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Abstract

Arrhythmogenic cardiomyopathy (ACM) is a primary myocardial disorder characterized by the 

early appearance of ventricular arrhythmias often out of proportion to the degree of ventricular 

remodeling and dysfunction. ACM typically presents in adolescence or early adulthood. It 

accounts for 10% of sudden cardiac deaths in individuals under the age of 18 years. Although 

there has been significant progress in recognizing the genetic determinants of ACM, how specific 

gene mutations cause the disease remains poorly understood. Here, we review insights gained 

from studying the human disease as well as in vivo and in vitro experimental models. These 

observations have advanced our understanding of the molecular mechanisms underlying the 

pathogenesis of ACM and may lead to development of new mechanism-based therapies.
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Introduction

Arrhythmogenic cardiomyopathy (ACM) is apparently the most arrhythmogenic form of 

heart disease known to man. Its pathological hallmark is progressive myocardial 

degeneration with subsequent replacement by scar and fatty tissue.1, 2 Originally described 

as arrhythmogenic right ventricular cardiomyopathy (ARVC), it is now recognized to 

include left dominant and biventricular forms. Arrhythmias arise early in the natural history 

of ACM, often preceding structural remodeling of the myocardium.1, 2 In this sense, ACM is 

more reminiscent of ion channelopathies than the other non-ischemic cardiomyopathies. 
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However, arrhythmias in ACM do not depend on ion channel mutations but instead arise in 

structurally normal hearts with normal ion channel genes.

It is estimated that in the United States, ACM affects 1:5000 individuals and accounts for 

17% of sudden cardiac death (SCD) cases <35 year of age.3 In certain regions of the world, 

such as Northern Italy, prevalence reaches 1:1000 and ACM is the number one cause of 

SCD among young athletes.4 ACM is familial in at least 50% of cases and is predominantly 

inherited in an autosomal dominant manner although recessive forms have been 

recognized.5 Currently, diagnosis relies on fulfilling clinical criteria set by an International 

Task Force, which although relatively specific are not highly sensitive.6 Increasingly, 

overlap is recognized with other forms of cardiomyopathy segregating in the same family.

Early genetic studies were hampered by the low genetic penetrance, phenotypic variation 

and age-related progression characterizing the disease.5 Thus, it was not until 2000 that 

analysis of patients from the Greek island of Naxos with a rare, highly penetrant recessive 

form of ACM led to the identification of the first disease-causing mutation, a deletion 

(2057del2) in the gene encoding the desmosomal protein plakoglobin (γ-catenin). So-called 

Naxos disease is a triad of classical ARVC, woolly hair and palmoplantar keratoderma.7 

This discovery provided the initial insight that ACM is a ‘disease of the desmosome’ and 

paved the way for identification of mutations in other desmosomal genes including those 

encoding desmoplakin, plakophilin-2, desmocollin-2 and desmoglein-2.5

The disease in children

ACM-related mutations are present from conception, but the clinical phenotype is not 

manifested until at least adolescence or more typically early adulthood. It is therefore of 

pivotal importance to recognize ACM in young individuals early, before the onset of risk of 

fatal arrhythmias.8 Not long after ARVC was established as a new morbid entity,9 Dungan 

et al. diagnosed the disease in 3/8 children undergoing angiography for sustained 

monomorphic ventricular tachycardia (VT) of left bundle branch block (LBBB) morphology 

in the context of seemingly structurally normal hearts.10 Currently, the diagnostic yield of 

ACM among children who present with this type of arrhythmia remains the same, although 

the diagnosis of ACM is now facilitated by analysis of the ECG, Holter monitoring, signal-

averaged (SA)-ECG, echocardiography, MRI and voltage mapping as well as by mutation 

screening.8 ECG and SA-ECG findings can identify >50% of children that fulfill the Task 

Force Criteria. By contrast, histological findings in endomyocardial biopsy samples were 

diagnostic of the disease in only 16/48 children.8

Although the diagnostic utility of MRI is growing among the adult population with ACM, 11 

it remains controversial in pediatric cases. Aviram et al. reviewed MRI findings in 26 

children undergoing clinical assessment for ACM and showed a moderate correlation 

between MRI abnormalities and diagnostic status.12 Fogel et al. reviewed MRI findings in a 

population of 81 children and concluded that MRI is a low-yield test for ACM diagnosis in 

this age group.13 Despite the difficulties in disease diagnosis, however, ACM accounts for 

10% of SCD cases among individuals below the age of 18.8 Current guidelines suggest that 

asymptomatic children diagnosed with ACM based on clinical and/or genetic evaluation 
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should avoid competitive sports, modify recreational sports and be evaluated annually8. 

These restrictions are of paramount importance given that 10% of ACM-related deaths occur 

before adulthood and exercise may to trigger arrhythmic events.8, 14

Lessons from the human disease

Studies of the molecular pathology of ACM in patient myocardial tissues have revealed 

consistent patterns of redistribution of key intercalated disk proteins and features of 

inflammation and apoptosis. Here, we briefly describe these features and discuss their 

implications in terms of disease mechanisms.

Immunoreactive signal for the desmosomal protein plakoglobin, also known as γ-catenin, is 

reduced at intercalated disks in the majority of ACM myocardial samples regardless of the 

underlying pathogenic mutation (Fig 1A).15 In experimental models, this is accompanied by 

redistribution to intracellular and intranuclear sites. Such redistribution probably also occurs 

in patients but is more difficult to demonstrate by immunohistochemistry in formalin-fixed, 

paraffin-embedded tissues. As a member of the catenin family of proteins, β-catenin and 

plakoglobin (α-catenin) appear to have different roles in normal cell function. Whereas β-

catenin fulfills roles both as a structural protein in desmosomes and adherens junctions and 

as a nuclear transcription co-factor regulating gene expression programs, plakoglobin serves 

mainly if not entirely as an anchoring molecule confined to cell-cell junctions.16,17 The 

distribution of β-catenin in junctional and nuclear pools is tightly regulated by the canonical 

Wnt pathway.16–18 Wnt pathways are involved in fundamental biological processes 

including normal heart development and differentiation, cardiac hypertrophy, heart failure 

and aging.18 Experimental evidence suggests that nuclear localization of plakoglobin in 

ACM dysregulates Wnt/β-catenin signaling raising the possibility that altered signaling 

through this pathway may be part of the disease mechanism in ACM.19

Gap junction remodeling, evidenced by reduced immunoreactive signal at cell-cell junctions 

for the major ventricular gap junction protein Cx43, also appears to be a consistent feature 

of ACM (Fig 1A).15 It apparently develops as an early manifestation of disease. Only 

limited tissue samples are available from ACM patients during the early “concealed” phase 

of the disease, but in one striking example, marked loss of junctional Cx43 signal was seen 

in the heart of a 7 year-old child with Naxos disease in whom >14,000 premature ventricular 

contractions were identified on 24 hr Holter monitoring. This child died of an acute 

leukemia and at autopsy had what appeared to be a structurally normal heart.20 Although 

anecdotal, this observation raises the possibility that gap junction remodeling may contribute 

to arrhythmias prior to the appearance of structural abnormalities.

Pathologists have long recognized myocardial inflammation as a feature of ACM, often 

associated with disease flares associated with increased arrhythmic activity.21 It is unclear, 

however, whether inflammation plays a primary role in ACM pathogenesis, or represents a 

secondary response to myocyte injury. Mononuclear inflammatory infiltrates are commonly 

seen in the hearts of ACM patients and in some cases can be especially prominent and 

suggest myocarditis as a primary diagnosis.21 Even in the absence of inflammatory cells, 

cardiac myocytes in ACM express pro-inflammatory cytokines (Fig 1B), some of which, 
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including interleukin-17 (IL-17) and tumor necrosis factor alpha (TNFα), can promote the 

rapid redistribution of plakoglobin from junctional to intracellular sites in vitro, thus 

establishing a potential mechanistic link between inflammation and redistribution of 

intercalated disk proteins.22 Increased circulating levels of pro-inflammatory cytokines have 

also been found in patients with ACM.22

Reduced densities of the cardiac Na+ current and the inward rectifying K+ current, IK1, have 

been observed in experimental models of ACM 23, 24 which, combined with reduced gap 

junctional coupling, could contribute to the highly arrhythmogenic phenotype. Only limited 

characterization of cellular electrophysiology has been performed in patients with ACM and 

this involves analysis of cardiac myocytes from patient-derived induced pluripotent stem 

cells. Such cells from a patient with ACM due to a mutation in plakophilin2 show reduced 

Na+ current density25 and abnormal Ca2+ dynamics.26 It has also been reported that 

immunoreactive signal for Nav1.5 (Fig 1A), the major protein subunit responsible for the 

cardiac sodium current, is reduced at intercalated disks in patients with ACM.27 These 

observations raise the possibility that defective localization of ion channel proteins could 

contribute to reduced INa and IK1 densities in ACM. In this regard, the PDZ domain protein 

synapse-associated-protein 97 (SAP97) is known to participate in the regulation of Nav1.5 

and Kir2.1, the major protein subunits responsible for the cardiac Na+ current and the 

inward rectifying potassium current IK1, respectively.28 Indeed, abnormal distribution of 

immunoreactive signal for SAP97 has been described in experimental models of ACM and 

in patient myocardial samples (Fig 1A).24

Lessons from zebrafish

To gain further insights into disease mechanisms and to facilitate high-throughput chemical 

screening for drug discovery, we created a transgenic zebrafish model of ACM with cardiac 

myocyte-specific expression of human plakoglobin bearing the 2057del2 mutation.24 

Transgenic fish exhibited bradycardia, reduced stroke volume and reduced cardiac output by 

only 48 hours post-fertilization. As young adults, they demonstrated cardiomegaly, 

peripheral edema and cachexia, and experienced substantial mortality from arrhythmias or 

heart failure.24 Ventricular myocytes from fish expressing 2057del2 plakoglobin exhibited 

changes in action potential morphology including marked reduction in the maximum rate-of-

rise of phase 0 and reduced resting membrane potential. There were corresponding 

reductions in the peak INa and IK1 densities but not in the delayed rectifier potassium current 

IKr. Unlike Nav1.5 and Kir2.1, trafficking of Kv11.1, the major protein subunit underlying 

IKr, is not regulated by SAP97.29

To identify potential tool compounds, we screened a library of bioactive compounds for 

modifiers of the disease phenotype in zebrafish.24 One compound in particular, SB216763, 

prevented development of bradycardia and contractility defects and significantly increased 

survival in the mutant fish. This small molecule also rapidly reversed the highly abnormal 

action potential phenotype and corrected the marked decreases in INa and IK1 exhibited by 

mutant fish myocytes.24
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SB216763 has been annotated as an ATP-competitive inhibitor of glycogen synthase kinase 

3β (GSK-3β).30 It is, therefore, an activator of the canonical Wnt/β-catenin signaling 

pathway.18 When this pathway is quiescent, cytosolic β-catenin becomes phosphorylated by 

GSK-3β and targeted for degradation. In response to Wnt ligands, however, GSK-3β is 

prevented from phosphorylating β-catenin which can enter the nucleus where it regulates 

gene expression.18 The observation that an apparent Wnt pathway activator can rescue the 

features of the ACM phenotype in fish, is consistent with previous studies in mouse models 

suggesting an association between ACM and suppression of this signaling pathway.19

Lessons from in vitro models of ACM

Neonatal rat ventricular myocytes (NRVM) transfected to express plakoglobin bearing the 

2057del2 mutation exhibit many of the same features identified in patients with ACM.24 For 

example, myocytes expressing mutant plakoglobin showed intracellular and intranuclear 

accumulation of plakoglobin as well as gap junction remodeling within 24 hours of 

transfection (Fig 2A). These marked changes in protein localization occur with no apparent 

change in the total cellular content of plakoglobin and Cx43, thus implicating abnormal 

protein distribution rather than abnormal protein synthesis or degradation as a mechanism 

underlying ACM pathogenesis. Transfected NRVMs also show decreased immunoreactive 

signal for Nav1.5 (Fig 2B), and abnormal localization of SAP97 (Fig 2A), and exhibit 

increased rates of apoptosis (Fig 2C), which are further increased in response to mechanical 

stress.24 NRVMs expressing 2057del2 plakoglobin secrete numerous pro-inflammatory 

cytokines into the culture medium including IL-17, TNFα and macrophage inflammatory 

protein-1α, all of which have previously been found at high circulating levels in patients 

with ACM (Fig 2D).22, 24 And like fish myocytes expressing mutant plakoglobin, 

transfected NRVMs exhibit marked alterations in action potential morphology.24

To investigate whether SB216763 exerts salutary effects in a mammalian model of ACM, 

we treated NRVMs expressing mutant plakoglobin with the drug and determined whether 

the disease features previously demonstrated in these cells were reversed. After only 24 

hours of exposure to SB216763, the distribution of plakoglobin and Cx43 appeared to be 

restored to normal. SB216763 also virtually eliminated apoptosis (Fig 2C) and normalized 

cytokine levels in media recovered from transfected cultures (Fig 2D). And as observed in 

fish, exposure of 2057del2 NRVMs to SB216763 for only 24 hours reversed action potential 

remodeling.24 Finally, SB216763 restored the normal localization of Nav1.5 and SAP97 in 

mutant plakoglobin-expressing myocytes (Fig 2A and 2B) without apparent changes in total 

protein expression levels. These observations provide independent evidence that changes in 

cellular electrophysiology in ACM are related to defective forward trafficking of key ion 

channel proteins rather to insufficient ion channel protein production. They also suggest that 

a common mechanism, sensitive to the mitigating effects of a single small molecule, is 

responsible for both the myocyte injury and the arrhythmia phenotype characterizing 

ACM.24

To further investigate the role of SAP97 in ACM, we knocked down its expression in 

normal NRVMs using short hairpin RNA (shRNA) and examined the distribution of key 

intercalated disk proteins.24 Knock-down of SAP97 prevented junctional localization of 
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Nav1.5, as reported.28 However, it also reduced junctional immunoreactive signal for 

plakoglobin, but not for other cell-cell adhesion proteins including plakophilin-2 and 

desmoplakin. This unexpected observation suggests a central role for SAP97 in localization 

of plakoglobin in cell-cell junctions. It also potentially links abnormal trafficking mediated 

by SAP97 to Wnt signaling abnormalities in ACM.24

Normal NRVMs respond to even brief intervals of cyclical uniaxial stretch by up-regulating 

immunoreactive signal for various cell-cell junction proteins, including plakoglobin and 

Cx43.31 By contrast, NRVMs expressing an ACM-causing mutation, fail to up-regulate 

junctional signal for these proteins in response to stretch and instead show greatly increased 

levels of apoptosis.24 These results are consistent with clinical studies suggesting that 

increased mechanical stress in the form of endurance exercise increases the risk of 

arrhythmias and accelerates disease progression in patients with ACM.14 Yet, normal 

responses to stress are restored once mutant NRVMs are exposed to SB216763 for 24 

hours.24

Finally, to investigate the effects of SB216763 on human cells, we performed experiments 

on induced pluripotent stem cell (iPSC)-derived cardiac myocytes generated from peripheral 

blood mononuclear cells obtained from ACM patients bearing two different mutations in the 

gene encoding plakophilin-2 (Q617X and 2013delC).24 iPSC-derived cardiac myocytes 

from both probands showed significantly reduced immunoreactive signal for plakoglobin, 

Cx43, Nav1.5 and SAP97 at cell-cell junctions compared to myocytes derived from their 

unaffected, mutation-negative respective siblings. Distribution of all four proteins was, 

however, restored in both myocyte lines following a 24hr exposure to SB216763, validating 

our observations in fish and NRVM models of ACM.24

Conclusions

Though relatively uncommon, ACM is a highly arrhythmogenic form of human heart 

disease and a significant cause of SCD in the young, and particularly in athletes. Features of 

the molecular pathology of ACM in patients suggest that defective trafficking of key 

proteins to the intercalated disk may play a role in disease pathogenesis. Additional studies 

in zebrafish and mammalian models of ACM further support such a mechanism. And, high-

throughput chemical screening in a fish model has identified a small molecule that appears 

to be remarkably effective in preventing or reversing selected features of the molecular 

pathology identified in patients with ACM. There is still much to discover about the 

pathogenesis of this disease. Future studies may determine whether SB216763 or a related 

compound will be of value in treating patients with ACM and possibly other heart diseases 

associated with a high risk of sudden death.
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Figure 1. 
(A) Representative confocal immunofluorescence images of control ventricular myocardium 

and myocardium from two patients with ACM. Specific immunoreactive signal for 

plakoglobin, Cx43 and Nav1.5 is significantly depressed at intercalated disks in both ACM 

cases. Control human myocardium shows immunoreactive signal for SAP97 concentrated at 

intercalated disks and in a sarcomeric pattern. By contrast, a marked reduction in SAP97 

signal is seen in the myocardium of both patients with ACM. (B) Representative 

immunoperoxidase staining for TNFα in ventricular myocardial samples from two patients 

with ACM. The intensity of immunoreactive signal indicated by the brown reaction product 

is increased in ACM myocardium compared to control myocardium (x20).
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Figure 2. 
(A) Representative confocal immunofluorescence images showing plakoglobin, Cx43 and 

SAP97 immunoreactive signal in control neonatal rat ventricular myocytes (NRVMs), cells 

transfected with 2057del2 plakoglobin and 2057del2-plakoglobin expressing cells exposed 

to SB216763 (SB2) for 24 hours. Cell nuclei were visualized with 4′,6-diamidino-2-

phenylindole (DAPI) staining (blue). (B) Specific immunoreactive signal for Nav1.5 appears 

to be distributed both intra-cellularly and at the cell surface in control NRVMs. A marked 

reduction in Nav1.5 signal is seen in myocytes expressing mutant plakoglobin, and this was 

rapidly reversed in cells exposed to SB2 for 24 hours. (C) Increased apoptosis in NRVM 

expressing 2057del2 plakoglobin as shown by the number of nuclear with positive terminal 

deoxynucleotidyl transferase dUTP end-labeling (TUNEL) (green). All nuclei were 

visualized with 4′,6-diamidino-2-phenylindole (DAPI) staining (blue). White arrows point to 

apoptotic nuclei. (D) Cytokine expression profiles showing increased secretion of 

interleukin-6 (IL-6), tumor necrosis factor-α (TNFα), macrophage inflammatory protein 1α 

(MIP-1α), the chemokine RANTES, fractalkine, interferon γ (IFNγ), MIP-1γ, IP10 and IL-1 

receptor α (IL-1α) in NRVMs expressing 2057del2 plakoglobin compared to control cells. 

The cytokine profile of mutant cells was normalized following treatment with SB2 for 48 

hours.
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