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ABSTRACT

BACKGROUND Exercise has been proposed as a trigger for arrhythmogenic right ventricular cardiomyopathy
(ARVC) phenotype manifestation; however, research is hampered by the limited availability of animal models in
which disease-associated mutations can be tested.

OBJECTIVES This study evaluated the impact of exercise on ARVC cardiac manifestations in mice after adeno-
associated virus (AAV)-mediated gene delivery of mutant human PKP2, which encodes the desmosomal protein
plakophilin-2.

METHODS We developed a new model of cardiac tissue-specific transgenic-Llike mice on the basis of AAV gene transfer
to test the potential of a combination of a human PKP2 mutation and endurance training to trigger an ARVC-Llike
phenotype.

RESULTS Stable cardiac expression of mutant PKP2 (c.2203C>T), encoding the R735X mutant protein, was achieved
4 weeks after a single AAV9-R735X intravenous injection. High-field cardiac magnetic resonance over a 10-month
postinfection follow-up did not detect an overt right ventricular (RV) phenotype in nonexercised (sedentary) mice. In
contrast, endurance exercise training (initiated 2 weeks after AAV9-R735X injection) resulted in clear RV dysfunction that
resembled the ARVC phenotype (impaired global RV systolic function and RV regional wall motion abnormalities on
cardiac magnetic resonance). At the histological level, RV samples from endurance-trained R735X-infected mice
displayed connexin 43 delocalization at intercardiomyocyte gap junctions, a change not observed in sedentary mice.

CONCLUSIONS The introduction of the PKP2 R735X mutation into mice resulted in an exercise-dependent ARVC
phenotype. The R735X mutation appears to function as a dominant-negative variant. This novel system for AAV-
mediated introduction of a mutation into wild-type mice has broad potential for study of the implication of diverse
mutations in complex cardiomyopathies. (J Am Coll Cardiol 2015;65:1438-50) © 2015 by the American College of
Cardiology Foundation.
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rrhythmogenic right ventricular cardiomy-

opathy (ARVC) is a heart muscle disease,

clinically characterized by right ventricular
(RV) anatomic abnormalities and an above-normal
incidence of ventricular arrhythmia that can lead
to sudden cardiac death, especially in young peo-
ple. Many cases involve a familial association, and
several mutations have been identified (1,2).
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ARVC onset is unpredictable; a gene-environment
interaction has been suggested to trigger the dis-
ease’s anatomic/electrical development, but this
proposal is still deliberated. Ventricular arrhythmias
and sudden death have been linked to exercise,
which led to the recommendation that patients car-
rying an ARVC-causing mutation withdraw from
endurance exercise (3); however, the effect of exer-
cise on the onset and development of the anatomic
ARVC phenotype is strongly debated.

In most cases, ARVC first manifests, after an initial
concealed phase, as areas of RV dyskinesis that
develop into isolated right-sided heart dysfunction
and finally biventricular failure and fibrofatty re-
placement of heart muscle (4). Beyond reducing the
incidence of arrhythmias with antiarrhythmic drugs or
an implantable cardioverter-defibrillator, no treat-
ment can effectively prevent disease progression.

ARVC is a paradigm of a complex cardiomyopathy
caused by an autosomal dominant trait (5,6). Of the 8
genes linked to ARVC (7), 5 encode desmosomal pro-
teins and account for ~50% of ARVC probands (5). The
more than 380 mutations identified in ARVC patients
include 161 pathogenic variants of PKP2, which en-
codes the desmosomal protein plakophilin-2. In
several series, the prevalence of PKP2 mutations in
ARVC patients was >40% (8,9). Despite the strong
implication of PKP2 mutations in ARVC, there are no
available transgenic disease models that express PKP2
mutant alleles (10).

To study the effect of exercise on hearts of mice
carrying the most prevalent ARVC-associated muta-
tion (PKP2), we used adeno-associated virus (AAV)-
mediated PKP2 mutant gene transfer to express an
ARVC-causing mutation in the cardiomyocytes of
wild-type mice. After stable expression of mutant
PKP2, we studied RV function by high-field
cardiac magnetic resonance (CMR) in sedentary and
endurance-trained mice.

METHODS

Four- to 6-week-old wild-type C57BL6/J mice were
injected with 3.5 x 10' viral genomes encoding
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luciferase (Luc), wild-type human PKP2, or
the C-terminal deletion mutant version,
R735X. Animals were divided into group A
(trained) and group B (sedentary). Training in
group A started 2 weeks after injection and
continued for 8 consecutive weeks. At the
end of that period, Luc, PKP2, and R735X
mice were imaged by CMR and euthanized for
heart sampling. Animals in group B were
analyzed by CMR 6 and 10 months after
infection with AAV particles.

All CMR images were analyzed with dedi-
cated software (QMass MR version 7.5, Medis,
Leiden, the Netherlands) by 2 experienced
observers blinded to the study allocation. All
CMR images were of good quality and could
be analyzed. The short-axis dataset was
analyzed quantitatively by manual detection
of endocardial borders in end diastole and

end systole with exclusion of papillary mus-
cles and trabeculae to obtain both left and right end-
diastolic volume, end-systolic volume, and ejection
fraction (EF). Wall motion was classified as abnormal
in the presence of akinesia, dyskinesia (in ventricular
systole), or bulging (in ventricular diastole).

Experiments used the minimum number of mice
needed to give sufficient statistical power, and no
animals were excluded from the analyses. Data were
analyzed by 1-way analysis of variance, 2-way anal-
ysis of variance, and Student t test. Relative risk
analysis was assessed by 2-tailed Fisher exact test.
CMR measure reliability was assessed by interob-
server intraclass correlation coefficient (absolute
agreement) and mean bias.

Additional materials and methods are available in
the Online Appendix.

RESULTS

We generated enhanced green fluorescence protein
(EGFP)-reporter AAV vectors driven from the
cardiomyocyte-specific cardiac troponin T proximal
promoter and encoding Luc, wild-type human PKP2a
(the major splice variant in the heart), or a C-terminal
deletion PKP2a mutant (R735X) (Figures 1A and 1B).
We chose the R735X mutation because exon 11 is a hot
spot for mutations that give rise to truncated PKP2
products found in ARVC patients (11-13) (Figure 1C).
To further test whether genetic haploinsufficiency
operates after expression in trans of R735X mutant,
we measured the endogenous mouse Pkp2 transcript
level. In AAV-R735X transduced mice, endogenous
Pkp2 messenger ribonucleic acid (mRNA) levels
remained stable (Figure 1D), which demonstrates that

CMR = cardiac magnetic
resonance

Cx43 = connexin 43
EF = ejection fraction

EGFP = enhanced green
fluorescence protein

Luc = luciferase
LV = left ventricle

mRNA = messenger
ribonucleic acid

PKP2 = plakophilin-2

RV = right ventricle
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ABBREVIATIONS
AND ACRONYMS

AAV = adeno-associated virus

ARVC = arrhythmogenic right
ventricular cardiomyopathy

R735X = C-terminal deletion
PKP2a mutant
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