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ORIGINAL RESEARCH ARTICLE

Exercise Causes Arrhythmogenic Remodeling of 
Intracellular Calcium Dynamics in Plakophilin-2–
Deficient Hearts
Chantal J.M. van Opbergen , PhD*; Navratan Bagwan , PhD*; Svetlana R. Maurya , PhD; Joon-Chul Kim, PhD;  
Abigail N. Smith , PhD; Daniel J. Blackwell , PhD; Jeffrey N. Johnston , PhD; Björn C. Knollmann , MD, PhD;  
Marina Cerrone, MD; Alicia Lundby, PhD†; Mario Delmar , MD, PhD†

BACKGROUND: Exercise training, and catecholaminergic stimulation, increase  the incidence of arrhythmic events in patients 
affected with arrhythmogenic right ventricular cardiomyopathy correlated with plakophilin-2 (PKP2) mutations. Separate 
data show that reduced abundance of PKP2 leads to dysregulation of intracellular Ca2+ (Ca2+

i) homeostasis. Here, we study 
the relation between excercise, catecholaminergic stimulation, Ca2+

i homeostasis, and arrhythmogenesis in PKP2-deficient 
murine hearts.

METHODS: Experiments were performed in myocytes from a cardiomyocyte-specific, tamoxifen-activated, PKP2 knockout 
murine line (PKP2cKO). For training, mice underwent 75 minutes of treadmill running once per day, 5 days each week 
for 6 weeks. We used multiple approaches including imaging, high-resolution mass spectrometry, electrocardiography, and 
pharmacological challenges to study the functional properties of cells/hearts in vitro and in vivo.

RESULTS: In myocytes from PKP2cKO animals, training increased sarcoplasmic reticulum Ca2+ load, increased the frequency 
and amplitude of spontaneous ryanodine receptor (ryanodine receptor 2)–mediated Ca2+ release events (sparks), and changed 
the time course of sarcomeric shortening. Phosphoproteomics analysis revealed that training led to hyperphosphorylation of 
phospholamban in residues 16 and 17, suggesting a catecholaminergic component. Isoproterenol-induced increase in Ca2+

i 
transient amplitude showed a differential response to β-adrenergic blockade that depended on the purported ability of the 
blockers to reach intracellular receptors. Additional experiments showed significant reduction of isoproterenol-induced Ca2+

i 
sparks and ventricular arrhythmias in PKP2cKO hearts exposed to an experimental blocker of ryanodine receptor 2 channels.

CONCLUSIONS: Exercise disproportionately affects Ca2+
i homeostasis in PKP2-deficient hearts in a manner facilitated by 

stimulation of intracellular β-adrenergic receptors and hyperphosphorylation of phospholamban. These cellular changes 
create a proarrhythmogenic state that can be mitigated by ryanodine receptor 2 blockade. Our data unveil an arrhythmogenic 
mechanism for exercise-induced or catecholaminergic life-threatening arrhythmias in the setting of PKP2 deficit. We 
suggest that membrane-permeable β-blockers are potentially more efficient for patients with arrhythmogenic right ventricular 
cardiomyopathy, highlight the potential for ryanodine receptor 2 channel blockers as treatment for the control of heart rhythm 
in the population at risk, and propose that PKP2-dependent and phospholamban-dependent arrhythmogenic right ventricular 
cardiomyopathy–related arrhythmias have a common mechanism.

Key Words: arrhythmogenic right ventricular cardiomyopathy ◼ exercise ◼ phospholamban ◼ plakophilins ◼ receptors, adrenergic, beta-1 
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Desmosomes are intercellular structures that 
maintain mechanical continuity between cells. 
Plakophilin-2 (PKP2) is an essential component 

of the desmosome and of the connexome as a whole.1,2 
Mutations in PKP2 lead to arrhythmogenic right ven-
tricular cardiomyopathy (ARVC), a disease character-
ized by high propensity to life-threatening arrhythmias 
in young individuals and progressive fibrofatty infiltra-
tion of the ventricular walls at the expense of muscle 
mass.2,3 The arrhythmogenic and cardiomyopathic com-
ponents do not progress together, and sudden cardiac 
arrest in young individuals often occurs during the con-
cealed stage of the disease.4–6 Understanding arrhyth-
mia mechanisms remains a necessary step to improve 
risk assessment, prevention, and therapy.

Exercise negatively impacts ARVC progression 
and arrhythmia incidence.7–9 The mechanism remains 
unclear, although a catecholaminergic component has 
been proposed.10,11 There is evidence that sympathetic 
input can be particularly arrhythmogenic in patients with 
ARVC. In fact, an isoproterenol (ISO) bolus can unmask 
a concealed arrhythmia risk in patients thought to have 
ARVC,12,13 and sympathectomy is an effective method of 
treatment in some patients.14 Yet, the relation between 
catecholaminergic input, exercise, and arrhythmias in 
the setting of PKP2 deficiency remains understudied.

PKP2 deficiency can disrupt the equilibrium of 
intracellular calcium (Ca2+

i), facilitating triggered activ-
ity and arrhythmogenesis.15,16 Here, we test the hypoth-
eses that: (1) Ca2+

i dysregulation in PKP2-deficient 
ventricular myocytes is accentuated by exercise (tread-
mill running) and by β1-adrenergic receptor (β1-AR) 
stimulation, (2) the effect is related to changes in the 
phosphorylation state of key molecular components 
that control Ca2+

i homeostasis, and (3) the catechol-
aminergic arrhythmias can be prevented by ryanodine 
receptor 2 (RyR2) blockade. Our results unveil an 
arrhythmogenic mechanism for exercise-induced or 
catecholaminergic life-threatening arrhythmias in the 
setting of PKP2 deficit. We propose that membrane-
permeable β-blockers are potentially more effective in 
the prevention of exercise/catecholaminergic-related 
arrhythmias in ARVC, highlight the potential for RyR2 
channel blockers as treatment for the control of heart 
rhythm in these patients, and suggest that PKP2-
dependent and phospholamban (Pln)-dependent 
ARVC-related arrhythmias have a common mechanism.

METHODS
Experiments were performed in 3- to 6-month-old mice 
expressing a cardiac-specific, tamoxifen (TAM)-activated 
deletion of PKP2 (PKP2cKO), and age- and sex-matched 
controls.15 Cre-negative, flox-positive, TAM-injected litter-
mates were used as controls. Procedures conformed with 

Clinical Perspective

What Is New?
• We have used an animal model of plakophilin-2 defi-

ciency to investigate possible molecular mechanisms 
underlying the increased susceptibility to exercise-
induced life-threatening arrhythmias in patients with 
arrhythmogenic right ventricular cardiomyopathy.

• We found that cardiac myocytes deficient in pla-
kophilin-2 are particularly susceptible to exer-
cise-induced alterations in intracellular calcium 
homeostasis.

• Hyperphosphorylation of phospholamban resulting 
from activation of β-adrenergic receptors emerges 
as a key mechanistic event possibly linking desmo-
somal-initiated arrhythmogenic right ventricular car-
diomyopathy to cases that result from mutations in 
the PLN gene itself.

What Are the Clinical Implications?
• We propose a mechanism causative of life-

threatening arrhythmias associated with exercise 
in patients with arrhythmogenic right ventricular 
cardiomyopathy.

• We suggest that membrane-permeable β-blockers 
are potentially more efficient for patients with 
arrhythmogenic right ventricular cardiomyopathy.

• Our results highlight the potential for ryanodine 
receptor 2 channel blockers as treatment for the 
control of heart rhythm in the population at risk.

Nonstandard Abbreviations and Acronyms

ARVC  arrhythmogenic right ventricular 
cardiomyopathy

β-ARs β-adrenergic receptors
Ca2+

i intracellular calcium
ent-vert ent-verticilide
ISO isoproterenol
LV left ventricle
Myl2 myosin light chain 2
OCT3 organic cation transporter 3
PKP2 plakophilin-2
PKP2cKO  cardiomyocyte-specific, tamoxifen-acti-

vated, PKP2 knockout
Pln phospholamban
PlnS16,T17  phospholamban, serine 16 and threo-

nine 17
RV right ventricle
RyR2 ryanodine receptor 2
SR sarcoplasmic reticulum
TAM tamoxifen
Tnni3 troponin I3

D
ow

nloaded from
 http://ahajournals.org by on June 22, 2022



OR
IG

IN
AL

 R
ES

EA
RC

H 
AR

TI
CL

E

May 10, 2022 Circulation. 2022;145:1480–1496. DOI: 10.1161/CIRCULATIONAHA.121.0577571482

van Opbergen et al Exercise and Arrhythmic Remodeling After PKP2 Loss

the Guide for Care and Use of Laboratory Animals of the 
National Institutes of Health and were approved by the New 
York University Institutional Animal Care and Use Committee. 
Unless specified, hearts were studied 21 days post-TAM, a 
point at which an arrhythmogenic cardiomyopathy of right 
ventricular predominance is manifest.15 For training, mice 
underwent a 75-minute treadmill running per day, 5 days a 
week for 6 weeks (3 weeks before the first TAM injection 
and 3 weeks afterward; Figure S1). Details of the training 
protocol and its effects on murine cardiac function are in the 
Supplemental Material and in reference 17.

Procedures for cardiomyocyte dissociation, Ca2+ imag-
ing, measurements of sarcomere shortening, tissue homog-
enization, peptide preparation, tandem mass tag labeling, 
phosphopeptide enrichment, off-line peptide fractionation, 
mass spectrometry, and electrocardiography followed those 
published and are detailed in the Supplemental Material. For 
mass spectrometry and for cellular work in hearts of mice 21 
days post-TAM, hearts were collected and the left ventricle 
(LV) excised. Only the LV was used for analysis given the 
extensive fibrosis seen in the right ventricle (RV) free wall at 
this stage.15

ISO and 2 β-blockers, propranolol (1 µmol/L) and sotalol 
(25 µmol/L), were used. Ventricular myocytes were preincu-
bated for 5 minutes with antagonists before ISO incubation and 
Ca2+ transients examined accordingly, following published pro-
tocols.18 The RyR2 blocker ent-verticilide (ent-vert)19 was used 
in isolated cells (25 µmol/L) and in anesthetized mice (30 mg/
kg). Preparation and methods of administration are described 
in the Supplemental Material.

Data Availability
Mass spectrometry proteomics and phosphoproteomics data 
have been deposited in the ProteomeXchange Consortium 
through the PRIDE partner repository with dataset identifier 
PXD025956 (accessible through https://www.ebi.ac.uk/
pride/archive) and project name “Investigation of changes 
in the proteome and the phosphoproteome of the heart 
induced by exercise, either in control or in PKP2-deficient 
hearts in relation to ARVC.” Additional information can be 
made available from the corresponding authors on reason-
able request.

Statistical Analysis
Numeric results are reported as mean and SD. Pooled data 
originating from separate animals were tested using the work-
flow designed by Sikkel et al20 to determine the validity of the 
assumption of independence vis-à-vis data clustering. When 
clustering was identified, hierarchical analysis was used. All 
data sets were tested for normal distribution (Shapiro-Wilk 
and Kolmogorov-Smirnov tests), and significance was deter-
mined by parametric or nonparametric methods, as appropri-
ate. All comparisons were evaluated for effect size (Cohen 
d). Statistical significance was corroborated by linear mixed-
effects analysis (GraphPad Prism). All statistical data for 
non-omics experiments are reported in Table S1. Specific 
methods were tailored to individual datasets and are specified 
in the figure legends. Data were analyzed using GraphPad 
Prism v8.0. Sarcomere shortening data were analyzed using 
IonWizard (IonOptix).

RESULTS
Exercise Leads to Increased Sarcoplasmic 
Reticulum Load and Spontaneous Ca2+ Release 
Events in PKP2cKO Myocytes
Previous studies indicate that loss of PKP2 leads to dys-
regulation of Ca2+

i and increased RyR2-mediated Ca2+ 
release.15,16 Separate studies have shown that exercise is 
a negative factor in ARVC progression.7–9 We tested the 
hypothesis that Ca2+

i dysregulation in PKP2cKO myo-
cytes is accentuated by exercise.

Unless specified, myocytes were obtained 21 days 
post-TAM, a time at which a phenotype of arrhythmo-
genic cardiomyopathy of right ventricular predominance 
is observed.15 Isolated myocytes were loaded with the 
Ca2+ indicator Fluo-8 AM (see16 and Methods) and con-
focal line-scan images obtained to detect spontaneous 
Ca2+ release events (sparks). Acquisition was preceded 
by a train of electric pulses (1 Hz for 10 seconds). Fig-
ure 1A shows representative line scans obtained from 
myocytes isolated from mice either in sedentary con-
trol (Figure 1A, left), sedentary PKP2cKO (Figure 1A, 
middle), or PKP2cKO that completed 6 weeks of train-
ing (Figure 1A, right).17 We confirmed that PKP2 loss 
leads to increased frequency and amplitude of Ca2+ 
sparks (Figure 1B and 1C, comparing control sedentary 
with PKP2cKO sedentary, also).15 It is more important 
to note that we found a further increase in both param-
eters in myocytes from trained PKP2cKO mice (Fig-
ure 1B and 1C; comparing PKP2cKO sedentary versus 
PKP2cKO trained). Yet, contrary to what happens in 
PKP2cKO myocytes, training in control animals did not 
lead to an increase in the frequency or amplitude of Ca2+ 
sparks (Figure 1B and 1C, green bar outline and green 
data points; compare control sedentary versus control 
trained). Additional data are provided in Figure S2. Of 
note, PKP2cKO myocytes obtained a week before (14 
days post-TAM), during the concealed stage of the dis-
ease and therefore at a point where separate dissection 
of LV and RV was feasible (see16), showed exercise-
induced increase in spark frequency in RV but not LV 
myocytes (Figure S3).

Increased spark frequency/amplitude may result, at 
least in part, from increased abundance (load) of Ca2+ 
within the sarcoplasmic reticulum (SR). SR load was 
measured as the peak amplitude of a Ca2+

i transient elic-
ited by a caffeine pulse (details in Methods and16). Fig-
ure 2A shows exemplary time-space plots and traces of 
caffeine-induced Ca2+

i transients from sedentary control, 
sedentary PKP2cKO, and trained PKP2cKO myocytes. 
As in the case of Ca2+ sparks (Figure 1), training leads 
to increased SR Ca2+ content in PKP2cKO myocytes 
(purple bar outline and symbols in Figure 2B) but not 
in control cells (green bar outline and symbols in Fig-
ure 2B). No differences were observed in the kinetics of 
rise or relaxation of the caffeine-induced Ca2+

i transient 
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(Figure S4). Overall, the data indicate a genotype-spe-
cific response to exercise that can lead to a proarrhyth-
mogenic state after loss of PKP2.

Exercise Induces a Differential Proteome and 
Phosphoproteome in Control and in PKP2cKO 
Hearts
We speculated that the observed phenotypes may result, 
at least in part, from changes in the abundance or phos-
phorylation state of proteins relevant to Ca2+

i homeosta-
sis. We therefore performed an unbiased investigation of 
changes in the cardiac proteome and phosphoproteome 
induced by training, either in control or PKP2cKO mice. 
The workflow is illustrated in Figure 3A. For both con-
trol and PKP2cKO, results from sedentary animals were 
compared with those from the trained group. Specific 
comparisons were control trained versus control sed-
entary, and PKP2cKO trained versus PKP2cKO seden-

tary. In both cases, the variable was training. LV tissue 
was subjected to quantitative proteome and phospho-
proteome measurements applying tandem mass tag 
labeling and high-resolution mass spectrometry (see 
Methods). Peptides were enriched with titanium diox-
ide chromatography and samples prefractionated (12 
fractions) for phosphoproteomics. The number of pro-
teins and phosphorylated peptides per heart sample are 
shown in Figure 3B. Technical reproducibility of tandem 
mass tag sets of control and PKP2cKO measurements 
was high, with average Pearson correlation coefficients 
of biological replicates of 0.95 for both proteome and 
phosphoproteome (Figures S4 and S5). From these data, 
we quantified 4378 proteins in control (Table S2) and 
4353 proteins in PKP2cKO animals (Table S3). Principal 
component analysis of the data classified the samples 
according to the exercise variable (Figure S6).

Nine proteins were upregulated and 32 downregu-
lated by exercise in control (control trained versus 

Figure 1. Ca2+ sparks in cardiac myocytes from control and plakophilin-2 conditional knockout (PKP2cKO) hearts.
A, Confocal line-scan images of Ca2+ sparks (green; emphasized by red arrowheads) recorded from cardiac myocytes isolated from sedentary 
control, sedentary PKP2cKO, and trained PKP2cKO mice 21 days after tamoxifen injection. B, Mean frequency of Ca2+ sparks, reported as 
average number of events per second in a 100-µm line. C, Average peak amplitude (ΔF/F0). Data are presented as mean±SD. Black bars and 
symbols: sedentary control; green bars and symbols: trained control; red bars and symbols: sedentary PKP2cKO; purple bars and symbols: trained 
PKP2cKO mice. Number of cells studied noted in the corresponding bars, 3 to 6 mice per group. Test for clustering vs validity of assumption 
of independence between data obtained from >1 mouse and 1 cell within a group, as in Sikkel et al.20 Significance of clustering is reported in 
Table S1. For spark frequency, significance was assessed by 2-way ANOVA followed by Tukey multiple comparison test. For spark amplitude, 
hierarchical statistics on animal and cell level were performed; data were logarithmically transformed before statistical analysis. Statistical 
significance was corroborated by linear mixed-effects analysis (Table S1). Effect size (Cohen d) and determination of normal distribution (Shapiro-
Wilk and Kolmogorov-Smirnov tests) of both datasets are also reported in Table S1.
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control sedentary), whereas 10 and 26 were upregulated 
and downregulated, respectively, in PKP2cKO hearts 
(PKP2cKO.trained versus PKP2cKO.sedentary; Figure 
S7; Tables S2 and S3). Thus, training itself had a very 
limited effect on the cardiac proteome. We observed a 
trend toward increased abundance of Pln, although it 
was below statistical significance.

Training, on the other hand, had a large impact on 
phosphorylation-mediated signaling. We quantified 6330 
phosphorylation events in controls (Table S4) and 6118 
phosphorylation events in PKP2cKO animals (Table 
S5). From these, 98 events were upregulated and 104 
downregulated in controls (control trained versus con-
trol sedentary; Figure 3C), whereas 48 and 110 sites 

were upregulated and downregulated, respectively, in 
PKP2cKO hearts (PKP2cKO.trained versus PKP2cKO.
sedentary; Figure 3D).

Kinase substrate enrichment analysis estimates dif-
ferential kinase activity on the basis of the collective 
phosphorylation changes of their identified substrates. In 
Figure 4A, specific kinases are noted (Figure 4A, Left) 
and the abundance and phosphorylation state of the 
kinase itself is displayed (Figure 4A, Right). For the lat-
ter, the color of the inner circle depicts a differential in 
protein abundance (log2 fold change; proteome), and the 
colors in the outer circle depict the measured differential 
in the phosphorylation state of the residues specified by 
the small numbers (log2 fold change; phosphoproteome). 

Figure 2. Ca2+ content in sarcoplasmic reticulum of control and plakophilin-2 conditional knockout (PKP2cKO) cardiac myocytes.
A, Top, Confocal line-scan images (1.43 ms/line) recorded from cardiac myocytes isolated from sedentary control, sedentary PKP2cKO, or 
trained PKP2cKO mice 21 days after tamoxifen injection. The pulse of caffeine (10 mmol/L) is indicated by the orange bar at the bottom of 
the image. Intracellular calcium changes detected by a ratiometric method (FFluo-3/FFura Red; see also Methods). Bottom, Time course of calcium 
transients displayed in the top. B, Cumulative data, presented as mean±SD. Black bars and symbols: sedentary control; green bars and symbols: 
trained control; red bars and symbols: sedentary PKP2cKO; purple bars and symbols: trained PKP2cKO mice. The number of cells studied is 
noted in the corresponding bars, 3 to 6 mice per group. Test for clustering vs validity of assumption of independence between data obtained 
from >1 mouse within a group, as in Sikkel et al.20 Results determined no need for hierarchical statistics (significance of clustering in Table S1). 
Significance was assessed by 2-way ANOVA followed by Tukey multiple comparisons test. Statistical significance was corroborated by linear 
mixed-effects analysis (Table S1). Effect size (Cohen d) and determination of normal distribution (Shapiro-Wilk and Kolmogorov-Smirnov tests) 
are also reported in Table S1. SR indicates sarcoplasmic reticulum.
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Figure 3. Workflow and data summary of proteomics and phosphoproteomics experiments.
A, Control and PKP2cKO mice were either kept sedentary or trained (treadmill running 1 hour per day; 5 times per week for 6 weeks; green). 
Details of the training protocol are provided in the Supplemental Material. Left ventricular (LV) tissue was isolated, and proteins were extracted 
and subjected to quantitative proteome and phosphoproteome measurements by liquid chromatography with tandem mass spectrometry analysis. 
B, Bar graphs summarize the number of proteins (top) and phosphorylated peptides (bottom) measured for each heart sample. For proteome 
samples, red indicates the number of identified proteins and blue the number of proteins quantified across samples. For phosphoproteome, 
red indicates the number of phosphorylated peptides quantified across samples, and blue indicates that the phosphorylation site localization 
is deemed a class 1 site (ie, localization probability >0.75). C and D, Volcano plot analysis showing phosphorylated peptides that are either 
downregulated (purple) or upregulated (green) in response to exercise for control (C) or PKP2cKO animals (D). Phosphorylated peptides were 
considered regulated at a combined cutoff of P<0.05 and a numeric log2 fold change >0.50. A few selected phosphorylation sites are indicated 
in the plot. Each point in the volcano plots in C and D represent a phosphorylated peptide. For each of these peptides, the fold change of the 
abundance of the phosphorylated peptide between trained and sedentary animals were calculated as the difference between logarithmized mean 
intensities measured in trained animals (n=3) and those measured in sedentary animals (n=3). TMT indicates tandem mass tag.
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Figure 4. Phosphorylation mediated signaling changes in response to exercise.
A, Kinase substrate enrichment analysis results that show kinases with either up- (positive z-score) or downregulated (negative z-score) activity in 
control (red) or PKP2cKO (blue) hearts on exercise. Next to each kinase, data from proteome and phosphoproteome are visualized for control and 
PKP2cKO groups. The inner circle represents changes in protein abundance, and the outer circle shows changes in the phosphorylation state of sites 
specified (ie, small numbers note the position of the phosphosite in the protein sequence). Colors are coded as per the scales in the bottom-right of 
A. B and C, Diagrammatic representation including a heat map that summarizes differential abundance (inner circle) and phosphorylation state (outer 
circle) of a selected set of proteins residing in the dyad (left) or the sarcomeric complex (right). B, control; C, PKP2cKO. Both cases reflect differential 
proteome/phosphoproteome data obtained by comparing trained vs sedentary animals. Tones of red indicate increased abundance in exercised 
animals and tones of blue indicate decrease. Only absolute log2 fold change values >0.3 are represented; white inner circle: protein differential 
remained below threshold. Small numbers pointing to segments of the outer circles indicate the position of the phosphosite in the sequence of the 
protein. PKP2cKO indicates plakophilin-2 conditional knockout; Pln, phospholamban; Ryr2, ryanodine receptor 2; and SR, sarcoplasmic reticulum.
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Tones of red or blue indicate increased or decreased 
abundance, respectively. The analysis showed promi-
nent differential kinase activities for Camk2d (calcium/
calmodulin-dependent protein kinase II delta) and PKC 
(protein kinase C), with magnitude and sign depending 
on PKP2 expression (Figure 4A and Table S6), whereas 
the activity of PKA (protein kinase A), a major kinase 
downstream of the β-adrenoreceptors (β-ARs, was simi-
larly reduced in both groups (control and PKP2cKO). 
Furthermore, from a total of ≈500 phosphosites reported 
by Lundby et al21 to be regulated consequent to exposure 
to β1-AR agonists, ≈200 were identified in our experi-
ments. Very few were actually upregulated by exercise, 
either in control (3 sites) or in the PKP2cKO group (1 
paired site; Figure S8A and S8B). A similar pattern was 
observed when considering the proteins, regardless of 
the specific phosphorylation site (Figure S8C and S8D). 
The 1 paired phosphorylation site prominently regulated 
in PKP2cKO animals and previously known as down-
stream target of β-ARs was serine 16 and threonine 17 
of phospholamban (PlnS16,T17), which was upregulated by 
training in PKP2cKO but not in the control group. Phos-
phorylation of Pln is known as critical to the regulation 
of Ca2+

i homeostasis.22 Thus, we focused our attention 
on proteins key to excitation-contraction coupling in 
cardiomyocytes, including those that participate in Ca2+

i 
buffering during the cardiac cycle and whose function is 
regulated by their phosphorylation state.

Figure 4B and 4C present heat maps that summarize 
the differential abundance (inner circle) and phosphor-
ylation state (outer circle) of a selected set of proteins 
that contribute to excitation (Figure 4B and 4C, Left) 
and contraction (Figure 4B and 4C, Right) of the myo-
cyte through the Ca2+-mediated coupling of these 2 
functions (see also Tables S2–S5). Figure 4B and 4C 
show the heatmaps from control (control trained versus 
control sedentary) and PKP2cKO (PKP2cKO trained 
versus PKP2cKO sedentary) hearts, respectively. A 
general pattern became apparent, because phos-
phorylation sites pertaining to proteins prominently 
(although not exclusively) located in the dyad were 
colored mostly in tones of red, such as Slc8a1 (cod-
ing for the sodium-calcium exchanger), Atp2a2 (cod-
ing for SR Ca2+-ATPase 2a), RyR2, and Pln, whereas 
proteins localized to the contractile apparatus showed 
the opposite trend. Looking specifically at changes for 
which a functional association has been established, 
we noted drastic reduction in phosphorylation of resi-
dues 23 and 24 of troponin I3 (Tnni323,24), residues 14 
and 15 of myosin light chain 2 (Myl214,15), and resi-
dues 272 and 273 of Mybpc3 (cardiac myosin-binding 
protein C3). These changes were found, although to a 
different extent, in both control and PKP2cKO groups. 
Yet, a drastic increase in the abundance of phosphory-
lated Pln in 2 functionally critical sites (PlnS16,T17) was 
noted only in the PKP2cKO group.

Time Course of Sarcomeric Shortening and 
Ca2+

i Transients in Trained PKP2cKO Myocytes
The changes noted above were expected to differen-
tially impact sarcomeric shortening kinetics of exercised 
control or PKP2cKO myocytes. Specifically, reduced 
phosphorylation of Tnni323,24 and Myl214,15 would in-
crease calcium sensitivity of myofilament components, 
prolonging the overall time course of contraction of 
trained myocytes. Increased Pln phosphorylation, on the 
other hand, would facilitate Ca2+

i reuptake into the SR 
and, as such, accelerate relaxation. Figure 5 shows the 
results. Sarcomeric shortening was measured in single, 
isolated myocytes by tracking the position of z lines dur-
ing pacing (details in Methods). As shown in Figure 5A, 
the time point at which the cell reached maximum short-
ening divided the time course into 2 components: from 
onset to peak (time to peak) and from peak to 90% re-
laxation (time to rest). Myocytes from control trained ani-
mals had a prolongation of both time to peak and time 
to rest (Figure 5B and 5C). In PKP2cKO cells, however, 
time to peak was also prolonged with exercise, but re-
laxation was abbreviated, consistent with an increased 
rate of Ca2+

i reuptake (Figure 5B and 5C). The time con-
stant of relaxation yielded similar results, that is, a slower 
relaxation in trained controls and a faster relaxation in 
trained PKP2cKO myocytes (Figure 5D). The same trend 
was found in the time course of relaxation of paced Ca2+

i 
transients in PKP2cKO myocytes (Figure 5E). Calcium 
transient amplitude and peak amplitude of sarcomeric 
shortening were higher in trained PKP2cKO myocytes, 
consistent with data previously reported (see Figure 
S9; also17). In summary, exercise in control animals pro-
longed the entire duration of sarcomere shortening and 
relaxation, consistent with the observed reduced phos-
phorylation in both Tnni323,24 and Myl214,15. Exercise in 
PKP2cKO myocytes, on the other hand, accelerated the 
relaxation process, as expected from an increase in the 
phosphorylated state of PlnS16,T17. Additional quantitative 
immunofluorescence experiments confirmed that the 
signal intensity for PlnS16,T17 was higher, and the signal 
for Tnni323,24 and Myl215 was lower, in PKP2cKO myo-
cytes of trained animals than in myocytes obtained from 
PKP2cKO sedentary hearts (Figure S10A–S10C).

Exercise-Induced Redistribution of Functional 
β1-ARs in PKP2cKO Myocytes
The functional results converged with the phospho-
proteome analysis indicating reduced phosphorylation 
in sarcomeric molecules known to be regulated by β1-
ARs21 and yet, hyperphosphorylation of a protein promi-
nently localized to the SR (Pln) in PKP2cKO hearts. We 
speculated that this discrepancy may reflect a shift in 
the distribution of β-receptors to specific subcellular ter-
ritories. To test this hypothesis, we used the experimental 
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protocol introduced by Wang et al.18 We specifically 
examined the amplitude and time course of Ca2+

i tran-
sients elicited by ISO, a β-AR agonist to both sarco-
lemmal and intracellular receptors, in the presence of 
either propranolol (a blocker of both sarcolemmal and 
intracellular receptors) or sotalol, a β-blocker that does 
not cross the sarcolemma. Data are shown in Figure 6. 
Figure 6A through 6D depict Ca2+

i transient amplitude in 
cells isolated from control sedentary (Figure 6A), control 
trained (Figure 6B), PKP2cKO sedentary (Figure 6C), or  
PKP2cKO trained hearts (Figure 6D). For each panel, 
bars reflect transient amplitude without ISO (black bar 
outline and symbols), with ISO (red), or in combination 
treatment (either propranolol+ISO, or sotalol+ISO; brown; 
see Methods). Propranolol completely blocked the ISO-
induced increase in transient amplitude in all 4 groups 
(ISO versus ISO+propranolol; Figure 6A–6D), and so-
talol significantly dampened the ISO response in both 
control groups and in sedentary PKP2cKO myocytes 
(ISO versus ISO+sotalol; Figures 6A–6C). Yet, sotalol 
failed to block the ISO response in trained PKP2cKO 

myocytes (ISO versus ISO+sotalol; Figure 6D). Quanti-
tative immunofluorescence experiments confirmed that 
the signal intensity for PlnS16,T17 from isolated myocytes 
in the presence of ISO was significantly reduced by pre-
treatment with propranolol and with sotalol (Figure S10D 
and S10E). Moreover, consistent with the fact that repo-
larizing currents in murine myocytes are not susceptible 
to block by sotalol,23 Ca2+

i transient amplitude and time 
course of either control or PKP2cKO myocytes were not 
affected by sotalol exposure (Figure S11). Overall, the 
data support the notion that the response to ISO in the 
trained PKP2cKO group is predominantly mediated by 
intracellular (sotalol-inaccessible) receptors.

Increased SR Load After Stimulation of the β1-
AR Pathway in PKP2cKO Myocytes
Separate from exercise, an adrenergic surge unrelated 
to exercise (eg, an emotional event; ISO infusion) can 
trigger arrhythmogenic events in patients with PKP2 mu-
tations.12,24 We examined the effect of ISO on SR load 

Figure 5. Time course of sarcomere shortening and Ca2+ transients in trained control and plakophilin-2 conditional knockout 
(PKP2cKO) cardiac myocytes.
A, Time course of sarcomere shortening during 1 Hz field stimulation. Point of maximum shortening divides 2 components: Onset to peak (time 
to peak or TTP) and peak to 90% relaxation (time to rest or TTR). B, Time to peak (ms); C, time to rest (ms); and D, time constant of decay (ms) 
reported as average of 15 consecutive contractions. E, Time constant of Ca2+ transient decay (ms) obtained by confocal line scans (1.43 ms/line) 
during 1 Hz field stimulation. Black bars: control myocytes; red bars: PKP2cKO myocytes 21 days after tamoxifen injection. Data presented as 
mean±SD. Number of cells noted in the corresponding bars; 4 to 5 mice per group. Test for clustering vs validity of assumption of independence 
between data obtained from >1 mouse within a group, as in Sikkel et al.20 Results determined no need for hierarchical statistics (significance 
of clustering in Table S1). Significance was assessed by 2-way ANOVA followed by Tukey multiple comparisons test. Statistical significance 
was corroborated by linear mixed-effects analysis (Table S1). Effect size (Cohen d) and determination of normal distribution (Shapiro-Wilk and 
Kolmogorov-Smirnov tests) are also reported in Table S1.
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and spontaneous Ca2+
i release in cells from sedentary 

animals. Results are shown in Figure 7. As shown in Fig-
ure 7A (exemplary traces) and in the cumulative data 
(Figure 7B), SR load was higher in PKP2cKO cells (red 
symbols and bar contour) than in control (black symbols 
and bar contour), consistent with previous reports,16 and 
the amplitude of the caffeine-elicited Ca2+

i transient was 
higher in ISO-treated than in untreated cells.

In previous studies, we have reported that loss of 
PKP2 expression leads to increased rate of diastolic 

RyR2 channel openings and, hence, spontaneous SR 
Ca2+ release. This Ca2+ leak from the SR into the cyto-
plasm would reduce SR Ca2+ content. Thus, we repeated 
the experiments in the presence of the selective RyR2 
inhibitor ent-vert.19 As expected (Figure 7B, blue contour 
and symbols), SR load in the presence of ISO was fur-
ther increased when cells were pretreated with ent-vert 
(bar labeled ent-vert+ISO). Under these conditions, SR 
load in PKP2cKO myocytes after ISO was significantly 
larger than control.

Figure 6. Adrenergic regulation of Ca2+ transients in cardiac myocytes from control and plakophilin-2 conditional knockout 
(PKP2cKO) mice.
A through D, Compiled data: Average Ca2+ transient amplitude (relative amplitude; ∆F/F0) obtained by confocal line scans (1.43 ms/line) during 
1 Hz field stimulation. Cardiac myocytes from sedentary control (A), trained control (B), sedentary PKP2cKO (C), and trained PKP2cKO (D) mice 
were used and imaged at baseline or in the presence of 100 nmol/L isoproterenol (ISO), alone or in conjunction with 1 µmol/L propranolol (prop) 
or 25 µmol/L sotalol (Sota). Cardiac myocytes were preincubated for 5 minutes with propranolol or sotalol before ISO incubation (10 minutes). 
Black bars represent data at baseline, red bars on ISO, brown bars after preincubation with β-blockers. Data presented as mean±SD. Number 
of cells noted in the corresponding bars; 4 to 6 mice per group. Test for clustering vs validity of assumption of independence between data 
obtained from >1 mouse within a group, as in Sikkel et al.20 Significance of clustering reported in Table S1. Hierarchical statistics were used for 
sedentary PKP2cKO data. Significance was assessed by 1-way ANOVA followed by a Bonferroni test for sedentary control and trained control 
data. Significance was assessed by Kruskal-Wallis followed by Dunn multiple comparisons test for trained PKP2cKO data. Statistical significance 
was corroborated by a linear mixed-effects analysis (Table S1). Effect size (Cohen d) and determination of normal distribution (Shapiro-Wilk and 
Kolmogorov-Smirnov tests) are also reported in Table S1. 
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Figure 7. SR Ca2+ content and frequency of Ca2+ sparks in response to ISO; susceptibility to RyR2 block.
A, Top, Confocal line-scan images (1.43 ms/line) recorded from cardiac myocytes isolated from sedentary control and sedentary PKP2cKO 
mice 21 days after tamoxifen injection, at baseline or exposed to 100 nmol/L isoproterenol. The pulse of caffeine (10 mmol/L) is indicated by 
the orange bar at the bottom of the image. Intracellular Ca2+ changes were detected by a ratiometric method (FFluo-3/FFura Red; see also Methods). 
Bottom, Time course of change in fluorescence elicited by caffeine pulse. Cumulative data in B: black bars and symbols represent data from 
control myocytes; red bars and symbols, PKP2cKO myocytes; and blue bars and symbols, PKP2cKO myocytes pretreated with ent-verticilide. 
Data represented as mean±SD. Number of cells noted in the corresponding bars; 5 to 6 mice per group. C, Confocal line-scan images of Ca2+ 
sparks (green; emphasized by red arrowheads) recorded from sedentary control and sedentary PKP2cKO myocytes 21 days after tamoxifen, 
at baseline or exposed to 100 nmol/L ISO. Cumulative data are shown in D; colors of bars and symbols are the same as in B. Number of cells 
studied are noted in the corresponding bars, 4 to 6 mice per group. E, Ratio of change in Ca2+ transient amplitude, SR load, and frequency of 
Ca2+ sparks on ISO in sedentary control (black bars) and sedentary PKP2cKO (red bars) myocytes, normalized to values obtained in the absence 
of ISO. Number of cells noted in the corresponding bars, 4 to 6 mice per group. For all statistical comparisons reported in this figure, test for 
clustering vs validity of assumption of independence between data obtained from >1 mouse within a group, as in Sikkel et al.20 Significance of 
clustering reported in Table S1. Results indicated no need for hierarchical statistics. Significance was assessed by 2-way ANOVA followed by 
Tukey multiple comparisons test (values reported in the figure and in Table S1) and corroborated by linear mixed-effects analysis (Table S1). 
Effect size (Cohen d) and determination of normal distribution (Shapiro-Wilk and Kolmogorov-Smirnov tests) are also reported in Table S1. 
Control data (no ISO) for spark frequency and SR load are also shown in Figures 1 and 2, respectively. ISO indicates isoproterenol; PKP2cKO, 
plakophilin-2 conditional knockout; Ryr2, ryanodine receptor 2; and SR, sarcoplasmic reticulum.
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Ca2+ Sparks in β-AR Stimulated PKP2cKO Cells; 
Effect of ent-vert
We examined whether the increased SR load was asso-
ciated with the increased frequency of spontaneous Ca2+ 
release events. Figure 7C shows examples of Ca2+ sparks 
in control and PKP2cKO myocytes exposed to ISO; cumu-
lative data are shown in Figure 7D. ISO led to increased 
frequency of spontaneous Ca2+ release events in con-
trol and PKP2cKO cells, although the spark frequency 
reached by PKP2cKO cells was significantly higher than 
in control (Figure 7D). As expected, ent-vert dampened 
the effects. Additional parameters are presented in Figure 
S12. Of note, an ISO-induced increase in spark frequency 
and amplitude was observed in both RV and LV myocytes 
at 14 days post-TAM, although the frequency of sparks 
was highest in the myocytes dissociated from the RV of  
PKP2cKO hearts (Figure S13). Also of note, when mea-
sured relative to the values obtained in the absence of ISO, 
the increases observed in PKP2cKO myocytes were simi-
lar to the ones in control cells (Figure 7E), suggesting that 
the increased magnitude of the response in PKP2cKO cell 
may be consequent to the increased initial (pre-ISO) value.

Ent-vert Reduces the Incidence of ISO-Induced 
Ectopic Ventricular Beats in PKP2-Deficient 
Hearts
The in vitro efficacy of ent-vert led us to test its efficacy 
in preventing ISO-induced arrhythmias in whole animals. 
PKP2cKO mice (21 days post-TAM) were anesthetized 
and injected intraperitoneally with a bolus of ISO (3 mg/
kg), a manipulation previously shown to provoke ventric-
ular extrasystolic beats in PKP2cKO mice.15 Two groups 
were studied: one pretreated for 30 minutes with ent-
vert (30 mg/kg) and one pretreated with vehicle. The 
number of premature ventricular contractions within the 
first 30 minutes after ISO injection were recorded. As 
shown in Figure 8A, 5 of 10 mice treated with vehicle (di-
methyl sulfoxide) presented >100 premature ventricular 
contractions during 30 minutes of recording (average of 
412.6±275.22). In contrast, ent-vert blunted the arrhyth-
mic response; in fact, none of the mice developed >100 
premature ventricular contractions in 30 minutes of re-
cording. Taken together, there was an average of >200 
extrasystoles recorded from the control group and ≈20 
in the treated group (Figure 8B; exemplary traces in Fig-
ure 8C). These results strongly support the hypothesis 
that Ca2+

i dysregulation attributable to Pln hyperphos-
phorylation plays a key role for the proarrhythmic effect 
of chronic exercise in hearts deficient in PKP2.

DISCUSSION
Exercise training is considered an independent risk fac-
tor for arrhythmias consequent to PKP2 deficiency.7–9 

Separate work shows that reduced PKP2 abundance 
leads to Ca2+

i dysregulation.15,16 We therefore explored 
the relation between exercise training and Ca2+

i by us-
ing a previously characterized model of PKP2 deficiency. 
Our results support the notion that exercise dispropor-
tionately affects Ca2+

i homeostasis in PKP2-deficient 
hearts in a manner facilitated by stimulation of intracel-
lular β-ARs, creating a proarrhythmogenic state that can 
be mitigated by an RyR2 blocker. We provide mechanis-
tic insight into the PKP2 cardiac endophenotype, with 
possible implications to the understanding of exercise-
induced and catecolaminergic-dependent arrhythmias in 
individuals with PKP2 deficiency.

We used high-resolution mass-spectrometry to 
obtain an unbiased view of the molecular landscape of 
hearts from trained and sedentary animals. We mea-
sured >5000 class-1 phosphorylation sites from all our 
samples, with high reproducibility between samples and 
minimal imputation (Figure S6). Samples were collected 
and processed as separate pairs (control trained versus 
control sedentary in 1 pair; PKP2cKO trained versus 
PKP2cKO sedentary in a separate pair), thus allowing 
comparisons within each pair with minimal normalization 
(Figure S6). For both cases, the variable was training. We 
decided to stay within the fringes of those comparisons 
to avoid further data manipulation. The high quality of the 
data provided us with the statistical power to make quan-
titative comparisons and interpret the differential phos-
phoproteomes acquired.

In a recent study, Wang et al18 showed the pres-
ence of junctional SR–associated intracellular β1-ARs 
and demonstrated that the function of intracellular ver-
sus sarcolemmal receptors could be assessed by the 
response to ISO stimulation in the presence of block-
ers that are either membrane-impermeable (sotalol) 
or membrane-permeable (propranolol). Using this pro-
tocol, we found that propranolol blocks, but sotalol is 
unable to block, the ISO-induced increase in Ca2+

i tran-
sient amplitude in trained PKP2cKO myocytes. These 
results, together with our phosphoproteome data, allow 
us to propose that, in cardiomyocytes from trained 
PKP2cKO animals, the dominant population of β1-ARs 
is intracellular and in proximity to sites populated by 
Pln, such as the junctional SR. Future experiments, 
using genetic modifications to reduce the abundance 
of the catecholamine transporter Oct3 (organic cation 
transporter 3), will further assess the latter hypothesis. 
Complementary to that, the data suggest that there is 
a significant reduction in the abundance of functional 
sarcolemmal β1-ARs. Whether this is related to the 
process of exercise-induced β1-AR desensitization, as 
previously described,25–27 remains to be determined. 
Of note, sotalol is considered a class III antiarrhyth-
mic given its blocking effect on IKr, a potassium current 
present in human cardiomyocytes.28 This current, how-
ever, is not functionally present in murine ventricular 
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myocytes.23 Thus, it is highly unlikely that the effect of 
sotalol observed in this study is consequent to potas-
sium channel blockade.

The increased phosphorylation state of Pln detected 
in our studies contrasted with the reduced phosphoryla-
tion of Tnni323,24 and Myl214,15. Tnni3 is a major regulator 

Figure 8. Isoproterenol-induced arrhythmias in PKP2cKO hearts on treatment with ent-verticilide.
A, Incidence of isoproterenol-induced (ISO) PVCs during 30 minutes of recording in anesthetized PKP2cKO mice treated with DMSO or 
ent-verticilide. Data are reported as percent of total animals studied per condition; the number of animals is at top of each bar. Numbers inside 
bars indicate mean±SD of ventricular extrasystoles. B, Cumulative data of ectopic beats in DMSO- and ent-verticilide–treated mice. Data are 
presented as mean±SD. Significance is as per Mann-Whitney test. Effect size (Cohen d) and determination of normal distribution (Shapiro-Wilk 
and Kolmogorov-Smirnov tests) reported in Table S1. C, Top, Example of ISO-induced ventricular tachycardia in a DMSO-treated PKP2cKO 
mouse. Bottom, Example of ISO-induced ventricular extrasystoles in an ent-verticilide–treated PKP2cKO mouse. Scale bar, 200 ms. DMSO 
indicates dimethyl sulfoxide; ent-vert, ent-verticilide; PKP2cKO, plakophilin-2 conditional knockout; and PVC, premature ventricular contraction.
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of the Ca2+ buffering capacity of the myocyte through 
its inhibitory interaction with troponin C,29,30 an action 
facilitated by Tnni3 phosphorylation at residues 23, 24. 
Reduced Tnni23,24 phosphorylation would increase Ca2+ 
sensitivity of the myofilaments and decrease their rate 
of Ca2+ dissociation.31–33 Myl214,15 also contributes to 
Ca2+ sensitivity of the myofilaments.34 Overall, reduced 
phosphorylation of Myl214,15 and Tnni23,24 are consistent 
with the prolonged time to peak and total duration of sar-
comere shortening (Figure 5) in myocytes from trained 
control and trained PKP2cKO animals, whereas relax-
ation in the specific case of PKP2cKO trained animals 
was likely facilitated by PlnS16,T17-dependent increase in 
Ca2+

i reuptake into the SR.
Although increased PlnS16,T17 and reduced Myl214,15 

and Tnni23,24 were prominent changes in our differential 
phosphoproteome, other differences were also noted. 
Upregulation of phosphosites was more common in 
components of the SR (including the dyad), whereas 
sarcomeric molecules showed a tendency toward down-
regulation. This dichotomy was surprising, given previous 
evidence that the effect of intracellular β1-AR activation 
can reach the sarcomere.18,35 On the other hand, changes 
in the junctional SR nanostructure in PKP2cKO myo-
cytes, which have been previously noted,15 could affect 
the precise location of intracellular receptors in relation 
to Pln vis-à-vis its distance from the troponin complex. 
Future experiments, including a crossing of PKP2cKO 
mice with those deficient in Oct3 (and thus unable to 
internalize catecholamines18), will dissect in detail the 
subcellular redistribution of β1-ARs observed in our study.

We analyzed the occurrence of phosphorylation 
events in the context of previous characterization of 
events downstream of β1-AR stimulation.21 It should be 
noted, however, that in our case, mice were subjected 
to a more chronic adrenergic stimulation through exer-
cise training, whereas in the previous study, Lundby 
et al21 reported acute effects. The prolonged time 
course may have allowed for molecular remodeling of 
receptors and targets, thus explaining the differences 
between datasets.

It is worth noting that, from the statistical perspec-
tive, the calculated effect size (Cohen d model) was not 
large in many cases (see Table S1). Yet, the meaning of 
effect size from the biological perspective is difficult to 
establish, because intracellular signaling often acts as 
amplification cascades and, as such, a small effect when 
comparing 2 variables that are close in a pathway can 
translate into large effects when looking at the final out-
comes downstream.

The importance of RyR2 activity in PKP2-related 
arrhythmogenesis has been previously documented.15,16 
Although founded on different mechanisms, our results 
are reminiscent of the phenotype that characterizes cat-
echolaminergic polymorphic ventricular tachycardia,36 a 
condition most commonly resulting from mutations in the 

RyR2 gene.37 The studies of Watanabe et al38 first dem-
onstrated the efficacy of flecainide to block RyR2 chan-
nels and to prevent arrhythmias in experimental models 
of catecholaminergic polymorphic ventricular tachycardia 
and then in patients.39,40 Following on those observations, 
we showed that flecainide can decrease the incidence of 
arrhythmic events in PKP2-deficient mice.15 The latter 
was consistent with preliminary observations in humans41 
and lent support to a clinical trial currently in progress to 
assess flecainide efficacy to treat arrhythmias in patients 
with ARVC (NCT 03685149). More recently, Batiste et 
al19 reported that the unnatural enantiomer of verticilide 
(ent-vert) is a potent inhibitor of RyR2 activity. Our data 
show that ent-vert suppresses the increased spark fre-
quency in ISO-treated PKP2cKO myocytes and the ISO-
induced arrhythmic activity in PKP2cKO mice. These 
results open the possibility that existing or future RyR 
blockers may prove effective to treat or prevent arrhyth-
mias in patients with ARVC and to permit increased 
physical activity.

In addition to RyR2 blockers, our results showed 
that a membrane-impermeable β-blocker (sotalol) has 
no benefit in controlling ISO-induced increase in Ca2+

i 
transient amplitude observed in myocytes from trained 
PKP2cKO animals. The latter may have translational 
implications, because β-blocking drugs are commonly 
administered to patients with ARVC and the selection of 
the right β-blocker directly affects therapeutical effec-
tiveness. These results may help explain the reason for 
the occasional failure of sotalol in controlling arrhythmias 
in patients with ARVC.

For the most part, our studies are limited to the time 
point at which the mice present an arrhythmogenic car-
diomyopathy of right ventricular predominance (21 days 
post-TAM; see15). However, when looking at a preced-
ing time point, during the concealed stage of the dis-
ease (ie, 14 days post-TAM15), we found that the largest 
frequency of Ca2+ sparks was observed in the trained, 
and in the ISO-exposed, RV myocytes (Figures S3 and 
S8). This is consistent with previous observations show-
ing that RV myocytes are first at manifesting the effects 
of PKP2 deficiency.16 It is important to note that electric 
heterogeneity can facilitate ventricular arrhythmias,42,43 
and that it is during this concealed period of likely electric 
right-left heterogeneity that life-threatening arrhythmias 
in patients with ARVC commonly occur.44

Our studies are limited to 1 experimental model and 
for 1 particular gene (Pkp2). It is interesting, however, 
that our unbiased search for modified phosphopeptides 
led us to a protein that, when mutated, is also causative 
of ARVC (Pln). The latter may be more than a coinci-
dence. Rather, it may an indication that desmosome-
dependent and Pln-dependent ARVC phenotypes 
converge into a common mechanism. Although direct 
mutations on serine 16 or threonine 17 have not been 
described in patients with ARVC, the phosphorylation 
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state of those residues have a direct impact on the 
function of the protein to control sarco/endoplasmic 
reticulum Ca2+-ATPase activity and intracellular calcium 
homeostasis,22,45 and may be altered by mutations in 
their proximity (eg, PlnR14del46–48). How the 2 path-
ways (desmosome-initiated and Pln-initiated) converge 
to yield a similar overall cardiomyopathic phenotype 
remains unclear.

We conducted our studies using an experimental 
animal model of PKP2 deficiency. It is not our intent 
to recapitulate ARVC. In fact, to our knowledge, no 
animal or cell model has done so. The reasons are 
simple, because mouse models, even those involving 
expression of ARVC-relevant mutations, do not repro-
duce the actual genetic defect, the complete pheno-
type, or the right environmental conditions. Cells in 
a dish, even those derived from human samples, are 
even farther from recapitulating the disease, given 
their immaturity and their minimalist environment. But 
all these models, the one used here included, teach us 
about phenotypes that relate to our gene of interest. In 
our case, what we do is not to directly study ARVC, but 
to characterize, in adult hearts, the endophenotype of 
a gene that, when mutated, causes the disease. Les-
sons learned from understanding the endophenotype 
can then be used to speculate about mechanisms 
behind the human disease. So far, we and others have 
identified a number of similarities that have, in fact, 
guided potential therapeutic approaches.15,49,50 Yet, 
translation to the case of humans with ARVC needs 
to be done with caution.
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