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Arrhythmogenic cardiomyopathy is an inheritable disease characterized by a fibrofatty
infiltration of the heart muscle, often (though not always) of right ventricular predominance,
arrhythmias and sudden death in the young.! Because of the predominant right ventricular
phenotype, the disease has been referred to as “arrhythmogenic right ventricular dysplasia”
(ARVD) or “arrhythmogenic right ventricular cardiomyopathy” (ARVC).1 Mutations in
genes coding for desmosomal proteins (figure 1A) are the most common cause of gene-
positive familial cases.! Among desmosomal genes, PKP2, coding for the protein
Plakophilin-2 (PKP2), is the most commonly affected, particularly in the adult population.
The high propensity to arrhythmias in ARVC has been identified since the early description
of the disease by Marcus et al in 1982. Life-threatening ventricular arrhythmias occur mostly
in the early (concealed) stage of the disease, often prior to the overt structural phenotype.2
As shown by the analysis of 1001 cases related to ARVC, syncope or sudden cardiac arrest
was the first disease manifestation in 11% of the probands.2 Understanding the arrhythmia
mechanisms in the early stage of the disease is therefore paramount to lessen the risk, and
potentially prevent, lethal arrhythmias in the affected population.

Ventricular arrhythmias in ARVC have a strong catecholaminergic component: they are
highly inducible by isoproterenol, are most likely to appear during exercise or heightened
sympathetic input, and respond well to sympathectomy.3: 4 Adrenergic stimulation increases
cardiac performance in great part by increasing Ca2* entry and Ca2*; transient amplitude,
but these effects also increase arrhythmia vulnerability due to higher propensity for
spontaneous Ca2* release (SCR) and triggered activity.> Given that most cases of gene-
positive familial ARVC associate with desmosomal genes, the existence of a desmosome-
Ca?*; (or desmosome-dyad) “axis” as an arrhythmia mechanism is a tantalizing possibility
that, if established, may uncover new targets for therapy. Cerrone et al® and Kim et al.”
examined the cardiac endophenotype of PKP2in adult murine hearts and showed that
cardiomyocyte-specific knockout of PKP2 predisposes the heart to triggered activity and
ventricular arrhythmias, and causes aberrant SCR from RyR2 channels “eager” to release
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Ca?* from the junctional sarcoplasmic reticulum. These and other results indicate a relation
between desmosomal integrity and the control of Ca2*; homeostasis in cardiac myocytes.
The data also point to RyR2 channels as key substrates for arrhythmias in ARVC.

The concept of a desmosome-dyad axis and hyperactive RyR2 channels has now been
expanded by the elegant study of Wang et al., published in this issue of Circulation8 These
authors analyzed by mass spectrometry four explanted failing hearts with diagnosis of
ARVC (three of them with a missense mutation in a desmosomal gene), and determined that
integrin B1D was selectively downregulated and that RyR2-Ser2030 was hyper-
phosphorylated. These results prompted them to examine the association between integrin
B1D, Ca?*; regulation, and RyR2 phosphorylation in ARVC arrhythmogenesis. In vitro
studies (single RyR2 channel recordings in lipid bilayers), and analysis of murine hearts
deficient in integrin p1D showed a role for this protein in the stabilization of RyR2 function,
in Ca2*; homeostasis and in the electrical activity of the ventricles. This convergence of data
from experimental models (PKP2 conditional knockout in one case; integrin p1D deficiency
in the other) supports the notion that: a) There is an association between desmosomal gene
expression/integrity and Ca2*; function/regulation; b) a desmosome-dyad crosstalk is more
generalizable and not unique to specific mutations, a single pathway, or specific cases, and
c¢) RyR2 channels are likely to be critical players in the desmosome-dyad interaction.

The presence of hyperactive RyR2 channels in the two models of ARVC is likely related to a
change in the phospho-state of the RyR2 protein (figure 1B). The identity of the kinases
involved requires further investigation. Wang et al® reported hyperphosphorylation of RyR2-
Ser2030, a phosphosite considered a PKA substrate, relevant for the adrenergic response of
cardiac cells.? Yet, it is worth noting that Zhang et al recently showed that cardiomyocyte
ablation of PKA does not affect the basal phospho-state of RyR2-Ser2030;10 the latter
suggests that kinases other than PKA can also phosphorylate RyR2-S2030. Separately, Kim
et al detected right ventricle-selective phosphorylation of Thr2809, a potential PKC site
located within the “phosphorylation hotspot” of RyR2.7 The data converge in indicating that
desmosomal deficiency can disrupt the activity of RyR2 by kinase-mediated events,
involving more than one kinase. The results further suggest that kinase derangement, likely
caused in part by dislocation of intercalated disc-bound kinases after loss of desmosomal
integrity,11 can phosphorylate (and affect the function of) multiple off-targets, giving way to
the pleiotropic manifestations associated with desmosomal deficiency. Kinases may be the
transducers of intercalated disc-transcription coupling reported in various models of ARVC.

The study of Wang et al® is particularly novel in that it makes a previously unidentified
association between the ARVC phenotype and the abundance of integrin f1D. This
observation touches on an understudied perspective, namely, the possible association
between mechano-sensing and/or mechano-transduction, and ARVC. It is worth noting that
desmosomal dysfunction is likely to alter the architecture of intermediate filaments and their
coordinated function with the microtubule network.12 The latter would affect not only the
stiffness of the cells but also the interaction between cytoskeleton and nucleus, with
potential repercussions to the transcriptional program of the cell. Wang et al® reported no
changes in mechanical function in the hearts of mice deficient in integrin p1D. Instead, they
found a direct association with RyR2 and consequently, arrhythmias. Whether contractile
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dysfunction can be observed at a later time point is not mentioned (though some fibrosis is
reported 3 months after TAM injection). The results leave open the question of whether
reduced abundance of integrin 1D contributes to the cardiomyopathy aspect of the ARVC
phenotype. Future studies may address this interesting question.

The findings in this study point to a novel association between integrin 1D and RyR2 in the
context of ARVC. However, the absence of changes in the abundance of other proteins in the
studied ARV C hearts should not be interpreted as conclusive. Wang et al limited their
analysis to four failing, explanted hearts, obtained at the end-stage of the disease (at the time
of transplant). ARVC is pleiotropic and progressive, covering multiple stages and different
phenotypes. Importantly, the most dangerous arrhythmias actually occur in the early stages,
at a time point that is not covered by this study. This limitation impacts on data
interpretation, as the molecular events leading to sudden death in the concealed stage may
not be those unveiled through analysis of a failing heart. Furthermore, given that the study is
statistically under-powered (for understandable reasons), differences between groups may be
obscured by intra-group variability. Whether the findings presented in the study of Wang et
al® can be translated to human ARVC during the concealed stage of the disease, when
sudden cardiac arrest is more likely to occur, remains to be investigated.

Overall, this study adds to a body of evidence indicating that life-threatening arrhythmias in
ARVC are not (only) caused by the anatomical disruption resulting from the fibrofatty
infiltration, and the consequent impaired cell-cell electrical coupling. Rather, there are cell-
based mechanisms that act as arrhythmia triggers leading to sudden death. The latter is
critically important, as it opens the door for novel therapeutic approaches. In particular, the
study emphasizes the potential benefit of RyR2 blockers in ARVC. Based on the success of
flecainide in patients with CPVT,3 the evidence that flecainide prevents isoproterenol-
induced arrhythmias in PKP2-deficient mice,® and anecdotal evidence of its positive effect in
ARVC patients, an NIH-funded pilot effort is underway to evaluate the use of flecainide in
patients with ARVC (NIH R34 HL143372; Zareba, PI). Still, it remains to be determined
whether more specific RyR2 blockers (seel?) can be effective in experimental models and
used as a foundation for drug design to help ARVC patients. There is an unmet need for
effective therapeutic approaches to manage patients with ARVC. An effort in that direction,
following the lead of studies such as those of Chelko et al,1® can hopefully transform into
breakthrough approaches that improve quality and life expectancy for patients affected with
the disease.
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Figure 1. Desmosome-Dyad Axisin ARVC.
A. Schematic representation of a cardiac desmosome depicting the main protein

components: desmoglein and desmocollin (Dsg/Dsc), plakoglobin (Pg), plakophilin-2
(PKP2), desmoplakin (Dsp) and the intermediate filaments (IF). In ARVC, loss of
desmosomal integrity can dislodge auxiliary proteins such as kinases (K), affecting signaling
pathways and Ca?* regulation. B. Summary of the desmosome-dyad hypotheses in ARVC.
Wang et al.8 propose that disruption of the desmosome (a) activates Erk1/2 signaling (b),
triggering integrin B1D degradation through a fibronectin (FN1)-ubiquitin/lysosome-
dependent mechanism (c). Loss of integrin B1D leads to hyperphosphorylation of RyR2-
$2030 through an unknown pathway (d). Kim et al.” propose that knockout of PKP2 disturbs
the desmosome (1) and dislodges other components such as PKC (2). Release of PKC into
the cytosol facilitates off-target phosphorylation, including RyR2-T2809 (3). Loss of
desmosomal integrity also promotes Ca2* entry into the cell via Connexin43 (Cx43)
hemichannels (4). These mechanisms converge on the notion that RyR2 channels activated
by phosphorylation promote SCR events during stress, leading to delayed
afterdepolarizations (DADs), triggered activity, and ultimately arrhythmias.
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