on the transcript levels, partly reflective of 
the regulation of the expression levels of the selected markers at the post- 
transcriptional level (Figure 6E). However, transcript levels of several genes, 
such as Bak, Casp1, Mlkl, and Asc, were further up-regulated in the GoF 
group (Figure 6E).

3.11 Expressions and localization of 
desmosome proteins
The desmosomes undergo extensive remodelling in ACM, including in the 
Myh6-McmTam:DspF/F mice, which is evidenced by decreased levels of sev-
eral key protein constituents of desmosomes and altered desmosome 
structures.11,15,51 To determine whether the LoF and GoF of β-catenin af-
fected expression levels and localization of selected desmosome proteins, 
myocardial protein extracts were probed, and thin myocardial sections 
were stained with antibodies against the selected proteins. As reported 
previously, junction plakoglobin (JUP), Desmoglein 2, Desmocollin 2, and 
PKP2 (Plakophilin 2) proteins were reduced in the Myh6-McmTam:DspF/F 

mouse hearts and remained largely suppressed in the Myh6-McmTam: 
DspF/F:Ctnnb1LoF and Myh6-McmTam:DspF/F:Ctnnb1GoF mouse hearts, ex-
cept for a modest increase in the JUP and PKP2 expressions in the LoF 
and further suppression in the GoF of β-catenin groups (see 
Supplementary material online, Figure S3A and B). The findings of immuno-
fluorescence staining of myocardial sections were largely similar to the im-
munoblotting data (see Supplementary material online, Figure S3C).

3.12 Transcriptional and biological pathways
To gain further insights into the mechanism(s) by which the LoF of β-catenin 
attenuates and the GoF exacerbates the phenotype in the Myh6-McmTam: 
DspF/F mice, transcripts of isolated cardiac myocytes were analysed by 
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RNA-Seq. Genes (n = 346) whose expressions were affected by tamoxifen 
injection and expression and activation of Cre recombinase, as defined pre-
viously, were removed from the analysis.40 The quality control metrics of the 
RNA-Seq data are shown in Supplementary material online, Table S2, and 
those in the Myh6-McmTam alone, Myh6-McmTam:DspF/F, Myh6-McmTam: 
Ctnnb1LoF, and Myh6-McmTam:Ctnnb1GoF mice have been published.32,40

To determine whether phenotypic effects of LoF and GoF of β-catenin 
were reflective of changes in the transcriptional activity of the cWNT path-
way, transcript levels of the recently defined cWNT target genes in the mouse 
cardiac myocytes were compared among the groups.32 Only a small fraction 
of the 1075 cWNT target genes in the mouse cardiac myocytes were chan-
ged upon LoF (15 genes) or GoF (144 genes) of β-catenin (see Supplementary 
material online, Figure S4). Comparing the cardiac myocyte transcripts 
between the Myh6-McmTam:DspF/F:Ctnnb1LoF and Myh6-McmTam:DspF/F: 
Ctnnb1GoF showed differential expression of only 46 cWNT target genes, 
comprised of 13 up-regulated and 33 down-regulated genes in the 
β-catenin LoF genotype (see Supplementary material online, Figure S4).

Upon exclusion of the cWNT transcriptional activity, cardiac myocyte 
transcripts were compared between the Myh6-McmTam:DspF/F and 
Myh6-McmTam:DspF/F:Ctnnb1LoF, which showed differential expression of 
205 genes (see Supplementary material online, Figure S5A and B). The 
DEGs predicted increased activities of transcriptional regulators TP53 
and NCOA1 and reduced activities of MYC, TP63, RB1, MYCN, and 
TP73 in the Myh6-McmTam:DspF/F:Ctnnb1LoF as compared to 
Myh6-McmTam:DspF/F myocytes (see Supplementary material online, 
Figure S5C). Given the relatively small number of DEGs, no further analysis 
was performed. A similar comparison between Myh6-McmTam:DspF/F and 
Myh6-McmTam:DspF/F:Ctnnb1GoF myocytes identified differential expres-
sion of 2610 genes (see Supplementary material online, Figures S6A and 
B). KDM5A, TP53, BACH1, and several other transcriptional regulators 
were predicted to be activated in the Myh6-McmTam:DspF/F:Ctnnb1GoF 

myocytes, whereas RB1, NFE2L2, and several others were predicted to 
be suppressed (see Supplementary material online, Figure S6C and D). 
The GSEA predicted activation of Interferon gamma response, EMT, and 
apoptosis and suppression of oxidative phosphorylation (OXPHOS), adi-
pogenesis, and myogenesis in the Myh6-McmTam:DspF/F:Ctnnb1GoF myo-
cytes (see Supplementary material online, Figure S6E).

To gain further insights into the pathways regulated by the β-catenin, which 
might contribute to the partial phenotypic rescue in the Myh6-McmTam:DspF/F 

mice, gene expression between the Myh6-McmTam:DspF/F:Ctnnb1LoF and 
Myh6-McmTam:DspF/F:Ctnnb1GoF were compared. There were 880 DEGs, 
which were comprised of 652 up-regulated and 228 down-regulated genes 
in the Myh6-McmTam:DspF/F:Ctnnb1LoF compared to the Myh6-McmTam: 
DspF/F:Ctnnb1GoF myocytes (Figure 7A and Supplementary material online, 
Figure S7A). The GSEA predicted suppression of the cWNT/β-catenin signal-
ling pathway, indicating the fidelity of the LoF and GoF models and suppres-
sion of transcriptional regulators TP53 and KDM5A and activation of RB1 and 
PPARGC1A, among others in the Myh6-McmTam:DspF/F:Ctnnb1LoF myocytes 
(see Supplementary material online, Figure S7B and C). The DEGs also pre-
dicted suppression of the inflammatory pathways and activation of 
OXPHOS and metabolic pathways in the Myh6-McmTam:DspF/F:Ctnnb1LoF 

myocytes (see Supplementary material online, Figure S7D). Analysis of the 
transcripts by GSEA in the Myh6-McmTam:DspF/F:Ctnnb1LoF predicted enrich-
ment of genes involved in OXPHOS, myogenesis, and suppression of the 
apoptosis, TP53, inflammatory responses, and lysosomal pathways, as com-
pared to the Myh6-McmTam:DspF/F:Ctnnb1GoF myocytes (Figure 7B). 
Transcript levels of several genes involved in inflammation and lysosomal 
pathways were analysed by RT–PCR in independent samples, which showed 
increased levels of the transcripts in the Myh6-McmTam:DspF/F, attenuation 
of several but not all transcript levels in the Myh6-McmTam:DspF/F:Ctnnb1LoF, 
and further up-regulation in the Myh6-McmTam:DspF/F:Ctnnb1GoF (see 
Supplementary material online, Figure S8).

3.13 Mitochondrial OXPHOS
Given that the GSEA and pathway analysis predicted a partial rescue of 
OXPHOS as one of the several pathways involved in the phenotypic at-
tenuation upon LoF of β-catenin in the Myh6-McmTam:DspF/F mice, tran-
script levels of a dozen genes involved in OXPHOS in cardiac myocytes 
were determined in independent samples, which showed suppressed levels 
in the Myh6-McmTam:DspF/F mouse myocytes as compared to the levels in 
the WT myocytes (Figure 7C). Likewise, a heat map of transcript levels of 
selected genes involved in OXPHOS in the Myh6-McmTam:DspF/F:Ctnnb1LoF 

and Myh6-McmTam:DspF/F:Ctnnb1GoF myocytes largely corroborated the 
partial rescues of genes involved in OXPHOS in the Myh6-McmTam: 
DspF/F:Ctnnb1LoF myocytes (Figure 7D). Overall, the LoF of β-catenin par-
tially restored suppressed transcript levels of the OXPHOS genes; how-
ever, the transcript levels remained suppressed in the Myh6-McmTam: 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Effects of genetic inactivation or activation of β-catenin on echocardiographic indices of cardiac size and function

WT Myh6-McmTam:DspF/F Myh6-McmTam:DspF/F:Ctnnb1LoF Myh6-McmTam:DspF/F:Ctnnb1GoF P

N 18 18 14 14 NA

M/F 9/9 9/9 7/7 7/7 >0.9999*
Age (days) 28.28 ± 0.46 28.06 ± 0.24 28.43 ± 0.65 28.50 ± 0.85 0.1814a

Body weight (g) 17.71 ± 2.12 13.72 ± 2.38 13.47 ± 1.99 12.00 ± 1.83 <0.0001

HR (b.p.m.) 657.71 ± 31.20 617.54 ± 52.65 654.52 ± 45.42 603.72 ± 49.84 0.022
IVST (mm) 0.37 ± 0.03 0.29 ± 0.03 0.30 ± 0.03 0.24 ± 0.02 <0.0001

LVPWT (mm) 0.36 ± 0.03 0.29 ± 0.03 0.30 ± 0.03 0.25 ± 0.02 <0.0001

LVEDD (mm) 2.91 ± 0.24 3.80 ± 0.45 3.47 ± 0.24 4.15 ± 0.58 <0.0001a

LVEDDI (mm/g) 0.17 ± 0.02 0.29 ± 0.07 0.26 ± 0.04 0.36 ± 0.10 <0.0001a

LVESD (mm) 1.57 ± 0.14 3.06 ± 0.58 2.60 ± 0.29 3.62 ± 0.59 <0.0001a

LVESDI (mm/mg) 0.09 ± 0.01 0.23 ± 0.07 0.20 ± 0.04 0.31 ± 0.09 <0.0001a

FS (%) 45.94 ± 2.01 19.94 ± 8.07 25.01 ± 6.03 13.12 ± 3.07 <0.0001a

LV mass (mg) 19.74 ± 3.99 24.47 ± 5.35 21.61 ± 2.85 24.21 ± 7.19 0.016a

LVMI (mg/g) 1.11 ± 0.16 1.84 ± 0.55 1.63 ± 0.30 2.12 ± 0.96 <0.0001a

-Mcm, myosin heavy chain 6; Mer Cre Mer; Ctnnb1, β-catenin gene; LOF, loss of function β-catenin; GOF, gain of function β-catenin; M/F, male/female; HR, heart rate; IVST, diastolic interventricular 
septum thickness; LVPWT, posterior wall thickness during diastole; LVEDD, LV end-diastolic diameter; LVEDDi, LVEDD divided by the body weight; LVESD, LV end-systolic diameter; LVESDI, 
LVESD divided by body weight; FS, LV fractional shortening; LVM, LV mass; LVMI, LVM divided by the body weight. 
aP value derived by Kruskal–Wallis test. 
*χ2 P value.
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Figure 4 Effects of genetic inactivation and activation of β-catenin on cardiac myocyte size and arrhythmias. (A) WGA and PCM1 co-stained thin myocardial 
sections were used to calculate myocyte CSA, which is depicted in (B). Quantitative data depicting myocyte CSA calculated from the WGA-stained sections 
and corrected for the number of myocytes. (C ) The number of myocardial cells expressing PCM1, a marker mainly of cardiac myocytes in the heart. 
(D) Illustrates selected two-lead electrocardiograms showing the presence of ventricular ectopic beats in the experimental groups and their absence in the 
WT mice. (E–G) Quantitative data depict an increased number of PVCs, ventricular tachycardia (VT), and the number of mice exhibiting VT in the experimental 
but not the control groups. The mean values among the groups were compared by ANOVA followed by Bonferroni correction for multiple comparisons. Only 
significant P values (Bonferroni corrected) are depicted in the panels throughout all figures. Sample size: Each dot in the panels represents one independent 
sample throughout the figures. Whenever a membrane is probed for multiple test proteins, the same blot for the loading control is included in the figures.
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Figure 5 Effects of genetic inactivation and activation of β-catenin on myocardial fibrosis. (A) Exhibits gross heart morphology, showing extensive epicardial 
fibrosis (white areas) in the experimental groups. (B) Shows picrosirius red-stained thin myocardial cross-sections (upper panels) and high magnification thin 
myocardial sections (lower panels), used to calculate CVF. (C ) Graph depicts CVF in the study groups. (D) Immunofluorescence panels showing myocardial 
sections stained with an antibody against COL1A1. (E and F ) Immunoblots showing expression of TGFβ1, latent (upper panel), and active (lower panel) in the 
study groups along with the quantitative data for each isoform. (G) Transcript levels of selected genes involved in fibrosis as quantified by RT–PCR. Symbols as 
in Figure 4. The mean values among the groups were compared by ANOVA followed by Bonferroni correction for multiple comparisons. Only significant 
P values (Bonferroni corrected) are depicted in the panels throughout all figures. Sample size: Each dot in the panels represents one independent sample 
throughout the figures. Whenever a membrane is probed for multiple test proteins, the same blot for the loading control is included in the figures. The 
same color symbols in all quantitative panels are used for consistency and only one set of symbols is listed in each panel to avoid redundancy. * denotes 
P < 0.05 compared to WT, # P < 0.05 compared to Myh6-McmTam:DspF/F and ¶ P < 0.05 compared to Myh6-McmTam:DspF/F:Ctnnb1LoF.
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Figure 6 Effects of genetic inactivation and activation of β-catenin on PANoptosis. (A) Shows thin myocardial sections stained with the TUNEL assay and 
DAPI, the latter marks the DNA. (B) Quantitative data showing the percentage of myocardial cells stained positive for the TUNEL assay. (C and D) Immunoblot 
panels showing expression of selected proteins involved in PANoptosis and the corresponding quantitative data. CASP3 is used as a marker of apoptosis; 
RIPK1, RIPK3, and MLKL are used as markers of necroptosis; and GSDMD and ASC are used as markers of pyroptosis. (E) Shows transcript levels of a dozen 
genes involved in cell death programmes, as determined by RT–PCR. The mean values among the groups were compared by ANOVA followed by Bonferroni 
correction for multiple comparisons. Only significant P values (Bonferroni corrected) are depicted in the panels throughout all figures. Sample size: Each dot in 
the panels represents one independent sample throughout the figures. Whenever a membrane is probed for multiple test proteins, the same blot for the 
loading control is included in the figures.
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Figure 7 Effects of genetic inactivation and activation of β-catenin on biological pathways. (A) Volcano plot showing DEGs between the Myh6-McmTam:DspF/ 

F:Ctnnb1LoF and Myh6-McmTam:DspF/F:Ctnnb1GoF myocytes. (B) GSEA plots showing biological pathways (Hallmark signature) that were predicted to be differ-
ential between the Myh6-McmTam:DspF/F:Ctnnb1LoF and Myh6-McmTam:DspF/F:Ctnnb1GoF myocytes. (C ) Data illustrate transcript levels of selected genes in-
volved in OXPHOS in independent RNA extracts, as determined by RT–PCR. (D) Heat map of genes involved in OXPHOS, which were shown to be 
enriched in the Hallmark OXPHOS gene signature and were differentially expressed between the two groups. (E) Shows an OXPHOS blot of one selected 
protein in each of the five mitochondrial OXPHOS complexes detected using an antibody cocktail. (F ) Quantitative data of mitochondrial proteins shown in (E) 
blots. Complex I is represented by NDUFB8, Complex II by SDHB, Complex III by UQCRC2, Complex IV by MTCO1, and Complex V by ATP5A. 
(G) Quantitative data of each OXPHOS protein in (F ), normalized to vinculin (VCL). Symbols as in Figure 4. (G) Dot plot showing activities of five mitochondrial 
ECT in the experimental groups. Data are normalized to the corresponding activity of each complex in the WT cardiac myocytes. The mean values among the 
groups were compared by ANOVA followed by Bonferroni correction for multiple comparisons. Only significant P values (Bonferroni corrected) are depicted 
in the panels throughout all figures. Sample size: Each dot in the panels represents one independent sample throughout the figures. Whenever a membrane is 
probed for multiple test proteins, the same blot for the loading control is included in the figures. * denotes P < 0.05 compared to WT, # P < 0.05 compared to 
Myh6-McmTam:DspF/F and ¶ P < 0.05 compared to Myh6-McmTam:DspF/F:Ctnnb1LoF.
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DspF/F:Ctnnb1GoF mice (Figure 7C and D). Moreover, immunoblotting of se-
lected proteins in five OXPHOS complexes largely corroborated the find-
ings of RNA-Seq and RT–PCR, showing reduced levels of the selected 
proteins in the Myh6-McmTam:DspF/F mouse hearts and a modest rescue 
of OXPHOS Complex I protein in the Myh6-McmTam:DspF/F:Ctnnb1LoF, 
whereas levels of the selected protein in other OXPHOS complexes re-
mained suppressed (Figure 7E and F ).

Finally, the activities of mitochondrial ECT Complexes I–V against the spe-
cific substrate of each complex were determined using commercial assays. 
Activities of Complexes 1, IV, and V were markedly reduced in the 
Myh6-McmTam:DspF/F mouse cardiac myocytes (Figure 7G). The LoF of 
β-catenin was associated with a modest restoration of Complex IV activity, 
whereas functions of the remaining OXPHOS complexes were unchanged 
(Figure 7G). The GoF of β-catenin did not significantly alter the activities of 
the mitochondrial OXPHOS complexes as compared to the Myh6-McmTam: 
DspF/F mouse cardiac myocytes and remained suppressed (Figure 7G).

4. Discussion
The findings are notable for the beneficial effects of reduced expression of 
β-catenin and the deleterious effects of increased expression of a stable 
β-catenin in a mouse model of ACM generated by tamoxifen-inducible de-
letion of the Dsp gene in the post-natal cardiac myocytes. The contrasting 
effects of LoF and GoF of β-catenin were remarkable for several pheno-
types, including survival, cardiac function, arrhythmias, myocardial fibrosis, 
and the cell death programmes (PANaptosis). The beneficial effects of the 
suppression of β-catenin, however, were partial, as would be expected, gi-
ven the multi-farity of the pathways involved in the pathogenesis of ACM 
and incomplete tamoxifen-induced Cre-mediated recombination. 
Likewise, the effects were judged to be independent of the role of the 
β-catenin in transcriptional activity of the cWNT pathway, as too few 
cWNT target genes were changed upon the LoF of β-catenin in cardiac 
myocytes, which contrasts with marked phenotypic benefits. The salubri-
ous effects likely reflect the cumulative effects of incomplete restoration of 
multiple pathways, including cell death programmes and mitochondrial 
function.

The cWNT pathway, which is one of the most conserved pathways 
across the animal kingdom, is comprised of a large number of protein con-
stituents that converge on the β-catenin/TCF7L2 transcriptional machin-
ery to induce gene expression.31 The majority of the previous studies, 
including ours, have reported suppression of the cWNT pathway in 
ACM.16,19–21 Data in the present portrait a complex picture of marked 
dysregulation of the cWNT pathway, as indicated by concomitant up- 
regulation of the cWNT target genes as well as the well-established inhibi-
tors of the cWNT pathway.52 In addition, isoforms of TCF7L2, the 
co-transcriptional effector of the cWNT pathway, and AXIN2, the bona 
fide target of the cWNT pathway, whose functions are poorly defined, 
were up-regulated. The data collectively indicate that the cWNT pathway 
is markedly dysregulated in the Myh6-McmTam:DspF/F cardiac myocytes.

Fidelity of the genetic LoF and GoF of β-catenin in cardiac myocytes in 
mice has been established.32–35 Likewise, the phenotypic consequences of 
short-term genetic activation or suppression of the β-catenin in mouse car-
diac myocytes have been published.32 Overall, the LoF and GoF of 
β-catenin had no discernible effect on cardiac function, myocardial fibrosis, 
and cell death at 4 weeks old mice, the time point that corresponds to the 
mouse age in the present study.32 The findings were corroborated using 
complementary methods, which showed mainly concordant results. In 
addition, the contrasting phenotypic directions between the GoF and 
LoF of the β-catenin mice provide further credence to the findings. 
Finally, several quality control measures were incorporated into the study 
design, including the removal of the genes whose expressions were af-
fected by the expression of Cre recombinase and the administration of 
tamoxifen from the RNA-Seq data before additional analysis of the 
RNA-Seq data.40

β-Catenin is an indispensable and non-redundant member of the cWNT 
pathway.31,53 Consequently, it has emerged as the most effective target for 

genetic manipulation of the cWNT pathway.31,53 Pharmacological inhib-
ition of GSK3β, which phosphorylates β-catenin at its degron sites, have 
been reported to improve the ACM phenotype in mouse and zebrafish 
models.19–21 Likewise, pharmacological inhibition of the cWNT pathway 
by WNT974, which inactivates PORCN, responsible for palmitoylation 
and subsequent secretion of WNT ligand, exerts salutary effects.22 The 
findings of the present study, which is distinct from the previous studies 
and utilizes complementary genetic LoF and GoF approaches, provide mul-
tiple layers of evidence that LoF of β-catenin is beneficial and its GoF is 
deleterious in a mouse model of DSP cardiomyopathy.

β-Catenin is not only a co-transcriptional regulator of the cWNT signalling 
pathway but also has several non-canonical functions, including regulation of 
the Hippo, SRY-related HMG box, Forkhead box, T-box transcription factor 
5, GATA4, Krüppel-like factor 15, Neurogenic locus notch homolog protein 
1, and Hypoxia-inducible factor alpha pathways.15,24,54,55 It is also a major 
constituent of the IDs, where its C-terminal domain interacts with the cad-
herins and plays a crucial role in cell–cell adhesion and mechanotransduc-
tion.17,18 The increase in the β-catenin levels in the Myh6-McmTam:DspF/F 

mice likely reflects its junctional localization secondary to molecular remod-
elling of the IDs.11 β-Catenin and JUP are homologous proteins with a high 
level of amino acid identity and are partially interchangeable at the IDs and 
the nucleus.23,56,57 Moreover, β-catenin functions are regulated by extensive 
post-translational modifications, including phosphorylation in over 2-dozen 
serine, tyrosine, and threonine amino acids throughout the length of the pro-
tein by over a dozen kinases, acetylation, and ubiquitylation, among 
others.33,58 The regulatory role of the post-translational modification of 
β-catenin is well recognized for its flux through the AXIN-Adenomatous 
polyposis coli destruction scaffold, wherein co-ordinated phosphorylation of 
β-catenin degron by casein kinase 1, and GSK3β facilitate its ubiquitylation 
and degradation, whenever the WNT signalling is inactive.58 Pertinent to 
the present study, β-catenin is implicated in the regulation of OXPHOS, 
and inducible deletion of β-catenin has been shown to up-regulate expres-
sion of genes encoding protein constituents of the OXPHOS, particularly 
the Complex I proteins.32,59,60 The findings of the present study implicate 
partial recovery of suppressed OXPHOS, as a putative mechanism in the 
partial phenotypic rescue of the Myh6-McmTam:DspF/F:Ctnnb1LoF mice. 
Given the scant number of altered cWNT/β-catenin target gene expressions 
in the Myh6-McmTam:DspF/F:Ctnnb1LoF as compared to the Myh6-McmTam: 
DspF/F cardiac myocytes, the partial rescue upon inactivation of the 
β-catenin is likely independent of the transcriptional activity of the cWNT/ 
β-catenin pathway.

The study has several limitations. Notable among them is the restriction 
of the findings to a single mouse model of cardiomyopathy whereby the 
Dsp gene was almost completely deleted. This contrasts with most human 
cardiomyopathy, which is typically caused by heterozygous variants in the 
DSP gene, albeit homozygous mutations in the DSP and other genes have 
been reported in humans with ACM.61–63 Likewise, the Dsp gene was de-
leted conditionally at post-natal day 14, in contrast to the human genotype 
whereby the mutation is present since the single-cell embryo formation. 
This approach was taken to avoid the confounding effects of activation 
or suppression of the cWNT/β-catenin pathway during embryogenesis, 
as the cWNT/β-catenin is known to affect cardiac development.16,36

Furthermore, DSP mutations cause a partially distinct phenotype notable 
for marked fibrosis and LV dysfunction, which was also observed in the 
present mouse model, but the findings might not be fully applicable to 
ACM caused by mutations in other genes. Moreover, the phenotypic res-
cue upon the LoF of β-catenin in the Myh6-McmTam:DspF/F mice was incom-
plete, in part because of the multi-farity of the involved mechanisms in the 
pathogenesis of DC and partly of partial deletion of the Ctnnb1 gene be-
cause of incomplete recombination event and residual expression of the 
full size β-catenin. Furthermore, no single dominant mechanism accounted 
for the salubrious effects of the LoF and the deleterious effects of GoF of 
β-catenin in these studies. The findings invoke multiple likely mechanisms, 
each imparting a partial effect, and the involvements of multiple biological 
pathways, including reduced cell death, increased myocyte number, im-
proved mitochondrial function, and restoration of transcriptional regula-
tors of gene expression. Thus, the findings do not lend themselves to 
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targeting a specific mechanism to identify the main and the ancillary effects 
of the genetic LoF and GoF of β-catenin in the mouse model of ACM. 
Finally, the β-catenin is implicated in regulating energy metabolism and 
mitochondrial function, which were only partially investigated in the pre-
sent study.64

In conclusion, the findings suggest that the genetic suppression of the 
β-catenin imparts beneficial effects on survival, cardiac function, arrhyth-
mias, myocardial fibrosis, and cell death, whereas its activation is deleteri-
ous in a mouse model of DSP cardiomyopathy. The findings set the stage 
for pilot interventional studies to explore the effects of the suppression of 
the β-catenin on the phenotypic expression of ACM in larger animal mod-
els and subsequently in humans.
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Translational perspective
The canonical WNT pathway is implicated in the pathogenesis of arrhythmogenic cardiomyopathy. Pharmacological activation of the canonical WNT 
pathway has shown beneficial effects in model organisms raising the prospect for the activation of this pathway as a therapeutic option. We provide 
compelling data that genetic activation of β-catenin is deleterious, whereas its genetic inactivation is salubrious by improving survival, cardiac function, 
arrhythmia, fibrosis, and cell death in desmoplakin cardiomyopathy. The mechanisms involved alterations in several pathways, including cell death 
programmes.
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