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Abstract: Arrhythmogenic cardiomyopathy (AC) is a familial heart muscle disease with mutations of desmosomal
gene and its pathogenesis is related with mutations of desmosomal gene and abnormality of connexin43 (Cx43).
One of Rho GTPase, RhoA involves in many pathological processes and is regulated by desmosomal gene PKP2. We
aim to identify if PKP2 regulate RhoA activity in myocardium of AC patients, the activity change of RhoA in patients’
myocardium and to investigate the effect of active RhoA on the protein expression of Cx43 in myocardial cells. The
protein expression level was assessed by western blot and the activity of RhoA was assessed by RhoA protein activa-
tion assay. Our results showed that the expression of PKP2 was decreased in myocardium of three patients, one of
which carried PKP2 mutations. The activity of RhoA in myocardium was increased in myocardium of AC as compared
with healthy control except for the patient with PKP2 mutation, the expression of Cx43 was also increased in those
patients with increased activity of RhoA. The results in vitro demonstrated that the increase of active RhoA can
cause the change of protein expression of Cx43 in HL-1 cardiomyocytes. In conclusion, regulation of RhoA activity
is complex in the myocardium of AC and the activity of RhoA is increased in AC patients without PKP2 mutations.
What’s more, the active RhoA affects the protein expression of Cx43 in vivo and in vitro, this may be the possible

disease mechanism of AC.
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Introduction

Arrhythmogenic cardiomyopathy (AC) is a myo-
cardial disease characterized by fibro-fatty re-
placement and ventricular arrhythmias. It is a
leading cause of sudden cardiac death (SCD) in
people aged < 35 years and accounts for up to
10% of deaths from cardiac disease in people
aged < 65 years [1]. In recent years, it has been
recognized that AC is a genetically determined
disorder. The majority of the genes actually
known to cause AC are those encoding car-
diac desmosomal proteins (plakoglobin, pla-
kophilin-2, desmoplakin, desmoglein, and des-
mocollin) [2]. One of the desmosomal protein,
plakophilin-2 (PKP2), seems to be the most
common mutations in these desmosomal gen-
es [3, 4]. Cardiomyocytes with dysfunctional
desmosomes can be torn apart more easily,
which leads to cell death and fibro-fatty replace-

ment as an unspecific repair mechanism.
Connexin 43 (Cx43), one of the gap junction in
intercalated disc, is structure that underlie the
electrical conduction between myocytes [5],
and the cellular contact provided by desmo-
some is necessary for electric conduction and
mechanical contraction of the myocardial cells.
In addition, parts of the pathogenesis of AC are
related with the abnormality of Cx43 [5, 6].

RhoA, one isoform of Rho GTPase, involves in
many pathological processes [7-9], and it has
been reported that one of the desmosomal
protein, PKP2, regulated RhoA activity [10].
However, the change of RhoA activity in AC
patients and the relationship between RhoA
and Cx43 have never been reported.

In this study, we detected the expression level
of PKP2 and RhoA activity in myocardium of AC
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Figure 1. Representative pathological characteristics of right ventricular (RV) myocardium in patients with AC. A, D,
G. HE, Masson and Oil Red O staining of myocardium in healthy control. B, C, E, F, H, |. HE, Masson and Oil Red O
staining of myocardium of AC patients. Scale bars = 50 ym.

patients who underwent heart transplantation
and discussed whether active RhoA was regu-
lated by PKP2, we also demonstrated that
active RhoA affects protein expression of Cx43
in vivo and in vitro. Our study may supply a new
perspective in research of disease mechani-
sms of AC.

Material and methods
Ethics statement

The patients enrolled in the present study
included definite AC individuals who underwent
hearttransplantation in Fuwai hospital between
2005 and 2012. These subjects were diag-
nosed using the Task Force criteria for AC. All
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patients have signed a written informed con-
sent for this investigation, which was approved
by the Institutional Ethical Review Board of
Fuwai Hospital (Beijing, China).

Tissue sample preparation and histology

Cardiac tissue samples were collected from
these AC patients mentioned above. The con-
trol samples were derived from autopsies or
donors with no history of heart disease who
died in accidents. For histology, 3 um paraffin
sections of cardiac tissue were stained with
haematoxylin and eosin and Masson’s tri-
chrome. Frozen sections were stained with oil
red O to detect lipids.
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Figure 2. Protein expression analyses of PKP2 and activity analyses of RhoA of RV in AC patients. A. Immunoblot
expression analysis of PKP2 in RV myocardium of healthy controls and AC patients and the quantification. Values
represent averages + SE (n = 3, control, n = 4, patients). B. Activity and protein expression analysis of RhoA in RV
myocardium of healthy controls and AC patients and the quantification. Values represent averages + SE (n = 3, con-
trol, n = 6, patients). *, P < 0.05. 1#: AC patients with PKP2 mutations; 2#, 3#: AC patients without PKP2 mutations.
Case control: AC patients with normal expression of PKP2 and without PKP2 mutations.
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Figure 3. Protein expression analyses of Cx43 in RV
myocardium of healthy controls and AC patients and
the quantification. Values represent averages + SE
(n = 3, control, n = 6, patients). *, P < 0.05. 1#: AC
patients with PKP2 mutations; 2#, 3#: AC patients
without PKP2 mutations. Case control: AC patients
with normal expression of PKP2 and without PKP2
mutations

Protein extraction and immunoblot analysis
Snap frozen tissues were homogenized in buf-

fer (8 M Urea, 50 mM Tris-HCI, pH 7.5, 100 mM
NaCl, 1 mM DTT, 1% Triton-X-100) supplement-
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ed with 0.1% PMSF. Then centrifuged for 30
min at 4°C, 13,400 g. Primary antibodies
against PKP2 (Abcam, Cambrige, UK), RhoA
(cytoskeleton, Denver, USA), Cx43 (Cell Sig-
naling Technology, Inc., Danvers, USA), and the
loading control GAPDH (Abmart, Shanghai,
China) were used. All blotting experiments were
made in triplicates.

Cell culture and test reagents

The HL-1 cells was grown in Dulbeccos modified
Eagles medium (DMEM) supplemented with
10% fetal calf serum (FCS) in a humidified
atmosphere (95% air/5% CO,) at 37°C. The cul-
tures were used for experiments when grown to
confluent monolayers. Calpeptin was bought
from Abcam and applied at 100 pg/ml. A spe-
cific inhibitor of ROCK, Y-27632 (Calbiochem,
CA), was added in 10% FBS/DMEM during the
first 1 day to inhibit intracellular RhoA activity,
the inhibitor was applied at 10 yM.

RhoA protein activation assay

To test for RhoA protein activation in HL-1 cells
upon treatment with calpeptin (100 pg/ml, 10
min, 30 min, and 60 min), the RhoA activation
assay kit (Cytoskeleton, Denver, USA) were
applied following manufacturer’s instructions.
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Figure 4. In vitro activity analyses of RhoA and protein expression analyses of Cx43 in HL-1 cells. A. Activity analysis
of RhoA in HL-1 cells with treated by calpeptin for O, 10, 30, and 60 min. B. Cx43 protein expression analysis in HL-1
cells with treated by calpeptin for O, 10, 30, and 60 min. C. Activity analysis of RhoA and Cx43 protein expression
analysis in HL-1 cells which were treated with 10 um Y-27632 (Y) prior to the stimulation of calpeptin. Values repre-

sent averages + SE (n = 3). *, P < 0.05.

In brief, HL-1 cells were grown to confluence in
T75 culture flasks for 3 days, the medium was
replaced with DMEM plus 1% FCS and cultured
for 24 h, and serum-starved for 16 h-24 h and
then incubated in the absence (control) or pres-
ence of calpeptin (100 pg/ml, 10 min, 30 min,
and 60 min) in DMEM. After rinsing with ice-
cold PBS, cells were harvested in lysis buffer
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containing 50 mM Tris-HCI (pH 7.4), 100 mM
NaCl, 1 mM DTT, 1% Triton X-100, 0.1% PMSF.
Lysates were centrifuged 15 min at 3000 g at
4°C. Supernatants were incubated with rho-
tekin binding domain-beads (cytoskeleton) and
rotated for 60 min at 4°C, washed one time
using washing buffer (cytoskeleton) and then
suspended in 2 x Laemmli sample buffer (125
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mM Tris PH 6.8, 20% glycerol, 4% SDS, 0.005%
Bromophenol blue, 5% beta-mercaptoethanal,
cytoskeleton), RhoA was detected by western
blot using a monoclonal antibody to RhoA
(cytoskeleton).

Statistical analysis

Quantitative data were expressed as mean *
S.E.M. Unpaired Student’s t test was used for
comparison of data between groups. P < 0.05
was considered to be statistically significant.

Results
The pathological characteristic of AC patients

Myocardial tissues of right ventricle from inde-
pendent AC patients who received heart trans-
plantation were obtained in this study. The
representative pathological characteristics of
them are shown in Figure 1. This results
showed that compared with healthy control,
cardiocytes in myocardial tissues of AC were
arranged more disorderly, the myocardial cells
presented cell islets, and surrounded by fibrous
tissues (Figure 1E, 1F). There were also lots of
infiltrated fat tissues in myocardium (Figure
1H, 11).

The protein expression of PKP2 and RhoA ac-
tivity assay in myocardium

Due to that PKP2 is one of the most important
desmosomal protein in pathogenesis of AC, we
measured the protein expression of PKP2 in
myocardium of AC, and found that the expres-
sion level of PKP2 in patient 1#, 2#, and 3# was
decreased significantly as compared with con-
trols and other AC patients (Figure 2A).

Among the three patients in which the expres-
sion level of PKP2 decreased, patient 1# car-
ried PKP2 mutations (data not shown), and the
result of pull-down assays for GTP-bound RhoA
showed that the activity of RhoA was also
decreased in myocardium of patient 1#, the
other two patients showed increased activity of
RhoA in myocardium, what’s more, in myocar-
dium without expression level change of PKP2,
RhoA activity was also increased; this result
was consistent to the change of the expression
level of the total RhoA, which was also increased
in AC patients compared with healthy controls
(Figure 2B).
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The expression level change of Cx43 in myo-
cardium of AC patients

We further detected expression level of Cx43 in
myocardium, and found that in myocardium of
patient 1#, the expression of Cx43 was de-
creased, in patient 2#, 3#, and other AC pa-
tients’ myocardial tissues, in which the activity
of RhoA increased, the protein expression of
Cx43 was increased compared with healthy
controls (Figure 3).

The active RhoA affected the protein expres-
sion of Cx43 in HL-1 cells

To simulate the increased activity of RhoA in
myocardial tissues, we treated HL-1 cells with
calpeptin to activate RhoA (Figure 4A), the
result showed that compared with control, the
activity of RhoA in HL-1 was increased after
stimulated for 30 minutes, after treatment for
60 minutes, the activity of RhoA decreased to
normal level.

Apart from the activity of RhoA, the protein
expression level of Cx43 was increased when
stimulated with calpeptin for 30 minutes, in
contrast, it had no change with treatment of
calpeptin for 10 minutes and 60 minutes com-
pared with control (Figure 4B).

As shown in Figure 4C, the activity of RhoA was
inhibited by Rho kinase inhibitor Y-27632, and
while the RhoA activity decreased, the Cx43
protein expression markedly reduced when
compared with control cells, providing further
evidence that the activity of RhoA may regulate
protein expression of Cx43 in HL-1.

Discussion

AC is a cardiomyopathy regarded as an impor-
tant cause of sudden death in young people
and particularly in athletes [11], the pathogen-
esis of AC is progressive replacement of the
right ventricular myocardium by fibro-fatty tis-
sue. The fibro-fatty replacement interferes wi-
th electrical impulse conduction, it is the key
cause of epsilon waves, right bundle branch
block, late potentials, and re-entrant ventricu-
lar arrhythmias [11]. Though AC is referred to as
“a disease of the desmosome”, there are only
50% AC patients carrying pathogenic gene
mutations [12], and the pathogenesis of the
other 50% patients of AC was unknown.

Int J Clin Exp Med 2015;8(8):12906-12913
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The pathogenic mechanism of desmosomal
gene mutations constitutes the dystrophic the-
ories [13], the most general theory. The discov-
ery of mutations in desmosomal genes propos-
es that impairment of desmosomal function
attributable to genetic defects would result in
cardiomyocytes detachment and death, partic-
ularly in the setting of mechanical stress [14].

The variants of PKP2, one of the pathogenic
genes, are relatively common among AC pa-
tients [4], and it plays an essential role in des-
mosome formation, cell signaling [15] and regu-
lating cardiac sodium channel function [16].
Our result showed that the expression level of
PKP2 was decreased in three samples. There
are three possibilities about this result: protein
degradation, transcriptional defects and trans-
lational defects. However, the exact mecha-
nism of the reduction is still unclear, and needs
to be verified in further research.

From the study of Godsel et al [10], PKP2 can
regulate RhoA activity in desmosomal plaque
assembles. To address the possibility that
PKP2 could regulate the activity of RhoA in
myocardial tissue of AC, we detected RhoA
activity in these myocardial tissues. Interes-
tingly, in our report, except the patient who car-
ries PKP2 mutations, the activity of RhoA was
increased in myocardium of remaining AC
patients whether the PKP2 expression level
changed or not. This result was inconsistent
with Godsel’s [10], the possible explanation
may be that in myocardial tissues, especially in
myocardial tissues of AC, the regulation system
of RhoA activity is much more complex than we
expected, the regulation of PKP2 on RhoA activ-
ity is also complex, many factors involved in the
regulation process, such as PKP2 mutation; we
also speculate that the increase of RhoA activ-
ity may involve in the disease mechanism of AC
considering the activity of RhoA increased in
myocardium of AC patients, this result was con-
sistant with the changes of expression level of
total RhoA, it implied that the increase of RhoA
activity may partly due to the increase of
expression level of total RhoA.

Cx43, a gap junction in intercalated disc, is an
important structure in myocardiocytes and it
involved in the pathogenesis of AC. It is report-
ed that in AC patients, PKP2 mutation can lead
to decreased expression level of Cx43 [5]. In
myocardiocytes, knockdown of DSP can cause
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the change of location and expression level of
Cx43 [6]. Apart from desmosomal genes, the
pathogenesis of non-desmosomal genes is
related with Cx43. One mutation of TMEMA43, p
S358L, leads to the change of location of Cx43
in intercalated disc, and this effect may involve
in the process of AC [17]. From these results,
we can speculate that the abnormality of Cx43
is related with the pathogenesis of AC. In our
study, the expression level of Cx43 was
increased in AC patients in which myocardium
the RhoA activity increased, and in HL-1 cells
with active RhoA, the expression of Cx43 was
also increased. These results suggest that
RhoA may involve in the process of AC by influ-
encing protein expression of Cx43.

In heart, changes of the activity of RhoA are sig-
nificant in myocardial function, it involves in
assembling of desmosome, myocardial cell
apoptosis [7], and heart failure [18]. In view of
pathological characteristics of AC, RhoA regu-
late a switch between adipogenesis and myo-
genesis [19]. Apart from affecting protein
expression of Cx43, we speculate that RhoA
involves in AC in other two ways: (1) affecting
NaV1.5 to induce arrhythmia genesis, (2) regu-
lating differentiaion between adipogenesis and
myogenesis result in the appearance of adi-
pose tissue. Further research need to explore
this conjecture.

AC is characterized genetically as a disease of
the desmosome, through several decades of
genetics research and discovery, many patho-
genic gene mutations have been found. Besides
mutational desmosomal genes, there are other
potential mechanisms in AC, such as ion chan-
nel abnormity [20], inhibiting Wnt signaling
pathway [21] and myocyte transdifferentiation
[22]. Chen et al [23] suggested that the hippo
pathway is causal mechanism in AC, Li et al [24]
found that transforming growth factor (-me-
diated signaling is elevated in Jup mutant car-
diomyocytes, and suggested that it is an impor-
tant pathogenic pathway for Jup-related AC.
Studying in new disease mechanism have pro-
vided further insights for the pathogenesis of
AC and potential therapeutic interventions.

There is a growing study about the pathophysi-
ological role of RhoA in cardiovascular diseas-
es, such as adriamycin-induced cardiomyopa-
thy [25], cardiomyocyte hypertrophy [26]. How-
ever, what is the role of RhoA in inherited car-
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diomyopathy, such as AC remains unknown. As
the expression and activity of RhoA increased
in myocardium of AC, our report points out a
new clue about the role of RhoA in the process
of AC, and suggests another new potential
pathogenesis of AC.
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