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Abstract

Background –—Arrhythmogenic Cardiomyopathy (ACM) is characterized by progressive loss 

of cardiomyocytes with fibrofatty tissue replacement, systolic dysfunction and life-threatening 

arrhythmias. A substantial proportion of ACM is caused by mutations in genes of the desmosomal 

cell-cell adhesion complex, but the underlying mechanisms are not well understood. So far, 
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treatment options are only symptomatic. Here, we investigate the relevance of defective 

desmosomal adhesion for ACM development and progression.

Methods –—We mutated the binding site of desmoglein-2 (DSG2), a crucial desmosomal 

adhesion molecule in cardiomyocytes. This DSG2-W2A mutation abrogates the tryptophan 

swap, a central interaction mechanism of DSG2 based on structural data. Impaired adhesive 

function of DSG2-W2A was confirmed by cell-cell dissociation assays and force spectroscopy 

measurements by Atomic Force Microscopy. The DSG2-W2A knock-in mouse model was 

analyzed by echocardiography, ECG, histological and bio-molecular techniques including RNA 

sequencing, transmission electron and super-resolution microscopy. The results were compared 

to ACM patient samples and their relevance was confirmed in vivo and in cardiac slice cultures 

by inhibitor studies applying the small molecule EMD527040 or an inhibitory integrin-αVβ6 

antibody.

Results –—The DSG2-W2A mutation impaired binding on molecular level and compromised 

intercellular adhesive function. Mice bearing this mutation develop a severe cardiac phenotype 

recalling the characteristics of ACM, including cardiac fibrosis, impaired systolic function 

and arrhythmia. A comparison of the transcriptome of mutant mice with ACM patient data 

suggested deregulated integrin-αVβ6 and subsequent TGF-β signaling as driver of cardiac 

fibrosis. Accordingly, blocking integrin-αVβ6 led to reduced expression of pro-fibrotic markers 

and reduced fibrosis formation in mutant animals in vivo.

Conclusions –—Here, we show that disruption of desmosomal adhesion is sufficient to induce 

a phenotype which fulfils the clinical criteria to establish the diagnosis of ACM, confirming the 

dysfunctional adhesion hypothesis. Mechanistically, deregulation of integrin-αVβ6 and TGF-β 
signaling was identified as a central step towards fibrosis. A pilot in vivo drug test revealed this 

pathway as promising target to ameliorate fibrosis. This highlights the value of this model to 

discern mechanisms of cardiac fibrosis and to identify and test novel treatment options for ACM.
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3. Introduction

Patients suffering from Arrhythmogenic Cardiomyopathy (ACM) present with impaired 

cardiac function and ventricular arrhythmia up to sudden cardiac death. This inherited 

disease with a prevalence of 1:1’000 – 1:5’000 becomes typically evident in young adults. 

The therapeutic options for ACM are limited to symptomatic treatments like beta-adrenergic 

receptor blockers, restriction of physical exercise, implantation of a cardiac defibrillator, or 

transplantation as ultima ratio.1 Structurally, ACM is characterized by progressive loss of 

cardiomyocytes, cardiac fibrosis with fibrofatty tissue replacement and ventricular dilatation. 

In the majority of cases, mutations in components of the desmosomal complex are causative 

for ACM.1,2

In cardiomyocytes, this cell-cell adhesion complex is composed of the desmosomal 

adhesion molecules desmoglein-2 (DSG2) and desmocollin-2, which are linked to desmin 
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intermediate filaments via plakoglobin (PG), plakophilin-2 (PKP2) and desmoplakin 

(DSP).3 These components are an integral part of the intercalated disc (ICD) where they 

form a functional unit with molecules of adherens junctions, gap junctions, and others such 

as sodium channels.4 The ICD is essential to provide mechanical and electrical coupling 

to adjacent cardiomyocytes, which is a basis for coordinated contraction and function of 

the heart. In ACM, a variety of mutations in genes encoding for desmosomal molecules 

were described.2 Together with the finding of disrupted ICD ultrastructure,5 this formed 

the hypothesis of impaired cardiomyocyte cohesion as central step in ACM pathogenesis. 

However, data on the role of cell-cell adhesion are conflicting and the impact of disrupted 

mechanical coupling for disease induction and progression is not finally resolved.6–8

In this study, we address the role of disrupted desmosomal adhesion in ACM development 

by interfering with the binding mechanism of DSG2. The crystal structure of DSG2 suggests 

the extracellular trans-interaction of desmosomal adhesion molecules to be mediated by 

a so-called tryptophan swap.9 Here, a tryptophan residue at position 2 is inserting into 

a hydrophobic pocket of the first extracellular domain of the respective molecule from 

the opposing cell and vice versa. Importantly, mutations of this tryptophan (ClinVar data 

bank: VCV000199796, VCV000044282 VCV000420241)10 as well as of residues being 

part of the corresponding hydrophobic binding pocket (VCV000518623, VCV000925370, 

VCV001345680, VCV000044316)9,10 were reported in ACM patients.

To interfere profoundly with this mechanism, we inserted a mutation substituting the 

tryptophan-2 with an alanine (DSG2-W2A) and characterized its functional implication in 

vitro, in cultivated cells, and in a knock-in mouse model. Further, we applied this in vivo 

model to identify mechanisms underlying ACM aiming for new therapeutic approaches.

4. Methods

For detailed methods, please refer to the Supplemental Material.

Human heart samples

Heart samples of ACM patients and healthy controls were derived from forensic autopsy. 

This study was conducted according to the tenets of the Declaration of Helsinki and 

approved by the local ethic committees, licence number 494–16 (ethics committee LMU 

Munich, Germany) and 152/15 (ethics committee Goethe University, Frankfurt am Main, 

Germany). Samples were fixed and embedded in paraffin according to standard procedures.

Animal experiments

Mouse experiments were approved by the Cantonal Veterinary Office of Basel-Stadt 

(License number 2973_32878 and 3070_32419). Mice were housed under specific 

pathogen-free conditions with standard chow and bedding with 12 hours day/night cycle 

according to institutional guidelines. Animals of both sexes were applied without bias. For 

inhibitor treatments, mice from the same litter and sex were paired and randomly allocated 

to the groups.
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Statistics and data compilation

Figures were compiled with Adobe Photoshop CC 2017 and Adobe Illustrator CC 2017 

(both Adobe, San José, CA). Statistical computations were performed with Prism 8 

(GraphPad Software, La Jolla, CA). For comparison of two or multiple groups, distribution 

of data was analysed by Shapiro-Wilk normality test and group variances were analysed 

by f-test or Brown-Forsythe test, respectively. According to the results of these tests, a 

parametric or non-parametric test with or without Welch’s correction for unequal variances 

was applied. For Kaplan-Meier survival analysis, significance was assessed by the Gehan-

Breslow-Wilcoxon test. The statistical test used to compare the respective data sets is 

described in the corresponding figure legend. Statistical significance was assumed at P < 

0.05. Unless otherwise stated, data are presented as dot blot, with each dot representing 

the mean of the respective technical replicates of one biological replicate. Each animal or 

independent seeding of cells were taken as biological replicate, or as indicated in the legend. 

The mean value of these dots is shown as bar diagram ± standard deviation.

Data availability—RNA-Seq data were deposited in the public database GEO accession 

number GSE181868. Additional data pertaining to the current article are available from the 

corresponding author upon request.

5. Results

W2A mutation abrogates DSG2 interactions and impairs cell-cell adhesion in vitro and in 
vivo.

To study the functional consequences of impaired DSG2 binding, we generated the W2A 

point mutation (DSG2-W2A) to abrogate the proposed interaction mechanism of the only 

desmoglein expressed in cardiomyocytes (Figure 1A). First, we investigated in a cell-free 

setup whether DSG2-W2A is indeed affecting the binding properties of DSG2 interaction 

by applying single molecule force spectroscopy. Here, molecules are coupled to the tip 

of an Atomic Force Microscopy (AFM) probe and the surface of a mica sheet via a 

PEG linker. By measuring the deflection of the probe during repeated approach to and 

retraction from the surface, binding events can be quantitatively assessed. From these 

data, properties such as binding frequency, binding force, and bond half-life time can 

be determined. Constructs were generated for expression of wildtype (WT) and mutant 

(W2A) DSG2 extracellular domains fused to a human Fc-fragment and tested for homo- 

(WT:WT, W2A:W2A) and heterotypic (WT:W2A) interaction properties (Figure 1B). These 

experiments showed a significant reduction of the frequency of W2A:W2A as well as 

WT:W2A interactions compared to WT:WT (Figure 1C). The frequency of the remaining 

W2A bindings was comparable to probing Fc alone, which indicates that these are mostly 

non-specific interactions. Homotypic WT interactions display a clear binding force peak, 

while the remaining W2A interaction forces were widely spread, again pointing to the non-

specificity of these interactions (Figure 1D). The lifetime of DSG2 interactions under zero 

force (τ0) was determined by fitting the binding forces detected at different loading rates11, 

yielding τ0=1.088s with R=0.993. In contrast, no sufficient fit (R=0.509) was possible for 

W2A interactions (Figure 1E). Together, these data outline that the tryptophan swap is the 

major interaction mechanism of DSG2.
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To determine the effect of the W2A mutation on cellular level, DSG2-WT and DSG2-W2A 

constructs were stably expressed in the epithelial cell line CaCo2 either in a WT or DSG2-

deficient background [CaCo2(WT) or CaCo2(DSG2 KO)]12. Cell-cell dissociation assays 

were performed, in which a confluent cell monolayer is detached and exposed to defined 

mechanical stress. Expression of DSG2-W2A in CaCo2(WT) cells significantly reduced 

intercellular adhesion as indicated by an increased number of fragments (Figure 1F–G). 

Importantly, while expressing DSG2-WT in the CaCo2(DSG2 KO) line significantly rescued 

the impaired intercellular adhesion in response to DSG2 loss, the expression of DSG2-W2A 

had no effect on fragment numbers.

As these data demonstrate the DSG2 tryptophan swap to be the central adhesive mechanism, 

we next generated a CRISPR/Cas9 based knock-in mouse model for DSG2-W2A to 

investigate the consequences of impaired DSG2 adhesion in vivo (Figure S1). In line 

with the studies in human cells, dissociation assays in keratinocyte cell lines generated 

from DSG2-W2A pups revealed reduced cell-cell adhesion in heterozygous (mut/wt) and 

homozygous (mut/mut) mutants (Figure 1H). Moreover, DSG2-W2A mice presented with a 

pronounced cardiac phenotype. Adult mut/mut mice demonstrated ventricular deformation, 

fibrotic and calcified areas and hypertrophic cardiomyocytes (Figure 1I, J). In line 

with reduced intercellular adhesion of cardiomyocytes, Transmission Electron Microscopy 

(TEM) revealed disturbed ICDs with widened intercellular space and occasionally 

completely ruptured junctions in mut/mut hearts (Figure 1K).

A cardiac phenotype was also detectable during embryogenesis. Here, mating of 

heterozygous mice revealed a reduction of mut/mut offspring to 2.8% compared to the 

expected Mendelian ratio of 25%. Embryo dissections showed loss of the mut/mut animals 

between E12 and E14 (Figure S2A). Macroscopically, mut/mut embryos at day E12.5 

appeared pale with accumulation of blood in the cardiac area, while the heart was 

still beating (Figure S2B). Cells suggestive for blood precursors were detectable in the 

pericardial space (Figure S2C). This finding suggests a rupture of the cardiac wall leading to 

pericardial bleeding and loss of mut/mut animals.

Together, these in vitro and in vivo data outline an essential role of the DSG2 tryptophan 

swap for cell-cell adhesion and demonstrate severe pathologies associated with impaired 

DSG2 interaction.

DSG2-W2A mutant mice resemble the phenotype of ACM

Given (I) the cardiac affection in mutant mice, (II) the notion that a majority of ACM 

patients are reported with mutations in desmosomal genes2 and (III) that mutations 

specifically of W2 have already been associated with ACM10, we examined homozygous 

and heterozygous mice including both sexes with regard to histological and clinical ACM 

parameters in an age range of 12 to 80 weeks.

Histological analysis showed cardiac fibrosis, a major hallmark of ACM, in the myocardium 

of the right (RV) and left ventricle (LV) in mut/mut animals (Figure 2A–D), which did 

not profoundly increase over time. In contrast, heterozygous animals demonstrated a milder 

phenotype, with a fraction of animals (36%) starting to develop fibrosis in the RV around 
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6 months, while LV was unaffected. To better address differences over time, we pooled 

animals into groups with a mean age of 4 and 6 months for homozygous and 6 and 12 

months for heterozygous mice and performed functional analyses by echocardiography 

and electrocardiogram (ECG) parallel to histological evaluation. Moreover, we separated 12-

months old heterozygous animals according to RV fibrosis into a group without and “with 

fibrosis” (> 10% fibrotic area). Mut/mut animals showed impaired RV systolic function 

at both timepoints with reduced tricuspid annular plane systolic excursion (TAPSE), and 

fractional shortening (Figure 2E–G, Table S1). Interestingly, LV systolic impairment with 

reduction of the ejection fraction and corresponding parameters worsened over time and 

became significant after 6 months, although no increase in fibrosis was detectable (Figure 

2D, H, Table S1). In mut/wt mice, RV fractional shortening was significantly reduced in 

12-months animals with fibrosis. In ECG recordings of mut/mut mice for 30 min under 

anaesthesia, we noted deformation of the QRS complex with elongated QRS interval and 

reduced amplitude of the S peak with effects more pronounced in the older group, while 

heterozygous animals with RV fibrosis showed similar effects or trends (Figure 2I–K, 

Table S1). As the T wave was not clearly detectable in mutants, the J peak amplitude 

as indicator for early repolarisation was determined. This parameter was reduced in the 

mut/mut groups with same trend for fibrotic mut/wt hearts (Figure 2L). Parallel to these de- 

and repolarization abnormalities, we also noted the occurrence of ventricular arrhythmia, 

ranging from single premature ventricular contractions (PVCs) to multiple, multifocal PVCs 

and even non-sustained ventricular tachycardia in one mouse (Figure 2M–O). The fraction 

of homo- and heterozygous animals with PVCs and the frequency of these events correlated 

with age and fibrosis. Moreover, the notion that a significant fraction (16%) of mut/mut 

animals was found dead during the observation period strongly suggests the occurrence of 

malignant arrhythmia with sudden death (Figure 2P). Investigating sex related differences, 

no effect was observed on the extent of fibrosis or echocardiography parameters. However, 

in mut/wt mice PVCs were found in males only and male mut/mut mice were more prone to 

premature sudden death compared to females (Figure S3).

In summary, mutant animals show histopathological features with echocardiography and 

ECG abnormalities similar to ACM patients. Within the limits of a murine model, both 

genotypes fulfil the Padua criteria13 to establish the diagnosis of ACM (Table S2). Here, 

DSG2-W2A mut/mut animals resemble the phenotype of biventricular ACM, while in 

mut/wt mice the phenotype is milder with variable penetrance and age-dependent occurrence 

only in the RV. According to the Padua criteria,13 the heterozygous genotype recalls 

the characteristics of a right-dominant ventricular ACM, as long as fibrosis was present. 

Together, these data demonstrate that loss of desmosomal adhesion is sufficient to induce an 

ACM phenotype and that the DSG2-W2A model may resemble two different variants of the 

disease.

Integrin-β6 expression is altered in ACM patient and DSG2-W2A mouse samples

Next, we applied this mouse model to investigate mechanisms leading to ACM. RNA 

sequencing was performed from ventricles of mut/mut and wt/wt hearts both before onset 

of fibrosis (age of 5 days), and when the biventricular fibrosis and ACM phenotype was 

established (after 9 weeks). First, we compared sequencing data from 9-weeks-old mice to 
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the top differentially expressed genes derived from published transcriptomic data sets of 

ACM patient hearts (GEO data base, GSE107157/GSE10748014 and GSE2981915). Murine 

samples clustered according to their genotype and mut/mut hearts resembled the gene 

expression pattern of patients (Figure S4), further supporting the observation that mutant 

mice faithfully reproduce major aspects of the disease.

To identify common genes deregulated during ACM pathogenesis, we compared the 

differentially expressed genes from patient data with the results from mutant mice. Here, 

we included data from 5-days-old mice to identify changes already present before onset of 

secondary effects due to fibrosis. Interestingly, integrin-β6 (Itgb6) was the only transcript 

consistently deregulated in all data sets (Figure 3A). Its common down-regulation in ACM 

patients and mutant mice on RNA levels was further confirmed for heterozygous DSG2-

W2A mutants compared to wildtype (Figure 3B). However, protein levels were unaltered 

in mutant heart samples (Figure 3C). By immunostaining, we noted that in mutant hearts 

ITGB6, which mainly localized to a compartment suggestive for the transverse tubules and 

costameres in wt/wt animals, was enriched at the ICD (Figure 3D, E). Together, these data 

demonstrate altered ITGB6 mRNA expression as common feature in ACM patients and 

DSG2-W2A hearts and an enrichment of the protein at the ICD in mutant murine samples.

DSG2-W2A mutant hearts present with structurally impaired ICDs

This result together with the TEM data (Figure 1K) suggest structural changes of the ICD 

in mutant hearts, which we addressed further. Using DSP as marker, we reconstructed the 

outlines of ICDs in wt/wt and mut/mut hearts from 3D stacks captured with Structured 

Illumination Microscopy (SIM). This analysis yielded an increase in ICD volume, in 

particular due to an enhanced width between two adjacent cells (Figure 4A). Interestingly, 

the majority of desmosomal molecules as well as N-cadherin were regularly distributed 

at mutant ICDs (Figure S5A, B). This was further corroborated by the RNA-sequencing 

data from both, 5-days- and 9-weeks-old animals, which showed no consistent changes 

of desmosomal, adherens, gap, or tight junction molecules (Figure S5C–E). The only 

adhesion molecule reduced globally was DSG2 (Figure S5A, B). Even though, DSG2 was 

still present at the ICD, detailed analysis by SIM revealed reduced number and volume 

of DSG2 signals (Figure 4B). Moreover, Fluorescence Recovery After Photobleaching 

(FRAP) experiments in neonatal murine cardiomyocytes transduced with DSG2-WT-mGFP 

or DSG2-W2A-mGFP showed a higher mobility of the mutant protein at cardiomyocyte 

junctions (Figure 4C), indicating reduced membrane stability of DSG2-W2A. To further 

investigate the possibility that the stability and integrity of ICD molecules is compromised, 

we performed Triton-X-100 separation assays for proteins with unaltered ICD localization in 

mutant hearts. Cytosolic and unanchored membrane proteins are found in the Triton-X-100 

soluble fraction, while cytoskeleton-bound molecules are mainly detectable in the non-

soluble fraction. Both, desmosomal molecules (PG, PKP2) as well as N-cadherin showed 

increased levels in the soluble pool, indicating reduced cytoskeletal anchorage and impaired 

ICD integrity in mutants (Figure 4D). Moreover, the gap junction molecule connexin-43, 

which is required for electrical coupling of cardiomyocytes was delocalized to the lateral 

membrane (Figure 4E), which was described as feature of disrupted ICDs.8

Schinner et al. Page 7

Circulation. Author manuscript; available in PMC 2023 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These data together with the TEM results demonstrate structurally severely altered ICDs in 

response to the DSG2-W2A mutation and suggest a molecular basis leading to the functional 

alterations detectable by echocardiography and ECG.

Integrin-αV/β6 is activated in DSG2-W2A mutant hearts

In contrast to DSG2, we detected ITGB6 to be increased at the ICD (Figure 3D, E), 

which was further confirmed by analysis of SIM images (Figure 5A). ITGB6 needs 

to heterodimerize with integrin-αV (ITGAV) in order to be activated and bind to the 

extracellular matrix.16–18 Thus, we analyzed the expression of the counterpart ITGAV, which 

was significantly upregulated on protein level and increased at the ICD and costameres 

of mutant hearts (Figure 5B, C). In contrast, the localization and intensity of integrin-β1, 

as classical representative of the integrin group, was not altered (Figure S6). Importantly, 

staining with an antibody specifically recognizing the heterodimer of ITGAV/B6 revealed 

increased amount of dimer formation at the ICD and costameres in mutant mice (Figure 5D). 

Moreover, increased ITGAV/B6 staining intensity was also detectable in an ACM patient 

sample with DSP mutation (Figure 5E). In order to stabilize active integrins, recruitment 

of the cytoskeletal adapters talin and vinculin is required.19 Accordingly, the expression of 

talin-2 was increased in DSG2-W2A mut/mut myocardium, with vinculin being enriched 

at the ICD (Figure 5F, G). This effect is similar to what was shown before in response 

to increased intracellular traction forces on junctions.20 Thus, these data suggest that 

in response to a dysfunctional, non-adhesive ICD with impaired cytoskeletal anchorage, 

ITGAV/B6 dimers are recruited and activated at the compromised ICD as well as at the 

costamere region.

TGF-β signaling is upregulated in DSG2-W2A mutant hearts

ITGAV/B6 dimers have the ability to activate the pro-fibrotic cytokine TGF-β by binding 

and removal of the latency associate peptide (LAP).17 Gene set enrichment analyses 

revealed an upregulation of genes associated with TGF-β signaling in both 9-weeks-old 

mutants as well as ACM patients (Figure 6A). Moreover, direct targets of receptor-regulated 

SMADs involved in TGF-β signaling21 were upregulated in DSG2-W2A mutant hearts 

(Figure 6B). Accordingly, increased amounts of nuclear SMAD2/3 phosphorylated at the 

activation sites S465/S467 or S423/S425, respectively, were detected in these hearts (Figure 

6C). Interestingly, increased levels of pSMAD2/3 were not only found in fibroblasts but also 

in cardiomyocytes mainly adjacent to fibrotic areas. These data indicate upregulation of the 

pro-fibrotic TGF-β pathway and its downstream targets, which include extracellular matrix 

proteins such as collagens, laminin or fibronectin.

Fibrosis in DSG2-W2A mutant animals is reduced by inhibition of ITGAV/B6-dependent 
release of TGF-β

Based on the known pro-fibrotic role of TGF-β in cardiomyopathies2 and the established 

function of ITGAV/B6 dimers to activate TGF-β17, we investigated whether inhibition of 

ITGAV/B6 was efficient to reduce fibrosis in DSG2-W2A mice. Initially, cardiac slice 

cultures were generated from the ventricles of heterozygous mice at the age of 40–50 weeks 

and treated for 24 hours with anti-ITGAV/B6, which was shown to neutralize the function 

of the dimer.22 In comparison, slices were treated with the TGF-β receptor I inhibitor 
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GW788388 to directly block TGF-β signaling (Figure 6D). Significant downregulation in 

the expression of the pro-fibrotic molecules collagen-I type-α1 (Col1a1), laminin subunit-

γ2 (Lamc2), metalloproteinase inhibitor-1 (Timp1), and ID-2 (Id2) was induced in the 

mutant mice in response to inhibition of ITGAV/B6 (Figure 6E). Other extracellular matrix 

proteins such as fibronectin (Fn1) or collagens (Col3a1, Col1a2) showed the same tendency. 

Importantly, all of these fibrotic markers were significantly upregulated in adult mutant 

hearts as detected by RNA-Sequencing (Figure 6A, B). Further, direct inhibition of TGF-β 
led to a similar downregulation of these markers as the blocking antibody.

To investigate the in vivo relevance of this pathway, we applied the small molecule 

EMD527040 (EMD), which is an established inhibitor of ITGAV/B6-dependent TGF-β 
release, to the DSG2-W2A mouse model.23 For these experiments, we chose wt/mut mice 

as they reflect the heterozygosity most commonly found in ACM patients and develop the 

phenotype during adulthood, when compound application is feasible. Littermates between 

the age of 28–38 weeks were sex-matched and i.p.-injected daily for 10 days with EMD or 

DMSO control (Figure 6F). In this short-time approach, myocardial samples of EMD-treated 

animals showed a similar reduction of pro-fibrotic markers as reported for slice cultures 

(Figure 6G). Having established an effective dose, we finally performed in vivo studies 

for a duration of 60 days during the time period when RV fibrosis establishes. At the 

end of the treatment period, ECG and histological analysis were performed. EMD-treated 

mice demonstrated reduced RV fibrosis (Figure 6H, I). Moreover, EMD animals showed a 

mitigation of ECG abnormalities, with significantly higher S amplitude and trends towards 

an increased R amplitude and shorter QRS interval compared to the vehicle-treated control.

In conclusion, these experiments link ITGAV/B6 dimerization in response to abrogated 

DSG2 binding and ICD dysfunction to TGF-β-dependent fibrosis generation. Moreover, the 

pilot inhibitor studies suggest ITGAV/B6 as promising treatment target to ameliorate the 

ACM phenotype.

6. Discussion

In this study, we generated a knock-in mouse model with defective binding function of 

the adhesion molecule DSG2, which demonstrated that impaired desmosomal adhesion is 

sufficient to induce a phenotype mimicking the characteristics of ACM. Our data suggest 

a cascade of defective desmosomal adhesion, disrupted ICD structure and subsequent 

activation of ITGAV/B6 with pro-fibrotic TGF-β signaling as important underlying 

mechanism leading to this phenotype (Figure 7). Moreover, our pilot study indicates a 

beneficial effect of ITGAV/B6 inhibition by EMD treatment with regard to fibrosis and 

several ECG parameters, suggesting that this pathway can be successfully targeted by drug 

treatment.

Defective desmosomal adhesion by DSG2-W2A mutation is inducing an ACM phenotype

Due to mutations mainly affecting desmosomal genes and evidence of disrupted ICDs, 

the hypothesis of dysfunctional desmosomes with loss of cell-cell adhesion as central 

pathological step was soon adopted in the field.2 However, experimental data on this topic 

are contradictory.6–8 We show that W2 of DSG2 is central for binding and intercellular 
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adhesion in vitro and in vivo. Importantly, disrupted desmosomal adhesion is sufficient to 

induce an ACM phenotype fulfilling the Padua criteria13, which are used to establish the 

diagnosis in patients, including ventricular fibrosis, de- and repolarization abnormalities, 

arrhythmia, and impaired ventricular function. In line with this, three mutations were 

described in ACM patients directly affecting the DSG2 binding mechanism by exchange 

of the tryptophan with a serine, leucine, or arginine (ClinVar data bank VCV000199796, 

VCV000044282, VCV000420241)10. This indicates a disruption of the tryptophan swap 

independent from the substituting amino acid and supports defective desmosomal adhesion 

as important factor in ACM.2,24 Moreover, different published DSG2 mutant mouse models 

show a phenotype resembling the features of DSG2-W2A mutants. These include (I) a 

DSG2 mutant in which parts of the two outermost DSG2 extracellular domains were deleted 

(but leaving W2A intact),25 (II) two mouse lines with loss of DSG2,25,26 and (III) mice 

overexpressing a patient mutation (DSG2-N271S)27, which also showed that ICD structural 

aberrations precede functional abnormalities and fibrosis generation. These data fuel the 

hypothesis that disruption and rearrangement of the ICD in response to impaired adhesion 

between cardiomyocytes is a crucial initial step, at least in case of mutations in desmosomal 

molecules. Other mechanisms described in patients or translational models, such as aberrant 

WNT or Hippo/YAP signaling, or immune cell infiltrations2,28 may be secondary responses 

and in part even represent adaptive attempts to rescue the functional consequences of such 

severe structural aberrations.

DSG2-W2A mice as model to study ACM

Our results suggest the DSG2-W2A model as a valuable tool to study ACM mechanisms. 

Within the limitations of a murine model, it reproduces a majority of features found in 

ACM patients (Table S2). It is interesting to note that, while in homozygous animals 

both ventricles are affected from early on in life, heterozygous animals develop a milder 

phenotype with fibrosis occurring only in the RV. So far it is unclear if this milder phenotype 

would extend to the LV over time, or whether a gene dose effect underlies the structural 

differences. LV and RV remodel differently in response to loading and injury29 and it 

is possible that the RV is less able to compensate a partial reduction of cardiomyocyte 

cohesion in contrast to the LV. Interestingly, a fraction of mut/wt animals did not develop 

the phenotype at all within the observation period of up to 80 weeks. Thus, the model might 

help to understand why patients with the same mutation (i.e. in the same family) develop 

the disease with variable penetrance.1 Interestingly, similar to patients,1 male mutant mice 

appear to suffer more from arrhythmia and sudden death than females.

We can interpret from the combined histology, echocardiography, and ECG data that the 

changes in heart function are secondary to fibrosis generation. This is indicated by the 

notion that functional parameters (ejection fraction, QRS interval) worsened over time in 

homozygous mutants, while no increase was detectable for fibrosis. Moreover, functional 

changes in mut/wt animals were only observed when fibrosis was present. This is in 

line with a patient cohort with DSP mutations, in which LV fibrosis preceded systolic 

dysfunction,30 while a different study in DSG2-N271S-expressing ex vivo-paced hearts 

demonstrated conduction velocity impairments before onset of fibrosis.27 More longitudinal 

studies using different mutational backgrounds and sensitive detection methods, e.g. cardiac 
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MRI and ECG under exercise, are necessary to define the role of fibrosis as cause or 

consequence of functional changes.

As all murine models, the DSG2-W2A line has limitations in its ability to fully recapitulate 

the human disease phenotype. Mutant mice do not show pronounced replacement with 

adipose tissue, which is a common characteristic in patient heart samples, but in general is 

not fully modelled in mice.24 Moreover, at least in ECGs under anesthesia, not all mutant 

animals develop arrhythmia, even if fibrosis is present. However, in contrast to most other 

ACM models, this knock-in model has the advantage of a single amino acid exchange under 

the endogenous promotor, thus reducing the possibility of secondary unwanted effects due to 

complete protein absence or overexpression. As in patients, the mutation is present in all cell 

types and not limited to cardiomyocytes.2,24

DSG2-W2A leads to dysfunctional ICDs and ITGAV/B6 rearrangement

DSG2-W2A led to a severely altered ICD structure consistent with impaired cytoskeletal 

attachment and ruptured junctions. While these changes provide explanations for 

compromised intercellular adhesion, we also noted alterations in cell-matrix protein 

distribution. RNA-Sequencing before and after onset of the disease phenotype and a 

comparison with ACM patient datasets identified ITGB6 as commonly deregulated in ACM 

patients and DSG2-W2A mice. While we noted reduced mRNA levels in mutant hearts, the 

overall protein content was unaltered. This suggests pronounced posttranslational regulation 

of ITGB6, which was already demonstrated in skeletal muscle.31 In mutant hearts, 

ITGB6 was increased at the ICD together with elevated levels of ITGAV and increased 

heterodimerization of both molecules. By mechanical force exerted through ITGAV/B6, 

TGF-β is detached from LAP and can induce signaling via TGF-β receptors.17,32 In line 

with higher intracellular forces, talin-2 and vinculin were increased at ICDs, as binding of 

these molecules activates and stabilizes integrins. A mutual regulation of both adhesive 

compartments is well established. As example, upon loss of N-cadherin, integrins are 

activated and induce fibronectin deposition.33 A similar mechanism is conceivable in DSG2-

W2A hearts, either by loss of DSG2 or due to reduced N-cadherin anchorage. So far, 

only limited data are available on the role of integrins in ACM. A recent study showed 

downregulation of integrin-β1D leading to ventricular arrhythmia.34 Further, knock-down 

of PKP2 in HL-1 cardiomyocytes was described to deregulate focal adhesions including 

integrin-α1.35

Activation of TGF-β signaling by ITGAV/B6 as potential therapeutic target in ACM

The ITGAV/B6 heterodimer is described as one of the major activators of latent TGF-β1 

and TGF-β3.17 Although TGF-β signaling is known as general driver of cardiac fibrosis36 

and more specifically was implicated in ACM,2 to our knowledge no data are available 

on the role of ITGAV/B6 and their regulation of TGF-β signaling in cardiac fibrosis. 

Uncovering this pathway is of high interest, as it offers the possibility to target TGF-β 
with reduced risk of severe side effects occurring in response to direct inhibition.37 

Accordingly, we demonstrate a reduction of pro-fibrotic gene expression under ACM 

conditions in response to ITGAV/B6 inhibition and our pilot study data suggest that a 

small molecule blocking ITGAV/B6-dependent TGF-β release diminished the generation of 
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fibrosis. Similar approaches using this small molecule or neutralizing antibodies were shown 

to be protective in murine models of lung, liver and biliary fibrosis.23,38,39 However, based 

on the heterogeneity of the phenotype in heterozygous animals, more detailed studies with 

larger sample sizes are required to further substantiate this finding.

Currently it is not fully clear whether fibrosis generation is a contributor to the 

disease or rather a protective mechanism to ensure integrity of the heart under 

conditions of compromised adhesion. In case of the latter, pharmacological inhibition of 

fibrosis generation might be detrimental. Nevertheless, fibrosis is a driver of arrhythmia 

generation,40 which is also supported by our results that ECG abnormalities were reduced 

by inhibition of fibrosis. Careful studies using different therapeutic approaches to reduce 

fibrosis in appropriate model organisms need to address this aspect in detail.

In conclusion, we established a new mouse model phenocopying many aspects of ACM and 

uncovered a novel pathway of fibrosis induction. Furthermore, we identified an approach to 

target this mechanism with future implication as potential therapeutic option in patients.
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Non-standard Abbreviations and Acronyms

ACM Arrhythmogenic Cardiomyopathy

AFM Atomic Force Microscopy

CaCo2(DSG2 KO) CaCo2 desmoglein-2 knock-out cells

CaCo2(WT) CaCo2 wildtype cells

DSG2 desmoglein-2

DSP desmoplakin
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ECG Electrocardiogram

EMD EMD527040

FRAP Fluorescence Recovery After Photobleaching

ICD intercalated disc

ITGAV integrin-αV

ITGB6 integrin-β6

LAP latency associate peptide

LV left ventricle

mut DSG2-W2A mutant

PG plakoglobin

PKP2 plakophilin-2

PVC premature ventricular contraction

RV right ventricle

SIM Structured Illumination Microscopy

TAPSE tricuspid annular plane systolic excursion

TEM Transmission Electron Microscopy

wt wildtype
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Clinical Perspective

What is new?

• The tryptophan residue at position 2 of the desmosomal adhesion molecule 

desmoglein-2 (DSG2) is central for its binding function and cell-cell adhesion 

in vitro and in vivo.

• Mice with abrogated DSG2 binding function (DSG2-W2A) develop a cardiac 

phenotype recalling Arrhythmogenic Cardiomyopathy with fibrosis, impaired 

systolic function, ECG abnormalities and ventricular arrhythmia.

• Increased integrin-αVβ6-dependent TGF-β signaling was identified as driver 

of fibrosis.

What are the Clinical implications?

• We provide a new mouse model reproducing major features of 

Arrhythmogenic Cardiomyopathy which can be applied to study disease 

mechanisms and test therapeutic approaches.

• The model suggests that loss of mechanical cardiomyocyte coupling is a 

central and early event causing Arrhythmogenic Cardiomyopathy.

• Our pilot in vivo study highlights the applicability and potential to target 

integrin-αVβ6-dependent TGF-β release as new therapeutic approach to 

diminish the development of fibrosis in Arrhythmogenic Cardiomyopathy.
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Figure 1. Desmoglein-2 adhesion is mediated via tryptophan swap at position 2.
(A) Predicted interaction model of desmoglein-2 (DSG2) extracellular domains via 

exchange of tryptophan residue at position 2 into a hydrophobic pocket of the opposing 

molecule. Cartoon 3D presentation of PDB entry 5ERD9, tryptophan-2 is highlighted by ball 

and stick presentation. (B) Schematic of single molecule force spectroscopy experiments. 

Recombinant extracellular domains (EC) of DSG2-WT or DSG2-W2A protein were coupled 

to a mica surface and AFM cantilever via a human Fc-tag (hFc) and a PEG20-linker and 

probed as indicated. (C) Binding frequency of DSG2-W2A/DSG2-WT heterotypic and 

homotypic interactions at a pulling speed of 2 μm/s are shown. hFc served as control for 

unspecific binding. *P< 0.05, one-way ANOVA, Dunnett’s post hoc test. Each independent 

coating procedure with minimum 625 force curves is taken as biological replicate. (D) 
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Histogram of binding forces distribution with peak fit at a pulling speed of 2 μm/s 

corresponding to data in C. (E) Determination of the bond half lifetime via Bell’s equation11 

of mean loading rates and binding forces analysed from data of pulling speeds at 0.5, 1, 2, 

5, and 7.5 μm/s. Average of values from four independent coating procedures with minimum 

625 force curves each. R = R squared, koff = off rate constant, τ0 = bond half lifetime under 

zero force. (F) Dissociation assays to determine cell-cell adhesion were performed in CaCo2 

cells (WT or DSG2 KO background) expressing DSG2-WT-mGFP or DSG2-W2A-mGFP 

constructs. mGFP empty vector served as control. *P< 0.05, one-way ANOVA, Sidak’s 

post hoc test. Corresponding Western blot analysis confirmed effective expression of DSG2 

constructs (*) vs. the endogenous protein (arrow) in CaCo2 cells. α-tubulin (TUBA) served 

as loading control. (G) displays representative images of monolayer fragmentation from 

experiments in F. (H) Dissociation assays in immortalized keratinocytes isolated from 

neonatal murine skin of the respective genotype. *P< 0.05 or as indicated, Welch’s ANOVA, 

Dunnett’s post hoc test. (I) Macroscopic cardiac phenotype of DSG2-W2A mut/mut mice 

at the age of 15 weeks. (J) Cardiac hypertrophy was analysed as mean cross-sectional 

area of cardiomyocytes in haematoxylin/eosin stained sections. Scale bar: 30 μm. *P< 0.05, 

unpaired Student’s t-test. (K) Representative images of ICDs acquired by TEM, 3 mice 

per genotype. Orange asterisks mark intercellular widening, orange circle marks a ruptured 

junction. Scale bar: 1 μm.
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Figure 2. DSG2-W2A mutant mice develop characteristics of ACM.
(A) Cardiac fibrosis detected by picrosirius red collagen staining with representative images 

of sections from 6-months old DSG2-W2A mut/mut and 12-months old wt/wt and mut/wt 

animals. Scale bar = 1 mm. (B - D) Corresponding analysis of the area of collagen in the 

right (RV) and left ventricle (LV). Continuous lines indicate the simple linear regression 

between age and area of collagen. Hearts with more than 10% of collagen in the RV 

(grey dotted line) were defined as “with fibrosis”. Each dot represents one animal. *P< 

0.05, mixed effects analysis with LV and RV matched per animal, Sidak’s post hoc test. 

Lines indicate median and quartile values. (E) Representative echocardiography images for 

measurements of the tricuspid annular plane systolic excursion (TAPSE) and LV function 

in 6-months old mut/mut and 12-months old wt/wt and mut/wt animals. Left side: 2D 

Schinner et al. Page 20

Circulation. Author manuscript; available in PMC 2023 November 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



images from apical four chamber view for TAPSE and parasternal short axis view for 

LV. M-mode tracings on the right were performed along the line indicated on the left. 

Scale bars: white 2 mm; black 100 ms. Corresponding analysis of (F) TAPSE, *P< 0.05, 

Kruskal-Wallis test with Dunn’s post hoc test, (G) fractional shortening of the RV, *P< 

0.05, Kruskal-Wallis test with Dunn’s post hoc test, and (H) ejection fraction of the LV, 

*P< 0.05, one-way ANOVA, Sidak’s post hoc test. (I) Electrocardiogram (ECG) recoded 

in lead II with representative curves from 6-months old mut/mut and 12-months old wt/wt 

and mut/wt animals. Definition of respective peaks is indicated in the wt/wt curve. Scale 

bars: vertical 0.5 mV; horizontal 50 ms. Corresponding analysis of (J) QRS interval, *P< 

0.05 or as indicated, Kruskal-Wallis test with Dunn’s post hoc test, (K) amplitude of 

the S peak, *P< 0.05 or as indicated, one-way ANOVA, Sidak’s post hoc test, and (L) 

amplitude of the J peak (early repolarization), *P< 0.05 or as indicated, Kruskal-Wallis test 

with Dunn’s post hoc test. (M) Ventricular arrythmia detected by ECG during 30 min of 

baseline measurements with example curves from 6-months old mut/mut and 12-months old 

wt/wt and mut/wt animals. Asterisks mark premature ventricular contractions (PVC), *nsVT 

indicates a non-sustained ventricular tachycardia detected in one mut/mut animal. Scale 

bars: vertical 0.5 mV; horizontal 1 s. Corresponding analysis of (N) percentage of mice 

presenting with PVCs. Values in bars indicate corresponding absolute number of mice with 

PVC (colored bars) compared to total number of mice evaluated (empty bar), and (O) PVC 

burden depicted as number of PVCs per minute, *P< 0.05, Kruskal-Wallis test with Dunn’s 

post hoc test. The black arrow indicates the animal presenting with non-sustained ventricular 

tachycardia. (P) Kaplan-Meier survival plot of DSG2-W2A mice from an analysis period of 

3 years. Vertical lines indicate drop-outs due to unrelated elimination (end of experiment, 

breeding, injuries). Values indicate corresponding absolute number of mice with sudden 

death compared to total number of mice evaluated. *P< 0.05, Gehan-Breslow-Wilcoxon test. 

Box with color indications of respective groups in the middle apply to the entire figure.
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Figure 3. Integrin-β6 is deregulated in DSG2-W2A mutants.
(A) Venn diagram of significantly altered genes from indicated ACM patient data sets 

(ACM vs. healthy control) and DSG2-W2A mice at the age of 5 days and 9 weeks 

(mut/mut vs. wt/wt) highlighting integrin-β6 (Itgb6) as only overlapping gene with same 

direction of expression in all data sets. Numbers indicate the amount of overlapping genes 

for the respective overlays. (B) RNA expression of Itgb6 analysed via qRT-PCR in adult 

DSG2-W2A mouse hearts. *P< 0.05, unpaired Student’s t-test vs. wt/wt. Gapdh served as 

reference gene. (C) Representative Western blot and respective analysis of band intensity 

of ITGB6 in DSG2-W2A hearts. GAPDH served as loading control. One-way ANOVA, 

Dunnett’s post hoc test. (D, E) Immunostaining of ITGB6 (red in overlay) in DSG2-W2A 

hearts with corresponding analysis of staining intensity in cardiomyocytes in total and ratio 

of staining intensity at the ICD area (orange arrow heads) vs. cardiomyocytes’ cytosolic 

area. Desmoplakin (DSP, cyan) marks ICDs, DAPI (blue) nuclei and F-actin (green) the 

sarcomere system. Lower row shows an overview image of a fibrotic area in mut/mut hearts. 

Scale bars: 25 μm. *P< 0.05, left graph: Kruskal-Wallis test with Dunn’s post hoc test; right 

graph: one-way ANOVA, Dunnett’s post hoc test. Box with color indications of respective 

groups apply to the entire figure.
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Figure 4. Disrupted ICD structure in DSG2-W2A mutant mice.
(A) Representative z-stack reconstruction of segmented ICDs in top and side view acquired 

with SIM. Overlay of analysed ICD volume is shown in grey. ICDs are marked by DSP 

(magenta). Scheme on top presents segmented area and pictograms on the right display the 

respective angle of view. Corresponding analysis of ICD volume and width of ICD between 

adjacent cardiomyocytes below. Scale bar: 5 μm. *P< 0.05, Mann-Whitney test. Each dot 

represents the value of one ICD from in total 4 mice per genotype. (B) Representative 

images of DSG2 (magenta) and filamentary actin (f-actin, white) z-stacks acquired by 

SIM and presented as maximum intensity projection. Lower row shows color-coded height 

projection of DSG2 signals in z-stack after signal thresholding as performed for analysis. 

Related analysis of DSG2 signal volume and number per ICD length is shown below. 
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Pictograms on the right display the respective angle of view. Scale bar: 5 μm. *P< 

0.05, unpaired Student’s t-test, with Welch’s correction. Each dot represents the value 

of one ICD from in total 3 mice per genotype. (C) FRAP analysis of DSG2-WT and 

DSG2-W2A-mGFP fusion proteins at the cell-cell junction of neonatal cardiomyocytes with 

representative intensity kymographs of bleached areas on the left. Time point 0 = bleach 

as indicated by the black arrow. Analysis of the mobile fraction of the indicated mGFP-

fusion proteins is shown on the right. *P< 0.05, unpaired Student’s t-test, with Welch’s 

correction. Each dot represents the mean value of one heart from in total 3 isolations. 

(D) Representative triton-X-100 assay immunoblot with separation of a soluble (sol), non-

cytoskeletal bound protein fraction from a non-soluble (non-sol), cytoskeletal-anchored 

fraction and corresponding analysis shown below. Plakoglobin (PG), plakophilin-2 (PKP2) 

and N-cadherin (NCAD) were analysed. Intensity of proteins was normalized to the total 

amount of protein detected by ponceau staining. GAPDH and desmoplakin (DSP) served 

as separation control. *P< 0.05 or as indicated, unpaired Student’s t-test (PG, NCAD, 

PKP2) or Mann-Whitney test (DSP). Each dot represents the result from one mouse. (E) 

Immunostaining of connexin-43 (CX43) (red in overlay) in DSG2-W2A hearts. N-cadherin 

(NCAD, yellow) marks ICDs, DAPI (blue) nuclei and F-actin (green) the sarcomere system. 

Orange arrows mark ICD, pink arrows highlight lateralization of CX43 staining. Scale 

bars: 25 μm. Images representative for 5 mice per genotype. Box with color indications of 

respective groups apply to the entire figure.
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Figure 5. Increased activation of ITGB6/AV at ICDs of DSG2-W2A mutant mice.
(A) Representative ICD reconstruction from z-stacks of ITGB6 (green) and DSP (magenta) 

immunostaining acquired by SIM and presented as maximum intensity projection. Related 

analysis of ITGB6 signal volume and number per ICD length is shown below. Scale bar: 5 

μm. *P< 0.05 or as indicated, unpaired Student’s t-test with Welch’s correction (left graph) 

and Mann-Whitney test (right graph). Each dot represents the value of one ICD from in 

total 4 mice per genotype. (B) Representative western blot and analysis of band intensity 

of Integrin-αV (ITGAV) in DSG2-W2A hearts. GAPDH served as loading control. *P< 

0.05, unpaired Student’s t-test with Welch’s correction. (C) Immunostaining of ITGAV in 

DSG2-W2A hearts on the right with respective analysis on the left. DAPI (blue) marks 

nuclei. Lower row shows an overview image of a fibrotic area in mut/mut hearts. Dotted 
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orange line marks the edge of fibrotic area. Scale bars: upper rows: 20 μm, lower row: 

50 μm. *P< 0.05, unpaired Student’s t-test. (D) Immunostaining of ITGAV/B6 heterodimer 

in DSG2-W2A mutant hearts with respective analysis of staining intensity on the right. 

Cyan rectangle marks zoomed area on the right. Scale bars: overview 50 μm; insert 10 

μm. *P< 0.05, unpaired Student’s t-test. (E) Representative immunostaining images of 

ITGAV/B6 heterodimer staining (red) in an ACM patient (DSP-E952X, heterozygous) and 

healthy control sample. F-actin (green) stains the sarcomere system. For the ACM patient, 

4 different tissue samples were analysed and compared to 2 tissue samples from 2 healthy 

controls. Scale bar: 20 μm. (F) Immunostaining of vinculin (VCL, magenta) and talin-2 

(TLN2, red) in DSG2-W2A hearts on the right with respective analysis of the mean staining 

intensity in cardiomyocytes and ratio of the staining intensity at the ICD vs. cytosolic area 

on the left. DAPI (blue) marks nuclei. F-actin (green) stains the sarcomere system. Scale bar: 

25 μm, *P< 0.05, unpaired Student’s t-test. (G) Representative western blot and analysis of 

band intensity of VCL and TLN2 in DSG2-W2A hearts. GAPDH served as loading control. 

*P< 0.05, unpaired Student’s t-test for TLN2, Mann-Whitney test for VCL. Box with color 

indications of respective groups apply to the entire figure.
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Figure 6. Elevated TGF-β signaling in DSG2-W2A hearts as result of ITGAV/B6 activity.
Barcode plots of gene set enrichment analysis of (A) the 

KEGG_TGF_BETA_SIGNALING_PATHWAY data set (systematic name: M2642),41 

or (B) genes directly regulated by receptor-regulated SMADs (R-SMADs, includes 

SMAD1/2/3/5/9) as published in the TRRUST data base21 in 9-weeks-old DSG2-W2A 

(mut/mut vs wt/wt) or ACM patient data set 1 (ACM vs. healthy control, GEO: GSE107157/

GSE107480). Indicated p-values are calculate by function cameraPR of the R package 

limma. (C) Immunostainings of phosphorylated SMAD2/3 (magenta, S465/S467 or S423/

S425, respectively) in sections of DSG2-W2A hearts and related analysis of nuclear staining 

intensity. Nuclei are stained with DAPI (blue), cardiomyocytes are marked with f-actin 

(green). Dotted orange line marks edge of fibrotic area. Scale bar: 50 μm. *P< 0.05, unpaired 
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Student’s t-test. (D) Schematic of experimental set-up for ITGAV/B6 blocking experiments 

in cardiac slice culture with related results in E. Icons are derived from BioRender. (E) 

qRT-PCR analysis of expression of genes downstream of TGF-β signaling in cardiac slices 

cultures treated with inhibiting anti-ITGAV/B6 (1:15) or 10 μmol/l GW788388, an inhibitor 

of TGF-β receptor I, for 24 hours. *P< 0.05, paired Student’s t-test vs. indicated control 

condition. (F) Schematic of experimental set-up for in vivo ITGAV/B6 blocking experiments 

by injection of 40 mg/kg EMD527040 (EMD) i.p. daily. DMSO was applied as vehicle 

control. Icons are derived from BioRender. (G) qRT-PCR expression analysis of genes 

downstream of TGF-β signaling in hearts of mice treated with EMD or respective amount of 

DMSO for 10 days. *P< 0.05, unpaired Student’s t-test vs. DMSO. (H, I) Cardiac fibrosis 

detected by picrosirius red collagen staining with representative images and corresponding 

analysis of the area of collagen in the right (RV) and left ventricle (LV). Lines indicate 

littermates. Each dot represents one animal. *P< 0.05 or as indicated, grouped two-way RM 

ANOVA with LV/RV and experimental pairs matched, Sidak’s post hoc test. Scale bar: 1 

mm. (J – L) ECG recoded in lead II with representative curves shown in J. Corresponding 

analysis of R, S, and J peak amplitude and QRS interval, *P< 0.05 or as indicated, Paired 

student’s t-test. Lines indicate littermates. Each dot represents one animal.
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Figure 7. Schematic conclusion of data.
DSG2-W2A mutation with loss of desmosomal adhesion leads to impaired ICD structure 

with deregulation of ITGB6 and enhanced heterodimerization with ITGAV. The dimer 

efficiently binds to the extracellular matrix and activates TGF-β by removal of the latency-

associated peptide (LAP). Active TGF-β can then induce pro-fibrotic downstream signaling 

via SMAD molecules. In our experiments, this cascade was blocked by different approaches 

to inhibit ITGAV/B6.
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