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Abstract

Arrhythmogenic cardiomyopathy (AC) is most commonly characterized as a disease of the 

intercalated disc that promotes abnormal cardiac conduction. Previously, arrhythmogenic 

cardiomyopathy was frequently referred to as arrhythmogenic right ventricular cardiomyopathy/

dysplasia (ARVC/D); however, genotype–phenotype studies have defined a broader phenotypic 

spectrum; with the identification of left-dominant and biventricular subtypes. Molecular insight 

into AC has primarily focused on mutations in desmosomal proteins and the downstream signaling 

pathways; however, desmosomal gene mutations can only be identified in approximately 50% of 

patients with AC. Animal and cellular studies have shown that in addition to abnormal 

biomechanical properties from changes in desmosome function, crosstalk from the desmosome to 

the nucleus, gap junctions, and ion channels are implicated in the pathobiology of AC. In this 

review, we highlight some of the newly identified genetic and epigenetic mechanisms that may 

lead to the development of AC including the role of the Hippo pathway and microRNAs.

Keywords

Arrhythmogenic cardiomyopathy; Hippo; MicroRNA; Desmosome; Single nucleotide 
polymorphism

1. Introduction

Arrhythmogenic cardiomyopathy (AC), which is commonly referred to as arrhythmogenic 

right ventricular cardiomyopathy/dysplasia (ARVC/D), is defined as a disease of the 

intercalated disc that promotes abnormal cardiac conduction, sudden cardiac death, and heart 

failure [1,2]. Recently, clinical definitions of AC have been refined to encompass a broader 

phenotypic spectrum; including left-dominant and biventricular subtypes [3,4]. AC is 

clinically distinguishable from idiopathic dilated cardiomyopathy (DCM) as it presents an 

arrhythmogenic burden that exceeds the degree of cardiac dysfunction defined by 

morphology, histology, and ejection fraction [5]. However, recent clinical evidence has 

determined that patients with atypical AC disease phenotypes are often misdiagnosed with 

DCM [6,7]. AC is diagnosed clinically using electrocardiogram (ECG) and morphological 
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recordings in conjunction with genetic screening and familial disease history. Histological 

evidence for transmural fibrofatty replacement is considered a classical symptom for a 

definitive diagnosis [8–10]. However, this assessment is not possible in most patients.

AC is typically considered a hereditary cardiomyopathy as approximately half of all AC 

cases can be attributed to known genetic mutations. The most common mutations occur in 

genes encoding desmosomal proteins, which result in desmosomal dysfunction [11]. In the 

heart, desmosomes are critical protein complexes localized at the intercalated disc that 

facilitate strong myocyte–myocyte interactions. Furthermore, desmosomal proteins associate 

with fascia adherens proteins to provide stability and mechanical continuity throughout the 

myocardium. Gap junctions, which are essential for fast intermyocyte electrical propagation 

of the action potential, also form interactions with desmosomes at the intercalated disc [12]. 

Growing evidence suggests that desmosomal dysfunction directly contributes to decreased 

connexin expression at the intercalated disc [13–15].

Molecular mechanisms that are attributed to cardiac arrhythmias involve the dysregulation of 

ion channels and pumps, abnormal intracellular Ca2+ handling, and disrupted cell–cell 

electrical coupling. Dysfunction of the intercalated disc as well as fibrosis and adipose 

infiltration contribute to slowed or blocked cell-cell electrical coupling within the ventricular 

myocardium. This gives rise to conditions favorable to re-entrant circuits and 

arrhythmogenesis [16]. The majority of known genetic mutations in humans that directly 

contribute to dysfunction of the intercalated disc and the AC phenotype include: 

Plakophilin-2, Desmoplakin, Desmoglein-2, Desmocollin-2, Plakoglobin, and αT-catenin. 

Other genetic mutations that promote AC have also been described in the extra-desmosomal 

proteins TMEM43 and TGFβ3, which have been shown to indirectly affect intercalated disc 

function (Table 1) [17]. As these genetic mechanisms have been reviewed extensively 

[1,4,18,19], these will not be included in this review as to focus on recent findings.

To date, research has focused primarily on the genetic factors underlying AC pathogenesis. 

Since a number of the defined mutations that yield an AC phenotype are frame-shift or non-

sense mutations, haploinsufficiency of desmosomal proteins is suggested as an underlying 

mechanism of AC [20,21]. Moreover, instances of AC patients with and without known 

genetic mutations have shown evidence for downregulation of desmosomal proteins [22,23]. 

This suggests that other mechanisms, potentially epigenetic factors, may also contribute to 

desmosomal dysfunction and an AC phenotype.

2. Hippo pathway in arrhythmogenic cardiomyopathy

The histopathological characteristics of AC include adipose infiltration, fibrosis, and 

increased cell death [24,25]. These features, which are likely a secondary effect of 

intercalated disc dysfunction, also contribute to impaired cell-cell conduction and 

arrhythmogenesis. Several studies have sought to discover how changes to the desmosome 

could lead to fibro-fatty replacement of myocytes and investigated changes in cell signaling. 

In mutations resulting in AC, it has been noted that there is reduced plakoglobin localization 

to IDs [22]. Garcia-Gras et al. showed suppression of desmoplakin led to nuclear 

localization of plakoglobin and a 2-fold reduction in canonical Wnt/β-catenin signaling 
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through Tcf/Lef1 transcription factors. Nuclear plakoglobin was shown to suppress 

canonical Wnt signaling and thereby enhance adipogenesis driven by PPARγ and C/EBPα. 

Recently, Chen et al. implicated the Hippo/YAP and its link to the canonical Wnt/β-catenin 

pathways to the pathogenesis of AC [26]. The Hippo pathway plays a key role in the 

regulation of organ growth and cellular proliferation, and regulates cardiomyocyte 

proliferation and heart size. Both pathways play critical roles in tissue development and 

homeostasis by regulating cell growth, differentiation, and proliferation [27–30]. Recent 

studies have described cross-regulation between these two pathways, which suggests that an 

important negative feedback role exists for Hippo/YAP in the Wnt/β-catenin pathway. YAP 

(Yes-associated protein) is known to interact with β-catenin to prevent its nuclear 

localization, thereby inhibiting Wnt signaling [31]. Two of the major upstream stimuli 

regulating the activity of the Hippo pathway are cell adhesion and polarity [27]. In the 

cardiomyocyte, not only is cell adhesion at the intercalated disc essential for mechanical 

continuity and electrical propagation throughout the myocardium, but it also serves as a 

critical focus for cell signaling. Important cell signaling molecules that scaffold here are β-

catenin and neurofibromin 2 (NF2), which are important upstream molecules in the Wnt and 

Hippo pathways, respectively [26,32]. Work by Chen et al. described a mechanism by which 

disruption of the desmosome in human AC patients or mouse and cell models of AC causes 

activation of NF2 and subsequent activation of downstream Hippo pathway kinases, MATS 

and LATS (Fig. 1). Elevated levels of phosphorylated YAP, as a result of this Hippo kinase 

activation, led to sequestration of β-catenin by YAP and inhibition of Wnt signaling 

resulting in adipogenesis. Furthermore, by knocking down Hippo kinase LATS1/2 in the 

HL-1 cell line model of AC, adipogenesis was ameliorated. These findings suggest that 

canonical Wnt inhibition and Hippo activation play an important role in the pathogenesis of 

AC [26]. It remains unclear whether changes in the Hippo and Wnt/β-catenin pathways are 

present in all mutations causing AC or if these changes are restricted to specific to any 

particular genotype. Additionally, this certainly does not clarify mechanisms for without 

identified desmosome gene mutation.

3. MicroRNAs

Epigenetic mechanisms, in particular microRNAs, are gaining more attention as potential 

regulators of the aforementioned molecular mechanisms of arrhythmogenesis [33]. 

MicroRNAs are small noncoding RNAs whose physiological role is the regulation of gene 

expression at the level of mRNA translation. Selective binding of microRNAs to 

complementary target sites of mRNAs functions as repressor of protein translation and, 

possible destabilization and degradation of the bound mRNA. The complementary 

nucleotide sequences bound by miRNAs are found within the 3′ untranslated region 

(3′UTR) or protein-coding regions of mRNA transcripts [33,34]. A majority of miRNA 

“target sites” are conserved throughout mammalian species, which gives credence to their 

importance in normal physiological processes. The epigenetic mechanism by which 

microRNAs control gene expression is imperative in maintaining control of complex genetic 

pathways. Aberrant microRNA levels are implicated in a number of pathophysiological 

conditions, including cardiovascular disease.
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New research now suggests that epigenetic factors contribute to adipogenesis in AC (Fig. 2). 

Recent work by Gurha et al. investigated epigenetic changes in mouse and cell models of 

AC. Out of the 750 miRNAs screened for differential expression, 59 were significantly 

changed in plakophilin 2 deficient HL-1 cells. Of these, the most robust change was the 

downregulation of mir-184, which was also associated with DNA hypermethylation 

upstream of miR-184. Data from qPCR results also showed significant reduction in miR-184 

levels in hearts of two independent mouse models of AC, suggesting that desmosomal 

dysfunction was the underlying cause of miR-184 reduction. Analysis of Hippo and Wnt 

pathways determined that changes in miR-184 expression had no significant effect on 

transcriptional activities of either pathway or expression levels of their targets. However, 

overexpressing of miR-184 in plakophilin 2 deficient HL-1 cells caused a significant 

reduction in adipogenesis. Further investigation identified miR-184 associated changes in 

the transcript levels of Agpat1 and Agpat3, which are important enzymes involved lipid 

biosynthesis. These results suggest an important role for miR-184 in the pathogenesis of AC 

that is likely independent of Hippo and Wnt pathways [35].

Similarly, a study by Zhang et al. investigated epigenetic changes in AC by profiling miRNA 

expression level from 24 unrelated end-stage AC patients who underwent cardiac transplant. 

They hypothesized that miRNAs are involved in the pathophysiology of ARVD and 

contribute to the fibro-fatty formation. Out of 1078 miRNAs screened, a total of 24 

significantly varied microRNAs were identified, with 12 up-regulated microRNAs 

(miR-21-3p, miR-21-5p, miR-34a-5p, miR-212-3p, miR-216a, miR-584-3p, miR-1251, 

miR-3621, miR-3674, miR-3692-3p, miR-4286, miR-4301) and 12 down-regulated 

microRNAs (miR-135b, miR-138-5p, miR-193b-3p, miR-302b-3p, miR-302c-3p, 

miR-338-3p, miR-451a, miR-491-3p, miR-575, miR-3529-5P, miR-4254, miR-4643). Of 

these, miR-21 and miR-135b were determined by gene ontology analysis to target multiple 

genes within the Wnt and Hippo pathways. In contrast to the in vitro HL-1 cell and mouse 

studies from Gurha et al., the expression level of miR-184 was not significantly different in 

this selected ARVC patient group. Indeed, the expression profiles found in both studies did 

not demonstrate any overlap in any single miRNA. Though these results suggest a potential 

role in miRNA expression and Wnt/HIPPO signaling [36], further study is necessary to 

determine the exact functional consequences caused by upregulation of miR-21 and 

downregulation of miR-135b in the pathogenesis of AC and to determine if there is indeed a 

differential expression signature consistent among the variable phenotypes of AC. It is 

possible that similar to the highly variable differential microRNA expression profile in 

cardiomyopathy, AC profiles will be unique.

3.1. Myocarditis and microRNA-21

In addition to the inherited ultrastructural-defect concept underlying AC, cardiomyocyte 

necrosis seen in AC may also be due to myocarditis. Because the appearance of 

inflammatory cells are a common finding in pathology studies of hearts with AC, this 

concept of myocardial inflammation remains under consideration [8]. Viral myocarditis 

(VM), an underlying cause of DCM and sudden cardiac death, is an infection of the cardiac 

muscle by cardiotropic viruses that include: adenovirus, enterovirus, and cytomegalovirus 

[37–39]. Ventricular arrhythmias are a common occurrence with acute VM [40]. 
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Additionally, viral infection is commonly present as a comorbidity with AC [41]. VM alone 

often leads to cardiomyopathy with clinical symptoms that mimic the electrophysiological 

and functional abnormalities of AC [42]. Given these commonalities, it has been proposed 

that VM may provoke or unmask disease symptoms in individuals that are genetically 

susceptible to AC [43]. Recent studies examining the pathogenesis of VM have described 

mechanisms responsible for disrupting the integrity of the intercalated disc. These 

mechanisms are evidenced by dysregulated desmosomes, fascia adherens, and gap junctions 

as the result of impaired expression of desmin, vinculin, and connexin43, respectively 

[44,45].

Several miRNAs have been identified as differentially expressed in VM myocardium. While 

the function of miR-21 has yet to be characterized in AC, recent work has identified an 

important pathophysiological and potentially arrhythmogenic role for miR-21 in viral 

myocarditis. In particular, miR-21 has been shown to upregulated in a variety of viral 

infections including CVB3, an enterovirus known to cause VM [46–48]. Recent work by Ye 

et al. suggests an underlying role for miR-21 in the pathogenesis of VM. Here, they define 

an indirect mechanism by which miR-21 mediates degradation of desmin resulting in 

disrupted desmosome structure. In CVB3 infected myocardium, the deubiquitination 

enzyme YOD1 was targeted by miR-21 resulting in polyubiquitination of desmin and 

degradation by the proteasome. Furthermore, the authors provide evidence for miR-21 

mediated downregulation of vinculin and a concomitant disruption of fascia adherens. 

Interstingly, miR-21 has been implicated in the inhibition of apoptosis of cardiac fibroblasts, 

leading to cardiac hypertrophy and myocardial fibrosis. It has also been implicated in the 

pathogenesis of aortic aneurysm formation [49]. Altogether, these new findings on miR-21 

in myocardidtis define a critical role in the integrity of intercalated disc and the pathogenesis 

of VM [45].

3.2. MicroRNA-130a

Recently, work from our group demonstrated that overexpression of miR-130a in adult 

mouse myocardium could induce a highly arrhythmogenic substrate manifested as both 

inducible and spontaneous ventricular arrhythmias, along with a dilated cardiomyopathy. We 

demonstrated that miR-130a was a direct target for the myocardial gap junction protein, 

connexin43 [50]. In addition to Cx43, miR-130a was also found to target the desmosomal 

protein DSC2. In transgenic hearts, many of the characteristic features of AC were 

demonstrated with histologic findings of fibrosis and lipid accumulation within both 

ventricles. Taken together, overexpression of miR-130a in myocardium resulted in a disease 

phenotype resembling AC and therefore, may serve as potential model for microRNA-

induced AC [51]. It remains to be seen whether or not miR-130a expression is altered in 

human AC.

4. Other relevant epigenetic mechanisms

DNA methylation is the most common epigenetic modification in the mammalian genome 

and involves the addition of a methyl group to the 5′ carbon of a cytosine by DNMT 

enzymes and mostly occurs at the CpG (cytosine preceding guanosine) dinucleotide 
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sequences, also known as CpG islands. It is possible that in those patients with no known 

pathogenic gene mutation, DNA methylation of CpG islands may represent another 

mechanism for gene regulation in the pathogenesis of AC.

However, to date, this has not been reported in AC. Similarly, modifications to histones and 

the subsequent remodeling of chromatin have not been studied in the pathogenesis of 

arrhythmogenic cardiomyopathy. The eukaryotic DNA is tightly compact and organized in 

chromatin. The nucleosome is the central unit of chromatin and is composed of histone 

proteins (H2A, H2B, H3, and H4) around which a DNA segment is looped. Amino-terminal 

tails from each histone protein can undergo a variety of posttranscriptional modifications 

such as methylation, phosphorylation, acetylation, sumoylation, ubiquitination, ADP-

ribosylation, proline isomerization, and deimination. These modifications effect 

conformational changes in the chromatin allowing for regions of DNA to be accessible or 

inaccessible for trasnscription and thereby altering gene expression.

Recent studies have found that a large proportion of the genome is transcribed as long 

noncoding RNAs (lncRNAs), a heterogeneous group of noncoding RNA transcripts greater 

than 200 nucleotides in length, residing within or between coding genes. Previously thought 

to be simply degradation products of messenger RNA transcripts, many lncRNAs are 

functional RNAs and have been found to be involved in regulation of gene expression 

through transcriptional or posttranscriptional regulatory mechanisms. Unlike microRNAs, 

lncRNAs are able to confer a complex 3-dimensional structure enabling many of them to 

bind specific sets of proteins. Additionally, segments of single-strand RNA sequences within 

lncRNA structures allow them to bind to complementary sequences in the genome. 

Functionally, lncRNAs are predominately known as regulators of transcription, including 

epigenetic modification of chromatin structure. However, recent data has implicated 

lncRNAs as regulators of gene expression using a wide array of mechanisms including pre-

mRNA splicing, mRNA degradation, and mRNA translation. lncRNAs differ from miRNAs 

as their function is not dependent exclusively on sequence complementarity with a target 

mRNA. lncRNAs can function using sequence complementarity with other nucleic acids and 

can also function using structure, forming molecular scaffolds for the assembly of 

macromolecular complexes. Given their recent appearance on our understanding of the 

transcriptional landscape, there is yet no data on the role of lncRNAs in arrhythmogenic 

cardiomyopathy.

Although these important epigenetic pathways have not been studied in arrhythmogenic 

cardiomyopathy, their prevalence in regulation of gene expression in disease states make it a 

likely contributor and deserves further exploration.

5. The role of variants in arrhythmogenic cardiomyopathy

Genetic variations, such as single nucleotide polymorphisms (SNPs), have the potential to 

contribute to an individual's susceptibility to developing disease. Disease associated SNPs 

can affect either coding and non-coding regions of genes, which can ultimately change 

protein function or gene expression levels. Investigators have determined that SNPs lying 

within the mRNA transcript could yield a gain or loss of miRNA target sites [52]. In fact, 
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52% of the known SNPs in the dbSNP database have been defined as creating novel miRNA 

binding sites [53]. Over the past decade, several pathologies have now described SNP-

associated changes in miRNA target sites [54]. It is conceivable that SNPs in regions of 

miRNA target sites in AC-associated genes may also contribute to the development of the 

AC phenotype without directly affecting the genetic sequence [53]. Studies are still required 

to validate this mechanism of disease-associated SNPs in the development of AC. To date, 

no SNPs identified from human GWAS have been characterized in UTRs of AC-associated 

gene transcripts.

However, instances of UTR mutations have been identified that associate with the 

pathogenesis of AC. Work done by Beffagna et al. identified mutations in both the 5′ and 3′ 
UTR of the TGFβ3 transcript in patients with AC. Using luciferase reporter assays, they 

determined that either one of these mutations was sufficient to cause a significantly higher 

translation efficiency. While the 5′ UTR mutation was determined to cause an amino acid 

substitution in the coding region of TGFβ3, the mechanism by which the 3′ UTR mutation 

enhanced translation efficiency of TGFβ3 and ultimately an AC phenotype has not yet been 

characterized [55].

Recent work by Meurs et al. investigated genetic changes in adult boxer dogs with heritable 

AC. By performing GWAS, they identified an eight base pair deletion that resided in the 

3′UTR of the extra-desmosomal gene striatin The presence of the mutation significantly 

downregulated total striatin expression and its localization at the intercalated disc. With the 

prediction of change in secondary structure of the striatin transcript, the authors suggest 

reduced expression of striatin is likely associated with destabilization of the mRNA [[56].].

As clinical genetic testing becomes more routine in clinical practice, the extent of this 

genetic variation is increasingly being appreciated. It is widely recognized a significant 

proportion of genetic variation is not relevant for determining health or risk for disease and 

collectively has been referred to as “genetic noise.” Kapplinger et al. reported background 

genetic variation in ARVC. They performed a genetic analysis of PKP2, DSP, DSG2, DSC2, 

and TMEM43 for 92 affected individuals diagnosed with ARVC and 427 control subjects. 

Not surprisingly, radical mutations resulting in stop codons were identified in 43% of 

affected individuals versus 0.5% in control subjects. However, the frequency of missense 

mutations was similar between probands and controls (21% of affected individuals and 16% 

of controls). Further analysis of ARVC related genes and locations of missense mutations 

that were highly detected in controls demonstrated that missense mutations in DSP and 

DSG2, especially at the C-terminals of both genes, were highly detected in controls [57]. In 

recent years, the expansion of technology, bioinformatics, and scalability of next generation 

platforms have provided a more in-depth and expansive coverage of the human genetic 

landscape. Through the development of next-generation sequencing, study of the global 

molecular changes in the failing myocardium has begun to be explored. As this analysis will 

eventually be extended to arrhythmogenic cardiomyopathy, separation of the “signal” from 

the “noise” and distinguishing a diagnostic genetic change from background genetic 

variation will remain a difficult task for researchers and clinicians.
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6. Conclusions

Altered expression of demosomal proteins and dysfunction of the intercalated disc has been 

the hallmark of AC. However, the characterization of extra-desmosomal proteins, including 

those involved in downstream signaling pathways, has given new insight into the 

pathogenesis of AC. The broad phenotypic variability suggests that AC is highly complex 

and likely influenced by both genetic and epigenetic factors. In some cases, desmosomal 

genetic mutations have been identified in patients diagnosed with DCM that never met the 

histopathological criteria for AC [7]. Moreover, clinical diagnosis of AC with evidence of 

desmosomal dysfunction has occurred in patients not carrying a known genetic mutation 

[22,23]. Given the intricate nature of cardiomyopathies and arrhythmia, future studies that 

define common molecular mechanisms responsible for compromising the integrity of the 

intercalated disc are imperative for development of more comprehensive diagnostic tools and 

potential novel therapeutics.
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Fig. 1. 
Schematic of Wnt/β-catenin and Hippo pathways in arrhythmogenic cardriomyopathy.

At the intercalated disc, PKCα is localized near the membrane allowing inactivation of NF2 

via phosphorylation. YAP phosphorylation state is low and plakoglobin is localized at the 

ID. Wnt/β-catenin signaling can proceed normally. Disruption of the intercalated disc in AC 

by a desmosomal mutation effects aberrant signaling via loss of PKCα localization to the 

submembrane and allowing NF2 activation of the Hippo kinase cascade (including MATS 

and LATS). Nuclear plakoglobin, perhaps in the form of a complex with β-catenin and YAP, 

interferes with nuclear β-catenin.

β-cat, β-catenin; Dvl, disheveled; LEF, lymphoid enhancer- binding factor-1; NF2, 

neurofibromin 2; PKCα, protein kinase C-α isoform; TCF, T-cell factor; and TEAD, TEA 

domain family member 1; YAP, Yes-associated protein.
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Fig. 2. 
Potential mechanisms of microRNA mediated development of arrhythmogenic 

cardriomyopathy.

SNP-associated changes in miRNA target sites located in AC-associated genes 3’UTRs may 

alter the expression of known proteins implicated in the development of arrhythmogenic 

cardiomyopathy. Alternatively, changes or mutations in desmosomal proteins may also alter 

expression of microRNAs important in the development of the myocardial changes seen in 

arrhythmogenic cardiomyopathy.

PKP2, Plakophillin-2; Pkg, Plakoglobin; DSG2, Desmoglein-2; DSC2, Desmocollin-2; miR, 

microRNA.
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Table 1

Genes implicated in arrhythmogenic cardiomyopathy.

Gene Protein Function Phenotype

JUP Plakoglobin Desmosomal protein ARVD-cutaneous syndrome

DSP Desmoplakin Desmosomal protein ARVD-cutaneous syndrome

PKP2 Plakophilin-2 Desmosomal protein ARVD

DSG2 Desmoglein-2 Desmosomal protein ARVD

DSC2 Desmocollin-2 Desmosomal protein ARVD

RYR2 Ryanodine receptor 2 SR calcium channel CPVT

DES Desmin Intermediate filament DCM/HCM, conduction anomaly

TTN Titin Sacromeric protein DCM, conduction anomaly

TMEM43 Transmembrane protein 43 (LUMA) Nuclear membrane protein ARVD

TGFβ3 Transforming growth factor β3 Cytokine ARVD
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