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Purpose of review 

To date 16 genes have been associated with arrhythmogenic cardiomyopathy (ACM). 

Mutations in these genes can lead to a broad spectrum of phenotypic expression ranging from 

disease affecting predominantly the right or left ventricle, to bi-ventricular subtypes. 

Understanding the genetic causes of arrhythmogenic cardiomyopathy is important in diagnosis 

and management of the disorder. This review summarizes recent advances in molecular 

genetics and discusses the application of next generation sequencing technology in genetic 

testing in ACM. 

Recent findings 
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Use of next generation sequencing methods has resulted in the identification of novel causative 

variants and genes for arrhythmogenic cardiomyopathy. The involvement of FLNC in ACM 

demonstrates the genetic overlap between arrhythmogenic cardiomyopathy and other types of 

cardiomyopathy. Putative pathogenic variants have been detected in CDH2, the gene encoding 

cadherin 2, a protein involved in cell adhesion. Large genomic rearrangements in desmosome 

genes have been systematically investigated in a cohort of ACM patients. 

Summary 

Recent studies have identified novel causes of arrhythmogenic cardiomyopathy providing new 

insights into the genetic spectrum of the disease and highlighting an overlapping phenotype 

between arrhythmogenic cardiomyopathy and dilated cardiomyopathy. Next generation 

sequencing is a useful tool for research and genetic diagnostic screening but interpretation of 

identified sequence variants requires caution and should be performed in specialized centers. 
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INTRODUCTION 

Arrhythmogenic cardiomyopathy (ACM) is a rare, primary heart muscle disorder, presenting 

with increased risk for ventricular arrhythmias and sudden cardiac death. Histologically, ACM 

is characterized by loss of myocardial tissue and its replacement by fibrofatty tissue. [1] ACM 

affects approximately 1 in 2000 to 5000 individuals and is considered one of the major causes 



 

 

of arrhythmic sudden cardiac death in the young and athletes. [1] It is typically inherited as an 

autosomal dominant disorder but a small number of recessive cases are also known. [2*] 

The disorder was originally termed “arrhythmogenic right ventricular dysplasia” 

(ARVD) suggesting the dysplastic nature of the disease. [3] ACM patients have a structurally 

normal heart at birth and develop the cardiomyopathy changes later on. It was later named 

“arrhythmogenic right ventricular cardiomyopathy” (ARVC) because it was believed that the 

disease predominantly affects the right ventricle. [1] This is only true for classic disease 

subtypes and the recognition of other forms, i.e. predominant left-sided or bi-ventricular 

cardiomyopathy, has led to the adoption of the broader term “arrhythmogenic 

cardiomyopathy”. 

The purpose of this review is to aid physicians to better understand the genetic basis of 

ACM, review publications in the past year and highlight recent findings that increase our 

knowledge of the genetic causes related to development of this complex disease, and discuss 

the use of next generation sequencing in the genetic diagnosis of ACM. 

 

GENETIC BASIS 

Known genes linked to ACM 

The key to the discovery of the genetic causes of ACM was its association with palmoplantar 

keratoderma and woolly hair in the description of Naxos Disease, named after the Greek island, 

where the first observed families resided. [4] The syndrome is inherited in an autosomal 

recessive manner with full penetrance by adolescence that facilitated genetic linkage analysis 

and identification of homozygosity for a two-nucleotide deletion (2157del2) in plakoglobin 

(JUP) as the underlying genetic cause. [5]  



 

 

Soon after, mutations in other genes encoding main components of the desmosome 

were found to cause ACM, including desmoplakin (DSP), plakophilin-2 (PKP2), desmoglein-

2 (DSG2) and desmocollin-2 (DSC2). [6-9] Desmosomes are complex structures consisting of 

proteins and are responsible for cell adhesion and signalling. [10] Thus, abnormalities in 

desmosome structure were justifiably considered to have a key role in ACM pathogenesis and 

the classic form of the disease presenting with right ventricular cardiomyopathy was considered 

a “disease of the desmosome”. [11] Approximately 30-50% of ACM patients carry a 

pathogenic sequence variant in one of these key desmosome genes (Table 1). In the majority 

of cases inheritance is in an autosomal dominant manner with incomplete penetrance and 

variable expressivity. [22]  

Mutations in other, non-desmosomal genes have been have been found in families with 

ACM (Table 1). These include: transforming growth factor β3 (TGF-β3); transmembrane 

protein 43 (TMEM43); alpha T-catenin (CTNNA3); titin (TTN); lamin A/C (LMNA); 

phospholamban (PLN) and desmin (DES). [12, 14,15, 17-20] Such findings in genes previously 

linked to other forms of cardiomyopathies, represent an overlap between ACM and dilated 

cardiomyopathy (DCM) both at the clinical and genetic level. Finally, it is also worth noting 

that mutations in the cardiac ryanodine receptor 2 (RYR2) gene have also been reported in ACM 

[23] but it is now recognised that the observed phenotype is catecholamine-induced ventricular 

tachycardia rather than ACM and this gene is no longer considered as ACM causing. 

Genetic studies can identify a causative mutation in up to 60% of ACM cases. In the 

largest study of ACM patients and family members to date, 37% of cases were negative for 

mutations in desmosome genes, TMEM43 or PLN. [24] It is postulated that gene-negative ACM 

cases could possibly harbour mutations in unidentified genes or non-coding parts of the genome 

or have large deletions/duplications. It is also possible that disease in those individuals could 



 

 

be the result of a combination of unknown low-penetrance genetic variants and environmental 

factors which would point to an oligogenic form of ACM, as reported in human HCM. (25) 

New genes linked to ACM 

In the last year three new genes have been implicated in the pathogenesis of ACM. Ortiz-Genga 

et al. [16**] used next generation sequencing to screen 2,877 patients with inherited 

cardiovascular disease. They identified 23 truncating mutations in the filamin C (FLNC) gene 

in probands with dilated and left-dominant arrhythmogenic cardiomyopathy. Filamin C is 

expressed in striated muscle where it interacts with the actin cytoskeleton and other sarcomere 

proteins providing stability and signalling functions. [26] FLNC mutations have been 

previously associated with dilated cardiomyopathy [27] but the study by Ortiz-Genga et al. 

[16**] clearly demonstrated how ACM and arrhythmogenic forms of DCM overlap in the 

clinical and genetic level.  

 Using whole exome sequencing two groups independently identified cadherin 2 

(CDH2) as a novel ACM gene. [13*, 28] The number of ACM patients included in those studies 

was relatively small (single patient in one and 73 genotype-negative probands in the other) and 

only two CDH2 putatively disease-causing variants were detected in total. However, cadherin 

2 is a biologically plausible candidate gene for ACM as it plays an important role in cell 

adhesion. [29] Along with alpha T-catenin, a gene already implicated in ACM, cadherin 2 is 

expressed in the area composita, a specialized region of the intercalated discs which connect 

cardiomyocytes to one another. 

 Interestingly, a recent study has proposed that the voltage-gated sodium channel subunit 

alpha Nav1.5 (SCN5A) gene is associated with ACM. [21*] The authors detected a putatively 

pathogenic SCN5A sequence variant in 5/281 patients (1.8%) fulfilling diagnostic criteria for 

arrhythmogenic right ventricular cardiomyopathy. Those variants were associated with 

prolonged QRS duration and their carriers had major structural abnormalities on cardiac 



 

 

imaging. [21*] Furthermore, based on functional studies performed on one variant 

(Arg1898His), the authors suggest that Nav1.5 is in a functional complex with adhesion 

molecules such as N-cadherin. This would potentially indicate that Nav1.5 dysfunction causes 

ACM via non-canonical mechanisms. If validated in larger studies, these findings could have 

important implications on our understanding of the pathogenesis of ACM. 

Large genomic rearrangements linked to ACM 

Until recently, copy number variations (CNVs, i.e. large genomic rearrangements such as gross 

deletions, insertions and duplications) in the PKP2 gene have been reported in case reports as 

the cause of arrhythmogenic cardiomyopathy. [30,31] Pilichou et al. [32**] adopted a 

systematic approach to determine the prevalence of CNVs in the five key desmosome genes in 

ACM patients negative for point mutations in these genes. Investigation of 160 index cases 

revealed 11 CNVs (6.9%) in PKP2, but also in DSC2 and DSG2 genes. It should be noted 

however that only 32% of family members carrying the CNV fulfilled the diagnostic criteria. 

Regardless, these results support CNV screening as potential causes of ACM. 

NEXT GENERATION SEQUENCING SCREENING AND ACM 

Recent advances in DNA sequencing techniques have revolutionized cardiovascular genetics 

facilitating rapid, accurate and cost-effective screening of human DNA for variation on the 

whole genome scale. Three different approaches are available: targeted sequencing of specific 

gene panels; whole exome sequencing (WES) and whole genome sequencing. In practice, for 

inherited cardiovascular diseases and in particular for ACM, only the first two methods are 

currently used for diagnostic purposes and research in order to identify known as well as novel 

causative variants and genes. 

 Given the emerging, common genetic causes and overlapping phenotypes amongst 

different types of cardiomyopathy, including ACM, many groups have designed broad targeted 



 

 

gene panels that include not just ACM-associated genes but also known causative genes for 

other cardiomyopathies. For example, a recent study which identified FLNC as disease-causing 

in ACM, used a panel of 213 genes related to inherited cardiovascular diseases and sudden 

death [16**], whilst Hertz et al. [33] screened 100 genes previously associated with inherited 

cardiomyopathies and channelopathies. In another study of a small cohort of 14 patients, 

analysis focused on 96 known genes and found potentially pathogenic variants in 64% of cases. 

[34*]  

However, the targeted gene approach can only detect variants in known genes and 

therefore patients with no identified mutation must be screened again by WES which 

theoretically covers the entire human exome. WES has been successful in finding new ACM 

genes [13*] and is mainly used for research rather than diagnostic screening. This is mainly 

due to the serious difficulties in interpretation of WES genetic data in general.  Classification 

of genetic variants according to their predicted pathogenicity remains challenging as current 

bioinformatics software used for this purpose lack specificity whilst many rare ACM variants 

are also present in the general population [35, 36], a fact that raises doubts about whether they 

can be genuinely disease-causing. Such variants are currently classified as “variants of 

unknown significance” (VUS). Consequently, interpretation of rare and/or novel genetic 

variants in ACM cases should be performed with caution as their pathogenicity cannot be fully 

ascertained. 

 

CHALLENGES IN GENETIC TESTING 

The role of genetic testing in ACM is fundamental in identifying a pathogenic mutation in an 

index case and subsequently determining the potential risk in their family members. So much 

so that the presence of a pathogenic mutation has been classified as a major criterion in the 

2010 modification of the Task Force criteria for the diagnosis of ACM. [37]  



 

 

However, utilization of genetic results in daily clinical practice is hindered by a number 

of factors. The main ones include: ACM presents with incomplete, age-related penetrance and 

variable phenotypic expression; a proportion of cases carry more than one variant in the same 

or different genes; as described earlier in this review, variants detected in ACM cases have also 

been found in apparently healthy individuals; and, finally, our incomplete understanding of the 

functional significance of sequence variants obtained by genetic screening.  As other cardiac 

disorders can mimic certain phenotypic features of ACM, in some index cases gene testing 

should not be used as the only diagnostic tool. 

These limitations highlight the necessity to perform genetic testing and review the 

resulting genetic data in expert cardiovascular centers. 

 

PATHOGENESIS 

Within the heart, desmosome proteins are known to be expressed primarily in cardiac 

myocytes. The deletion of the Dsp gene in cardiac myocytes leads to cardiac dysfunction, 

cardiac arrhythmias, premature death, and fibro-adipogenesis (38). Research over several years 

in mouse models of ACM has provided insights into the cellular origin and mechanisms of 

ACM. Recent studies have shown that cells other than cardiac myocytes contribute to the 

pathogenesis of ACM (39-41). Specifically, fibroadipocyte progenitor cells, marked by the 

expression of platelet derived growth factor alpha and other markers, were shown to express 

desmosome proteins and upon deletion of Dsp differentiate to fibroadipocytes in ACM (40). 

Furthermore, deletion of desmoplakin in cells of the cardiac conduction system and skin 

keratinocytes, marked by the expression of chondroitin sulfate proteoglycan 4 leads to cardiac 

arrhythmias, palmoplantar keratosis, and alopecia, as observed in Naxos disease (41).  

Mechanistic studies using these models identified a critical role of the canonical WNT and 

Hippo pathways in fibroadipogenesis in ACM (38, 40, 42-44).  Taken together these findings 



 

 

provide plausible mechanisms and expand the current view of the pathogenesis of ACM, 

supporting a multicellular origin of its phenotypes.  

GENOTYPE-PHENOTYPE CORRELATIONS 

Studies of patients with ACM have shown high genetic heterogeneity and limited genotype-

phenotype correlations. [45] Disease expression can vary significantly amongst ACM patients, 

even in those harbouring mutations in the same gene or carrying the same mutation. [46] A 

large study of over 1,000 ACM patients and family members found no statistically significant 

difference in clinical characteristics and outcomes between probands with and without 

mutations, as well as those with familial and non-familial disease. [24] However, patients with 

multiple mutations (homozygotes, compound heterozygotes, or digenic mutation carriers) 

generally exhibit a more severe phenotype [47, 48] and the presence of multiple desmosome 

gene variants is a significant risk factor for major arrhythmic events and sudden cardiac death. 

[48] In addition, patients with multiple variants have been demonstrated to develop 

significantly earlier onset of symptoms and occurrence of sustained ventricular arrhythmias. 

[49] 

 A recent meta-analysis of eleven genotype-phenotype relationship studies revealed that 

mutations in genes encoding desmosome proteins were associated with an early age of onset 

of the disease, presence of T wave inversion in the precordial leads, and a family history of 

ACM. [50] On the other hand, presence and severity of cardiac structural abnormalities, epsilon 

wave, and ventricular tachycardia were similar in those with and without mutations in genes 

encoding desmosome proteins. Finally, Castelletti et al. [51] compared groups of ACM patients 

carrying missense and non-missense mutations in desmoplakin. Non-missense DSP mutations 

were particularly associated with left-dominant forms of the disease as left ventricular 

dysfunction and left ventricular structural abnormalities were significantly more common in 

patients with non-missense mutations compared to those with missense variants. [51]   



 

 

 

CONCLUSION 

ACM is an inherited cardiomyopathy characterized by genetic heterogeneity, incomplete 

penetrance and variable phenotypic expression. Mutations in known ACM genes only account 

approximately for 60% of patients suggesting that other, yet unidentified, genetic defects could 

be the cause of the condition in the remaining cases.  

Recent studies expanded the genetic spectrum of ACM by implicating a further 3 genes, 

FLNC, CDH2 and SCN5A, in the pathogenesis of the disorder. The discovery of ACM-causing 

mutations in FLNC, a gene causative in other cardiomyopathies too, established beyond doubt 

that ACM shares genetic background and clinical presentation with arrhythmogenic forms of 

DCM. The studies on CDH2 are in agreement with current knowledge that defects in cell 

adhesion genes can lead to ACM. The role of SCN5A in ACM is still not fully understood and 

studies in larger patient cohorts are required in order to elucidate how mutations in this gene 

can cause ACM. 

Genetic testing plays an important role in detecting potentially pathogenic mutations in 

probands and identifying relatives at risk of developing the disorder. In that respect next 

generation sequencing methods are a useful tool in investigating the genetic basis of ACM but 

interpretation of genetic results requires specialized knowledge and expertise.  

 

 

KEY POINTS 

 ACM is a rare primary myocardial disease and an important cause of sudden cardiac 

death in the young. 



 

 

 Sixteen genes have been implicated in ACM but mutations in those only account for 

approximately 60% of cases. 

 Recent discoveries of new causative genes such as FLNC have broadened the genetic 

spectrum of the disease and highlighted the genetic and phenotypic overlap between 

ACM and other types of cardiomyopathy, particularly DCM. 

 There is evidence of genotype-phenotype correlations with limited clinical utility at 

present. 

 Interpretation of genetic data obtained by next generation sequencing remains 

challenging and should be performed in expert centers. 
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Table 1. Genes implicated in ACM 

Gene Protein Chromosomal 

location 

Estimated 

prevalence 

(%) 

References 

Known ACM genes coding for desmosome proteins  

PKP2 Plakophilin-2 12p11.21 30-40 [7] 

DSP Desmoplakin 6p24.3 10-15 [6] 

DSG2 Desmoglein-2 18q12.1 3-8 [8] 

DSC2 Desmocollin-2 18q12.1 1-5 [9] 

JUP Plakoglobin 17q21.2 <1 [5] 

 

Other potential genes in ACM    

CTNNA3 Alpha T-catenin 10q21.3 <1 [12] 

CDH2 N-Cadherin 18q12.1 <1 [13*] 

TMEM43 Transmembrane protein 43 3p25.1 <1 [14] 

TTN Titin 2q31.2 <1 [15] 

FLNC Filamin C 7q32.1 <1 [16**] 

LMNA Lamin A/C 1q22 <1 [17] 

TGF-β3 Transforming growth factor β3 14q24.3 <1 [18] 

PLN Phospholamban 6q22.31 <1 [19] 

DES Desmin 2q35 <1 [20] 

SCN5A Voltage-gated sodium channel 

subunit alpha Nav1.5 

 

3p22.2 

 

<1 

 

[21*] 

 

 

 

 

 

 


