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Review Article
Calumenin relieves cardiac injury by inhibiting
ERS-initiated apoptosis during viral myocarditis

Yu Wang'3, Ying Sun?, Yao Fu'3, Xin Guo*?, Jie Long*?, Li-Ying Xuan?, Cheng-Xi Wei'3, Ming Zhao*3

1Inner Mongolia University for The Nationalities, Tongliao, Inner Mongolia, P. R. China; ?Affiliated Hospital of Inner
Mongolia University for Nationalities, Tongliao, Inner Mongolia, P. R. China; 3Inner Mongolia Autonomous Region
Key Laboratory of Mongolian Medicine Pharmacology for Cardio-Cerebral Vascular System, Tongliao, Inner Mongo-
lia, P. R. China; “Radiation Center, Beijing Shijitan Hospital of Capital Medical University, Beijing, P. R. China

Received March 30, 2017; Accepted May 24, 2017; Epub July 1, 2017; Published July 15, 2017

Abstract: Viral myocarditis (VMC) is a common disease causing heart failure (HF) for which no specific treatments
are available. As apoptosis of cardiomyoctes is a hallmark of VMC and HF, strategies targeting apoptosis are an ef-
fective way of prevention and treatment of HF. Recent studies found endoplasmic reticulum stress (ERS) reaction is
a new signal transduction pathway mediating apoptosis. Calumenin protein (CP) is located within the endoplasmic
reticulum Ca?* binding proteins, and is important in ER-initiated apoptosis. The aim of this study was to investigate
whether the function of CP was influenced in cardiomyocytes infected by coxsackievirus B3. The expression of CP
was down-regulated in cardiomyocytes infected by coxsackievirus B3. TUNEL studies showed that apoptosis was in-
creased in CP-deficient and ACP-mutant cardiomyocytes infected by coxsackievirus B3. Additionally, ERS-associated
proteins (GRP78, p-PERK, p-elF2«, ATF4 and CHOP) were up-regulated in coxsackievirus B3-infected CP-deficient
and ACP-mutant cardiomyocytes compared to wild type control cells. These results suggested ER-initiated apoptosis
was induced by coxsackievirus B3-infected cardiomyocytes and caused apoptosis through ER stress. CP can relieve
ERS-initiated apoptosis in viral myocarditis.
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Introduction

Viral myocarditis (VMC) is an important cause
of heart failure (HF) among adolescents and
young adults [1], and is mainly characterized by
non-specific myocardial interstitial inflammato-
ry lesions [2]. VMC is caused most commonly in
developed countries by viral infections such as
coxsackie virus, and echovirus [3]. Coxsacki-
evirus B3 (CVB3) is the most common virus that
causes VMC [4]. Over recent years, the inci-
dence of viral myocarditis shows an increasing
trend in developing countries, especially China.
Evidence shows that patients with persistent
viral infections in the myocardium are likely to
develop dilated cardiomyopathy and conges-
tive heart failure (CHF) [5]. Unfortunately, HF
caused by viral myocarditis lacks effective and
specific treatments. This underscores the
importance of understanding the mechanisms
of HF caused by viral myocarditis.

HF is a complex clinical syndrome that results
from the dysfunction of myocardial systolic and
diastolic systems. HF is an epidemic in devel-
oped countries [6]. Apoptosis has been report-
ed to be related with HF [7]. Apoptosis is acti-
vated in the myocardium after ischemic insult
[8, 9]. Imaging studies have made the visualiza-
tion of the phenomenon of apoptosis possible
in vivo using radiolabeled Annexin V [10].
Abbate et al. found apoptotic rate related to the
development of early onset CHF by pathological
examination of ventricles of patients who died
within 2 months of myocardial infarction [11].
Therefore, intervention of apoptosis may be an
effective way of controlling HF by experimental
research and clinical trials [12]. The mecha-
nisms of apoptosis are complex, and endoplas-
mic reticulum (ER) stress signaling has recently
been identified as a new transduction pathway
involved in apoptosis [13]. ER was first
described by Porter et al. in 1945 [14]. ER is an
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important intracellular organelle supporting
many functions including protein synthesis,
translocation across the membrane and inte-
gration into the membrane [15]. ER is abundant
in the myocardium, and is sensitive to changes
of intracellular homeostasis. The inhibition of
protein glycosylation, oxidative stress and
accumulation of unfolded proteins in the ER
lumen may disrupt normal ER function and trig-
ger the unfolded protein response named ER
stress (ERS) [16]. ERS is a condition that is
accelerated by the accumulation of unfolded or
misfolded proteins after a disturbance in the
ER quality control system because of various
pathological and physiological occurrences
[17]. When ERS occurs, the chaperone proteins
GRP78 and GRP94 are upregulated in response
to unfolded proteins to enhance the ability of
ER to regulate its intracellular Ca?* levels [18,
19]. ERS induced apoptosis in further develop-
ment. Joo et al. used a recombinant adenovirus
system to over-express calumenin protein (CP)
and found that CP played an important role in
ER-initiated apoptosis [20].

Calumenin, belonging to the CREC protein fam-
ily, is a multiple EF-hand Ca?*-binding protein,
and has been found to have unique C-terminal
SR retention signal HDEF [21]. CP can combine
with ryanodine receptor to active sarcoplasmic
reticulum Ca?* ATPase (SERCA2a) to regulate
the release of intracellular calcium, intake, and
storage of calcium in order to maintain homeo-
stasis of calcium cycling [22]. CP can also
relieve ERS of myocardial cells and suppress
ERS-mediated apoptosis [20], but the relation-
ship between CP and myocardial cells infected
with CVB3 has not been reported. In the pres-
ent study, we first investigated the expression
of CP in myocardial cells infected with CVB3,
and studied the potential mechanisms and sig-
naling pathways involved in this effect. Our
results showed that expression of CP was
down-regulated in myocardial cells infected
with CVB3 and activated ER-initiated cellular
apoptosis. Our study provides a theoretical
foundation of targeting apoptosis in the patho-
genesis of viral myocarditis.

Materials and methods

Isolation and cultivation of neonatal rat cardio-
myocytes

All experiments in this study were performed
in accordance with the Guidelines of Animal
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Experiments from the Committee of Medical
Ethics, National Health Department of China.
Neonatal rat cardiomyocytes were isolated
from 1-3 day old neonatal Sprague-Dawley rats.
After washing with PBS, cardiomyocytes were
cut into 1-3 mm pieces. The pieces then were
digested by collagenase type Il and trypsin mix-
ture. Finally the isolated cells were plated in
culture dishes. Cells were cultured in DMEM
(high glucose) with 10% fetal bovine serum
(FBS), and 1% antibiotics.

SiRNA design and transfection

The siRNA oligonucleotides (5'ggatggagaccta-
attgcc3’) were purchased from Wanlei Life
Sciences (Shenyang) Co. Ltd, and incorporated
into pGCSIL-GFP vectors (Vendor, City) for
knocking down calumenin gene. For siRNA
transfection, cardiomyocytes were cultured in
culture plates overnight and transfected with
control and calumenin siRNA vectors. The
medium was changed with fresh culture medi-
um after 24 h, and cells were used for subse-
quent experiments after 72 h of siRNA
transfection.

Virus infection in neonatal rat cardiomyocytes

The coxsackievirus B3 was provided by Jilin
University. After generation of three passages,
the virus was collected to infect neonatal rat
cardiomyocytes. Cardiomyocytes were seeded
in six-well plates and cultured for 24 hours in
5% CO, incubator at 37°C. The monolayers
were then infected (MOl = 100) for 24 hour.
After 24 hours, the infection media was
removed; the cells were rinsed twice with PBS,
and then incubated with fresh complete
medium.

TUNEL assay

TUNEL kit was used to detect the apoptotic
cells following the manufacturer’s instruction.
Cardiomyocytes were cultured on cover slips
for 24 h and infected with virus as described
above. Three days post-viral infection, the cells
were fixed using 4% paraformaldehyde solution
for 30 min at room temperature, and incubated
with 0.3% H,0, for 30 min at room temperature
to block endogenous peroxidase activity. Then
the cells were incubated with terminal deoxy-
nucleotidl transferase (TdT) reaction mix for 1
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Figure 1. Expression of rat myocardial cell of calumenin in rat myocardial cell (NC) or siRNA transfection (RNAI). West-
ern blot analyzed the expression of Calumenin. All data are shown as mean + SEM. **P<0.01, n = 3; ##P<0.001,

n=3.

hour at 37°C. After washing, the cells were
incubated with streptavidin-biotin-peroxidase
for 30 min, stained with 3,3’-diaminobenzidine
tetrahydrochloride, and counterstained with
hematoxylin and cells observed under micro-
scope (Vendor, City).

Western blot analysis

Western blot technique was used to analyze
the expression of calumenin, GRP78, PERK,
p-PERK, p-elF2a, ATF4 and CHOP. Cells were
washed in cold PBS and lysed in RIPA buffer
with protease inhibitor mixture (Vendor, City).
Protein concentration was measured by
Bradford assay kit (Vendor, City). Cell lysates
were solubilized in 2 x SDS loading buffer and
were separated by electrophoresis on 10% gels
and transferred to nitrocellulose (NC) mem-
branes. The membranes were incubated with 5
% skim milk in TBST for 2 h at room tempera-
ture. Then the membranes were incubated with
primary antibodies overnight at 4°C. The follow-
ing antibodies were used: calumenin, GRP7S8,
PERK, p-PERK, p-elF2a, ATF4 and CHOP ob-
tained from XYZ and used at XYZ dilution. After
primary antibody incubation, membranes were
washed with TBST and further incubated with
appropriate peroxidase-conjugated secondary
antibodies (Vendor, City).

Statistical analysis

Results were carried out by Student’s t test. All
values were expressed as mean + SEM. P val-
ues less than or equal to 0.05 was considered
significant.
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Results

Down-regulation of calmunenin expression
upon coxsackievirus B3 (CVB3) infection

In order to analyze whether calumenin was
related with viral myocarditis, we repressed the
calumenin expression by RNA interference. Rat
neonatal cardiomyocytes were infected with
CVB3 and the expression levels of calumenin
were assessed by Western blotting. As shown
in (Figure 1), compared to control group (unin-
fected cells), the expression of calumenin was
down-regulated in VMC-infected group and
siRNA transfection model group. This data sug-
gested that calumenin expression was regulat-
ed by viral myocarditis caused by CVB3
infection.

Apoptosis was increased by calumenin down-
regulation in CVB3-infection

In order to examine whether CP influenced cell
survival, terminal deoxynucleotidyltransferase-
mediated dUTP Nick-End Labeling (TUNEL)
assay was performed (Figure 2). TUNEL assay
results revealed an increase in the number of
TUNEL-positive cells by 10.02% in the CVB3-
infected group compared to control group.
However in the CVB3-infected calcumenin-
mutant group, which had the least expression
of CP, 33.97% TUNEL-positive cells were inden-
tified. This finding indicates that the apoptosis
of cardiomyocytes may be affected by viral
myocarditis caused by CVB3 infection.
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Calumenin reduced ERS-associated apoptosis
in CVB3-infection

To determine whether calumenin was related
with ERS, expression levels of ER stress chap-
erone protein GRP78 and ERS-related protein
(PERK, P-PERK, p-elF2a, ATF4) were evaluated
by Western blot. Our results showed that down-
regulation of CP in CVB3-infection resulted in
an increase in GRP78, phosphorylation of
PERK, p-elF2a, and ATF4 expression as com-
pared to the control group (Figure 3). The above
results suggest that down-regulation of CP in
VWC caused by CVB3 infection could cause
ERS by disruption of ER function in rat myocar-
dial cells.

CHOP is known as an important factor that
mediates ERS-induced apoptosis [23]. To inves-
tigate whether ERS is involved in CP-inhibited
apoptosis, the expression level of CHOP was
measured. We found that CHOP significantly
increased in cardiomyocytes or CP-mutant car-
diomyocytes infected by CVB3 (Figure 3E).
These results suggest that calumenin was
related with VMC from undergoing ER-initiated
apoptosis.

Discussion

As the family of picornaviridae, coxsackievirus-
es are non-enveloped, single-stranded RNA
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Figure 2. Apoptosis of mice myocar-
dial cells detected by TUNEL assays.
Scale bar = 50 um. All data are shown
VMC as mean + SEM. *P<0.05, n = 6;

###p<0.001, n = 6.

enteroviruses and the group B coxsackievirus-
es (CVB) are associated with the development
of myocarditis in humans in particular serotype
B3 [24]. Viral myocarditis caused by coxsackie-
virus B3 is a major cause of HF worldwide [25].
Despite the increasing knowledge of viral myo-
carditis, it remains challenging to manage
patients with viral myocarditis due to lack of
effective therapeutic strategies [26]. Therefore
understanding pathogenic mechanisms of viral
myocarditis is vital.

In our study, we examined a possible mecha-
nism of viral myocarditis. The key findings con-
tain: calumenin protein was down-regulated in
CVB3-infection viral myocarditis model; down-
regulation the expression of CP could increase
ERS as evidenced by the up-regulation of
GPR78; down-regulation of CP could reduce the
viability of ER-initiated apoptotic cells; and
finally, myocardial cells infected with CVB3
caused ER-initiated apoptosis through CP
down-regulation.

Quality control is one of main mechanisms that
maintain protein biosynthesis in the ER [27].
Some molecular chaperones such as GRP78
play an important role in this process. GRP78
has the ability to recognize exposed hydropho-
bic regions, a common feature of nascent mis-
folded proteins, thus assisting protein folding

Int J Clin Exp Pathol 2017;10(7):7277-7284
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Figure 3. Expression of rat myocardial cells of endoplasmic reticulum stress signal pathway GRP78 (A), PERK/p-
PERK (B), p-elF2a (C), ATF4 (D), CHOP (E). All data are shown as mean + SEM. *P<0.05, n = 3; **P<0.01, #*P<0.01,

n = 3; ***P<0.001, #*P<0.001, n = 3.
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and assembly [28]. In our study CP was down-
regulated in CVB3-infection viral myocarditis in
vitro model. The molecular chaperone GRP78
was up-regulated, suggesting that ER-initiated
apoptosis was activated through down-regulat-
ed expression of CP on viral myocarditis.

In our research, we reduced the expression of
CP by RNAI to investigate the effects of down-
regulated calumenin on ERS-mediated signal-
ing cascades. We detected the apoptotic cells
using TUNEL assay and found that the viability
of cardiomyocytes was affected by CVB3-
infection. PERK pathway is one of pathway
related with ER-initiated apoptosis. PERK is
type | transmembrane sensor protein. An
increase in unfolded proteins accumulation in
the ER induces the dissociation of the GRP78/
PERK complex and activation by auto-phos-
phorylation [29]. Next, elF2a is activated by its
phosphorylation [30]. ATF4 has been shown to
be activated by p-elF2a [31]. In our study,
p-PERK, p-elF2a, and ATF4 were significantly
up-regulated in CVB3-infected group and virus
transfection model group. As an apoptosis
marker, CHOP was also up-regulated in CVB3-
infected group and virus transfection model
group. These results suggest the down-regula-
tion of calumenin in cardiomyocytes or
Acalumenin-mutant infected by coxsackievirus
B3 can result in increased amount of unfolded
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proteins in the ER. Therefore calumenin protein
affects ER-initiated apoptosis through PERK
pathway (Figure 4).

In summary, we demonstrate in this study that
ER-initiated apoptosis was induced by cox-
sackievirus B3-infected cardiomyocytes and
caused myocardial apoptosis through PERK
pathway. Calumenin protein can relieve
ER-initiated apoptosis in viral myocarditis.
These results provide a theoretical basis for
drug therapy and pathogenesis of viral
myocarditis.
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