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Abstract 

 

Background 

Arrhythmogenic cardiomyopathy (AC) is a rare heart muscle disease characterized by fibrofatty 

myocardial replacement, prominent impairment of ventricular systolic function and arrhythmias. AC 

phenotypic spectrum was revealed wider than previously thought thanks to genotype–phenotype 

correlation. Combining multiple sources of clinical information, such as genetic, electrocardiographic, 

arrhythmic, morphofunctional, and histopathologic findings resulted the best approach to untangle the 

complexity of this disease. 

Aim 

The aim of our study was to assess AC genetic heterogeneity, applying appropriate genetic screening and 

performing a multiparametric genotype-phenotype correlation taking into account AC variants 

classification. 

Materials and Methods 

A total of 224 consecutive patients, with a clinical (n.192) or post mortem (n.32) diagnosis of AC, 

underwent genetic screening by using a 174 cardiac-related genes panel (Trusight Cardio, Illumina). The 

prevalence of Copy Number Variations (CNVs) and newly AC-associated genes such as FLNC and 

CDH2, were investigated. Detailed clinical data were obtained on 12-lead elettrocardiography, 

echocardiography, and cardiac magnetic resonance with the purpose of performing a multiparametric 

genotype-phenotype correlation. TTN variants were evaluated separately, due the magnitude of the gene, 

as well as rare variants in AC-unrelated genes. Finally, WES was carried out on 10 AC genotype negative 

patients in order to identify new candidate genes involved in the disease pathogenesis.  

Results 

We identified 95 different rare genetic variants in 97 (43%) of the 224 index cases. Of them, 79 variants 

were found in 5 major desmosomal genes (83%), whereas 16 in AC-related non desmosomal genes 

(17%). American College of Medical Genetics (ACMG)-based variant classification made evident that 

half of desmosomal variants (39/79, 49%) were classified as pathogenic/likely pathogenic and were 

predominantly radical (32/39, 78%). Comprehensive sequencing, including newly AC associated genes 

(FLNC and CDH2) and CNVs analysis, led to the identification of the genetic cause in 10 more patients 
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increasing the overall yield of genetic screening from 43% to 48%. No pathogenic variants were 

identified in 117 (52%) patients. 

Overall we re-evaluated based on the current International Task Force Criteria (ITC) the clinical 

phenotype of 188 out of 224 AC (84%) index cases. Of these, 94 index cases received a definite AC 

diagnosis at the outpatient clinic, 16 were  heart-transplanted (HTx) patients and 32 sudden death (SD) 

victims. The remaining 18 were borderline and 28 were possibly affected by AC. 78 of the 142 (55%) 

definite index cases carried at least a rare variant in AC related genes whereas, only 13 of the 46 (28%) 

borderline/possible index cases were genotype positive. 

Genotype analysis focusing on ventricular involvement highlighted that patients with Left Dominant 

variant (LDAC) were significantly less positive for desmosomal variants (11/42, 26%) compared to the 

“classic” AC cases (75/182, 41%)(p-value 0.0065). More in deep, 19 of the 42 (45%) LDAC patients 

were SD victims, of whom only 4 cases (21%) were genotype positive for desmosomal rare variants. 

Based on previous transcriptome studies from our laboratory we identified rare variants in LGALS3. 

Specifically, sequencing of 10 index cases  through WES and 140 by direct sequencing, led to the 

identification of 5 LGALS3 rare nucleotide variants in 7 probands (4%, 5 males, mean age 39±11 years). 

Of note, two missense variants occurred in the protein carbohydrate recognition domain (CRD) 

conferring the loss of its binding site.  

Conclusions 

Comprehensive genetic analysis revealed a genetic cause in nearly half (48%) of AC patients, of which 

only half could be classified as P/LP. A proper phenotypic characterization increased variant finding 

likelihood in definite AC patients (55%). Nevertheless, half of AC patients still missed a genetic cause. 

Specifically, genetic testing achieved to identify a causative variant in only ~25% of LDAC cases. Finally 

a new candidate gene was identified in 4% of AC cases, supporting the fact that other genetic factors 

might be involved in disease pathogenesis. Most of identified genetic variants were variants of unknown 

significance (VUS), highlighting that cascade genetic screening remains mandatory to understand their 

significance in disease pathogenesis. 
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 Introduction 

 Background 

Arrhythmogenic cardiomyopathy (OMIM #107970; ORPHA247) is a rare disease of the heart muscle 

characterized pathologically by fibrofatty myocardial replacement and clinically by prominent 

ventricular arrhythmias and impairment of ventricular systolic function [1-4]. The original description 

of this disorder, attributed to Marcus et al. [5] in 1982 although the clinical physiology of this condition 

was described few years earlier in French [6], characterized 24 individuals with extensive substitution of 

the right ventricle (RV) myocardium with fatty and fibrous tissue. Subsequently, the disease role in 

causing sudden death in athletes was described in a prospective clinical-pathologic study with detailed 

morphologic and histologic features as well as the prevalence of sudden cardiac death (SCD) in the young 

population of the Veneto region, North-eastern of Italy [1]. 

At first, myocyte loss with subsequent fibrofatty replacement was thought to be the result of a congenital 

defect of myocardial development contributing to the early designation of dysplasia. Thanks to the 

progress of the genetic and phenotypic characterization the term dysplasia was soon replaced by the 

designation of cardiomyopathy, which refers to a genetically determined heart muscle disorder, and this 

disease was named as arrhythmogenic right ventricular cardiomyopathy (ARVC) [1, 2]. 

Although the original disease phenotype hallmark was a predominant RV involvement, with minor and 

late left ventricle (LV) alteration, now we know that the disease spectrum is wider than previously 

thought. “Classic” ARVC is characterized by RV preponderance throughout the disease course; the 

“biventricular” pattern is defined by parallel involvement of both ventricles and the “left dominant” form 

LDAC is purported to mirror the “classic” pattern, with the LV consistently more severely affected than 

the RV [7]. These findings have led over the past few years to the use of the broader term 

“arrhythmogenic cardiomyopathy” (AC), which encompasses all the phenotypic expressions. 
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 Epidemiology 

The estimated prevalence of AC in the general population ranges from 1:2000 to 1:5000 [3, 4, 8]. In the 

past was considered an endemic disease in North East Italy (“Venetian disease”), where a systematic 

investigation of the causes of SCD in the young have identified affected AC individuals more commonly 

than in other countries, is now well recognized in human populations of different ethnicity. AC affects 

more frequently males than females (up to 3:1), and this has been ascribed to the direct influence of sex 

hormones on the phenotypic or to the sex-related differences in the amount and intensity of exercise [9-

11]. It becomes clinically overt most often in the second-fourth decade of life [3, 4, 8]. More rarely, 

symptoms and signs can appear before puberty or in the elderly. However, occasionally the first clinical 

manifestations arise even in patients >70, but the diagnosis is often missed because clinicians do not take 

it into consideration this morbid entity in this older age-group [3]. 
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 Pathological findings 

The hallmark lesion of AC is replacement of the ventricular myocardium by fibrofatty tissue [1, 2, 5]. 

This condition should not be confounded with Uhl disease, a congenital heart defect in which the RV 

myocardium fails to develop during embryonic life with the epicardium applied directly to endocardium 

in the absence of interposed fat [12]. In AC myocardial atrophy is a genetically determined process that 

occurs progressively with time, starts from the epicardium and extends toward the endocardium to 

become transmural, resulting into progressive wall thinning. As consequence, the pathognomonic gross 

features of AC consist of RV aneurysms, whether single or multiple, located in the so-called “triangle of 

dysplasia” (i.e. inflow, apex and outflow tract) [13] (Figure 1). 

Figure 1: Pathologic features of arrhythmogenic cardiomyopathy. Classical right ventricular (RV) variant: A, Gross transverse 
section of the heart that shows anterior and posterior RV wall thinning because of myocardial atrophy and a subtricupid 
aneurysm. Fullthickness histology of the posterior (B) and anterior (C) RV free wall that shows fibrofatty tissue replacement. 
There is thinning and residual myocardium confined to the endocardial trabeculae (trichrome stain). (Modified from Corrado 
et al, 2017) 
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AC phenotypic spectrum has been revealed wider than previously thought thanks to genotype–phenotype 

correlation. Pathological features can vary from a grossly normal hearts at one end to hearts with massive 

biventricular disease involvement. LV involvement has been observed in up to 76% of the AC hearts 

studied at post-mortem, usually limited to the subepicardium or midmural layers of the free wall [14]. 

Hearts with end-stage disease leading to heart failure usually show huge biventricular chamber dilatation 

with multiple free-wall aneurysms [2, 14]. Moreover recently, an isolated, nonischemic LV fibrofatty 

scar, as seen either at postmortem examination or by post-contrast cardiac magnetic resonance (CMR) 

sequences, has been reported to be a not uncommon myocardial substrate of life-threatening ventricular 

arrhythmias and SCD in young people and athletes [15, 16].  

Histological examination reveals islands of surviving myocytes, interspersed with fibrous and fatty tissue 

[1, 2]. Replacement-type fibrosis and myocyte degenerative changes should always be identified because 

fatty infiltration of the RV is not a sufficient morphologic hallmark of AC [17-19]. Of note 

intramyocardial fat is present fisiologically in the RV anterolateral and apical region and increases with 

age and body size. Myocyte degeneration and death are often associated with inflammatory infiltrates 

reported in up to 75% of hearts at autopsy. Rather than being a continuous, ongoing process, disease 

progression may occur through periodic acute bursts of an otherwise stable disease mimicking  

myocarditis or myocardial infarction with normal coronary arteries. The detection of viral genomes led 

to consideration of an infective viral cause, but it is most likely that either viruses are innocent bystanders 

or myocardial cell degeneration may serve as a milieu favouring viral attach. 

 Clinical findings 

The phenotypic expression of AC varies considerably, ranging from the clinical profiles of asymptomatic 

family members with concealed structural abnormalities and no arrhythmias to symptomatic patients 

experiencing arrhythmic cardiac arrest or undergoing cardiac transplantation because of refractory heart 

failure [3, 14, 20-23]. The most common clinical presentation consists of ventricular arrhythmias and 

related symptoms/events, which include palpitations, syncopal episodes (mostly occurring during 

physical exercise), and cardiac arrest. Less-common presentations are RV or biventricular dilatation, 

with or without heart failure symptoms, mimicking dilated cardiomyopathy (DCM).  
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However, often non-specific clinical features comprise myocarditis or fake chest pain, dynamic ST-T 

wave changes on basal 12- lead elettrocardiogram (ECG) and myocardial enzymes release with normal 

coronary arteries. 

Sudden cardiac death may occur unexpectedly as first symptom in previously asymptomatic individuals, 

mostly young people and competitive athletes, with a previously undiagnosed (and unsuspected) AC [1, 

24-26]. 

The prognosis of AC is related either to ventricular electric instability, which may lead to arrhythmic 

SCD, or progression of ventricular muscle disease resulting in RV or biventricular systolic dysfunction.  

The natural history of the disease can be divided into four phases, based on clinical and pathological 

observations [3, 27, 28]: 

 A “concealed” phase typical of very early AC. Disease is frequently characterized by the absence 

of clinical symptoms, but subtle structural changes and minor ventricular arrhythmia may be 

recognized. Even if subjects are mainly asymptomatic, however they may be at risk of SCD, 

especially during physical exercise [24]. 

 In the “overt electrical disorder” phase, patients manifest symptomatic ventricular arrhythmias, 

palpitations, syncopes and pre-syncopes. This phase is characterized by the presence of functional 

and morphological abnormalities of the RV and/or Left ventricle (LV), usually detectable by 

cardiac imaging techniques. 

 The “right ventricular dysfunction” phase is characterized by further extension of disease 

involving the RV myocardium, leadings to impaired contractility and isolated right heart failure. 

 The most advanced phase is characterized by LV involvement leading to biventricular (BV) heart 

failure, which is difficult to distinguish from DCM. However, LV involvement may be detected 

also in earlier phases of the disease [7]. 
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 Diagnostic criteria 

The best strategy to reach the clinical diagnosis consists in combining multiple sources of clinical 

information, such as genetic, electrocardiographic, arrhythmic, morphofunctional, and histopathologic 

findings. AC criteria were first proposed by an International Task Force (ITC) in 1994 [29] to facilitate 

disease diagnosis. The criteria were initially designed to provide adequate specificity for the right-

dominant variant of AC among index cases with overt clinical manifestations. Based on their diagnostic 

sensitivity and/or specificity, criteria were classified as major and minor, and the diagnosis of AC was 

reached in the presence of 2 major criteria, 1 major plus 2 minor, or 4 minor criteria from different 

categories. Later, these criteria were modified in order to increase sensitivity in detecting milder forms 

of AC [30]. The modified criteria facilitated the recognition of patients’ relatives affected based on 

different clinical features comprising structural, histological and arrhythmic abnormalities along with a 

detailed familial history of disease and SCD (Table 1) These diagnostic criteria in adults were 

demonstrated valid also in the pediatric age, exception made for the presence of inverted T wave on the 

right precordial leads in children < 12 years of age. To date, the AC diagnostic criteria include the 

presence of a pathogenetic variant in AC related genes as a major criterion to establish the diagnosis, 

different from all other forms of cardiomyopathy. 

 Limitations of current diagnostic criteria 

Since both the 1994 and 2010 guidelines were developed to diagnose the original right-dominant disease 

phenotype they did not include specific criteria for diagnosing LV involvement and the more recently 

recognized left-sided phenotypic variants [7, 31]. Moreover, peculiarities of diagnosis in the paediatric 

population, which represents approximately one-sixth of the overall ARVC-population, were not 

addressed. 
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Table 1: Comparison of original and revised Task Force criteria for diagnosis of AC [29, 30] 
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 Clinical tests enabling AC diagnosis:  

Twelve-lead ECG is a valuable diagnostic test in AC because it records repolarization and depolarization 

abnormalities in the majority of probands with a definitive diagnosis of AC. Negative T waves in the 

anterior precordial leads (V1 through V4) are the most common finding. Depolarization abnormalities 

include incomplete (rarely complete) right bundle branch block (RBBB), prolongation of right precordial 

QRS duration with a delayed S-wave upstroke (terminal activation delay >55 ms), QRS fragmentation, 

and post-excitation epsilon waves (ie, small amplitude potentials occurring at the end of QRS 

complex/beginning of the ST segment) [32, 33]. 

Signal-averaged electrocardiogram (SAECG) allows the registration of low amplitude potentials within 

the end of the QRS complex (late potential) that are not wide enough to be evident on the 12-lead ECG. 

Holter ECG  monitoring is used to register the electric activity of the cardiovascular system for a period 

of normally 24 h, with particular attention to the diurnal rhythm fluctuations. 

Echocardiography (Echo) represents the first-line imaging approach for evaluating patients with 

suspected AC or for screening of family members, allowing serial examinations with the aim to assess 

the disease onset and progression. 

CMR imaging is another non-invasive tissue characterization technique that allows the detection of 

morphological and structural abnormalities of the ventricular wall like micro aneurysms, calculation of 

RV and LV volumes and ejection fraction [34-36].  

Endomyocardial biopsy (EMB) is used to detect myocytes in diverse stages of cell death and of fibrofatty 

replacement (major criterion). However, a negative biopsy is not enough to exclude AC because of the 

segmental nature of the disease, especially during early stages [37]. The sensitivity of EMB for AC is 

low if the myocardial samples are taken from the septum, which is a region uncommonly involved by 

the disease. EMB cannot be routinely recommended for diagnosis of AC and should be reserved for 

selected patients particularly probands with a sporadic form of AC, in whom the final diagnosis depends 

on histologic exclusion of phenocopies such as DCM, myocarditis, or sarcoidosis. 

Three-dimensional electroanatomic voltage mapping by CARTO system (Biosense, Diamond Bar, CA) 

may be of significant added value for the diagnosis of AC because it has the potential to identify and 

quantify RV regions of scar with low-amplitude electric signals, which typically show fractionation, 

double potentials, or conduction delay [38, 39]. However, it is not recommended as a routine diagnostic 

tool because it is invasive, expensive, and highly operator dependent. 
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 Left Dominant AC diagnosis 

While the revised criteria easily catch the classical RV variant, there is lack of specific diagnostic 

guidelines for non-classical disease patterns, thus explaining the under-recognition of the LV one. ECG 

abnormalities such as lateral or inferolateral T-wave inversion (leads V5, V6, LI, and aVL), low voltage 

QRS complex on peripheral leads and RBBB/polymorphic ventricular arrhythmias suggest a left-sided 

involvement [7, 31, 40]. Gadolinium -enhanced CMR a far more-sensitive indicator of even early or 

minor left-sided disease, and is frequently detected in a wall segment without a concomitant 

morphofunctional abnormality, thus preceding the onset of LV dysfunction or dilatation [7, 41, 42]. 

Typically, LV late gadolinium enhancement involves the inferolateral and infero-septal regions, and 

affects the subepicardial or midwall layers.  

 Therapy 

The most important objective of clinical treatment of AC patients is prevention of SCD. Current 

therapeutic options include lifestyle changes, β-blockers, antiarrhythmic drugs (AADs), catheter 

ablation, ICD, and heart transplantation (HTx). Recently, a task force of experts from both Europe and 

the United States produced a consensus document for treatment of AC [43]. Physical exercise is one of 

the most important risk factors, which promotes the phenotypic expression of the disease and triggers 

life-threatening ventricular arrhythmias in AC [11]. Accordingly, current guidelines recommended the 

exclusion of competitive or endurance sport activity of affected individuals but also desmosome gene 

variants carriers. 
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  Molecular genetics of AC 

In 1982, Marcus et al. advocated the inherited nature of AC, with the description of two affected adult 

cases in the same family. AC is currently considered an autosomal dominant disease with reduced 

penetrance and variable clinical expression [8] although, recurrent description of compound/ digenic 

heterozygotes and homozygotes patients have been associated with severe forms of the disease [9, 44] 

with or without cutaneous abnormalities [45-51]. 

The recognition of disease familial nature [52] led to the identification of the first disease-causing gene 

mutation in a recessive syndromic form of AC known as Naxos disease [53, 54]. Naxos disease was first 

described in 1986 as a familial, autosomal recessive disease characterized by hair and skin abnormalities 

(woolly hair and palmoplantar keratoderma) exhibiting an AC-like cardiomyopathy [55]. The typical 

hair phenotype is present at birth along with the erythema on the palms of the hands which gaffers within 

the first years of life, while the cardiac phenotype appears only during adolescence or early adulthood. 

In the original description, 9 affected subjects from 4 Greek families of the Naxos island were 

investigated by linkage analysis leading to the identification of a genetic locus on the long arm of 

chromosome 17 (17q21.2) [56]. Subsequent direct sequencing of the Plakoglobin (JUP) gene in all 

affected subjects identified a 2bp-deletion leading to a frame shift with consequent introduction of a 

premature stop codon after 11 amino acid [53].  

Linkage analysis were also used to identify the first disease causing mutation in a dominant AC form 

[54]. Six affected subjects from an Italian family of the Veneto Region carried a heterozygous missense 

mutation c.897C>G this time in the Desmoplakin (DSP) gene, located on the short arm of chromosome 

6 (6p24.3). Earlier, a homozygous DSP deletion was described for another syndromic form, known as 

Carvajal syndrome [57]. Carvajal syndrome was first described in 1998 as a familial, autosomal recessive 

disorder characterized by epidermolytic palmoplantar keratoderma, woolly hair, and heart anomalies. In 

the original description, 18 subjects from 3 Ecuador families, were investigated by linkage analysis and 

subsequent direct sequencing leading to the identification of a homozygous single-nucleotide deletion 

c.7901delG, which creates a premature stop codon depriving DSP of its C-domain [58, 59]. 

DSP and JUP are both components of the cardiac desmosome, therefore candidate gene approaches 

revealed the genetic heterogeneity of AC with the identification of 15 genetic loci (  

Table 2). 
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Nowadays AC is defined as a disease of the desmosomes since causative variants are found in genes 

coding for desmosomal proteins: JUP, DSP, plakophilin-2 (PKP2), desmoglein-2 (DSG2), and 

democollin-2 (DSC2) [54, 60-64]. Isolated reports, accounting for less than 1-3% of cases, are caused 

by variants in nondesmosomal genes, such as transforming growth factor-β-3 (TGFβ3), cardiac 

ryanodine receptor (RYR2), transmembrane protein 43 (TMEM43), lamin A/C (LMNA), desmin (DES), 

catenin alpha 3 (CTNNA3), titin (TTN), phospholamban (PLN), filamin C (FLNC) and N-cadherin 

(CDH2) [65-74].  

Table 2: AC genetic loci. Abbreviations AD: autosomal dominant; AR: autosomal recessive. 

MIM entry Locus Gene ID Gene name Mode of 
transmission Reference 

#611528 17q21.2 JUP Plakoglobin 
AD [60] 

#601214 AR [53] 

#607450 6p24.3 DSP Desmoplakin 
AD [54] 

#605676 AR [57] 

#609040 12p11.21 PKP2 Plakophilin-2 AD/AR [61] 
#610193 18q12.11 DSG2 Desmoglein-2 AD/AR [62] 
#610476 18q12.1 DSC2 Desmocollin-2 AD/AR [63] 

Non-desmosomal genes 

#600996 1q43 RYR2 Cardiac Ryanodine Receptor 2 AD [65] 
#107970 14q24.3 TGF-β3 Transforming growth factor-beta 3 AD [66] 
#604400 3p25.1 TMEM43 Transmembrane Protein 43 AD [67] 

  2q35 DES Desmin AD [68] 
  6q22.31 PLN Phospholamban AD [71] 
  2q31.2 TTN Titin AD [69] 

  1q22 LMNA Lamin A/C AD [70] 
#615616 10q21.3 CTNNA3 alpha-1-catenin AD [72] 

  7q32.1 FLNC Filamin C AD [73] 
  18q12.1 CDH2 Cadherin 2 AD [74] 

Independent studies identified large deletions in PKP2 gene, suggesting a pathogenic role of copy 

number variants (CNVs) in the disease due to haploinsufficiency [75-78]. First, Cox et al.[75] described 

3 large PKP2 deletions in a 149 Dutch AC cases, reporting as prevalent as ≈2%. The authors highlighted 

that  the CNVs analysis should be extended not only to PKP2 but also in other desmosomal genes. Since 

then, single case carrying CNVs in PKP2 have been reported [76-78] but only recently a systematic 

comprehensive CNVs screening of was performed by our group. Pilichou et al., [79] reported for the first 

time CNVs in desmosomal cadherin-related genes (DSG2, DSC2) and estimated the prevalence of PKP2-
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related CNVs to 5.6% (9 of the 160) in genotype-negative proband. Although CNVs may confer 

haploinsufficiency, the reduced disease penetrance in family carriers (≈32%) was similar to the one 

observed in other point variants suggesting that other factors has been involved in the development and 

progression of the disease.  
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1.10.1 Desmosomes 

Desmosome junctional complexes are particularly abundant in tissues subjected to mechanical stress like 

the epithelium and the myocardium, where these molecules mediate mechanical anchorage of 

cardiomyocytes by connecting the cytoskeleton to the cell membranes of adjacent cells (Figure 2). As 

well as may play a role in cell-cell communication, tissue differentiation, and apoptosis [80].  

Figure 2: Schematic representation of desmosome modified from [79] 

These electron-dense symmetrical structures that appear as dense membrane-associated plaques divided 

by a central mid-line of intercellular space are called desmoglea and intracellular plaque. The 

intracellular plaque is commonly described as composed of two areas: the outer dense plaque, and a 

dense inner plaque [81]. The desmosomal structure comprises transmembrane adhesive glycoproteins 

(components of the cadherin superfamily) and cytoplasmic proteins (components of the plakin and 

armadillo families). The outer dense plaque is where the cytoplasmic domains of the cadherins (DSG2, 

DSC2) attach to plakins (DSP) via armadillo proteins (PKP2 and JUP). The inner dense plaque is located 

where plakins attach to the intermediate filaments of the cell.   
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Desmoplakin_DSP (6p24.3) belongs to the plakin protein family which includes a large number of 

proteins such as plectin, envoplakin and periplakin, all mediating the link between different junctional 

complexes and the cytoskeleton. DSP is composed by an N-terminal domain required for both the 

localization to the desmosome and interaction with plakophilin and cadherin family proteins, a central 

coiled-coil rod domain involved in the protein dimerization and a C-terminal domain that interacts 

directly with the intermediate filaments. It is expressed in all tissues containing desmosomes [82] and an 

alternative splicing of the DSP precursor messenger RNA (mRNA) produces two isoforms, differing in 

the length of the central -helical domains: DSP I, predominantly expressed in heart, comprise 2871 amino 

acids whereas DSP II only 2271 amino acids. 

The first pathogenic nucleotide variants described in DSP families with autosomal dominant striated 

palmoplantar keratoderma, were a heterozygous nonsense p.Gln331Ter and a splicing site c.939+1G>A 

variants [83] but cardiac alterations were not studied. Since then, more than 100 DSP pathogenic variants 

have been detected in 5 to 16% of AC cases [62, 75, 84].  

Plakophilin-2_PKP2 (12p11.21) the predominant protein isotype expressed in heart, belongs to the 

armadillo family of proteins and interacts directly with both, desmosomal cadherins and DSP [85]. Two 

alternatively spliced mRNA transcripts give origin to two protein isoforms: transcript 2b (881 amino 

acid) and transcript 2a (837amino acid) [86]. PKP2 comprise an amino-terminal head domain and nine 

armadillo repeat motifs and it’s essential for heart morphogenesis and proper localization of DSP in mice 

[87]. After the link to disease pathogenesis through a haploinsufficiency mechanism which bring to 

defect cell-cell contact [61], more than 120 PKP2 pathogenic variants have been reported to AC 

accounting for approximately 10 to 45% of reported cases [61, 62, 75, 84]. Most variants show a 

dominant inheritance with reduced penetrance, but recessive and compound heterozygous variants have 

also been identified in several patients. Moreover, large deletions involving PKP2 have also been 

described in subset of affected individuals [75-79]. 
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Desmoglein-2_DSG2 (18q12.1) is a desmosomal cadherin belonging to the cadherin superfamily, 

mediating calcium dependent cell-cell adhesion. Desmosomes bears four isoforms of desmoglein (DSG 

1 to 4), showing tissue specific expression patterns [88]. DSG2 is expressed in all tissues bearing 

desmosomes but seems to be the only isoform expressed in cardiac tissue [89, 90]. DSG2 has an 

intracellular anchoring domain interacting with DSP, a transmembrane domain, four extracellular 

cadherin domains each containing a calcium binding site that stabilizes the structure and function of 

cadherins, a small signal and a preprotein domain. Since 2006 when DSG2 was linked for the first time 

to AC through the detection of 9 missense variants in 8 Italian families affected by AC affecting highly 

conserved amino acids, more than 50 DSG2 variants have been found in 2 to 20% of AC patients [62, 

75, 84]. Of note in 2006 the first compound heterozygote AC patients was reported. 

Desmocollin-2_DSC2 (18q12.1), is another glycoprotein, member of the cadherin superfamily 

mediating calcium dependent cell-cell adhesion. Three desmocollin isoforms (DSC 1, 2 and 3) are 

currently known, of which DSC2 is the only isoform present in cardiac tissue even though ubiquitously 

expressed [88]. DSC2 is composed of a signal domain, a preprotein domain followed by four highly 

conserved extracellular subdomains and an extracellular anchor domain at the N-terminus. In 2006 Syrris 

and colleagues described the presence of heterozygous DSC2 frameshift variants in 4 AC affected 

probands without variants in other desmosomal genes [63]. Since them, less than 50 DSC2 nucleotide 

variants have been reported, accounting for 1 to 3% of AC cases [63, 75, 84, 91, 92]. 

Plakoglobin_JUP (17q21), is another armadillo protein of desmosomes. It is present both, in adherens 

junctions and desmosomes, where it binds to the cytoplasmic domain of cadherin acting as a linker 

molecule between the inner and outer parts of the desmosomal plaque. JUP comprise an N-terminal 

domain, a central domain containing highly conserved armadillo repeats and a C-terminal domain. JUP 

has only recently been linked to the dominant AC form, after the description of an in frame insertion of 

a serine residue p.Ser39_Lys40insSer in the N-terminus of the protein in a small German family [60]. To 

date, less than 20 JUP variants have been reported in approximately 1% of AC cases [60, 84] [75].  
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1.10.2 Non desmosomal genes 

Isolated reports, accounts for less than 1-3%, associated variants in non-desmosomal genes with a clinical 

phenotype resembling AC 

Transmembrane protein 43_TMEM43 (3p25.1) acts as a nuclear membrane organizer. TMEM43 

variants were first identified in Emery–Dreifuss muscular dystrophy patients. In contrast to classic AC, 

TMEM43 variants carriers exhibit right ventricular aneurysms and ventricular arrhythmias before birth 

[67], the phenotypic penetrance of TMEM43 variants is 100% and frequency is less than 1%. Recent 

studies reported the founder effect of TMEM43 variants, probably caused by migration from continental 

Europe to Canada [93]. 

Desmin_DES (2q35) is a type of intermediate filament in myocytes, often related to myofibrillar 

myopathies. DES variants carriers often have both myopathy and cardiomyopathy [68]. The first DES 

variants p.Arg454Trp, affecting the localization of DSP and PKP2 at the intercalated disk, was identified 

in a family showing an early onset of conduction system disorder without variants in other desmosomal 

genes [94]. The frequency of DES is about 1–2%.  

Titin_TTN (2q31.2) is a sarcomeric protein, the largest protein in mammals, which contributes to force 

transmission at the Z line and resting tension in the I band region. TTN variants were reported in other 

cardiomyopathies such as HypertrophicCardiomyopathy (HCM) and DCM. In AC, TTN variant carriers 

display various phenotypes, including biventricular dysfunction and conduction block. Eight unique 

missense TTN variants were identified in 7 families with AC-like phenotype and without desmosomal 

genes variants, including a prominent p. Thr2896Ile variant which showed complete cosegregation in 

one large family [69]. The role of TTN variants for AC is still a matter of study. 

Lamin A/C_LMNA (1q22) is located in the inner nuclear membrane and is fundamental for cell 

stabilization. LMNA variants are reported in various systemic diseases, including Emery–Dreifuss 

muscular dystrophy, and in dilated cardiomyopathy patients with sinus bradycardia and conduction 

disturbance. In 2012, four LMNA variants were reported in AC-like patients with conduction disturbances 

[70] but variants frequency has not been yet determined as LMNA variants were often found in AC_DCM 

patients [95]. 
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Phospholamban_PLN (6q22.31) is a protein necessary for calcium handling in cardiac contractions and 

PLN was known as a causative gene for DCM. The only reported PLN variant so far, p.Arg14del, was 

described in a Dutch patients with AC [71] which seems to be a founder one. 

Alpha-T-catenin_CTNNA3 (10q21) is a cadherin which binds to plakophilins in cell adherens junctions 

between cardiomyocytes. Only two CTNNA3 AC-related variants have been reported to date leading to 

a lack of interaction with beta-catenin [72]. 

Sodium voltage-gated channel alpha subunit 5_SCN5A (3p22.2) is a subunit of the cardiac sodium 

channel, and its mutations have been linked to various cardiac diseases, most ‘sine materia’, including 

long QT syndrome type 3, Brugada syndrome with non-ischaemic ST-segment elevation, progressive 

cardiac atrioventricular conduction disease, and DCM. In 2008, an SCN5A loss-of function variant was 

reported in a 58-year-old patient with AC and frequent non-sustained ventricular tachycardia in the 

absence of ST-segment elevation [96]. Recently, a large multicentre collaborative study reported that 

~2% of AC probands have a pathogenic SCN5A mutations, expanding the spectrum of phenotypes 

associated with variants in this gene [97].  

Filamin C_FLNC (7q32.1) is a muscle specific filamin which directly interacts with the dystrophin 

associated glycoproteins and the integrin complexes that link the subsarcolemmal actin cytoskeleton to 

the extracellular matrix. At intercalated discs, FLNC is located in the fascia adherens where myofibre 

ends reach the sarcolemma, adjacent to the position of desmosomal junctions. Its role in the attachment 

of the sarcomere’s Z-disc to the sarcolemma and to the intercalated discs allows cell to-cell mechanical 

force transduction. Truncating FLNC variants in 28 families have been linked to particular overlapping 

phenotypes of dilated and left-dominant arrhythmogenic cardiomyopathies complicated by frequent 

premature sudden death, a dominant mode of transmission, and an unusual penetrance of higher than 

97% in carriers older than 40 years of age [73]. 

Cadherin 2_CDH2 (18q12.1) also known as N-cadherin, is a protein that mediates calcium ion-

dependent adhesion in the brain and skeletal and cardiac muscle. Recently, two different studies 

identified two variants in this gene linked to an AC phenotype [74, 98]. 

Variants in the regulatory region of transforming growth factor beta-3_TGFB3 (14q24.3) gene have 

also been reported, but their pathogenicity is still a matter of debate [66]. 
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Finally, the ryanodine receptor 2 _RYR2 (1q43) gene encodes a protein of the sarcoplasmic reticulum, 

necessary for cardiac contraction by controlling the calcium ions. RYR2 variants are nowadays associated 

with catecholaminergic polymorphic ventricular tachycardia (CPVT) rather than with AC, as originally 

believed [65]. 

  Pathogenesis 

Several theories have been postulated to explain the pathogenesis of AC: dysontogenic, degenerative, 

inflammatory, transdifferentiational. 

The dysontogenic theory [99] consider AC a milder form of Uhl’s anomaly [12] which is a congenital 

heart defect characterized by hypoplasia of the RV myocardium at birth however, myocyte loss has been 

demonstrated to occur progressively starting from childhood [100]. The degenerative theory which was 

postulated in 1996, considered AC as a consequence of myocyte death, either by necrosis or apoptosis, 

due to inherited ultra-structural defects [101, 102]. Further, recent studies have demonstrated that the key 

initiating phenomenon in the cascade of events that lead to fibrofatty replacement of the normal 

myocardium is myocyte necrosis [103, 104].  

In the inflammatory theory, the disease is considered the consequence of preceding myocarditis, since 

myocardial inflammation is a common feature in hearts with AC [105, 106] . The viral myocarditis may 

overlap an already affected heart accelerating the disease progression, rather than being a primary factor 

in the etiology of the disease [107]. 

The transdifferentiation theory suggests that cardiac myocytes undergo a metamorphosis leading to 

became adipocites [108]. This theory seems debatable due to the limited dedifferentiation capabilities of 

adult cardiomyocytes, indeed recent studies supported the idea that 

adipocytes in AC derive from progenitor cells of the second heart field, which give rise to the bulbus 

cordis and the pulmonary infundibulum [109]. 
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Transgenic animal models, that mimic the human AC phenotype (mice and zebrafish) and induced 

pluripotent stem cells (iPSCs) from affected patients, are useful tools to investigate mechanical and/or 

functional disruption of cell junctions by aberrant desmosomal proteins leading to cardiomyocyte death 

and subsequent repair with fibrous and fatty tissue 

Reduced cell-cell adhesion has been demonstrated by using monolayers of neonatal rat ventricular 

myocytes in which PKP2 was silenced [110]. However, when expressing mutant forms of either PKP2 

or JUP, cells exhibited preserved intercellular adhesion and abnormal signalling in response to 

mechanical stress, advocating questions on a primary role of cell-cell adhesion in AC pathogenesis [111]. 

Parallel , Asimaki and colleagues  demonstrated that a reduced junctional signal for JUP seems to be a 

hallmark of the disease in myocardial samples from AC patients, suggesting its possible role in 

intracellular signalling rather than adhesion [112], as propose by other groups [113, 114].  

Marian group for the first time demonstrate in a Dsp-deficient mouse model that an abnormal distribution 

of intercalated disc protein leads to suppression of the canonical WNT/β-catenin/Tcf/Lef pathway a 

known regulator of adipogenesis, fibrogenesis and apoptosis [113]. Moreover, knocking down DSP in 

HL-1 cells causes the translocation of JUP into the nucleus, where it interferes with β-catenin/TCF 

transcriptional activity, leading to an adipogenic switch. Thereafter, the same group demonstrated that 

most of the adipocytes in AC originate from cardiac progenitors cells of the embryonic second heart field 

[109]. Furthermore, in mice overexpressing cardiac truncated JUP, suppression of the canonical WNT 

signaling led to adipogenesis in c-kit + cardiac progenitor cells [115]. 

A lower expression protein kinase C α, a signalling molecule which localises to the intercalated disc, has 

been reported analysing molecular remodelling of the intercalated disc [116] .As a result, neurofibromin-

2 (or Merlin) becomes activated and in turn phosphorylates and inactivates the effector of the Hippo 

pathway, Yes -associated p rotein, YAP [117]. YAP is then free to bind to β-catenin and plakoglobin and 

therefore drives adipogenesis in myocardial tissue.The Hippo pathway, among other functions, regulates 

cell differentiation and homeostasis [118]. Interestingly, the activation of the Hippo pathway inhibits the 

canonical WNT pathway, reinforcing the hypothesis that the two pathways might be implicated in the 

pathogenesis of AC [119]. 
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Further, among the others, Kim and colleagues successfully reprogrammed patient-derived dermal 

fibroblasts into iPSCs generating human cardiomyocytes for in vivo modelling. iPSCs-derived 

cardiomyocytes from AC patients with PKP2 mutations, demonstrated that the abnormal JUP nuclear 

translocation and decreased β-catenin activity is insufficient to reproduce the pathologic phenotype 

[120]. 

Remarkably, transgenic experimental animal models and iPSC-derived cardiomyocytes demonstrated 

only abnormal “lipogenesis”, but not adipocyte formation/transdifferentiation. Thus, cells other than 

cardiomyocytes must be involved in the abnormal adipogenesis and fibrosis which is an essential feature 

of AC phenotype [121]. A role of cardiac mesenchymal stromal cells as a source of adipocytes in AC 

has been recently suggested [122]. 

In most AC cases a reduction of connexin-43 expression at the intercellular junction has been highlighted, 

underlying that compromised mechanical coupling might also account for abnormal electrical coupling 

through gap-junction remodelling. Desmosomes, gap junctions and sodium channels are functionally 

coupled and modification of one constituent can affect the function and integrity of the others [4]. 

Moreover, cardiac sodium current was found to be reduced in experimental models of AC [104, 123-

126]. These findings suggest that life-threatening ventricular arrhythmias precede structural 

abnormalities due to electrical uncoupling and reduced sodium current. However, this hypothesis remains 

to be proven in human AC patients. 

Finally, high-throughput drug screening identified SB216763, a compound able to prevent heart failure 

and normalize survival in a transgenic zebrafish model of AC with cardiac specific expression of human 

JUP deletion [126]. Experiments in neonatal rat ventricular myocytes expressing the same JUP mutation 

and in cardiac myocytes derived from iPSCs of two PKP2 mutation carriers further supported its efficacy 

in restoring the subcellular distribution of JUP, connexin-43 and SCNA5. Interestingly, SB216763 was 

already known as an activator of the canonical WNT signaling pathway and these data, together with 

those by Lombardi and Kim may led to the identification of a curative therapy in AC, by targeting a final 

common pathway of disease pathogenesis [109, 120].  
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  Conventional Screening 

Direct Sanger sequencing developed in the 70s [127] has been worldwide chosen for DNA sequencing 

until Next Generation Sequencing (NGS) era. Despite various modifications and improvements 

including its partial automation, it remains relatively time-consuming and expensive considering the 

growing need of sequencing larger DNA portions. In genetically heterogeneous diseases, the cost and 

effort of DNA sequencing is often considerable and numerous DNA pre-analytic techniques have been 

developed for the detection of point variants and small deletions. Pre-analytic techniques, such as 

denaturing gradient gel electrophoresis (DGGE), single-strand conformation polymorphism (SSCP), 

chemical cleavage method (CCM), denaturing high performance liquid chromatography (DHPLC), all 

followed by direct sequencing of aberrant conformers or elution profiles allowed to minimize sequencing 

to a subset of abnormal PCR products. DGGE is a technique developed by Fischer and Lerman [128] 

that can identify homoduplex molecules that differ by single bp substitutions using electrophoresed 

through a gradient of increasing concentration of a denaturing agent. SSCP analysis is based on the 

differential electrophoretic mobility of single-strand DNA molecules that differ by a single base [129]. 

Thermally denatured DNA is electrophoresed, and those single stranded DNA fragments that take up an 

altered conformation show up as aberrantly migrating bands on the electrophoretic gel. In CCM PCR 

heteroduplexes are incubated with two mismatch-specific reagents: Hydroxylamine modifies unpaired 

cytosine and potassium permanganate modifies unpaired thymine. Heteroduplexes are then cleaved at 

the site of the modified mismatched base and separated by electrophoresis. DHPLC technique is based 

on the detection of heteroduplexes containing a variants or polymorphism by reduced column retention 

of heteroduplexes compared to the respective homoduplexes under partially denaturing conditions [130] 

DHPLC, under optimized conditions, is costeffective, highly accurate, rapid, and efficient for variants 

detection. A disadvantage of DHPLC is the requirement and maintenance of a specialized and expensive 

equipment and optimization of each reaction required achieving the highest sensitivity for variant 

detection, moreover it can also be difficult to identify homozygotes unless the sample is spiked with a 

known control. The advent of NGS has revolutionized sequencing in term of cost, time and spectrum of 

genes analysed.   

 



23 

 

  Next Generation Sequencing 

Since the conclusion of the Human Genome Project in 2000, based on Sanger technology, which required 

about 13 years [131, 132] and 70 million dollars [133], deep sequencing technologies were developed to 

sequence in short range of time whole genomes and exomes.  

NGS increases throughput and to decreases sequencing costs allowing to shift the interest from the 

research of variants in specific DNA regions to the identification of variants from a genome-wide 

sequencing data. This has led to advances in diagnostics and scientific research with the detection of 

variants linked to Mendelian and complex diseases [134-137]. NGS has been successfully applied for 

instance to the identification of genetic defects of a variety of disorders such as cancer [138, 139], 

neurological diseases [140, 141], intellectual disability [142, 143], mitochondrial dysfunctions [144, 

145], cardiovascular diseases [146, 147]. Applications of NGS has the potential to focus on the analysis 

of entire genomes (Whole Genome Sequencing-WGS), on the sole coding part of the genome (Whole 

Exome Sequencing, WES) or on specific target genes (Targeted Resequencing, TR). WES is the selective 

sequencing of the coding sequence of the human genome and less expensive in comparison to WGS 

since the exome represents only about 1% of the genome. In the clinical setting, WES can offer a new 

approach to diagnose patients with an unclear clinical diagnosis and whom who are negative from 

classical screening of disease-related genes, enabling the research in genes and nucleotide variants not 

yet associated to the disease. 

However, the introduction of WES for clinical laboratories remains challenging, especially because of 

the laborious and accurate process of bioinformatics analysis and data interpretation that are required to 

identify candidate genes and causal variants. For these reason in the clinical practice TR resulted the first 

screening strategy to reach higher coverage of exonic regions of interest while reducing the sequencing 

cost and time. These rapid, accurate, and relatively low cost method allows a high throughput, genotype-

based approach to molecular diagnosis.TR may rapidly screen at once large panels of genes associated 

with a particular phenotype or may provide differential diagnosis in diseases that present with atypical 

manifestations, or for which not all genetic variants are known. 
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  Next Generation Sequencing in Cardiomyopathies 

The molecular analysis of genetically heterogeneous disorders, such as inherited cardiomyopathies, has 

received enormous benefits from the adoption of NGS screening. These diseases are linked to multiple 

causative genes, often showing rare and private variants, and old direct sequencing methods would be 

laborious, time consuming and would miss this complexity. In the last years linkage analysis performed 

in large families and genome-wide association studies performed in diverse populations have been 

successful in detecting causal loci, genes and variants of inherited cardiomyopathies. Although 

cardiomyopathies usually present different clinical features, they exhibit some level of genetic and, 

especially in their end-stage, phenotypic overlap. For example the detection of causative variants in 

desmosomal genes sometimes also occur in DCM patients in addition to AC patients [148-152], so that 

variants in the same gene or gene set correspond to a wider phenotypic spectrum. Thus, NGS may help 

differential diagnosis approach for correctly identifying patients with unclear clinical characteristics. 

With different NGS approaches genomic regions of interest can be targeted to enable clinical approach 

for the diagnostic purposes. 

A diagnostic tool for cardiomyopathies in a clinical setup is represented by the sequencing of  

cardiomyopathy associated genes panel on NGS platforms [153]. For example, a study involving 223 

unrelated probands with HCM, using targeted resequencing of 41 cardiovascular genes, reported 152 

distinct candidate variants in sarcomeric or associated genes (89 novel) in 143 patients (64%), and an 

additional 94 candidate variants (73 novel) in desmosomal, and ion-channel genes in 96 patients (43%) 

[154].  Another study described the use of NGS in order to search for de novo genetic variants by WES 

in 2 unrelated genotype-negative infants presenting prolonged QTc interval.  Genetic screening, focused 

on new candidate genes identified by WES, was then performed on an independent cohort of 82 subjects 

with long-QT (LQT) syndrome without mutations in LQT genes [155]. Further, Girolami et al., identified 

a novel disease-causing variant by targeted resequencing on 48 disease genes for HCM, which was shown 

to segregate with the cardiomyopathic trait in an Italian family with HCM [156], emphasizing the 

potential of NGS approach in diagnostic screening. 
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  Genetic Testing in AC 

The diagnosis of AC is based primarily on the structural, histopathologic, and arrhythmic manifestations 

of the disease in the proband within a family. Current guidelines recommend that the initial genetic 

testing within a family should only be applied to probands with an unequivocal phenotype. Like all forms 

of familial cardiomyopathy, AC is genetically heterogeneous. Yet, in contrast with other forms of 

cardiomyopathy, the presence of a gene mutation is a criterion to make the diagnosis.  

The major advantage of a positive genetic founding consists in the possibility to identify early 

asymptomatic family member carriers by cascade genetic. Genetic testing increasingly identifies novel 

sequence variants with uncertain significance (VUS), nevertheless all first-degree relatives should 

undergo phenotypic screening in order to evaluate its role. Targeted testing for a VUS in other affected 

family members can exclude its primary role when a lack of cosegregation is recognized. Increasing 

levels of VUS cosegregation with the disease clinical phenotype in a family contribute to better clarify 

its possible pathogenicity.  

Nowadays, the pathogenicity of missense and radical (nonsense, frameshifts, splice sites etc) mutations 

in cardiac diseases and specifically in AC is a matter of debate. Recent studies have shown that stop-

coding in disease-causing genes are more pathogenic than missense variants, since the former are causing 

alteration of protein length and conformation, leading to haploinsufficiency due to protein instability 

[157-160]. Entire exons or even whole gene deletions of desmosomal genes have been recently described 

in AC families with a frequency of approximately 7 % and low penetrance (32%) within the family 

carriers [75, 76, 78, 79].These data are further stressing the question whether haploinsufficiency is 

enough to determine the disease phenotype. 
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Moreover the inheritance pattern of AC is more complex than previously appreciated, with frequent 

requirement for more than one ‘hit’ for fully penetrant disease [9, 44, 157, 161]. The low penetrance of 

AC may be explained by a “recessive-like” inheritance pattern, based on the fact that AC probands often 

carry homozygous or compound heterozygous variants in the same gene, or digenic/oligogenic variants 

in a cluster of desmosomal genes. 

Genotyping success rate in AC varies according to cohort location and ethnicity, sequencing techniques, 

selection criteria and the stringency of the standards by which variants are considered causal. An allelic 

frequency lower than 0.02–0.05% is considered appropriate taking in account AC prevalence in the 

population.   

  Limitations of genetic testing 

Despite the numerous advantages of the NGS technologies, there are still technical limitations. Reads 

produced by NGS do not completely cover the entire target region, either exome or a gene set: some 

sequences such as GC-rich sequences can be difficult to capture and some sequences cannot be targeted 

at all because of insufficient or inadequate probes. Moreover uneven capture efficiency across exons 

influences the reads depths of specific exons.  

Another limitation of NGS is the difficult detection of structural variants, such as exon level copy-number 

variants, inversions and translocations. However, recent studies show the successful identification of 

CNV from NGS data [162-169]. Furthermore, one of the more evident challenges of NGS is the huge 

amount of data that require proper analysis and storing. Storage of computational data is becoming an 

expensive problem, hampered by increasing data volumes and frequent updates of analysis methods and 

tools.  

With the routine use of NGS, the analysis of large panel of genes leads to the identification of a high 

number of VUS. Thus, genetic testing and its interpretation should be performed in dedicated AC cardio-

genetic centers, with pre- and post-counseling facilities. Management, filtering and prioritization of 

variants and clinical interpretation of genetic findings require expertise, due to frequent genetic overlap 

between cardiomyopathies.   
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 Aim of the study 

 

The aim of our study was to assess AC genetic heterogeneity, applying appropriate genetic screening and 

variants classification, multiparametric genotype-phenotype correlation taking into account AC variants. 

Firstly we performed a comprehensive genetic screening on 224 AC consecutive index cases, taking into 

account AC-related genes, CNVs and new recently reported genes. Then, we investigated with a stringent 

variants classification according to the ACMG criteria [170] in order to evaluated the yield of genetic 

testing after a comprehensive screening.  

Secondly, we performed a multiparametric genotype-phenotype correlation comparing genetic screening 

results and clinical data obtained from CMR, ECG, Echo to investigated whether different genes 

produced a diverse phenotypic manifestations. 

Finally, we investigated through WES 10 AC negative patients in order to identify new candidate genes 

involved in the disease pathogenesis.  
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 Material and Methods 

 

 Cohort and Clinical Examination 

The study involved a total of 224 consecutive patients with a clinical or post mortem diagnosis of AC 

referred to the Referential Clinical Genetic Centre of Arrhythmic Cardiomyopathies in Padua. Thirty-

two probands were sudden death victims enrolled from the Registry of Cardio-Cerebro-Vascular 

Pathology, Veneto Region, Venice, Italy. For the rest 192 probands, of whom sixteen underwent cardiac 

transplantation AC clinical diagnosis was based on established major and minor criteria revised by the 

European Society of Cardiology and the Federation of Cardiology Task Force [30]. 

Clinical evaluation included physical examination, 12-lead ECG, signal-averaged ECG, cardiac 

magnetic resonance imaging, 24-hour ambulatory ECG monitoring. Exercise tests and 

electrophysiological studies were performed when considered necessary. AC diagnosis was considered 

definite when 2 major, or 1 major and 2 minor criteria, or 4 minor criteria from different categories, were 

fulfilled; borderline when 1 major and 1 minor or 3 minor criteria from different categories were fulfilled; 

possible: when 1 major or 2 minor criteria from different categories were fulfilled. First-degree and 

second-degree relatives from families were called for prospective evaluation and genetic screening if a 

disease-causing variant was detected. Written informed consent was obtained from all study participants 

before blood sampling and genetic screening.  

 

All 224 patients underwent genetic screening through a 174 cardiac-related genes panel (Trusight Cardio, 

Illumina). The most recently reported genes FLNC and CDH2 were not present in our NGS panel 

therefore the screening was performed by conventional direct sequencing 

Moreover, variants on TTN were evaluated separately due the size of the gene and the large number of 

variants identified for each patients. 

Whole exome sequencing was carried out on 10 AC genotype negative patients. 
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 Nucleic acid and proteins extraction 

Genomic DNA (gDNA) was isolated from whole blood and frozen myocardial tissue utilizing specific 

onboard protocols of MagNA Pure Compact System (Roche Applied Science, Mannheim, Germany), an 

automated benchtop device that uses the magnetic bead technology for nucleic acids isolation. The 

MagNA Pure Compact performs all nucleic acids isolation steps preventing cross-contamination between 

samples. It automatically pipets into the sample a pre-aliquoted volume of lysis buffer containing 

chaotropic salts and proteinase K, nucleic acids are bound to the surface of the magnetic glass beads and 

after several washing steps the purified DNA is eluted in DNase-free H20.  

 DNA extraction from blood 

gDNA extraction was carried out from 200 µl of whole blood using Nucleic acid isolation kit I (Roche 

Diagnostics GmbH, Mannheim, Germany) on the MagNA Pure Compact System by setting the 

“DNA_Blood_100_400” protocol on the machine software. The typical DNA yield from 200 µl of 

human whole blood using the “DNA_Blood_100_400” protocol and an elution volume of 100 µl is 6 µg. 

 DNA extraction from frozen tissue 

gDNA extraction was performed from approximately 10 mg of snap frozen tissue by using Nucleic acid 

isolation kit I (Roche Applied Science, Mannheim, Germany) with the “DNA culture cells” protocol. An 

initial pre-treatment step was performed to enhance cell lysis. Briefly 200 μl of MagNA Pure Compact 

DNA Lysis buffer (Roche Applied Science, Mannheim, Germany) was added to the tissue sample and a 

2’ disruption on a Tissue Lyzer System (Qiagen, Hilden, Germany) was carried out at 25 Hz. The 

homogenized sample was then incubated with 20 μl of Proteinase K (20 mg/mL; Roche Diagnostics 

GmbH, Mannheim, Germany) for 10 min at 56 °C and transferred on the MagNA Pure Compact 

workstation. The typical DNA yield using the “DNA culture cells” protocol from 10 mg of snap frozen 

tissue and an elution volume of 50 μl is 14 μg. 
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 DNA quantification 

Nucleic acid isolation is followed by a quantity and quality (purity, integrity) check before down-stream 

preparation steps. DNA quantification allows standardization of the PCR input material and is crucial in 

NGS library preparation since it influence run quality and efficiency. 

3.5.1 Spectrophotometric method 

Nucleic acids quantification is performed on a spectrophotometer by measuring absorption of ultraviolet 

light at the wavelength of 260 nm and applying the Lambert-Beer law that correlates absorbance, molar 

extinction co-efficient and nucleic acids concentration. Absorbance measurements were carried out on a 

Nanovue spectrophotometer (GE Healthcare Life Sciences, UK) by directly pipetting onto the pedestals 

2 µl of the DNA sample dissolved in DNase-free H20, after an initial blank measurement. Nanovue 

automatically calculates the nucleic acids concentration by applying specific extinction coefficients (50 

for dsDNA). 

The ratios A260/280 and A260/230 are used as indicators of sample purity. The nucleic acid sample ratio 

A260/280 is generally used as indicator of protein contamination. Indeed the 280 nm is the absorbance 

wavelength of aromatic amino acid side chains and phenol groups. Pure DNA should present a 260/280 

ratio between 1.8 and 2. The A260/230 ratio is generally used as indication of organic contaminants. 230 

nm is the absorbance wavelength of many organic compounds (i.e. phenol, TRIzol, and chaotropic salts 

present in the most common lysis buffers). In pure DNA samples the ratio A260/230 should be between 

2 and 2.2. 

3.5.2 Qubit Fluorometer 

The quantity and quality of DNA, was assessed by using the Qubit 2.0 Fluorometer (Thermo Fisher 

Scientific, Walthman, MA, USA). According to the manufacturer’s instructions analysis was conducted 

with the dsDNA HS Assay kit (Thermo Fisher Scientific, Walthman, MA, USA). Briefly, 1 µl of the 

sample is mixed with 199 µl of working solution containing specific fluorescent dyes, composed by 199 

µl of dsDNA HS buffer and 1µl of Dye. After an incubation of 2 min the measurement is performed on 

the Qubit 2.0 by setting the DNA protocol. Moreover, as the DNA dye exclusively binds to double strand 

DNA (dsDNA), it further allows the selective quantification of dsDNA that will be exclusively used for 

downstream applications, minimizing the effect of contaminant RNA and ssDNA. 
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3.5.3 0.8% Agarose gel 

To evaluated DNA integrity after extraction, standard 0.8% agarose gel electrophoresis was performed; 

0.8 g of agarose (Thermo Fisher Scientific, Walthman, MA, USA) were added to 100 ml of 1X Tris-

Acetate-EDTA (TAE) buffer. The solution was heated in a microwave to dissolve agarose, 5 µl of Nancy-

520 DNA Gel Stain (Sigma-Aldrich, Saint Louis, MO, USA) was added to the gel, then it was cast in a 

sealed tray and a proper comb was inserted. Aliquots of 2 µl of DNA and 3 µl of bromophenol blue 

loading dye were mixed and loaded into each gel well. In addition, 2 µl of DNA Marker VIII (Roche 

Applied Science, Manheim, Germany) were loaded in order to determine the fragment sizes. 

Electrophoretic run was performed at 100 V in 1X TAE buffer. Visualization was achieved on a LAS 

mini 4000 (Fujifilm, Tokyo, Japan). After the run good quality DNA should appear as a compact band 

as shown in Figure 3. 

 

  

  

Figure 3: DNA quality analysis on agarose 0.8% gel 
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 Polymerase chain reaction (PCR) 

PCR, a method developed by Mullis in the 80s [171], allows the exponential amplification of specific 

targeted DNA regions. A PCR reaction requires template DNA, deoxynucleotide triphosphates (dNTPs), 

oligonucleotide primers flanking the target DNA sequence, DNA polymerase enzyme, reaction buffer 

and magnesium. PCR is composed of different consecutive reactions:  

•  Template denaturation by heating DNA at 95 °C; 

•  Annealing temperature (Ta) usually ranges from 55 to 65°C; oligonucleotide primers may align 

on the target region of the single strand DNA; 

•  Elongation at 72°C, the DNA polymerase synthesizes new strands of DNA starting from the 3’ 

end of annealed primers. The newly synthesized DNA of the first cycle will be the template of the next 

and so on, reaching a million-fold increase of the DNA quantity at the end of the reaction. 

3.6.1 Standard PCR 

Amplification reactions were carried out in a final volume of 12.5 µl containing 50 ng of template (final 

concentration 4 ng/µl), 1X PCR buffer, 1.5 mM MgCl2, 0.2 mM of dNTPs, 0.8 µM of forward and 

reverse primer and 0.32 U of Taq DNA polymerase (Thermo Fisher Scientific, Walthman, MA, USA). 

For some amplicons, amplification was enhanced by the use of 1 µl of Dimethyl sulfoxide (DMSO) in 

the reaction mix. DMSO destabilizes the double helix structure by hydrogen binding to the major and 

minor grooves of DNA and reduces secondary structure formation in the DNA template, thus facilitating 

primer annealing. Amplification reactions were performed on Mastercycler Pro (Eppendorf, Hamburg, 

Germany) at specific Ta for every PCR product, optimized based on the GC content of the sequence and 

melting temperatures (Tm) of primers. Briefly, each sample was denatured at 95°C for 10’ to allow the 

activation of the hot start DNA polymerase, and exposed to 40 amplification cycles of denaturation for 

30’’ at 95°C, annealing for 30’’ at a range of Ta comprised between 55°C and 65°C and extension at 

72°C for 30’’; followed by a final extension step of 7 min at 72°C to enhance the amplicon elongation.  

The specificity (Sp) and the amplification yield of some PCR products was enhanced by the use of touch-

down PCR protocol (TD-PCR). TD-PCR protocols set Ta above the anticipated melting temperature of 

a primer/template pair and then decrease the Ta of subsequent cycles stepwise. The initial Ta of the first 
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few cycles is higher than the expected Tm of primers, and then for the subsequent cycles the temperature 

progressively decreases to lower Ta allowing the correct hybridization of primer to the template. Thermal 

cycling conditions used for TD-PCR are as follows: an initial incubation at 95 °C for 10 min; followed 

by 10 cycles at 95 °C for 30’’, Ta stepdown every cycle of 1 °C (from 70 °C to 60 °C); extension at 72 

°C for 30’’. The successive 30 cycles were performed at a Ta of 60 °C with denaturation and extension 

steps as above; followed by the final extension at 72 °C for 7’.  

PCR products (ranging from 150-700 bp) were analysed on a 2% agarose gel. 

3.6.2 GC rich PCR 

GC rich amplicons were amplified by using AmpliTaq Gold 360 Master Mix kit (Thermo Fisher 

Scientific, Walthman, MA, USA) containing all premixed PCR components according to the manual. 

Amplification reactions were performed in a final volume of 12.5 µl by adding 7 µl of mix, 2.5 µl of GC 

solution provided, 2 µl of forward and reverse primer to 50 ng of template DNA. 

3.6.3 PCR quality on 2% agarose gel 

For standard 2% agarose gel electrophoresis, 2 g of agarose (Thermo Fisher Scientific, Walthman, MA, 

USA) were added to 100 ml of 1X Tris-Acetate-EDTA (TAE) buffer. The solution was heated in a 

microwave to dissolve agarose, gel was added with 5 µl of Nancy-520 DNA Gel Stain (Sigma-Aldrich, 

Saint Louis, MO, USA), cast in a sealed tray and a proper comb was inserted. Aliquots of 3 µl of PCR 

products and 3 µl of bromophenol blue loading dye were mixed and loaded into each gel well. Then the 

electrophoretic run was performed as for 0.8% agarose gel. 

 Purification of PCR products 

Before sequencing, PCR products were purified by a treatment with Exonuclease 1 (EXO) and Shrimp 

Alkaline Phosphatase (SAP) enzymes, in order to eliminate primers and dNTPs residues from the 

previous PCR reaction, as they could interfere with the subsequent sequence reaction.  

The purification reaction was carried out with the "Illustra ExoProStar 1-Step" kit (GE Healthcare Life 

Sciences, UK) by mixing 5 µl of PCR product and 2 µl of reaction mix, containing SAP enzyme that 

dephosphorylates dNTPs and EXO that hydrolyses residual primers and nonspecific single strand 
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oligonucleotides that could have been amplified during the PCR. The reaction conditions were: an 

incubation at 37 °C for 20’ followed by 80°C for 15’ to inactivate the enzymes. 

 Direct sequencing 

The DNA sequencing method developed by Sanger in the 1970s [127] is based on the DNA chain-

termination by chemically altered bases called di-deoxy nucleoside triphosphates (ddNTPs) carrying four 

different fluorophores. The method requires the presence of normal deoxy nucleoside triphosphates 

(dNTPs), and di-deoxy nucleotide triphosphates lacking a 3’-hydroxy group that, when incorporated into 

a newly synthesized DNA fragment, terminate the DNA strand elongation at specific bases (A, C, T, or 

G). This process produces DNA fragments with different sizes that can be separated by capillary 

electrophoresis and detected with laser-induced fluorescence. 

Sequencing reactions were performed with the BigDye terminator v3.1 Cycle Sequencing Kit (Thermo 

Fisher Scientific, Walthman, MA, USA) following the manufacturer’s instructions. 1 µl of each purified 

PCR products was mixed with 2 µl of sequencing buffer at a final concentration 1X, 1 µl of BigDye 

Terminators solution (containing dNTPs, fluorophore-conjugated ddNTPs, and polymerase), and 10 

pmol of forward or reverse primer in a total volume of 10 µl. Sequencing reaction was performed as 

follows: 96°C for 1’, 30 cycles of 96°C for 10’’, 55 °C for 5’’, 60°C for 2’ 30’’. Fluorescent-labeled 

sequences were then cleaned-up to eliminate unincorporated big dye terminators, dNTPs, and salts using 

ethanol/EDTA precipitation. Briefly, 25 µl of EtOH 96% , 1µl of EDTA 125 mM  and 1µl of NaAc 3M 

pH5.2, were added to each sample and centrifuged at maximum speed for 30’ at 20°C. Samples were 

washed with 35 µl of EtOH 96%, resuspended in 15 µl of formammide and then sequenced on an 

AB3500-Dx Genetic Analyzer (Thermo Fisher Scientific, Walthman, MA, USA). 
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  Next Generation Sequencing 

3.9.1 Library preparation  

Libraries were constructed following the Illumina and Agilent recommendations present in Trusight 

Cardio kit manual and the SureSelect Clinical Research Exome V2 kit manual respectively. Although 

these two protocol are slightly different, there are based on the same principle and steps as briefly 

illustrated above. DNA was randomly fragmented by tagmentation and adapters sequences were added 

to the ends, allowing amplification by PCR in subsequent processes. Tagmented DNA was purified by 

using sample purification beads. Purified tagmented DNA was amplified through standard PCR reaction. 

Furthermore, indexes sequences needed for pooling libraries and sequencing were added, as well as 

common adapters required for cluster generation on the flow cell. PCR products were when purified in 

order to proceed with library pool that permits to combine multiple libraries with different indexes into 

a single well. DNA pooled library was mixed with capture probes to target regions of interest. 

Specifically, the Trusight Cardio kit contains RNA probes designed to capture 174 genes associated with 

inherited cardiomyopathies whereas the SureSelect Clinical Research Exome V2 kit was designed to 

capture the entire coding region of the human genome. After the hybridization library was quantified 

with the Qubit fluorimeter and the Tape Station platform (Agilent, Santa Clara, Carlsbad, USA). 

Afterwards the library was loaded on two Illumina platform: MiSeq platform was used for Targeted 

enrichment whereas Hiseq platform was used for WES. 

3.9.2 Library Quality Check 

The Agilent Tape Station 4200 (Agilent, Santa Clara, Carlsbad, USA) is a microfluidics-based platform 

that can perform quantification and quality control of nucleic acids by an electrophoretic separation of 

samples on micro channels containing fluorescent dyes. One µl of library is sufficient for analysis on 

Tape Station with the D5000 DNA kit (Agilent, Santa Clara, Carlsbad, USA). All the assays were 

performed according to the manufacturer’s recommendations. Briefly, 1 µl of library was added to 9 µl 

of D5000 Sample Buffer and vortex. Then, D5000 ScreenTape and D5000 Ladder were loaded on the 

Tape Station as well as the sample. The D5000 DNA kit allow to estimate the average size of the fragment 

generated during the library preparation for NGS screening. 
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3.9.3 Sequencing by Synthesis  

Library fragments are attached on the surface of a flow cell, that contained oligos that bound with the 

adaptors present on each fragment. DNA polymerase is used to produce clusters of approximately one 

million copies of the original fragment. Amplification of the clusters is called bridge amplification: 

During sequencing the four labeled nucleotides are simultaneously added to the flow cell channels with 

the DNA polymerase, to be incorporated into the cluster fragments. The four nucleotides are labeled with 

base-specific fluorescents dye containing -OH group to inhibits the addition of another nucleotides within 

each cycle. The polymerase ligates one fluorescent labeled nucleotides on the elongating complementary 

fragment and than fluorescence is detected. Afterwards the -OH group is detaches and the cycle can start 

again with the ligation of the following nucleotides.  

3.9.4 Data Analysis 

-Base calling 

MiSeq Image Control: On board software that acquired and processed  images. After intensity is 

extracted, it passes through intensity normalization and cross talk estimation. Bases are called and quality 

scores are determined: the results are stored in FASTQ files as the output of base calling. Files are 

demultiplexed (separated per sample). 

Quality score is defined as a property logarithmically related to the base calling error probabilities 

(Q=−10 log10 P). A quality score of 30 is typically accounted as good sequence quality: it represents a 

base calls accuracy of 99.9% (“Q30 quality”). The output FASTQ file contains exclusively bases scoring 

Q30 and above [172].  

Burrows-Wheeler Aligner (BWA-MEM): Alignment algorithm for aligning sequence reads or long 

query sequences against a large reference genome such as human. It automatically chooses between local 

and end-to-end alignments, supports paired-end reads and performs chimeric alignment. The algorithm 

is robust to sequencing errors and applicable to a wide range of sequence lengths from 70bp to a few 

megabases. For mapping 100bp sequences, BWA-MEM shows better performance than several state-of-

art read aligners to date [173]. BWA-MEM aligns FASTQ file to the reference genome generating the 

SAM/BAM files 
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Genome Analysis Toolkit (GATK): Algorithm that proceeds from BAM files and products the so call 

“variant calls”. This involves identifying genomic variants in one or more individuals and applying 

filtering methods appropriate to the experimental design. The output is typically in VCF format. 

(https://software.broadinstitute.org/gatk/)  

  Variants Classification 

The classification of variants is the last and most complex step in the diagnostic procedure. Clinical 

testing laboratories use guidelines to classify variants based upon the American College of Medical 

Genetics revised criteria, which include: pathogenic, likely pathogenic, VUS, likely benign, and benign 

[170]. 

To fulfil classification guidelines, individual whole-genome-sequencing databases across ancestries are 

crucial to determining pathogenicity to help delineate signal from noise, as common genetic variability 

is different among various populations [174, 175]. NGS high throughput allow the assembly of large 

reference cohorts that have greatly enhanced the ability to determine population-based variant 

frequencies. gnomAD (http://gnomad.broadinstitute.org) is the largest reference dataset, which 

nowadays contains 123 136 exome sequences and 15 496 whole-genome sequences from unrelated 

individuals. This database also provide further reliability to determine variant frequencies in specific 

racial or ethnicity groups.  

Criteria to postulate causality are based on : 

1. Minor allele frequency (MAF), extremely rare or unique alleles are less likely benign variants; 

2. Type of variant identified (e.g. de novo, truncating, missense, nonsense, splice site, etc.), in most 

cases in coding sequence, or if at an intron/exon boundary or in intronic sequence, the ability to 

disrupt coding sequence; 

3.  Prior evidence of pathogenicity or lack thereof; 

4.  Evidence of segregation in a pedigree; 

5. In silico tools of pathogenicity  

  

https://software.broadinstitute.org/gatk/
http://gnomad.broadinstitute.org/
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  Multiplex ligation-dependent probe amplification  (MLPA) 

Multiplex ligation-dependent probe amplification (MLPA) is a method based on the multiplex 

amplification of specific probes developed for the relative quantification of nucleic acid sequences 

(Schouten et al., 2002) that allows the detection of copy number variants of specific target regions. 

To investigate for large deletions/duplications within desmosomal genes, MLPA was performed by using 

SALSA MLPA P168 ARVC-PKP2 probemix kit (MRC Holland, Amsterdam, The Netherland) 

instructions. The probemix contains oligonucleotide probes for every exon of PKP2 (NM_004572.3) and 

its promoter, 6 probes for exons 1, 5, 7, 9, 21, 24 of DSP (NM_004415.2), 3 probes for exons 2, 9, 12 of 

JUP (NM_002230.2), 3 probes for exons 1, 7, 17 of DSC2 (NM_004949.3), 3 probes for exons 1, 6, 15 

of DSG2 (.NM_001943.3). It also contains 3 probes for exons 1, 6, 7 of TGFβ3 (NM_003239.2) and 2 

probes for exons 3 and 97 of RYR2 (NM_001035.2). It also contains nine control fragments and eight 

reference probes located on different chromosomes. 

The technique is based on the simultaneous amplification of probes after hybridization on targets and 

can be divided in five distinct steps: 

1) DNA denaturation 

2) DNA hybridization with the oligonucleotide probes. MLPA probe pairs are composed by two 

oligonucleotides, that are contiguous to the region of interest and hybridize to immediately adjacent 

target sequences. 

3) Ligation reaction. Only when both probes are hybridized can be ligated and trigger PCR reaction 

4) PCR reaction. Probes contain at their 5’ and 3’ends specific sequences complementary to universal 

PCR primers, so a universal pair of primers is used for the amplification step. 

5) Analysis of PCR products by capillary electrophoresis. 

One extremity of the 2 probes of every oligonucleotide pairs is conjugated with a fluorescent marker, 

and the other one contains a "stuffer" sequence different in length between the different probes, thus 

allowing the simultaneous analysis of several targets, as sequences differing for even one nucleotide can 

be recognized. The amount of ligation products is directly proportional to the input DNA due to the 

specific amplification of probes correctly hybridized and ligated The MLPA reaction products were run 

on ABI3500dx.  
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Data Analysis 

Data were analyzed by using the Coffalyser Software (MRC Holland, Amsterdam, The Netherlands). 

This software first performs an evaluation of raw data by checking the DNA amount, denaturation, 

ligation efficiency and includes a baseline correction and peak identification. Subsequently it performs 

2 normalization steps: 

- Intra-sample normalization, where the probe peaks are compared to the ones of the reference probes, 

within each sample, 

- Inter-sample normalization, where the probe peaks in the target sample are compared to the ones of the 

control samples. 

This process allows the calculation of final probe ratios, called Dosage quotient (DQ). A DQ is close to 

1 indicates a wild type sample, when it is close to 0.5 it indicates an heterozygous deletion (1 allele) and 

when it is close to 0 it indicates an homozygous deletion, as indicated by the MRC-Holland  

 Quantitative real-Time PCR (qPCR) 

MLPA data validation was performed by relative quantitative PCR (qPCR) on a Light Cycler 480 II 

(Roche Applied Science, Mannheim, Germany) by SYBR Green-based quantification according to the 

manufacturer’s protocol. Reactions were prepared in a final volume of 20 µl with 1x Master SYBR Green 

I (Roche Applied Science, Maanheim, Germany), 25 pmol of forward and reverse primers and 5 µl of 

DNA. The amplification was carried out under the following conditions: an initial preincubation of 95°C 

for 10’ followed by 45 cycles of denaturation at 95°C for 30’’, annealing at 60°C for 45’’ and extension 

at 72°C for 10’’, and a final extension at 72°C for 10’. qPCR experiments were carried out in triplicate 

and included a negative control. The housekeeping gene used as reference for human DNA samples was 

GAPDH. Primers were developed by the Primer-Blast software 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and designed to have a Tm around 60°C, to span 

inside exons and to produce amplicons approximately 150 bp long. 

  

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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  Data analysis tool 

Software 

Variant Studio (Illumina): Data analysis tools and access to curated variants with known biological 

associations design for large volumes of genomic data. Allows extensive filtering and efficient 

categorization  of  biologically  relevant  variants.  (https://www.illumina.com/products/by-

type/informatics-products/variantstudio.html)  

Alamut Visual (Interactive Biosoftware, Rouen, France): an exploration software application for 

genomic variations that integrates genetic and genomic information from different sources into one 

consistent and convenient environment. It gathers in one place a wide set of external data and algorithms 

of recognized quality that are useful to the biologist for the clinical interpretation of genomic variants. 

(https://www.interactive-biosoftware.com/alamut-visual) 

SeqMan (Lasergen): Provide quick and accurate sequence assembly and analysis of Sanger data. 

Discover variants, analyze coverage, annotate your consensus (https://www.dnastar.com/t-

seqmanpro.aspx)  

CHROMAS software (Technelysium): Sanger sequencing electropherograms visualization. 

(https://technelysium.com.au/wp/chromas/)  

Polyphen-2: Tool that predicts the possible impact of an amino acid substitution on the structure and 

function of a protein [176]. Three outcomes are possible: probably damaging (the variant is expected 

with high confidence to affect protein structure), possibly damaging (the variant supposed to affect 

protein structure), benign (the variant is not expected to have any effect on protein structure). 

(http://genetics.bwh.harvard.edu/pph/)  

Sorting Intolerant From Tolerant (SIFT): Tool that predicts the possible impact of an amino acid 

substitution on the protein function [177]. It classifies amino acids substitutions as tolerated or 

deleterious. (http://sift.jcvi.org/www/SIFT_ enst_submit.html) 

 

https://www.illumina.com/products/by-type/informatics-products/variantstudio.html
https://www.illumina.com/products/by-type/informatics-products/variantstudio.html
https://www.interactive-biosoftware.com/alamut-visual
https://www.dnastar.com/t-seqmanpro.aspx
https://www.dnastar.com/t-seqmanpro.aspx
https://technelysium.com.au/wp/chromas/
http://genetics.bwh.harvard.edu/pph/
http://sift.jcvi.org/www/SIFT_%20enst_submit.html
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MutationTaster. The software performs a battery of in-silico tests to estimate the impact of the variant 

on the gene product/protein. Tests are made on both, protein and DNA level. Hence the MutationTaster 

is not limited to substitutions of single amino acids but can also handle synonymous alterations [98]. 

(http://www.mutationtaster.org/)  

Combined Annotation Dependent Depletion (CADD): Tool for scoring the deleteriousness of single 

nucleotide variants as well as insertion/deletions variants in the human genome. Prioritize functional, 

deleterious, and disease causal variants across a wide range of functional categories, effect sizes and 

genetic architectures and can be used to prioritize causal variation in both research and clinical settings. 

(http://cadd.gs.washington.edu/)  

Prism (GraphPad software): Statistical analysis software used to perform t tests, nonparametric 

comparisons, one-, two- and three-way ANOVA, analysis of contingency tables, and survival analysis. 

(https://www.graphpad.com/scientific-software/prism/) 

 

Intronic variants located less than 50 bp from the exon boundaries were in-silico analysed by at least four 

different algorithms (SpliceSiteFinder, MaxEntScan, NNSPLICE, GeneSplicer), in order to predict 

their possible effect on the splicing sites of the transcript. 

Database 

HGMD Professional (Qiagen): database that is implemented into Alamut Visual consisting of a 

complete archive of mutations validated and used by industry professionals for the clinical and molecular 

genetics, diagnostic tests and personalized genomic medicine. (http://www.hgmd.cf.ac.uk/ac/index.php)  

dbSNP database: Central repository for both single base nucleotide substitutions and short deletion and 

insertion polymorphisms. (http://www.ncbi.nlm.nih.gov/SNP/) 

Exome Aggregation Consortium (ExAC): Data set provided on this website spans 60,706 unrelated 

individuals sequenced as part of various disease-specific and population genetic studies. 

(http://exac.broadinstitute.org/)   

http://www.mutationtaster.org/
http://cadd.gs.washington.edu/
https://www.graphpad.com/scientific-software/prism/
http://www.hgmd.cf.ac.uk/ac/index.php
http://exac.broadinstitute.org/
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1000 Genomes Project : Created between 2008 and 2015, it’s a public catalogue of human variation and 

genotype data. The final data set contains data for 2,504 individuals from 26 populations. 

(http://www.internationalgenome.org/)  

Genome aggregation database (gnomAD): Resource developed by an international coalition of 

investigators, with the goal of aggregating and harmonizing both exome and genome sequencing data 

from a wide variety of large-scale sequencing projects, and making summary data available for the wider 

scientific community. The data set provided on this website spans 123,136 exome sequences and 15,496 

whole-genome sequences from unrelated individuals sequenced as part of various disease-specific and 

population genetic studies. (http://gnomad.broadinstitute.org/) .  

Statistical Analysis 

Data are expressed as mean±SD and were analysed using Prism version 7 (GraphPad Software, La Jolla, 

USA). Comparisons were performed by univariate models using independent samples t tests for 

continuous variables and χ2 tests for categorical variables as appropriate, ANOVA and Kruskal Wallis 

for multiple comparison. A value of P<0.05 was considered significant. 

 

  

http://www.internationalgenome.org/
http://gnomad.broadinstitute.org/
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 Results  

 

 Cohort Analysis 

Two-hundred twenty-four consecutive patients (169 males, 55 females; mean age 41y±15) were recruited 

at Referential Clinical Genetic Centre of Arrhythmic Cardiomyopathies and Cardiovascular Pathology 

unit (Registry of Cardio-Cerebro-Vascular Pathology, Veneto) of Padua. Among them, 32 (mean age 

28y±9) were sudden death victims with a post mortem diagnosis of AC, all of them were males. The rest 

192 probands (137 males, 55 females; mean age 39y±14) bared an AC clinical diagnosis based on major 

and minor criteria established by the European Society of Cardiology and the Federation of Cardiology 

Task Force [30]. Of note, 16 of the 192 (8%; 9 males, 7 females; mean age 45y±16) index cases 

underwent HTx. 

 

Table 3: AC index cases classification based on Task Force Criteria 

Number of patients AC diagnosis 

178 Definite 

18 Borderline 

28 Possible 

 

As such, 178 index cases were classified with a definite AC diagnosis (139 males, 39 females, mean age 

39±16), 18 borderline (12 males, 6 females; mean age 43±13) and 28 as possible affected (18 males, 10 

females, mean age 43±13) (Table 3).  

Forty-two of the 224 index cases (19%, 34 male, 8 females; mean age 37y±15) received an LDAC 

diagnosis, of whom 19 (45%) were sudden death victims. 
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 Variants analysis 

All 224 index cases underwent genetic screening through NGS. An average of 350 variants/patient were 

identified following sequence alignment and variant calling processes. These variants were subsequently 

filtered according to the ACMG criteria [170], which reduced their number to an average of 5 

variants/patient. 

Overall, we identified 95 different rare variants in 97 (43%) out of 224 index cases. Specifically, 67 

patients carried a single rare variant on a desmosomal gene, 19 were multiple variants carriers (either 

digenic or compound) and 11 (5%) patients carried a single variant on AC-related non desmosomal genes 

(Figure 4). 

 

Figure 4: Yield of genetic screening and variants distribution 
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Among the 19 multiple variants carries, 17 patients (89%) were digenic heterozygotes and 2 (11%) were 

compound heterozygotes. Specifically, 13 out of 17 patients carried two variants in different desmosomal 

genes whereas four patients carried one variant in a desmosomal gene and an additional variant in a AC-

related non desmosomal gene (Figure 5). 

 

Figure 5: Multiple variant carriers analysis 
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DSP variants 

DSP is a 24 exons gene encoding an anchoring protein. Sequencing led to the identification of 24 variants 

in 26 index cases, of whom 16 were single variant carriers . Three were splicing site variants, 9 were 

missense, 3 frameshift and 9 nonsense (Table 4). (see further for in silico evaluation) 

Table 4: DSP variants. Pathogenic/Likely pathogenic variants are highlighted in bold (16/24). 

NR g.DNA c.DNA Protein dbSNPID gnomAD SIFT Polyphen Mutation taster 

1 g.7580216G>T c.3793G>T p.Glu1265* // // // // // 

2 g.7558412C>T c.337C>T p.Gln113* // // // // // 

3 g.7579839dup c.3416dupA p.Tyr1139* // // // // // 

4 g.7579557G>A c.3134G>A p.Arg1045Gln rs374263890 ALL:0.0040% Deleterious 

(score: 0.04) 

probably 

damaging 

(0.999) 

Disease causing 

(p-value: 0.982) 

5 g.7580312C>T c.3889C>T p.Gln1297* // ALL:0.00041

%  

// // // 

6 g.7565754G>A c.939+1G>A // rs727504443 ALL:0.0032

% 

// // // 

7 g.7566614G>C c.944G>C p.Arg315Pro // // Tolerated 

(score: 0.07) 

probably 

damaging 

(0.999) 

Disease causing 

(p-value: 1) 

8 g.7579898G>T c.3475G>T p.Glu1159* // // // // // 

9 g.7567609C>T c.1067C>T p.Thr356Met rs780626687 ALL:0.0012% Deleterious 

(score: 0.02) 

probably 

damaging 

(1) 

Disease causing 

(p-value: 1) 

10 g.7584840_758

4844del 

c.7345_7349del

AAGAA 

p.Lys2449Gl

ufs*15 

// // // // // 

11 g.7585977G>A c.8482G>A p.Gly2828Ser rs369682599 ALL:0.0048% Deleterious 

(score: 0) 

probably 

damaging 

(1) 

Disease causing 

(p-value: 1) 

12 g.7585962C>G c.8467C>G p.Pro2823Ala rs142717240 ALL:0.031% Deleterious 

(score: 0) 

probably 

damaging 

(0.999) 

Disease causing 

(p-value: 1) 

13 g.7562934A>C c.647A>C p.Gln216Pro // // Deleterious 

(score: 0.04) 

possibly 

damaging 

(0.909) 

Disease causing 

(p-value: 1) 

14 g.7559633G>A  c.597G>A p.Arg199= // // // // // 
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15 g.7584196A>G c.6701A>G p.Asn2234Ser // // Deleterious 

(score: 0.03) 

Benign Polymorphism 

(p-value: 1) 

16 g.7580197C>A c.3774C>A p.Asp1258Gl

u 

rs748733750 ALL:0.0012

% 

Tolerated 

(score: 0.93) 

Benign Polymorphism 

(p-value: 0.858) 

17 g.7559484C>T c.448C>T p.Arg150* // // // // // 

18 g.7579721_757

9722insTGTT 

c.3298_3299ins

TGTT 

p.Cys1100Le

ufs*11 

// // // // // 

19 g.7583006dup c.5511dup p.Arg1838Ser

fs*19 

// // // // // 

20 g.7578090C>T c.2956C>T p.Gln986* // // // // // 

21 g.7575029G>A c.2436+1G>A // // // // // // 

22 g.7584345C>T c.6850C>T p.Arg2284* rs794728130 // // // // 

23 g.7583295C>T c.5800C>T p.Arg1934* rs121912996 // // // // 

24 g.7574391G>A c.2203G>A p.Gly735Ser // // Tolerated 

(score: 0.93) 

possibly 

damaging 

(0.909) 

Disease causing 

(p-value: 1) 

 

PKP2 variants 

PKP2 is a 14 exons gene encoding for an armadillo protein. Sequencing led to the identification of 24 

variants in 38 index cases, of whom 31 were single variant carriers. Two were splicing site variants, 12 

missense, 6 frameshift and 4 nonsense (Table 5). (see further for in silico evaluation) 

Table 5: PKP2 variants. Pathogenic/Likely pathogenic variants are highlighted in bold (13/24) 

NR g.DNA c.DNA Protein dbSNPID gnomAD SIFT Polyphen Mutation taster 

1 g.32975531A>

G 

c.1841T>C L614P // // Deleterious 

(score: 0) 

possibly 

damaging 

(0.909) 

Disease causing 

(p-value: 1) 

2 g.33031183G>

A 

c.631C>T p.Gln211* // // // // // 

3 g.32974422del c.2013delC p.Lys672Argf

s*12 

rs764817683 ALL:0.00081

% 

// // // 

4 g.32994007del c.1643delG p.Gly548Valf

s*15 

rs794729137 // // // // 

5 g.33031955G>

A 

c.235C>T p.Arg79* rs121434420 ALL:0.00041

% 

// // // 
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6 g.32949079C>

A 

c.2453G>T p.Gly818Val   ALL:0.0012% Deleterious 

(score: 0.02) 

probably 

damaging 

(1) 

Disease causing 

(p-value: 1) 

7 g.33031883G>

T 

c.307C>A p.Pro103Thr rs139215336 ALL:0.012% Tolerated 

(score: 0.12) 

possibly 

damaging 

(0.842) 

Polymorphism 

(p-value: 1) 

8 g.33049482G>

T 

c.184C>A p.Gln62Lys rs199601548 ALL:0.017% Tolerated 

(score: 0.21) 

possibly 

damaging 

(0.842) 

Disease causing 

(p-value: 0.89) 

9 g.33030849_33

030850delinsG 

c.964_965delins

C 

p.Gly322Alaf

s*30 

// // // // // 

10 g.33049491G>

A 

c.175C>T p.Gln59* // // // // // 

11 g.32994096_32

994097del 

c.1553_1554del

TC 

p.Leu518Hisf

s*22 

// // // // // 

12 g.33031209A>

G 

c.605T>C p.Val202Ala rs751341106 ALL:0.0012% Tolerated 

(score: 0.21) 

Benign Polymorphism 

(p-value: 1) 

13 g.33049515_33

049518del 

c.148_151delAC

AG 

p.Thr50Serfs

*61 

rs397516997 // // // // 

14 g.33031279G>

T 

c.535C>A p.His179Asn // // Tolerated 

(score: 0.42) 

Benign Polymorphism 

(p-value: 1) 

15 g.33049557T>

A 

c.109A>T p.Lys37* // // // // // 

16 g.32975552C>

T 

c.1820G>A p.Cys607Tyr // // Deleterious 

(score: 0) 

probably 

damaging 

(0.999) 

Disease causing 

(p-value: 1) 

17 g.32974324C>

T 

c.2111G>A p.Gly704Glu rs754656865 ALL:0.00041

% 

Deleterious 

(score: 0) 

probably 

damaging 

(1) 

Disease causing 

(p-value: 1) 

18 g.33049582del c.84del p.Ser29Alafs

*10 

// // // // // 

19 g.32994074T>

C 

c.1576A>G p.Thr526Ala rs397516999 ALL:0.013% Tolerated 

(score: 0.53) 

Benign Polymorphism 

(p-value: 1) 

20 g.32955336C>

T 

c.2299+1G>T // rs794729116 // // // // 

21 g.32994067G>

A 

c.1583C>T p.Thr528Met rs774942476 ALL:0.0020% Deleterious 

(score: 0) 

probably 

damaging 

(1) 

Disease causing 

(p-value: 1) 
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22 g.32945603G>

A 

c.2552C>T p.Thr851Met rs146118033 ALL:0.0051% Deleterious 

(score: 0.02) 

probably 

damaging 

(0.999) 

Polymorphism 

(p-value: 0.602) 

23 g.33021938T>

C 

c.1093A>G p.Met365Val rs143900944 ALL:0.024% Tolerated 

(score: 0.4) 

Benign Polymorphism 

(p-value: 1) 

24 g.32949042C>

T 

c.2489+1G>A c.2489+1G>A rs111517471 ALL:0.0022

% 

// // // 

 

DSG2 variants 

DSG2 is a 15 exons gene encoding for an ubiquitous desmosomal cadherin protein. Screening led to the 

identification of 18 variants in 18 index cases, of whom 9 were single variant carriers. Two were located 

on splicing sites, 12 were missense variants, 3 frameshift and only 1 nonsense (Table 6). (see further for 

in silico evaluation) 

Table 6: DSG2 variants. Pathogenic/Likely pathogenic variants are highlighted in bold (8/18) 

NR g.DNA c.DNA Protein dbSNPID gnomAD SIFT Polyphen Mutation taster 

1 g.29104517A>G c.797A>G p.Asn266Ser rs12191301

1 

ALL:0.00041

% 

Deleterious 

(score: 0) 

probably 

damaging 

(0.997) 

Disease causing 

(p-value: 1) 

2 g.29101074G>A c.391G>A p.Ala131Thr rs37354238

0 

ALL:0.0018% Deleterious 

(score: 0) 

probably 

damaging 

(0.999) 

Disease causing 

(p-value: 1) 

3 g.29111007G>A c.1072G>A p.Ala358Thr rs75853794

6 

ALL:0.00081% Deleterious 

(score: 0) 

  Disease causing 

(p-value: 1) 

4 g.29110973_291

10975del 

c.1038_1040del

GAA 

p.Lys346del rs72750298

7 

ALL:0.00081

% 

      

5 g.29122804del c.2323delT p.Tyr775Ilefs

*33 

  //       

6 g.29100818C>T c.269C>T p.Thr90Ile rs77274411

5 

ALL:0.010%  Tolerated 

(score: 0.1) 

possibly 

damaging 

(0.909) 

Disease causing 

(p-value: 0.886) 

7 g.29122517del c.2032delG p.Gly679Alaf

s*3 

          

8 g.29104712G>A c.875G>A p.Arg292His rs18582116

7 

ALL:0.0083% Deleterious 

(score: 0.04) 

probably 

damaging 

(0.999) 

Disease causing 

(p-value: 0.956) 
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9 g.29104504A>G c.784A>G p.Ile262Val     Tolerated 

(score: 0.36) 

Benign Disease causing 

(p-value: 0.62) 

10 g.29121188G>A c.1912G>A p.Gly638Arg rs20156491

9 

ALL:0.011% Deleterious 

(score: 0) 

probably 

damaging 

(0.999) 

Disease causing 

(p-value: 1) 

11 g.29104442C>T c.722C>T p.(Ala241Val) rs75350515

0 

ALL:0.00041% Tolerated 

(score: 0.17) 

prossibly 

damaging 

(0.909) 

Polymorphism 

(p-value: 0.943 

12 g.29100929T>C c.378+2T>G // // // // // // 

13 g.29118734C>T c.1672C>T p.Gln558*           

14 g.29100794G>T c.245G>T p.Gly82Val rs75608198

7 

ALL:0.00041% Deleterious 

(score: 0) 

possibly 

damaging 

(0.909) 

Polymorphism 

(p-value: 1) 

15 g.29118713G>A c.1652-1G>T     ALL:0.0065%       

16 g.29116383C>T c.1642C>T p.Arg548Cys rs55040090

9 

ALL:0.0022% Tolerated 

(score: 0.15) 

probably 

damaging 

(0.999) 

Polymorphism 

(p-value: 1) 

17 g.29125783G>T c.2434G>T p.Gly812Cys rs12191301

0 

ALL:0.0012% Deleterious 

(score: 0.01) 

probably 

damaging 

(0.999) 

Disease causing 

(p-value: 1) 

18 g.29125997C>T c.2648C>T p.Ser883Phe rs37149862

2 

ALL:0.0016% Tolerated 

(score: 0.16) 

Benign Polymorphism 

(p-value: 0.702) 
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DSC2 variants 

DSC2 is a 16 exons gene gene encoding for another desmosomal cadherin protein. Sequencing led to the 

identification of 9 variants in 14 index cases, of whom 8 were single variant carriers. All of them were 

missense variants (Table 7). (see further for in silico evaluation) 

Table 7: DSC2 variants. Pathogenic/Likely pathogenic variants are highlighted in bold (2/9) 

NR g.DNA c.DNA Protein dbSNPID gnomAD SIFT Polyphen Mutation taster 

1 g.28669496T>C c.536A>G p.Asp179Gly rs760185784 ALL:0.00041

% 

Tolerated 

(score: 0.1) 

probably 

damaging (1) 

Disease causing 

(p-value: 0.999) 

2 g.28673591T>A c.85A>T p.Ser29Cys rs764796476 ALL:0.00041% Tolerated 

(score: 0.9) 

Benign Polymorphism 

(p-value: 0.877) 

3 g.28666679T>C c.802A>G p.Thr268Ala rs201015785 ALL:0.014% Tolerated 

(score: 0.27 

probably 

damaging (1) 

Disease causing 

(p-value: 0.998) 

4 g.28648893C>G c.2475G>C p.Glu825Asp rs776401728 ALL:0.0014% Tolerated 

(score: 0.48) 

Benign Disease causing 

(p-value: 0.799) 

5 g.28666646G>

A 

c.835C>T p.Arg279Cy

s 

rs193922708 ALL:0.0045% Deleterious 

(score: 0.02) 

probably 

damaging (1) 

Polymorphism 

(p-value: 1) 

6 g.28662283A>G c.1184T>C p.Ile395Thr rs768706276 ALL:0.00041% Deleterious 

(score: 0.01) 

probably 

damaging 

(0.911) 

Disease causing 

(p-value: 1) 

7 g.28648091C>G c.2596G>C p.Ala866Pro  // // Deleterious 

(score: 0.03) 

probably 

damaging 

(0.911) 

Disease causing 

(p-value: 1) 

8 g.28648100C>T c.2587G>A p.Gly863Arg rs147109895 ALL:0.026% Deleterious 

(score: 0) 

probably 

damaging (1) 

Disease causing 

(p-value: 1) 

9 g.28648084G>A c.2603C>T p.Ser868Phe rs141873745 ALL:0.0047% Deleterious 

(score: 0) 

probably 

damaging (1) 

Disease causing 

(p-value: 1) 
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JUP variants 

JUP is a 14 exons gene encoding for an armadillo protein. Sequencing led to the identification of  4 

variants in 4 index cases, of whom 3 were single variant carriers. All of them were missense variants 

(Table 8).  (see further for in silico evaluation) 

Table 8: JUP variants. Pathogenic/Likely pathogenic variants are highlighted in bold (0/4) 

NR g.DNA c.DNA Protein dbSNPID gnomAD SIFT Polyphen Mutation taster 

1 g.39912444T>
C 

c.2069A>G p.Asn690Ser rs14762850
3 

ALL:0.009
8 

Tolerated 
(score: 0.55) 

Benign Polymorphism (p-
value: 0.584) 

2 g.39913746T>
C 

c.1967A>G p.Lys656Ar
g 

// // Tolerated 
(score: 0.5) 

possibly 
damaging 
(0.909) 

Disease causing (p-
value: 0.996) 

3 g.39919263T>
C 

c.1469A>G p.Asn490Ser     Tolerated 
(score: 0.62) 

Benign Disease causing (p-
value: 0.999) 

4 g.39912110A>
T 

c.2124T>A  p.Asp708Gl
u 

    Tolerated 
(score: 1) 

Benign Polymorphism (p-
value: 1) 

 

AC-related non desmosomal variants 

Genetic screening identified 16 different missense variants in AC-related non desmosomal genes in 16 

index cases, of whom 11 were single variant carriers. Four variants were found in SCN5A, 4 in RYR2, 3 

in DES, 2 in TMEM43, and 2 in LMNA, and 1 variant in CTNNA3 gene (Table 9). 

Table 9: AC-related non desmosomal variants 

N

R 

Gene g.DNA c.DNA Protein dbSNPID gnomAD SIFT Polyphen Mutation 

taster 

1 SCN5A g.3859207

8G>A 

c.5785C>T p.Arg1929Cys rs267599786 ALL:0.0014% Deleterious 

(score: 0.02) 

possibly 

damaging 

(0.842) 

Disease 

causing (p-

value: 1) 

2 SCN5A g.3862266

1C>T 

c.2989G>A p.Ala997Thr rs137854609 ALL:0.0082% Tolerated 

(score: 0.9) 

Benign Disease 

causing (p-

value: 0) 

3 SCN5A g.3859252

7G>A 

c.5336C>T p.Thr1779Met rs199473634 ALL:0.0043% Deleterious 

(score: 0) 

probably 

damaging (1) 

Disease 

causing (p-

value: 1) 

4 SCN5A g.3867471

9C>T 

c.80G>A p.Arg27His rs199473045 ALL:0.024% Deleterious 

(score: 0.01) 

probably 

damaging 

(0.999) 

Disease 

causing (p-

value: 1) 
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5 RYR2 g.2378042

25A>G 

c.7144A>G p.Ile2382Val // // Deleterious 

(score: 0) 

Benign Disease 

causing (p-

value: 0.72) 

6 RYR2 g.2378865

04C>G 

c.10631C>

G 

p.Pro3544Arg rs752032924 ALL:0.0018% Deleterious 

(score: 0) 

possibly 

damaging 

(0.842) 

Disease 

causing (p-

value: 1) 

7 RYR2 g.2378041

98G>T 

c.7117G>T p.Asp2373Tyr rs397516548 ALL:0.00082

% 

Deleterious 

(score: 0) 

Benign Disease 

causing (p-

value: 1) 

8 RYR2 g.2377139

44C>T 

c.3167C>T p.Thr1056Met rs779146564 ALL:0.0021% Deleterious 

(score: 0) 

probably 

damaging 

(0.999) 

Disease 

causing (p-

value: 1) 

9 DES g.2202835

30A>G 

c.346A>G p.Asn116Asp  // // deleterious (0) probably 

damaging (1) 

Disease 

causing (p-

value: 1) 

10 DES g.2202835

06G>A 

c.322G>A p.Glu108Lys rs62636490 // deleterious (0) probably 

damaging (1) 

Disease 

causing (p-

value: 1) 

11 DES g.2202856

61G>A 

c.1009G>A p.Ala337Thr rs59962885 ALL:0.0069% Deleterious 

(score: 0) 

possibly 

damaging 

(0.909) 

Disease 

causing (p-

value: 1) 

12 TMEM4

3 

g.1418074

4G>C 

c.947G>C p.Trp316Ser rs199526104 ALL:0.016% Deleterious 

(score: 0) 

probably 

damaging 

(0.999) 

Disease 

causing (p-

value: 1) 

13 TMEM4

3 

g.1417232

3G>A 

c.164G>A p.Gly55Asp rs201453637 ALL:0.022% Deleterious 

(score: 0) 

probably 

damaging (1) 

Disease 

causing (p-

value: 1) 

14 LMNA g.1561061

65G>A 

c.1318G>A p.Val440Met rs121912493  // Deleterious 

(score: 0.04) 

probably 

damaging (1) 

Disease 

causing (p-

value: 1) 

15 LMNA g.1561042

49G>A 

c.569G>A p.Arg190Gln rs267607571  // Deleterious 

(score: 0.03) 

probably 

damaging (1) 

Disease 

causing (p-

value: 1) 

16 CTNNA

3 

g.6936678

9A>G 

c.118T>C p.Cys40Arg rs775169307 ALL:0.00082

% 

Tolerated 

(score: 0.08) 

possibly 

damaging 

(0.842) 

Disease 

causing (p-

value: 1) 
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 Variants distribution  

79 of the 95 rare variants were found mostly in 5 major desmosomal genes (83%), whereas 16 of the 95 

rare variants in AC-related non desmosomal genes (17%). The vast majority of variants were missense 

variants (62/95, 65%), but nonsense (14/95, 15%), frameshift (12/95, 13%) or splicing site variants were 

also found (7/95, 7%) (Figure 6). 

 

Figure 6. Variants distribution among genes 

 Variants classification  

Thirty-nine of the 79 (49%) variants identified in desmosomal genes were classified as Pathogenic/Likely 

pathogenic, of which 32 (82%) were radical variants (nonsense, frameshift, canonical splicing sites) and 

7 (18%) were missense variants. 

The rest 40 of the 79 (51%) desmosomal variants were classified as VUS, of which 1 (3%) was a 

nonsense variant and 39 (98%) were missense variants. 

All the 16 variants identified in AC-related non desmosomal genes were classified as VUS and were all 

missense variants (Figure 7).  
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The majority of pathogenic/likely pathogenic variants were radical variants, whereas VUS were almost 

all missense variants (p-value <0.0001).  

 

  

Figure 7: Variants classification according to ACMG criteria (Richards et al. 2015) 
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 Recurrent variants 

Conventionally genetics of AC is characterised by rare and private variants, nevertheless within our 

cohort 4 variants revealed a higher than expected incidence among index cases. 

PKP2: c.148_151delACAG p.Thr50Serfs*61 

A four-base pair deletion in exon 1 (c.148_151delACAG) of PKP2 is predicted to shift the reading frame 

of the protein (p.Thr50Serfs*61) keeping intact the first 50 amino acids and introducing a premature stop 

codon after 61 amino acids. The predicted truncated protein should maintain the N-terminal domain, but 

it would lack the armadillo type domanin.  

It has already been reported 7 times in the literature [44, 61, 178-182] but its frequency is not available. 

In our cohort we found 5 unrelated heterozygotes index cases (5%) carrying this variant. 

PKP2 c.1643delG p.Gly548Valfs*15 

A guanidine deletion in exon 7 (c.1643delG) of PKP2 is predicted to shift the reading frame of the protein 

(p.Gly548Valfs*15) keeping intact 548 of the 881 amino acids and introducing a premature stop codon 

after 15 amino acids. The predicted truncated protein should maintain the N-terminal domain, but is 

predicted to loose half of the armadillo domain. 

It has already been reported 3 times in the literature [61, 178, 179] but its frequency is not available. In 

our cohort we found 4 unrelated heterozygotes index cases (4%) carrying this variant. 

PKP2: c.2013delC p.Lys672Argfs*12 

A cystein deletion in exon 10 (c.2013delC) of PKP2 is predicted to shift the reading frame of the protein 

(p.Lys672Argfs*12) keeping intact 672 of the 881 amino acids and introducing a premature stop codon 

after 12 amino acids. The predicted truncated protein should maintain the N-terminal domain, but it 

would lack more than 60% of the armadillo domain. 
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It has already been reported 5 times in the literature [9, 120, 178, 181, 183] and it displays a MAF of 

0.008% in gnomAD database. In our cohort we found 6 unrelated heterozygotes index cases (6%) 

carrying this variant, representing the most recurrent variant. 

DSC2 c.536A>G p.Asp179Gly 

A missense variant c.536A>G caused by the substitution of adenosine to guanidine, is located in exon 5 

of DSC2 resulting in the 179th amino acid change of Aspartic acid to Glycine. It has already been reported 

as a founder mutation [50] and it displays a MAF of 0.00041% in gnomAD database. In our cohort we 

found 4 unrelated homozygotes index cases (4%) carrying this variant. Interestingly, all patients carrying 

this mutation originated form a small town of the North East of Italy named Chioggia.  
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 Copy number variants 

The entire cohort of 224 AC patients who underwent screening in research of medium intragenic 

rearrangements of desmosomal genes, displayed 8 (4%) aberrant MLPA profiles, indicating a deletion 

or duplication of one or more exons, or eventually the entire gene. These 8 CNVs carriers were 

considered as positively genotyped AC cases (Table 10). 

Table 10: CNVs identified by MLPA 

Nr. Copy number variants (CNVs) 

2 DEL PKP2 ex4 (chr 12, ~200bp) 

4 DEL PKP2 (chr 12, ~120 kb) 

1 DEL PKP2 ex6-14 (chr12, ~60kb) 

1 DEL DSG2 and DSC2 (chr 18, ~482 kb) 

 

Specifically, a single-exon heterozygous deletion was detected in 2 patients. The exon 4 PKP2 gene 

deletion (c.1035_1170del) is predicted to shift the reading frame of the protein (p.Asn346Leufs*14) 

keeping intact the first 346 amino acids and introducing a premature stop codon after 14 amino acids. A 

360 amino acid peptide should be generated instead of a 881 amino acid protein. 

Figure 8: Schematic representation of entire PKP2 deletion 
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Further, fine mapping by high-density single-nucleotide polymorphism arrays on chr12 identified the 

breakpoints of a 120kb deletion which contains the entire PKP2 gene detected in 4 patients. 

Bioinformatics tools estimated the effect of this deletion in a gene dosage reduction ranging from 0.3 to 

0.6 (Figure 8). 

A 60kb-PKP2 heterozygous deletion on chr12 was found in one patient, leading to the deletion of all 

exons from 6 to 14 of the protein. This 9-exon deletion is predicted to generate a truncated peptide 

composed by 460 of 881 amino acids. 

Finally, a large heterozygous deletion on chr18 (chr18:30,945,216-31,669,766) comprising at least 

482kb was found in one patient. This multiple-gene deletion comprise most members of the DSGs and 

DSCs subfamilies (DSG1, DSG2, DSG3, DSG4 and DSC1, DSC2) including the entire DSG2 and DSC2 

genes linked to disease pathogenesis. Bioinformatics evaluation estimated the gene dosage reduction 

ratios of 0.35 and 0.51 respectively. Of note, the same patient carried also a heterozygous variant in 

DSC2 c.536A>G (p.Asp179Gly) in the other allele, reported previously as a Italian founder mutation. 
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 CDH2 screening 

CDH2 gene was most recently associated with AC [74, 98]; it is encoding for cadherin 2 protein, or better 

known also as N-cadherin, which is a cell surface transmembrane protein with a vital structural and 

functional role in the intercalated discs and major contributor in cell-to-cell adhesion. All 224 AC patients 

underwent direct Sanger sequencing in order to estimate the prevalence of CDH2 variants in our cohort. 

We identified 3 different missense variants in CDH2, none of them classified as pathogenic/likely 

pathogenic (Table 11). 

Table 11: CDH2 variants 

NR g.DNA c.DNA Protein dbSNPID gnomAD SIFT Polyphen Mutation 

taster 

1 g.25756958G>T c.29C>A p.(Thr10Asn) rs773400550 ALL:0.0011% Tolerated 

(score: 0.23 

benign // 

2 g.25756947G>C c.40C>G p.(Leu14Val) // // Deleterious 

(score: 0) 

possibly 

damagin

g 

(0.4589) 

 

3 g.25593772T>C c.274A>G p.(Ser92Gly) rs150017015 ALL:0.040% Tolerated 

(score: 0.35) 

benign  

 

Variant filtering excluded c.29C>A variant located in exon 1 due to its weak amino acid conservation 

across species and a low score displayed in all in silico pathogenicity algorithms. Further, c.274A>G 

variant was excluded due to its high frequency in the general population and its weak in silico association.  

Based on the ACMG -2015 criteria only c.40C>G variant located on exon 1 could be considered a VUS. 

Of note, the same proband carried also another VUS c.3134G>A in DSP (p.Arg1045Gln). Cascade 

genetic screening in the family was not available (Figure 9). 
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c.40C>G missense variant is located on a highly conserved amino acid across species and affected the N 

terminal signaling domain of CDH2. 

  

Figure 9: CDH2 amino acid conservation and variant localization 
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 FLNC screening 

Filamin C protein directly interacts with the dystrophin associated glycoprotein and the integrin 

complexes, this last link the subsarcolemmal actin cytoskeleton to the extracellular matrix. Truncating 

FLNC mutations were found in 28 families exhibiting both LDAC and an overlapping phenotype known 

as dilated-AC; this last, shares with the ‘classic’ AC form a dominant trait of transmission and frequent 

premature sudden death but is complicated by an unusual high penetrance (97%) in carriers older than 

40 years [73]. Up to date, 100 out of 224 AC index cases have been analysed by direct Sanger sequencing, 

identifying 3 different variants in FLNC (Table 12). 

Table 12: FLNC variants 

N

R 

g.DNA c.DNA Protein dbSNPID gnomAD SIFT Polyphe

n 

Mutation 

taster 

1 g.128478819C>G c.1373C>G p.Pro458Arg rs773400550 // Tolerated 

(score: 0.08) 

Benign Disease 

causing 

2 g.128480675_ 

128480676insT 

c.1623_162

4insT 

p.Pro542Serfs*2

1 

// // // // // 

3 g.128492728C>T c.5926C>T p.Gln1976* // // // // // 

A missense c.1373C>G variant in exon 8 is causing the amino acid substitution of Proline to Arginine in 

position 458 of the protein. This variant is not present in gnomAD database and it is predicted as 

pathogenic only from one in silico algorithm. The proband carrying this variant was negative for other 

genetic variants both in desmosomal or AC-related non desmosomal genes. 

A single-base pair insertion in exon 10 (c.1623_1624insT) is predicted to shift the reading frame of the 

protein (p.Pro542Serfs*21) keeping intact the first 542 of the 2725 amino acids and introducing a 

premature stop codon after 21 amino acids. The predicted truncated protein should maintain the calpoin 

homology domain, but it would lack the filamin/ABP280 repeated like domain. This variant was absent 

in current databases and was found in a proband negative for other genetic variants in AC-related genes.  

A nonsense c.5926C>T variant in exon 36 is causing the Glutamine substitution by a premature stop 

codon in the protein position 1976 of the 2725 aminoacids(p.Gln1976*). This variant, absent in current 

databases, was found in a proband without putative pathogenic variants in AC-related genes. 
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 Comprehensive yield of genetic screening 

Deep sequencing, including new recently AC associated genes and CNVs analysis, led to the 

identification of the genetic cause in 10 more patients previously considered negative to genetic 

screening. In this way, the overall yield of genetic screening increased from 43% to 48%, 107 patients 

out of 224. No pathogenic variants were identified in 117 (52%) patients (Figure 10). Of note TTN 

variants were not included in this computation. 
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Figure 10: Comprehensive yield of genetic screening 
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  Genotype-Phenotype correlation analysis 

Overall we re-evaluated the clinical phenotype of 188 out of 224 AC (84%) index cases. 

Detailed instrumental data from CMR, Echo, and twelve-lead ECG were collected for 156 of 188 AC 

index cases, of whom 16 underwent HTx. The rest 32 index cases received a post mortem diagnosis of 

AC. 

Of these, based on the current ITC criteria, 94 index cases received a definite AC diagnosis at the 

outpatient clinic, 16 were HTx patients and 32 SD victims. The rest 18 were borderline and 28 were 

possibly affected by AC. Total number of index cases with definite AC diagnosis: 142. 

Genotype/Phenotype correlation has been carried out on 3 different levels (Figure 11): 

I. Clinical diagnosis/Genotype 
II. Desmosomal variant carriers/ AC-related non desmosomal variant carriers 
III. Adverse Outcome/Genotype 

 

 

Figure 11: Genotype-Phenotype correlation workflow 
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I. Clinical diagnosis/Genotype 

ITC criteria and patients genotype correlation highlighted that 78 of the 142 (55%) definite index cases 

carried at least a rare variant in AC-related genes whereas, 13 of the 46 (28%) borderline/possible index 

cases were genotype positive (Figure 13). 

Figure 13: Comparison between definite AC patients genotype and non definite ones. (Gen+: genotype positive, Gen-: 
genotye negative) 

Figure 12: Comparison between Genotype positive (Gen+) and Genotype negative (Gen-) AC patients. (CMR_LV_LGE: 
Cardiac magnetic resonance late gadolinium enhancement of the left ventricle, CMR_juncitonal_LE: Cardiac magnetic 
resonance junctional late gadolinium enh 
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Interestingly, among clinical parameters assessed, late gadolinium enhancement on the LV was found 

more often in genotype positive index cases (36/49, 74%) compared to genotype negative cases (30/30, 

50%) (p-value 0.0126). Junctional gadolinium enhancement was less frequent in genotype positive cases 

(10/38, 26%) than in genotype negative cases (23/39, 59%) (p-value 0.0038). Further, genotype positive 

cases (19mm ±1)(p-value 0.0359) exhibited a lower tricuspid annular plane systolic excursion compared 

to genotype (Figure 12).  

Further, 70 of the 78 (89%) genotype positive definite cases were desmosomal rare variant carriers. 

Specifically 32 carried a single radical variant, 22 a missense variant, 3 a CNVs and 13 were multiple 

desmosomal variant carrier. 

Eight of the 78 (11%) genotype positive definite cases were AC-related non desmosomal variant carriers. 

Specifically, 7 carried a missense variants and 1 a radical variant (Figure 14). 

  

Figure 14: Genotype positive definite AC cases variants distribution. (P/LP: Pathogenic/Likely pathogenic, VUS: Variant of 
uncertain significance 
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Ten of the 13 (86%) genotype positive borderline/possible cases were desmosomal variants carriers.  

Specifically, 4 carried a radical variant and 6 a rare missense variant. Three of the 13 (14%) genotype 

positive borderline/possible cases carried 3 different missense variants in AC-related non desmosomal 

genes (Figure 15). 

II. Desmosomal variant carriers/ AC-related non desmosomal variant carriers 

Clinical parameters analysis, on genotype positive patients, revealed that desmosomal rare variant 

carriers displayed a similar LV ejection fraction (57.28% ± 1.27) compared to AC-related non 

desmosomal carriers (51.63% ± 3.32) (p-value 0.090). Interestingly, desmosomal rare variant carriers 

exhibit less often complete right bundle branch block (4/46, 9%) compared to AC-related non 

desmosomal variant carriers (3/5, 60%) (p-value 0.0174) (Figure 16). 

Figure 15: Genotype positive bordeline/possible AC cases variants distribution. (P/LP: Pathogenic/Likely pathogenic, VUS: 
Variant of uncertain significance 

 

Figure 16: Comparison between AC desmosomal and non desmosomal phenotypes. (LV_EF%: Left ventricle ejection fraction 
percentage, ECG_RBBB: Elettrocardiographic complete Right Bundle Branch Block)  
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Of note, clinical parameters are unable to distinguish desmosomal gene-specific phenotype suggesting a 

clinical homogeneity among desmosomal variant carriers. 

Genotype analysis focused on ventricular involvement highlighted that LDAC patients were significantly 

less positive for desmosomal variants (11/42, 26%) compared to the “classic” AC cases (75/182, 41%)(p-

value 0.0065) (Figure 17).  

Figure 17: Sudden death victims (SD) genotype-phenotype correlation. (SD_LDAC_Gen: Left Dominan Arrhythmogenic 
Cardiomyopathy sudden death victims genotype, Gen+: genotype positive, Gen-: genotype negative) 

In more detail, 19 of the 42 (45%) LDAC patients were SD victims, of whom only 4 cases (21%) were 

genotype positive for desmosomal rare variants (Figure 18). Of note, 4 of 11 (36%) desmosomal variants 

were classified as Pathogenic/Likely pathogenic 

Figure 18: GenotypeVentricular involvement analysis. (LDAC_Gen: Left Dominant Arrhythmogenic Cardiomyopathy 
patients genotype, SD: sudden death, Gen+: genotype positive, Gen-: genotype negative, P/LP: Pathogenic/Likely pathogenic, 
VUS: Variant of uncertain significance. 
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III. Adverse Outcome/Genotype 

Analyses focused on disease adverse outcomes highlighted that 32 SD victims exhibiting a lower mean 

age 29y ± 2 compared to 16 HTx patients (44y ± 4) (p-value 0.0053) and SD victims were all males 

(32/32, p-value <0.0001). Further, focusing on the genotype 10/32 (28%) SD victims carried rare variants 

in desmosomal genes compared to HTx patients 10/16 (63%) (p-value 0.0217) (Figure 19). 

Specifically, 5 SD victims carried radical variants, 3 missense variants, 1 CNVs and 1 SD victim carried  

one desmosomal variant in two different genes (digenic carrier). Four HTx cases carried radical variants, 

3 missense variants, 1 CNVs and 2 HTx cases carried multiple rare variants.  

 Figure 19: Comparison between adverse outcome. (SD: Sudden death, HTx heart transplantation, Gen+: genotype positive, 
Gen-: genotye negative)  
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  TTN variants 

Titin is the largest protein in mammals and is expressed in both cardiac and skeletal muscle bridging the 

sarcomere along its longitudinal axis and forming a contiguous filament along the myofibril. Several 

isoforms ranging in size from 2970 to 3900 kDa are produced from the single TTN gene, which is located 

on chromosome region 2q31 and is comprised of 363 exons. [184, 185] Eight unique missense TTN 

variants were identified in 7 families with AC-like phenotype and lacking other desmosomal genes 

mutations [69]. However TTN missense variants nowadays are considered mostly benign, with very few 

exceptions. [186]. Up to date, we investigated 151 of 224 AC index cases in our cohort, identifying 50 

unique TTN rare variants in 40 patients (26%), of whom, nearly half (18/40, 45%) already carrying a rare 

desmosomal variant (Figure 20). Single or multiple rare variants were located on highly conserved amino 

acids and predicted to be pathogenic by at least 2 in silico algorithms. (Appendix A) 

 

 

 

 

 

 

 

 

Most TTN variants identified were missense 48/50 (96%) and 2 variants were located on critical splicing 

sites. Regarding these last, 

 c.32471-1G>A variant affects the acceptor slice site of intron 130 and is predicted to alter mRNA 

maturation as previously reported in the literature associated with titinopaties. [187]. 

Interestingly the proband carried three additional rare missense variants on TTN therefore co-

segregation studies are crucial to determine their role in the disease. 

 c.39817G>C variant is changing the last nucleotide of exon 211 affecting the donor site of the 

protein. It is not reported in the literature but is predicted to alter the splicing process by in silico 

22
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TTN VARIANTS

TTN VARIANTS + 
DESMOSOMAL

TTN variants distributions

Figure 20: TTN variants distribution 
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algorithm. The patient carrying this variant did not carry other AC-related variants. Cascade 

genetic screening is mandatory to determine its pathogenic role. 

 

TTN variants localization 

TTN amino acid substitutions were localized predominantly on the A-Band (33/50, 66%) which contains 

D-zone, C-zone and C-M junction; specifically 9 of the 50 substitutions (18%) were localized in the D-

zone repeated domain and 24 of the 50 substitutions (48%) in the C-zone repeated domain. (Figure 21) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rare amino acid substitutions in the C‐zone repeats resulted overrepresented (p-value 0.0213) based on 

Pearson's χ2 goodness‐of‐fit tests which was used to test if the distribution was random considering the 

size in amino acids of each protein region tested. 

Domain Exons AA Observed SNPs

Zline 1_28 2169 1

I band 29_250 11755 7

I/A junction 251_270 1387 4

D zone 271_306 4217 9

C zone 307_355 11927 24

C/M junction 356_358 492 0

Mline 359 2403 5

34350 50

Figure 21: Schematic TTN structure and variants localisation 
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  Rare variants in disease_unrelated genes 

Seven genotype negative but also 6 genotype positive patients carried additional rare variants in genes 

encoding sarcomeric proteins (MYBPC3, MYH7) and ion channel subunits (CACNA1B, SCN10A), 

usually associated with other forms of inherited cardiomyopathies (i.e HCM, DCM, Brugada Syndrome, 

QT syndromes ). Their role as possible modifiers is still under investigation (Figure 22). 

 

Figure 22: Additional rare variants identified in our cohort 
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  WES screening 

Whole exome sequencing carried on 10 genotype-negative AC probands identified ~80.000 

variants/patient. Gene and variants prioritization led to reduce their number to an average of 200 rare 

variants/patient. 

Recent transcriptome data from another study carried in our laboratory revealed the under expression of 

galectin 3 (LGALS3), both in a transgenic mouse model and AC patients, prior structural abnormalities 

pathognomonic features of the disease (unpublished). Fascinatingly WES highlighted the presence of 

rare genomic variants in this gene. 

4.13.1 Galectin 3 (LGALS3) 

Lectin, galactoside-binding, soluble 3 (LGALS3) is situated on chromosome 14, locus q21-22, and is 

composed of six exons and five introns spanning about 17 kilobases. LGALS3 encodes for Galectin-3 

protein which belongs to the family of animal-lectins proteins, a group of water soluble, non-glycosylated 

globular proteins that can interact with carbohydrates in a divalent cation-independent manner. 

Galectin-3 protein consists of 250 amino acids, separated into three distinct domains (Figure 24). The 

carbohydrate recognition domain (CRD), accounting for approximately 130 amino acids, contains 

Slectin motifs that provide the ability to bind β-galactosides, a property shared by all proteins in the 

Galectin family [188, 189]. In addition to its CRD, galectin-3 has a central region spanning 

approximately 120 amino acids which contains a highly conserved tandem repeat domain rich in Proline, 

Glycine and Tyrosine [190, 191]. The N-terminal domain contains a 12 amino acid leader sequence that 

is required for galectin-3 secretion [191]. Within this leader sequence, Serine can be phosphorylated 

reducing significantly Galactin-3 binding to two of its ligands, laminin and mucin; this process may act 

as an on/off switch for Galactin-3 ability to bind to sugars [192]. The N-terminal domain also enables 

the formation of oligomers and is required for full biological function of the protein, including its role in 

modulating cell adhesion and inducing intracellular signaling [190, 193]. Galectin-3 has multiple 

functions within cells, localized in the nucleus and cytoplasm, as well as outside of the cell [191, 194].  
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DNA sequencing in 150 AC index cases, 10 through WES and 140 through direct sequencing, led to the 

identification of 5 LGALS3 rare nucleotide variants in 7 probands (4%, 5 males, mean age 39±11 years). 

Of note, 3 of the 7 LGALS3 carried also pathogenic/likely pathogenic desmosomal genetic variants(Table 

13): 

Table 13: LGALS3 rare variants 

 

A four-base deletion (c.18+1_18+4delGTAA) affecting the donor site of exon 2 is presumed to alter the 

mRNA maturation by different in silico algorithms. This 4-base pair deletion displayed a MAF of  

0.0083% in gnomAD database and was located on the N terminal domain of the protein. 

A missense variant (c.29 C>T) located in exon 2 causing the substitution of cytosine to thymidine results 

in the 10th amino acid change from Alanine to Valine. This single nucleotide rare variant displayed a 

MAF of 0.025% in gnomAD database and was located on the N terminal domain of the protein. This 

LGALS3 rare variant carrier harboured also a pathogenic variant in DSG2. 

A missense variant (c.137C>G) located on exon 2 causing the substitution of cytosine to guanidine results 

in the 46th amino acid change from Proline to Arginine. This single nucleotide rare variant displayed a 

MAF of 0.020% in gnomAD database and was located on the highly conserved tandem repeated domain 

of the protein. This rare variant was shared among 3 AC index cases, two of which had primary 

pathogenic variants in desmosomal encoding genes. 

N° cDNA Protein dbSNPID gnomAD SIFT Polyphen Mutation Taster Other variants 

1 c.29 C>T p.Ala10Val rs202159462 0. 025% Tolerated 
(score: 0.06) 

Probably 
damaging 

Disease causing  

(p-value: 0.97) 
DSG2 

2 c.137C>G p.Pro46Arg rs200440596 0. 02% Deleterious 
(score: 0) 

Probably 
damaging 

Disease causing  

(p-value: 1) 
PKP2; DSG2 

3 c.137C>G p.Pro46Arg rs200440596 0. 02% Deleterious 
(score: 0) 

Probably 
damaging 

Disease causing 

 (p-value: 1) 
DSP; DSC2 

4 c.137C>G p.Pro46Arg rs200440596 0. 02% Deleterious 
(score: 0) 

Probably 
damaging 

Disease causing  

(p-value: 1) 
NEG 

5 c.485G>A p.Arg162His rs201865041  0. 002% Deleterious 
(score: 0) 

Probably 
damaging 

Disease causing 

 (p-value: 1) 
NEG 

6 c.520A>G p.Asn174As
p // // Deleterious 

(score: 0) 
Probably 
damaging 

Disease causing  

(p-value: 1) 
NEG 

7 c.18+1_18+
4delGTAA // rs745877914 0.0083% // // // NEG 
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A missense variant (c.485G>A) located on exon 4 causing the substitution of guanidine to adenine results 

in the 162th amino acid change from Arginine to Histidine. This single nucleotide rare variant displayed 

a MAF of 0.002% in gnomAD database and was located on the CRD of the protein.  

A missense variants (c.520G>A) located on exon 4 causing the substitution of guanidine to adenine 

results in the 174th amino acid change from Asparagine to Aspartatic acid. This single nucleotide rare 

variant was absent from gnomAD database and was located on the CRD of the protein. 

Remarkably, both c.485G>A and c.520A>G LGALS3 missense variants disrupt the CRD binding site of 

galectin-3 protein. (Figure 23) 

LGALS3 variants localization 

 

 

 

 

  

Figure 24: LGALS3 structure and variants localisation 

Figure 23: CRD binding site disruption 
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 Discussion  

Arrhythmogenic cardiomyopathy cardinal pathognomonic features are fibrofatty myocardial 

replacement, impairment of ventricular systolic function and prominent life-threatening ventricular 

arrhythmias. AC phenotypic spectrum was broader than previously thought and diagnosis may be 

achieved by combining multiple sources of clinical information, such as genetic data, arrhythmic, 

morphofunctional, and histopathologic findings. 

To address the issue of investigate genetic heterogeneity in AC, we focused on appropriate genetic 

screening, stringent variants classification and multiparametric genotype-phenotype correlation followed 

by the search of new disease causative genes.  

Variants distribution and classification 

NGS screening led to identification of 95 different rare variants in 97 index cases (43%). Specifically 78 

patients carried a single rare variant, whereas 19 were multiple variants carriers (either digenic or 

compound). Seventy-nine of the 95 rare variants were found in 5 major desmosomal genes (83%), and 

16 in AC-related non desmosomal genes (17%) suggesting a significant contribution of non desmosomal 

genes in disease pathogenesis. Variants classification according to the ACMG criteria highlighted that 

half of desmosomal variants (39/79, 50%) were classified as Pathogenic/Likely pathogenic and were 

mostly radical variants (32/39, 78%). VUS were missense variants either desmosomal or non 

desmosomal making evident the need of cascade genetic screening to better understand their role in 

disease pathogenesis.  

Four rare variants in desmosomal genes, displayed a higher prevalence among genotype positive patients 

in our cohort (up to 6%) supporting the theory of a possible founder effect in the Veneto population 

although further haplotype studies are needed to investigate their segregation. 

Searching for genetic rearrangements in desmosomal genes identified 4 different heterozygous deletions 

in 7 genotype negative patients, highlighting the potential of CNVs analysis to increase the diagnostic 

yield of genetic testing. Even though genotype-phenotype correlation demonstrated a low disease 

penetrance in family members carrying a CNV [79], emphasizing that haploinsufficiency alone may not 

lead to AC phenotype. 
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The prevalence of additional AC associated genes was also investigated. Specifically, 3 different 

Pathogenic/Likely pathogenic FLNC variants were identified in 3 of 100 AC index patients evaluated 

thus far. Only 1 CDH2 VUS was found in a desmosomal variant carrier . FLNC prevalence, still under 

evaluation (100/224 index cases analyzed) but it seems to be as high as DSC2 (3%). The prevalence of 

CDH2 in our cohort is under <0.5% (1 out of 224 index cases) suggesting a limited disease association 

of this gene. To this regard, cascade genetic screening on large families is required to evaluate the role 

of these variants on disease pathogenesis. 

Deep sequencing and CNVs analysis allowed to positively genotype 10 more AC patients, previously 

considered negative to genetic testing. In this way the overall yield of genetic screening increased from 

43% to 48%, (107 patients out of 224 AC index cases). No pathogenic variants were identified in 52% 

(117/224) of AC index patients showing that other factors, genetic or not, might be involved in the 

development and progression of the disease. 

Noteworthy, our analysis made evident the presence of additional rare variants encoding sarcomeric 

proteins (MYBPC3, MYH7), ion channel subunits (CACNA1B, SCN10A) as well as cytoskeletal (TTN) 

proteins, in both genotype negative and positive patients. Specifically we investigated the prevalence of 

TTN rare variants in AC finding 50 different VUS in 40 patients, of whom, nearly half (18/40, 45%) 

already carried a rare desmosomal variant. The role of these variants in disease pathogenesis is still under 

investigation but the presence of VUS in genes related with other forms of inherited cardiomyopathies 

underlined the genetic overlap between cardiomyopathies. These clinical entities previously regarded as 

monogenic traits should be probably envisioned as a group of conditions with variable inheritance 

patterns, molecular aetiologies and clinical presentations. In fact, homozygous, compound heterozygous, 

digenic/oligogenic variants, or a combination of genetic and exogenetic factors in desmosomal genes are 

frequently described in patients with AC [9, 44, 161]. Gene dosage effects that may occur due to loss-

of-function mutations have been supported also by experimental models in AC, and may underlie oligo- 

and multigenic inheritance [103, 195]. Stoichiometric alterations of macromolecular complexes (and 

cellular networks) or a combination of innocent single variants at 2 loci encoding interacting proteins 

may lead to a fitness defect, increasing the risk of having an overt AC phenotype [9, 44, 161]. Thus, 

special attention should be paid to variants appearing in genes encoding subunits of the same 

macromolecular complexes or involved in the same biological pathways because they might contribute 

to the phenotypic variability.  
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This phenomenon has been also described in other cardiomyopathies as to demonstrate that these rare 

cardiac disorders with low/absent disease penetrance, previously considered monogenic, may be the 

result of the cumulative effect of more loci (risk alleles) suggesting a more complex inheritance model.  

Genotype-phenotype correlation. 

Detailed clinical data on twelve-lead ECG, echocardiography and CMR were collected for 156 of the 

188 AC index cases, 16 of whom underwent HTx, whereas 32 of the 188 index cases received a post 

mortem diagnosis of AC. Overall, based on the ITC criteria 142 patient received a definite AC diagnosis, 

18 were borderline and 28 were possibly affected. Of note, all HTx patients as well as SD victims 

received a definite diagnosis. Genetic screening highlighted that AC patients with a definite diagnosis 

were more frequently (55%) Pathogenic/Likely pathogenic variant carriers compared to 

borderline/possible affect ones (27%). AC definite patients carried desmosomal variants (89%) and 

more of a half of these desmosomal variants were Pathogenic/Likely pathogenic. On the other hand, 

variants in AC-related non desmosomal genes were exclusively VUS, exception made for a nonsense 

FLNC variant carried by a SD victim with a post mortem definite diagnosis of AC. Our data underlined 

that a proper clinical phenotype characterization is essential to increase the likelihood of identifying a 

genetic cause in AC patients. Positive genetic testing in ~ 30% of borderline/possible AC index patients 

confirmed the clinical suspicion. Still, half of AC index patients lacked genetic causes suggesting that 

probably other factors, genetic or epigenetic, may contribute to disease development.  

Further, comparison of genotype positive and genotype negative index cases revealed an higher rate of 

LV gadolium enhancement in genotype positive patients (74%) compared to negative ones (50%) 

reflecting a LV involvement due to the disease progression from the RV to biventricular. On the other 

hand, genotype negative patients displayed frequently junctional late enhancement (59%) as 

demonstrated to be an aspecific finding common also in athletes. Of note, genotype negative cases 

presented a higher tricuspid annular plane systolic excursion (23mm ±19) compared to genotype 

positive cases (19mm ±1). 

Further analyses considering desmosomal variant carriers as a homogeneous subgroup of the global 

genotype positive classification, confirmed literature data that “classic”desmosomal AC patients rarely 

(9%) present complete RBBB [32, 33]. Up to date none of the clinical parameters can clearly distinguish 

a desmosomal gene-specific related phenotype underling a similar clinical manifestations. 
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Based on assessing the ventricular involvement of ITC index cases we found desmosomal variants in 

25% of LDAC patients; no gene-specific prevalence was detected in contrast to current literature reports 

[196-198]. This finding was confirmed on 19 LDAC SD victims, of whom only 4 (21%) a carried rare 

variant in desmosomal genes. Thus, other genes/factors may be involved in the LDAC pathogenesis as 

to expand the genetic spectrum of AC. 

Focusing on the adverse outcome in AC patients (SD or HTx), we found that SD victims were all males 

and younger in age than the HTx counterpart. From the genetic point of view, only 28% of the SD 

victims carried a rare desmosomal variant compared to 63% in HTx patients. These data stress further 

the fact that HTx patients reaching the overt phase of the disease, characterized by heart failure, and 

biventricular involvement, exhibited the classic desmosomal AC genotype, whereas SD victims, most 

often LDAC patients, exhibited a lower prevalence of desmosomal variants as to suggest other genetic 

factors related to this AC subtype. 

Identification of a new candidate gene  

LGALS3 was prioritized among ~300 genes emerged from whole exome sequencing in 10 biventricular 

genotype negative AC index cases, due to earlier findings from transcritpional studies. Together with 

subsequent direct sequencing of LGALS3 in a larger cohort of 140 more AC index patients, 5 rare 

missense variants in 7 probands (~5%, 5 males, mean age 39±11 years) were identified.  

LGALS3 gene, which encodes for a member of the adhesion/growth-regulatory galectin proteins family 

GAL3, is involved in a wide array of cellular activities among which regulation of cellular trafficking 

of glycoproteins, signaling, and cell adhesion. LGALS3 is also an upstream regulator gene of GSK3β. 

Previous studies demonstrated that WNT/β-catenin signaling pathway inhibition is a consequence of 

genetically abnormal desmosomes leading to the release of JUP protein from intercalated disks with 

subsequent transfer to the nuclear pool [113]. Suppression of WNT/β-catenin signaling was also 

confirmed by the subsequent identification of a WNT signaling inhibitor molecule of glycogen synthase 

kinase 3 β (GSK3β) in a AC zebrafish model and the aberrant activation of the Hippo/YAP signaling 

pathway [199, 200]. Recent studies demonstrated that lower expression of GAL3 leads to reduced levels 

of phospho-GSK3β at serine 9, thus increasing GSK3β activity; phospho-GSK-3β leads to 

phosphorylation of β -catenin and its degradation, suppressing WNT signaling [201].  

Moreover, GAL3 has the potential to enhance intercellular adhesion through CRD direct binding to the 

extracellular domain of cadherins and specifically to DSG2 (N-linked β-galactosides ectodomain), as 

previously demonstrated by in vitro experiments in intestinal, corneal and conjunctival epithelia [202-
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204]. Further, GAL3-reactive sites have been also found to co-localize with the desmosomal proteins 

DSP and DSG in primary squamous carcinomas, pointing to the potential role of GAL3 in mediating 

intercellular contacts [205]. Indeed, transcriptome data from our group demonstrated the under 

expression of LGALS3, both in a transgenic mouse model and AC patients, before the onset of the 

disease. [unpublished]. Our data supported that dysregulation of LGALS3 may be another key factor in 

the cascade reaction toward WNT signaling inhibition, as well as lack of desmosomal binding adhesion 

and stabilization. All these data support the involvement of this molecule in AC pathogenesis, although  

further studies are needed to better elucidate its role and function. 
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 Appendix A 

NR 
g.DNA c.DNA Protein dbSNP ID gnomAD SIFT Polyphen 

Mutation 

Taster 

1 
1794668

59 
c.55139T>C p.Ile18380Thr rs72646819 

ALL:0.0070

% 

Deleterious (score: 

0, median: 4.00) 

possibly damaging 

(0.909) 
  

2 
1794275

78 
c.83281G>C p.Val27761Leu rs371788070 

ALL:0.0077

% 

Deleterious (score: 

0, median: 4.00) 

probably 

damaging (0.999) 

disease causing 

(p-value: 1) 

3 
1794543

54 
c.62098A>G p.Asn20700Asp rs151193056 

ALL:0.0083

% 

Deleterious (score: 

0, median: 4.00) 

probably 

damaging (0.999) 
  

4 
1793967

78 

c.104564C>

A 
p.Ser34855Tyr // // 

Deleterious (score: 

0, median: 4.00) 

probably 

damaging (0.999) 
  

5 
1794091

50 
c.95806G>A p.Asp31936Asn rs267599025 

ALL:0.0025

% 

Deleterious (score: 

0, median: 4.00) 

probably 

damaging (0.999) 
  

6 
1794298

21 
c.81038G>A p.Arg27013Gln rs376374751 

ALL:0.0058

%  

Deleterious (score: 

0, median: 4.00) 
Benign   

7 
1794039

36 
c.98726T>C p.Val32909Ala rs368877793 ALL:0.014% 

Deleterious (score: 

0.01, median: 4.00) 

possibly damaging 

(0.909) 

disease causing 

(p-value: 1) 

8 
1794632

92 
c.57052T>G p.Ser19018Ala rs367822879 

ALL:0.0013

% 

Deleterious (score: 

0, median: 4.00) 

probably 

damaging (0.999) 

disease causing 

(p-value: 0.965) 

9 
1794686

73 
c.54741G>A p.Met18247Ile rs368858337 

ALL:0.0016

% 

Deleterious (score: 

0.03, median: 4.00) 
Benign 

disease causing 

(p-value: 1) 

10 
1795768

80 
c.27677G>A p.Cys9226Tyr rs369108107 

ALL:0.0012

% 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 

disease causing 

(p-value: 1) 

11 
1795497

17 

c.324711G>

A 
  rs371725574   splice     
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12 
1794363

13 
c.74546G>A p.Arg24849Gln rs745488276 

ALL:0.0029

% 

Deleterious (score: 

0, median: 4.00) 

possibly damaging 

(0.909) 
  

13 
1794037

02 
c.98960C>T p.Ser32987Phe rs746380940 

ALL:0.0087

% 

Deleterious (score: 

0, median: 4.00) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

14 
1794037

03 
c.98959T>C p.Ser32987Pro rs758494581 

ALL:0.0087

% 

Deleterious (score: 

0, median: 4.00) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

15 
1794835

75 
c.46702C>T p.Pro15568Ser rs561728671 

ALL:0.0033

% 

Deleterious (score: 

0, median: 4.01) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

16 
1794182

41 
c.89491A>G p.Lys29831Glu rs774632104 

ALL:0.0033

% 

Deleterious (score: 

0.01, median: 4.00) 

probably 

damaging (0.999) 
 disease causing 

(p-value: 1) 

17 
1794350

27 
c.75832C>T p.Arg25278Cys rs777445126 

ALL:0.0041

% 

Deleterious (score: 

0, median: 4.00) 

probably 

damaging (0.999) 
disease causing 

(p-value: 0.989) 

18 
1793956

99 

c.105643A>

C 
p.Thr35215Pro rs769195414 

ALL:0.0016

% 

Deleterious (score: 

0.01, median: 4.01) 

probably 

damaging (0.999) 
polymorphism 

(p-value: 1) 

19 
1794544

89 
c.61963G>A p.Glu20655Lys rs776314797 

ALL:0.0020

% 

Deleterious (score: 

0, median: 4.00) 

probably 

damaging (0.999) 

 disease causing 

(p-value: 0.999) 

20 
1795824

75 
c.25126C>T p.Pro8376Ser rs375209098 ALL:0.011% 

Deleterious (score: 

0, median: 4.32) 

possibly damaging 

(0.909) 
  

21 
1794353

32 
c.75527G>A p.Arg25176His rs375693396 ALL:0.010% 

Deleterious (score: 

0.02, median: 4.01) 

probably 

damaging (0.999) 
  

22 
1795148

91 
c.39817G>C p.Val13273Leu   // splice     

23 
1794695

78 
c.54238G>A p.Glu18080Lys rs756321267 

T=0.000008/

1 (ExAC) 

Deleterious (score: 

0.01, median: 4.01) 
Benign   

24 
1794318

79 
c.78980G>A p.Arg26327Gln rs370367786 

T=0.00005/6 

(ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 

disease causing 

(p-value: 1) 
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25 
1794524

73 
c.63563C>T p.Ala21188Val rs746456662 

 

C=0.000008/

1 (ExAC) 

Deleterious (score: 

0, median: 4.32) 
Benign 

disease causing 

(p-value: 1) 

26 
1795712

84 
c.29317G>A p.Ala9773Thr rs371163094 

T=0.00006/7 

(ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

27 
1794433

67 
c.68300C>T p.Pro22767Leu rs775953148  

A=0.00002/2 

(ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

28 
1793987

28 

c.102614G>

A 
p.Gly34205Asp rs367926247 

T=0.00007/8 

(ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

29 
1794351

13 
c.75746G>A p.Arg25249His rs773286477 

T=0.00004/5 

(ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

30 
1794298

26 
c.81033G>T p.Glu27011Asp rs765653425 

A=0.000008/

1 (ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 0.999) 

31 
1794367

96 
c.74063G>A p.Arg24688His rs376988498 

T=0.00004/5 

(ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

32 
1793985

01 

c.102841A>

C 
p.Ile34281Leu rs397517786 

G=0.00007/9 

(ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

33 
1793959

26 

c.105416C>

T 
p.Thr35139Ile rs200782068 

A=0.00005/6 

(ExAC) 

 Deleterious (score: 

0, median: 4.32 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

34 
1794287

26 
c.82133A>C p.Lys27378Thr // // 

Deleterious (score: 

0, median: 4.32) 

possibly damaging 

(0.909) 

disease causing 

(p-value: 0.998) 

35 
1794284

51 
c.82408C>A p.Pro27470Thr // // 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

36 
1794785

08 
c.49502A>G p.Asn16501Ser // // 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

37 
1794748

76 
c.51377A>G p.Lys17126Arg rs757728544 

C=0.00002/2 

(ExAC) 

 Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 
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38 
1794413

40 
c.69631G>A p.Glu23211Lys // // 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

39 
1794577

33 
c.59113C>T p.Arg19705Cys rs72646839 

A=0.0002/25 

(ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 

disease causing 

(p-value: 1) 

40 
1794640

37 
c.56483A>C p.Asn18828Thr rs71423569 // 

Deleterious (score: 

0, median: 4.32) 

possibly damaging 

(0.909) 

disease causing 

(p-value: 1) 

41 
1796670

03 
c.157G>A p.Gly53Ser rs150902810 

T=0.00005/6 

(ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

42 
1796387

29 
c.7166T>A p.Met2389Lys rs748735241 

T=0.000008/

1 (ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 0.993) 

43 
1794172

66 
c.90361A>G p.Thr30121Ala // // 

Tolerated (score: 

0.07, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 0.944) 

44 
1794792

31 
c.49010G>A p.Cys16337Tyr   // 

Deleterious (score: 

0, median: 4.32) 

possibly damaging 

(0.909) 

disease causing 

(p-value: 0.626) 

45 
1794866

30 
c.45019G>C p.Asp15007His // // 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

46 
1794176

80 
c.89947G>A p.Val29983Met rs397517746 

T=0.00010/1

2 (ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

47 
1794171

93 
c.90434T>C p.Ile30145Thr rs751359750 

G=0.000008/

1 (ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

48 
1794795

83 
c.48751G>A p.Asp16251Asn rs199954570 

T=0.00005/2 

(ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

49 
1794436

74 
c.68083G>A p.Ala22695Thr rs767279296 

T=0.00002/2 

(ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 1) 

50 
1794512

82 
c.64346T>C p.Val21449Ala rs748888420 

G=0.000008/

1 (ExAC) 

Deleterious (score: 

0, median: 4.32) 

probably 

damaging (0.999) 
disease causing 

(p-value: 0.861) 

 


