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Aims Exercise increases arrhythmia risk and cardiomyopathy progression in arrhythmogenic right ventricular cardiomy-
opathy (ARVC) patients, but the mechanisms remain unknown. We investigated transcriptomic changes caused by
endurance training in mice deficient in plakophilin-2 (PKP2cKO), a desmosomal protein important for intercalated
disc formation, commonly mutated in ARVC and controls.

Methods Exercise alone caused transcriptional downregulation of genes coding intercalated disk proteins. The changes con-

and results verged with those in sedentary and in exercised PKP2cKO mice. PKP2 loss caused cardiac contractile deficit,
decreased muscle mass and increased functional/transcriptomic signatures of apoptosis, despite increased fractional
shortening and calcium transient amplitude in single myocytes. Exercise accelerated cardiac dysfunction, an effect
dampened by pre-training animals prior to PKP2-KO. Consistent with PKP2-dependent muscle mass deficit, cardiac
dimensions in human athletes carrying PKP2 mutations were reduced, compared to matched controls.

Conclusions We speculate that exercise challenges a cardiomyocyte “desmosomal reserve” which, if impaired genetically (e.g.,
PKP2 loss), accelerates progression of cardiomyopathy.

* Corresponding author. Tel: (212)263-9492, Email: mario.delmar@nyulangone.org
TThese authors contributed equally to the work.
Published on behalf of the European Society of Cardiology. All rights reserved. © The Author(s) 2021. For permissions, please email: journals.permissions@oup.com.
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Exercise challenges a cardiomyocyte “desmosomal reserve” which, if impaired genetically (e.g., Plakophilin2 loss), can cause accelerated progression of the
cardiomyopathy.
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Translational perspective

cardiomyopathy.

Endurance exercise leads to changes in the heart that can evolve from beneficial to deleterious (‘athlete’s heart’). Exercise also accelerates dis-
ease progression in patients with arrhythmogenic right ventricular cardiomyopathy, a condition often caused by mutations in the desmosomal
protein plakophilin-2 (PKP2). Limitations of experimental models notwithstanding, we speculate that exercise challenges a ‘desmosomal re-
serve’ which, if insufficient, accelerates cardiomyopathy progression. Moreover, exercise in PKP2-deficient hearts is not followed by a compen-
satory trophic effect but rather, by increased apoptosis. The latter impedes the heart of an athlete with low desmosomal reserve from
matching increased demand, leading to cell damage and reduced muscle mass which, if exercise persists, causes a clinically apparent

Introduction

Plakophilin-2 (PKP2) is classically defined as a protein of the desmo-
some, an intercellular adhesion structure residing in the cardiac inter-
calated disc (ID). Recent studies demonstrate that in addition to cell—
celladhesion, PKP2 and its ID partners also translate information initi-
ated at the site of cell—cell contact into intracellular signals that
modulate electrical and transcriptional pathways fundamental to
homeostasis."™ Thus, PKP2 not only participates in intercellular
interactions but also regulates the function of the individual cell.

Mutations in the gene coding for PKP2 are associated with most
cases of familial arrhythmogenic right ventricular cardiomyopathy
(ARVC),>® a disease characterized by fibrofatty infiltration of right
ventricular (RV) predominance, ventricular arrhythmias, and high
propensity for sudden death in the young. Furthermore, in the case
of ARVC, exercise significantly increases the risk for developing the
cardiomyopathy, for its progression to failure, and for the occurrence
of arrhythmias and sudden death.”®

Exercise, predominantly aerobic or endurance training, leads to a
compensatory adaptation of the heart muscle, necessary to maintain
increased demand. High-intensity endurance exercise (heretofore
‘training’) can provoke remodelling that impacts on cardiac structure
and function. Particular features of an athlete’s heart, including RV
dysfunction and arrhythmias, can resemble those found in ARVC.”"°
It is tempting to speculate that the points of convergence of these
two phenotypes (athlete’s heart and ARVC) are more than coinci-
dental and that they could be associated with commonalities in the
transcriptional reprogramming triggered by each condition.

Our objective was to compare, at the transcriptomic and function-
al levels, the effect of training vis-a-vis PKP2 deficiency. We used mur-
ine hearts to test and validate the hypothesis that there is
convergence between exercise-dependent and PKP2-dependent
transcriptomes and as such, the co-existence of both variables (exer-
cise and PKP2 deficiency) is catastrophic to the heart. Functionally,
we tested the hypothesis that impaired cardiac contractility in trained
PKP2-deficient hearts is consequent to impaired sarcomere shorten-
ing (SS). After refuting this hypothesis, we validated the alternative,
namely, that impaired cardiac contractility was consequent to loss of
muscle mass. Our data lead us to propose that, in murine hearts, ex-
ercise challenges a ‘desmosomal reserve’ which, if impaired genetical-
ly (eg PKP2 loss), accelerates cardiomyopathy progression.
Accordingly, we found that exercise in PKP2-deficient human hearts
was not followed by a compensatory trophic effect. Altogether, our
results support the notion that low desmosomal reserve (eg. a
pathogenic PKP2 mutation) impedes the heart of an athlete from
matching increased demand, leading to cell damage and reduced

muscle mass which, if exercise persists, causes a clinically apparent
cardiomyopathy.

Methods

Terminology

‘Control’ (‘Ctrl’) refers to age- and gender-matched, tamofifen (TAM)-
injected C57BL/6 PKP2"/aMHC-CreERT2™ (Cre). ‘PKP2cKO’ refers
to TAM-injected age- and gender-matched C57BL/6 PKP2""/aMHC-
CreERT2" (Cre™) mice. ‘Sedentary’ refers to animals, control, or
PKP2cKO, not subjected to a running protocol. ‘Trained’ refers to ani-
mals, control, or PKP2cKO, that underwent a 6-week running (training)
programme (Supplementary material online, Figure SI). Animals exercised
for only 3weeks (Supplementary material online, Figure SI) are referred
to as ‘3-week trained’ and the protocol as ‘3-week training’. For differen-
tial transcriptomes, we indicate the specific subtraction that is made in
each of the datasets. These are: ‘Sed.PKP2cKO-Sed.Ctr!’ (to study the ef-
fect of loss of PKP2 on the transcriptome of sedentary animals),
‘Trained.PKP2cKO-Trained.Ctrl’ (to define the effect of loss of PKP2 on
the transcriptome of trained animals) and ‘Trained.Ctrl-Sed.Ctrl’ (to char-
acterize the effect of training on the transcriptome of control mice).

Exercise protocol in mice

Experiments were performed in adult male mice, 3—4 months of age at
the start of training, and control littermates.® Experiments were
approved under NYU-IACUC protocol 1A16-01021. Mice underwent
two separate treadmill running protocols adapted from'"™"3: (i) 3 weeks
of running before first tamoxifen (TAM) injection and then three add-
itional weeks of running (total 6 weeks of exercise; Supplementary mater-
ial online, Figure SI; group ‘trained’). (i) Running starting at time of TAM
injection, lasting 21 days (3-week training; Supplementary material online,
Figure SI).

RNAseq analysis

We obtained two new differential transcriptomes: (i) Trained.Ctrl-
Sed.Ctrl and (i) Trained.PKP2cKO-Trained.Ctrl. Details in the
Supplementary material online.

Weighted-gene network analysis

We explored a correlation between our data and the PKP2 gene net-
work described from the human transcriptome'* using R-based weighted
correlation network analysis (WGCNA; R version 3.4.3) and RNAseq
data from human left ventricular (LV) tissue available through the
Genotype-Tissue Expression v7 (GTEx) consortium (https://www.gtex
portal.orglhome/datasets, last accessed 14 January 2021).
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Echocardiography

Echocardiographic images were acquired and analysed in B-mode and M-
mode on a VEVO 2100 machine (VisualSonics Inc.) as previously
described.® Of note, an additional group of four PKP2*"*/alphaMHC-
CreERT2"Y*, TAM-injected mice were followed for 35 days to rule out
possible effects of Cre on phenotype. There were no changes across
time in any of the echocardiographic parameters (Supplementary mater-
ial online, Figure SII).

Histology

Paraffin-embedded four-chamber heart sections were fixed and prepared
with Masson Trichrome staining for histology analysis. Measurements of
tissue and cell size cross-sectional analyses were performed using
custom-made algorithms in Image). Terminal dUTP Nick-End Labeling
(TUNEL) staining was performed on paraffin sections (5puM thick) and
images acquired, aligned and quantified using a Keyence BZ-X800
Fluorescent microscope.

Patient population and imaging

The patient population was extracted from the Johns Hopkins ARVC
Registry based on the following criteria: carrier of a pathogenic/likely
pathogenic PKP2 variant; definite, borderline, or possible diagnosis; class
C athlete by the 36th Bethesda Conference of sport'® and available his-
tory of training at the time of cardiac magnetic resonance imaging (MRI).
These patients were 1:1 matched for age, gender, body surface area, and
hours of training/week with a cohort of healthy controls who underwent
a cardiac MRI as participants in a research study.'® All measurements
were performed by one experienced observer (M.B.).

Dissociation of single myocytes, Ca2+

imaging, and sarcomere shortening

Isolated murine ventricular myocytes were obtained by enzymatic dis-
sociation 21 days post-TAM, as in Ref.* Myocytes were harvested from
both ventricles. Additional considerations and detailed methods for Ca**
imaging and SS in Supplementary material online.

Statistical analysis

Functional, echocardiographic, and histological parameters are presented
as mean and standard deviation. Comparisons were first evaluated by
hierarchical analysis'” as specified in figure legends, and statistical signifi-
cance determined by Student’s t-test, analysis of variance or non-
parametric statistics as indicated. Additional details in Supplementary ma-
terial online, Methods. Data on patients are presented as frequency (per-
centage), or mean standard deviation. Comparison between groups was
made using Student’s t-test or Mann—Whitney U test, as appropriate. All
data were analysed using the IBM SPSS statistical package v25.0 or
GraphPad Prizm v8.0. SS data analysis was performed using the
lonWizard (lonOptix, Westwood, MA, USA) software.

Results

Exercise-induced changes in cardiac
function and in the cardiac
transcriptome of control mice

To establish an adequate reference point, we first tested for changes
in cardiac function caused by training control animals for 6 weeks
(Supplementary material online, Figure SI). As shown in Figure 1A, after
6 weeks of training, we observed an increase in LV ejection fraction

(LVEF) and fractional shortening (FS), as well as in thickness of LV
walls both in diastole and in systole. Additional echocardiographic
parameters are presented in Supplementary material online, Figure
SHll. These changes were consistent with cardiac remodelling conse-
quent to endurance ‘craining?'18 As a next step, we characterized the
associated transcriptome. Mice were euthanized after the last run
and hearts immediately processed for RNA extraction. A group of
sedentary age-matched animals was used for comparison. The differ-
ential transcriptome is presented in Figure 1B. Positive and negative
numbers in the x-axis reflect transcripts up-regulated and down-
regulated by training, respectively, relative to the same gene in the
sedentary group. A principal component analysis (PCA) is presented
in Supplementary material online, Figure SIV (complete dataset form-
ing the volcano plot in Supplementary material online, Table S1). A
total of 2185 transcripts were significantly down-regulated by training
[thresholds of | log2FC | >0.5 and 5% false discovery rate (FDR <
0.05)]. Of particular note is the down-regulation of Pkp2, as well as of
desmocollin-2 (Dsc2) and desmoglein-2 (Dsg2) caused by exercise
alone, as well as the down-regulation of other genes of the ID
(Nos1ap, Ctnna3), scaffolding proteins for ion channels (Dlg1, coding
for Sap97; Ank2, coding for ankyrin-B; Simap, coding for sarcolemma
associated protein), transcription regulators relevant to cardiac
remodelling (Mef2a), and ion channel-forming proteins (Cacnalc).
The above-mentioned transcripts are marked in red in the volcano
plot. Quantitative immunofluorescence confirmed changes in protein
abundance for selected transcripts (Supplementary material online,
Figure SV). Unbiased Kyoto Encyclopedia of Genes and Genomes
(KEGG) functional pathway analysis was performed in the 2185
down-regulated transcripts (Figure 1C). Consistent with the observed
down-regulation of desmosomal genes, the most significant down-
regulated pathway was ‘ARVC'. A similar analysis for the 2260 up-
regulated transcripts is presented in Figure 1D. We observed an up-
regulation of the ‘cardiac muscle contraction’ pathway, which
included genes coding for cytoskeletal proteins, such as Myh7,
Cacngb, Fxyd2, Myl2, Tnnc1, Thni3, and members of the COX, UQCR,
and TPM family genes, as well as a significant up-regulation of genes
involved in cell respiration and mitochondrial metabolism
(Supplementary material online, Table S2). Also of note is the up-
regulation of the gene coding for the desmosome-anchored, cardiac
intermediate filament, desmin (Des), also confirmed at the protein
level (Supplementary material online, Figure SV). Overall, we found
that, consistent with the functional data, exercise leads to significant
up-regulation of structural and functional proteins likely to facilitate
both contractility, and aerobic metabolism, whereas an unexpected
down-regulation of ID, scaffolding, and ion channel proteins was
noted (Supplementary material online, Table ST).

The differential transcriptome of control
trained animals (Trained.Ctrl-Sed.Ctrl)
converges with that observed after
deletion of plakophilin-2 in sedentary
animals (Sed.PKP2cKO-Sed.Ctrl)

Genetic deletion of PKP2 is known to alter the cardiac transcrip-
tome.> We therefore compared the training-induced differential
transcriptome of control animals (Trained.Ctrl-Sed.Ctrl), where
PKP2 transcript abundance was decreased, with that obtained after
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Figure | Functional and transcriptomic characteristics of murine hearts after exercise. (A) Echocardiographic parameters in 21 control mice

undergoing 6 weeks of endurance treadmill training. FS, left ventricular frac

tional shortening; LVAW, left ventricular anterior wall; LVEF, left ventricu-

lar ejection fraction; LVPWV, left ventricular posterior wall. Student’s t-test to compare baseline (-21) to effect of PKP2cKO 21 dpi. (B) Transcriptome
of hearts from trained mice (6-week treadmill running protocol; n = 3) compared with that of sedentary controls (n = 6). Volcano plot of up-regu-
lated (green) or down-regulated (blue) transcripts. The terms ‘up-regulated’ or ‘down-regulated’ refer to more or less abundance, respectively, of a
given transcript in the hearts of mice that followed the training protocol, vs. the sedentary controls. Inclusion criteria: | Log2FC | > 0.5 and false dis-

covery rate < 0.05. Dots in grey: transcripts excluded by criteria. The posi

tion of transcripts for desmosomal proteins plakophilin-2 (PKP2), desmo-

collin-2 (DSC2), and desmoglein-2 (DSG-2) together with additional genes of interest are noted with red and with purple dots. (C and D) KEGG
(Kyoto Encyclopedia Genes and Genomes)-based identification of down-regulated and up-regulated pathways, respectively, in the differential tran-

scriptome of trained control murine hearts.

loss of PKP2 expression in sedentary animals (Sed.PKP2cKO-
Sed.Ctrl).? The complete datasets were plotted on a Cartesian map
where the magnitude of the change for a given transcript observed in
one data set (exercise; x-axis) was compared against the magnitude
observed in the other dataset (PKP2cKO; y-axis). The results are
shown in Figure 2A. Notice the large clustering of data points in the
1st (top right) and 3rd (bottom left) quadrants, where the changes
were in the same direction (92.8% of all transcripts). Only 7.2% of
the total set of transcripts appears in the 2nd and 4th quadrants;
namely, they denote transcripts for which the direction of change in
one dataset was opposite to that of the other. These results support
the notion that these two stressors (training and PKP2-KO) share
common molecular pathways.

To further explore similarities between training-dependent and
PKP2-dependent transcriptomes, we compared transcripts signifi-
cantly down-regulated by training (Figure 1B-D and Supplementary
material online, Table S7) with PKP2-centric human gene network
modules identified by Montnach et al.™* through analysis of the GTEx
database. The primary module in Montnach et al'* included 108

transcripts; 87 of those (80.5%) were also significantly down-regu-
lated in the training control (Trained.Ctrl-Sed.Ctrl) dataset. These
transcripts are graphically represented in the volcano plots of the
Trained.Ctrl-Sed.Ctrl differential transcriptome, in Figure 2B. The se-
cond module in Montnach et al™ included 95 transcripts; 90.5% (86
transcripts) of these were significantly down-regulated by training
(Figure 2C). We conclude that, embedded in the transcriptome of
trained control animals (Trained.Ctrl-Sed.Ctrl), there is the down-
regulation of a subjacent PKP2-related gene network. Accordingly,
we posit that a further reduction in PKP2 abundance can switch exer-
cise from beneficial to deleterious to the health of the heart.

Exercise accelerates cardiomyopathy
progression in PKP2cKO mice

PKP2cKO mice were subjected to a 3-week treadmill running pro-
gram (3-week training). Animals were injected with TAM on Day 1 of
the running protocol. Echocardiographic parameters were measured
on Days 0, 14, and 21 post-TAM and compared with data from
PKP2cKO sedentary animals. Exercise in PKP2cKO mice caused a
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Figure 2 Additive effects and preserved directionality of transcriptomic changes induced by exercise and by PKP2 knockdown. (A) Cartesian map
where each dot represents the log2Fc value of a given transcript in the ‘trained control’ dataset (X-axis; differential transcriptome of Trained.Ctrl-
Sed.Ctrl; same dataset as in Figure 1C and D) against the log2FC recorded for the same transcript in the sedentary PKP2cKO dataset (Sed.PKP2cKO-
Sed.Ctrl dataset; Y-axis; dataset previously reported in Ref.%). Notice that, as an overall trend, transcriptomic changes caused by training in controls
showed the same direction as those caused by loss of PKP2 in sedentary animals. Red circles in bottom left quadrant show transcripts significantly
down-regulated (false discovery rate <0.05), with absolute log2FC values >0.5, both in the trained control and in the sedentary PKP2cKO dataset.
Similarly, dark green circles in upper right quadrant correspond to transcripts significantly up-regulated (false discovery rate <0.05) with absolute
log2FC values >0.5 in both datasets. Orange and light green circles show transcripts with absolute log2FC values >0.5 in one dataset but not in the
other, regardless of their significance. Orange and light green data points also represent data where Log2FC’s were >0.5 but the value did not reach
statistical significance in one or both of the datasets. Black circles denote data points for which the directionality of the change in one dataset was op-
posite to that of the other. The latter amounted to only 7.2% of the complete dataset. Red and orange data points correspond to 44.3% and 55.7% of
the total data points in the 3rd quadrant, respectively. Green and light green data points correspond to 41.3% and 58.7% of the total data points in
the 1st quadrant, respectively. (B and C) Grey dots represent differential transcriptome after exercise (same as in Figure 1A). Turquoise (B) and blue

dots (C) mark transcripts identified by Montnach et al.'* as components of the human PKP2 gene network.

rapid decrease in LV function and progression towards heart failure,
already manifest at 14 dpi. The LVEF decreased further at 21 dpi,
reaching values significantly reduced when compared with those
observed in PKP2cKO-sedentary animals (Figure 3A and B):2
Additional echocardiographic parameters are provided in
Supplementary material online, Figures SVIA and B and SVIIA-D.
Altogether, the data confirm that, while exercise alone can improve
cardiac function, a PKP2 deficit drives the phenotype further into the
cardiomyopathic state if both stressors (exercise and PKP2-KO) are
present.

Training prior to TAM injection reduces
the impact of loss of plakophilin-2

expression
The improved contractility that results from exercise is a slow and
cumulative adaptive process. We examined whether a period of

adaptation to exercise prior to loss of PKP2 would have an extended
protective effect on the function of a heart that is then made deficient
in PKP2. Animals in this group ran for 3 weeks prior to TAM injection
and three additional weeks after TAM (‘trained’ group;
Supplementary material online, Figure SI). As shown in Figure 3C,
echocardiographic measurements showed that LVEF started to sig-
nificantly decrease around 14 dpi (5 weeks of exercise). Importantly,
the deleterious effect observed when 3-week training and loss of
PKP2 expression were combined from the outset (Figure 3A and B)
was not apparent in the 6-week trained hearts (3 weeks pre-TAM;
3 weeks post-TAM), where echocardiographic parameters at 21 dpi
were not different from those recorded from sedentary PKP2cKO
animals (Figure 3C and D, Supplementary material online, Figures SVIC
and D and SVIIE-H).

Though training prior to TAM injection partly contained the cata-
strophic drop in function otherwise observed in 3-week trained
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Figure 3 Echocardiographic changes in trained PKP2cKO mice compared with sedentary PKP2cKO mice. (A and B) Left ventricular ejection frac-
tion (LVEF) and fractional shortening changes in 3-week trained PKP2-cKO compared with PKP2-cKO sedentary mice. (C and D) Left ventricular
ejection fraction and fractional shortening changes between trained (i.e. animals completed 6 weeks of treadmill running) and sedentary PKP2-cKO
mice. Purple: sedentary (n =11 at 0 dpi, 14 at 14 and 21 dpi). Pink: 3-week training (n = 9). Red: trained mice (n = 15). DPI: days post-TAM injection.
‘0’ in C and D reflects the baseline pre-exercise in trained mice (3 weeks before TAM injection). Sedentary data in A and B also displayed in Cand D
to facilitate comparison. Top bars indicate P-values by unpaired Student’s t-test.

PKP2cKO animals, the cardiac mechanical function of PKP2cKO ani-
mals that completed the 6-week training period still departed from
that of the trained control group, where we actually observed
improved LVEF and a tendency towards improved FS as a result of
training (Figure 1A). We surmised that reduction in contractile func-
tion in trained PKP2cKO mice could be due to at least one of two
not mutually exclusive factors: reduced contractility of individual
myocytes, or reduced myocardial mass. Each variable was analysed
separately.

Training increases Ca®" transient
amplitude and sarcomere shortening in
plakophilin-2-deficient myocytes

We characterized SS in isolated myocytes from PKP2cKO mice at
21 days dpi. Three groups were studied: sedentary control, sedentary
PKP2cKO, and trained PKP2cKO. Cells were paced at 1Hz
Sarcomere length was measured within a region of interest that
included 1520 z-lines (see Figure 4A) and measurements averaged
over 15 cycles. An example of measurements of sarcomere length
during seven cycles is shown in Figure 4A and exemplary traces in
Figure 4B. Cumulative data are depicted in Figure 4C and D. No differ-
ence between groups was observed in resting sarcomere length
(Figure 4C). Yet, SS was significantly larger in PKP2-deficient cells, and
this increase was even more noticeable in cells from trained animals
(Figure 4D).

We have previously demonstrated that loss of PKP2 leads to
increased Ca" transient amplitude.4 In Figure 4D—F, we show that
this increase is even more pronounced in mice that have completed
the 6-week training period. This increase and the consequent in-
crease in free Ca®™ availability for contraction is consistent with the
increased SS observed in individual myocytes. Training led to
increased SS and Ca*" transient amplitude also in control cardiomyo-
cytes (Supplementary material online, Figure SVIIl). More importantly,
the increased SS of isolated cells was not consistent with the
decreased FS and LVEF observed at the organ level in trained
PKP2cKO hearts. We then examined the alternative hypothesis,
namely, that the effects at the organ level associate with reduced
muscle mass, caused by PKP2 deficiency.

Muscle content in the ventricular free
walls was reduced in PKP2cKO trained

hearts

Hearts were paraffin-fixed and divided along the cardiac long axis for
visualization of free ventricular walls and septum. Masson trichrome
staining allowed us to distinguish muscle vs. non-muscle tissue. An
image analysis tool was used for unbiased quantification of the pro-
portion of muscle within the section (see ‘Methods’ and Supplemen-
tary material online, Figure SIX). Trained PKP2cKO hearts showed a
reduction in muscle content, more prominently in the right ventricle,
when compared with trained controls (Figure 5A-C).

1202 Jaquiaoaq Zg uo Jesn uabuiuois) Alsiaaiun Aq 0981 E19/2/ /qeys/iueayina/ea0l 0L /1op/a|oie-aoueApe/fueayina/wod dno-oiwapeoe//:sdiy Wwolj papeojumoc]



M. Cerrone et al.

C S E — Control sedentary
_ z 038 — PKPZCKO sedortary
E — PKP2cKO trained
[ £ 200] p=0.452  p=0.999
| d ; 2" -e
L 2
£ H ¥ ) -
2 £ 1.75 L
g 8 E|
§
£ : 2
5 £ 1o
i) | | Pacing -
o
Time (s) ) =45 n=s0 n=56
’ Comtrol  PKPZGKO PKP2GKO 0.0 s 10 15 20
B D Sedentary  Sedentary Trained F Time (s)
p=0.000003
16+ 4
1004 p=0.040 . :,
- g
5 == Control sedentary o 124 % 34
s = PKP2cKO sedentary £ -]
D e54 — PKP2cKO trained £ ]
s s E
® £ 8 E 2
] @ -]
E @ o
8 o0 E o
g 8 o g 1
w ] +
] &
o
o
T 1 o
T ; T T T T
0.0 0.5 1.0 Control PKP2KO  PKP2CKO Control PKP2cKO  PKP2cKO
Time (s) Sedentary  Sedentary  Trained Sedentary  Sedentary  Trained

Figure 4 Sarcomere length and calcium transient measurements in cardiac myocytes of sedentary and trained PKP2cKO mice. (A) Top: Example of
cell region of interest (red square). Bottom: Example of sarcomere length recording, collected in lonoptix, and analysed with lonWizard. Red lines
highlight electrical stimulation; cells were paced for 20-30's before the start of the recording to achieve steady-state. (B) Exemplary sarcomere short-
ening traces from sedentary control (grey line), sedentary PKP2cKO (purple line), and trained PKP2cKO myocytes (red line) 21 days post-TAM injec-
tion (21dpi). (C and D) Baseline sarcomere length (C) and sarcomere shortening (D) in sedentary control (grey bar and symbols), sedentary
PKP2cKO (purple bar and symbols), and trained PKP2cKO myocytes (red bar and symbols) 21 dpi. Numbers inside bars in C indicate number of cells
and apply to both Cand D panels. (E) Examples of electrically evoked Ca*" transients in PKP2cKO myocytes 21 dpi, maintained at room temperature
and in standard Tyrode solution. Grey: Myocyte from sedentary control mouse. Purple: Myocyte from sedentary PKP2cKO mouse 21 dpi. Red:
Myocyte from trained PKP2cKO mouse 21 dpi. (F) Average Ca*" transient amplitude in sedentary control (grey bar and symbols), sedentary (purple
bar and symbols), and trained (red bar and symbols) PKP2cKO myocytes 21 days dpi. Numbers inside bars indicate number of cells. Data from 4 to 5
mice per group, presented as mean £ SD. Statistical tests: Hierarchical test was used for all parameters (details in Methods section).

To determine whether reduction in muscle content included
changes in the size of individual myocytes, we analysed cross-
sectional cell areas from selected regions where the orientation of
the cut was transverse to that of the cell axis (example in Figure 5D).
Depletion of PKP2 in sedentary myocytes does not influence cardio-
myocyte size, as shown in Supplementary material online, Figure SX.
Cell cross-sectional area was not different between trained control
and PKP2cKO groups (Figure 5E). Overall, our data indicate that
trained PKP2cKO hearts are unable to maintain contractile function
due to loss of muscle mass, despite the increased contractility of indi-
vidual myocytes.

Conservation of differential
transcriptomes of trained PKP2cKO
(Trained.PKP2cKO-Trained.Ctrl), trained
controls (Trained.Ctrl-Sed.Ctrl), and
sedentary PKP2cKO (Sed.PKP2cKO-
Sed.Ctrl) hearts

We previously characterized the differential transcriptome of seden-
tary PKP2cKO vs. sedentary control hearts (Sed.PKP2cKO-
Sed.Ctrl).> Here, we extended our study to obtain the differential

transcriptome of trained PKP2cKO hearts compared with exercised
controls (Trained.PKP2cKO-Trained.Ctrl). All mice were subjected
to the 6-week running regimen (Supplementary material online,
Figure SI). Hearts were harvested 21 dpi. A total of 12 602 annotated
transcripts from the Ensembl reference database were differentially
expressed. The corresponding PCA and the complete dataset are
provided in Supplementary material online, Figure SXI and in
Supplementary material online, Table S3, respectively. Applying the
criteria of FDR <0.05 and absolute log2 fold change >0.5 resulted in
3195 transcripts differentially expressed, with 1445 transcripts
down-regulated and 1750 transcripts up-regulated in the trained
PKP2cKO group. The volcano plot is presented in Figure 6A; KEGG
functional pathway analysis of down-regulated and up-regulated
genes is presented in Figure 6B and C, respectively.

There was extensive conservation of modified transcripts between
the three groups studied (Trained.Ctrl-Sed.Ctrl, Sed.PKP2cKO-
Sed.Ctrl, and Trained.PKP2cKO-Trained.Ctrl). Indeed, there were
1084 transcripts down-regulated in the Trained.Ctrl-Sed.Ctr| dataset
that were also down-regulated in the trained Trained.PKP2cKO-
Trained.Ctrl group. Of those, 916 transcripts were also down-regu-
lated in the Sed.PKP2cKO-Sed.Ctrl dataset. In this converging group,
there was a dominant representation of the ‘ARVC’ pathway
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and a PKP2cKO trained heart (B). Scale bars: 1000 pm. Dotted squares indicate area showed at higher magnification on the respective sides. Scale
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are not shown given the total n values included (over 1000 per bar).

(Figure 7A) and of functional processes associated with the regulation
of electrical and mechanical activity (Figure 7B and Supplementary
material online, Tables $4 and S5). Analysis of converging transcripts
reveals down-regulation of genes coding for proteins of the ID (Dsc2,
Dsg2, Nos1ap, Ctnna3), scaffolding proteins (Ank2, Dlg1), and of pro-
teins associated with excitation-contraction coupling (Cacnalc,
Cacna2d1, Slmap). Interestingly, a highly significant difference was
observed in the expression of genes involved in apoptotic pathways.
From a total of 136 genes associated with apoptosis and included in
the KEGG pathway, 61.5% showed a significant change in the
Sed.PKP2cKO-Sed.Ctrl group, while this fraction was significantly
lower (32.1%) in the TrainedPKP2cKO-Trained.Ctrl group
(Figure 7C). Concurrent with the observation above, TUNEL staining
in sedentary PKP2cKO was more abundant than that observed in
PKP2cKO trained and in controls (Supplementary material online,
Figure SXII). Similarly, in PKP2cKO animals, training limited the down-
regulation of genes involved in the electron transport chain (ETC)
compared with sedentary PKP2cKO group (comparing data from
Trained.PKP2cKO-Trained.Ctrl  against those obtained from

Sed.PKP2cKO-Sed.Ctrl; Figure 7D, Supplementary material online,
Tables S6 and S7). Of note, a similar analysis for expression of genes
involved in the glycolytic pathway yielded no significant difference be-
tween groups (Supplementary material online, Figure SXIII).

Cardiac dimensions in human athletes
with diagnosis of arrhythmogenic right
ventricular cardiomyopathy differ from

those in control athletes

Overall, the data presented would predict, all fundamental limitations
notwithstanding, that exercise-induced changes in heart mass that
have been reported in human athletes would not be detectable in
hearts of athletes with PKP2 mutations. To test for the latter, we
identified 14 patients carrying PKP2 mutations, the majority (9/14)
reaching a definite diagnosis of ARVC according to the 2010 Task
Force Criteria'® and all having a cardiac MRl as part of their diagnostic
workup. These patients were 1:1 matched for age, gender, body sur-
face area, and hours of training per week to a cohort of healthy
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Figure 6 Differential transcriptome of murine trained PKP2cKO hearts. Transcriptome of trained control hearts (Trained.Ctrl-Sed.Ctrl) was com-
pared with that of trained PKP2cKO mice (Trained.PKP2cKO-Trained.Ctrl). (A) Volcano plot of up-regulated (green) or down-regulated (blue) tran-
scripts. Inclusion criteria: Log2FC £ 0.5 and false discovery rate < 0.05. Up-regulated or down-regulated refers to more or less abundance,
respectively, of a given transcript in the PKP2cKO hearts. Dots in grey: transcripts not meeting inclusion criteria. Some of the down-regulated tran-
scripts in the ‘hypertrophic cardiomyopathy’ pathway are noted in the plot. (B and C) KEGG (Kyoto Encyclopedia Genes and Genomes)-based identi-
fication of down-regulated and up-regulated pathways, respectively, in the differential transcriptome of trained PKP2cKO hearts.

athletes who underwent an MRl as participants in a research study.'®
Clinical features and genetic variants are summarized in
Supplementary material online, Tables S8 and $9. The data show that
ARVC athletes did not develop the same level of LV wall thickness as
control athletes (7.3+ 1.3 mm vs. 6.0 + 1.0 mm, P=0.009, Figure 8A).
In addition, there was a trend towards a smaller LV indexed end-
diastolic mass (Figure 8B) and significantly lower LV indexed end-
diastolic volume (EDV; P <0.001, Figure 8C) in PKP2 mutations car-
riers. Indexed RV EDV was not different between the groups
(Figure 8D). Of note, previous studies?® have shown that LV to RV
EDV ratio differs in physiologic and pathologic ventricular remodel-
ling. Representative MRI examples are provided in Supplementary
material online, Figure SXIV. While in physiologic conditions the ratio
is fairly balanced (LV/RV EDV = 0.9—1.1), this is not observed in the
presence of ARVC-causing mutations (LV/RV EDV < 0.9). In our
study population, PKP2+ athletes manifested a trend towards mal-
adaptive remodelling [LV/RV EDV 0.82 (interquartile range: 0.58—
0.95) vs. 0.91 (interquartile range: 0.86—0.94) in controls, P = 0.06].

Discussion

We have examined the consequences of exercise training (treadmill
running) in mice. We found that both in control and in PKP2-

deficient animals, training reduced the abundance of ID protein tran-
scripts. Yet, in controls, cardiac function improved whereas in
PKP2cKO animals, cardiac function was impaired. We propose that a
normal heart expresses more desmosomal proteins than the min-
imum necessary (i.e. it has a large ‘desmosomal reserve’). As such, it
tolerates their reduced abundance (caused by training) without falling
into a pathological state (Supplementary material online, Figure
SXVA). Yet, if a genetic modification reduces the desmosomal reserve
at baseline, further exercise-induced reduction is not tolerated, thus
accelerating the ARVC phenotype (see Supplementary material on-
line, Figure SXVB). Thus, it is a main message of this study that exercise
reduces desmosomal reserve, and that further impairment of desmo-
somal reserve by genetic means can affect heart function (Graphical
abstract).

In the second part of our study, we investigated the cellular mecha-
nisms leading to impaired contractility in exercised PKP2-deficient
animals. To our surprise, we found that loss of PKP2 actually
improves (rather than decreases) SS. On the other hand, loss of
PKP2 caused apoptosis and reduced muscle mass, exacerbated by ex-
ercise (Supplementary material online, Figure SXVB). Our observa-
tions in mice led us to assess myocardial mass parameters in human
athletes. We found that exercise-induced remodelling of cardiac
dimensions, which normally occurs in athletes, is not present in
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Figure 7 Comparative analysis of transcriptomes in three experimental groups studied (trained control, sedentary PKP2cKO, and trained
PKP2cKO). (A and B) KEGG (Kyoto Encyclopedia Genes and Genomes) and GO (Biological process-based) pathways obtained from analysis of tran-
scripts that were down-regulated in all three groups. (C) Stack bars representing the direction of change for transcripts under the KEGG term ‘apop-
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block). Exercise significantly reduced the number of apoptosis-related transcripts that were modified consequent to loss of PKP2 deletion (left bar
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athletes with a PKP2 deficiency. In other words, consistent with the
observations in mice, PKP2 deficiency in humans impairs the neces-
sary exercise-induced trophic response. The latter, we suggest, can
set the stage for an acceleration of the ARVC phenotype. Overall,
our data concur with extensive evidence showing detrimental effects
of exercise in the setting of desmosomal deficiency in humans”® and
21-23

in mice and provide mechanistic insight into its molecular

origins.

Training prior to plakophilin-2 loss has a

cardioprotective effect

Our data showed that training for 3 weeks previous to KO of PKP2
dampened the progression of the cardiomyopathy, compared with
that of animals that exercised without previous training. The latter
does not have direct translational value for ARVC patients. Yet, it
may relate to the importance of proper, gradual training for non-
athletes that engage in an endurance exercise program. Furthermore,
training in a normal individual is known to have a positive effect on
myocyte respiration. So, we speculate that an animal that has trained
before the loss of PKP2 has a more efficient cell respiration at the
start. Thus, despite the fact that training would negatively impact

(decrease) the desmosomal reserve, the more efficient cell respir-
ation would partly counter the challenge to the desmosomal reserve
and the heart would better tolerate PKP2 deficiency before a thresh-
old for apoptosis is reached (Supplementary material online, Figure
SXV). Mechanistically, the protective effect may result from strong
expression of genes involved in cell respiration/ETC detected in
trained controls (Trained.Ctrl-Sed.Ctrl), which persisted in the
trained PKP2cKO animals (Trained.PKP2cKO-Trained.Ctrl), vis-a-vis
the down-regulation of genes in the same pathway in the PKP2cKO
sedentary animals (Sed.PKP2cKO-Sed.Ctrl). Previous studies have
suggested that metabolic derangement underlies the cellular patho-
genesis of ARVC?** and that mitochondrial dysfunction represents a
substrate for the disease.”> Our data show that training provoked an
up-regulation of genes involved in oxidative phosphorylation and
electron transport and that this change was also apparent in the
trained PKP2cKO group. Regarding the optimal exercise strategy in
humans with PKP2 deficiency, the issue needs to be considered in the
context of current clinical knowledge about harmful exercise
intensity.26

The PKP2cKO trained group showed an abundance of transcripts
related to mitochondrial function, and a less vulnerable phenotype.
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Figure 8 Cardiac magnetic resonance in arrhythmogenic right ventricular cardiomyopathy patients and healthy controls with history of compar-
able athletic training. (A) Short-axis recording of lateral wall thickness. (B) Left ventricular indexed end-diastolic mass. (C) Left ventricular indexed
end-diastolic volume. (D) Right ventricular indexed end-diastolic volume. Black: healthy athletes. Red: PKP2-positive athletes. Student’s t-test.
Boxplots: median and interquartile range. Whiskers: 1.5 interquartile range, with outliers indicated as single dots.

We cannot establish cause-effect between these two variables. Yet,
given the importance of mitochondrial function on muscle perform-
ance, we can speculate that they are related. Yet, other possibilities
cannot be excluded; among them, mice may develop better skeletal
muscle performance after the first 3 weeks of training, thus enabling
training for the last 3 weeks (i.e. after TAM injection) with less cardio-
vascular effort. Also, a reduced stress on the mice as they are more
adapted to the training regime, could help the outcome.

Our data refute the hypothesis that loss
of plakophilin-2 impairs sarcomere short-

ening of isolated cells

We have previously shown that the arrhythmogenic phenotype of
ARVC results, at least in part, from molecular changes intrinsic to the
cell and not (or not only) from cell separation due to loss of cell—cell
adhesion.? Furthermore, the transcriptome of sedentary PKP2cKO
hearts (in Ref?) shows up-regulation of cytoskeletal components
including the actin cytoskeleton (Myh7, Myhé), the intermediate

filaments (increased desmin), and the microtubules (Tubala-c, Vash1,
Ttl). Thus, it was our a priori hypothesis that molecular changes in-
side the cell would impact negatively on the ability of individual myo-
cytes to shorten. This hypothesis, however, was not supported by
our data. In fact, our results showed an increase in SS in PKP2-
deficient myocytes, an effect actually amplified in trained animals.
Thus, our data refuted the hypothesis as postulated. On the other
hand, our data were consistent with the alternative hypothesis,
namely, that the cardiomyopathic phenotype is not consequent to an
impaired ability of the myocyte to contract (quite the contrary) but
rather, to a reduction in the population of contractile myocytes that
sum their work to eject the blood during systole.

It should be noted that sarcomere length was measured in
unloaded myocytes, given the technical difficulties involved in con-
ducting measurements in tension-exposed cardiomyocytes. We ac-
knowledge this as a limitation of our study, as myocytes in situ are
subjected to stretch and increased tension. Future experiments will
be necessary to examine the sequitur hypothesis that though the abil-
ity of the unloaded myocyte to shorten was in fact heightened by the
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loss of PKP2, the contractility of loaded myocytes subject to tension
may be impaired when compared with controls.

The increased amplitude of Ca* transients observed in trained
and in sedentary animals* provides a possible mechanistic explanation
for the increased SS observed. Furthermore, it suggests that a dysre-
gulation of intracellular Ca*tis present and heightened in these ani-
mals and can contribute to an increased likelihood of life-threatening
arrhythmias. Future experiments will also contemplate measuring
Ca®" fluorescence in Langendorf-perfused hearts using methods as
those previously described.?’

Limitations of the PKP2cKO murine
model

There is, at present, no animal or cellular model that ‘recapitulates’
human ARVC. The latter stands to reason, given fundamental differ-
ences between the human heart and that of other species, as well as
the impossibility of recreating a disease of the fully differentiated
multi-cellular heart by studying immature cardiac myocytes in a dish,
even if derived from human blood. There is, however, the possibility
of studying endophenotypes of ARVC-relevant genes by knockout
methods. Under that premise we have used a cardiomyocyte specific,
TAM-activated PKP2 knockout model (dubbed PKP2cKO)? to learn
about the cardiac endophenotype of a gene that, when mutated in
humans, causes ARVC. Similarly, to our knowledge, rodent models
do not recapitulate an athlete’s heart. Yet, it is possible to subject
mice to endurance exercise and analyse transcriptional features that,
if amplified, could underlie structural and functional features of the
athlete’s heart. Extrapolation to the adaptation of the human heart
be it consequent to exercise, to PKP2 deficiency or to their combin-
ation, needs to be done with caution.

It should be noted that control animals were Cre-negative and
received a TAM injection. This was done to facilitate comparison to
the Cre-positive group (PKP2cKO). We have no reason to believe
that the outcome of the control animals is affected by the TAM injec-
tion, given that these animals present no phenotype and TAM is
injected 21 days before any analysis is conducted. Yet, future experi-
ments will be pursued in non-TAM-injected animals to completely
discard any possible artefactual effect of TAM exposure.

Cardiac remodelling in plakophilin-2-
deficient human athletes differs from

that observed in controls

We carried out a preliminary evaluation of the effects of exercise in
cardiac dimensions in athletes, compared with those with similar age,
sex, and level of training but carrying a pathogenic/likely pathogenic
PKP2 mutation. We observed significant differences suggesting an in-
ability in PKP2-deficient patients to properly compensate with a
trophic response against increased workload. The interpretability of
our data is limited by the relatively low number of cases included,
given the low community prevalence of athletes with a desmosomal
gene mutation and the challenge of matching imaging data collected
at a comparable level of training both in patients and in controls. This
limitation notwithstanding, the results were consistent with the no-
tion that humans with PKP2 deficiency do not follow a cardiac
remodelling process comparable to age, sex- and training-matched
controls.

Summary and conclusions

Our data document an exercise-induced transcriptomic switch that,
on the one hand, can limit the abundance of proteins of the ID includ-
ing desmosomes, and on the other hand, provides increased tran-
script copies that can facilitate cell energy production. While the
former challenges the tolerance of the heart to further decreases in
desmosomal abundance (or to stress), the latter may help prevent, if
properly timed, the rapid progression of an exercise-induced cardio-
myopathy in the PKP2-deficient heart. Our work also documents, for
the first time, an increase in SS consequent to PKP2 loss, an effect
seemingly paradoxical when compared with the reduced organ con-
tractile function. This leads us to conclude that the PKP2-dependent
mechanical dysfunction of the ventricles is not cell-based but rather,
consequent to a reduction in the overall muscle mass and/or an
impeded remodelling process expected to occur as a result of exer-
cise. Our work is limited to the analysis of an experimental model
(exercise and/or PKP2 deficiency in mice), but provides grounds to
design (and preliminarily interpret) studies in the human population.
Nonetheless, extrapolation of our data to the analysis of patients
with an ARVC phenotype needs to be done with caution.

Supplementary material

Supplementary material is available at European Heart Journal online.
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