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treatment.

Conclusion: Our data demonstrate that cardiomyocyte STIM1 binding to GRP78 amelio-
rates Dox cardiotoxicity by inhibiting pro-apoptotic ER stress.
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Introduction

Doxorubicin (Dox) is widely used for the treatment of haematologic malignancies
and solid tumor, such as leukemia, breast cancer, colorectal cancer, and ovarian
cancer.'” Although Dox is an effective anti-tumor therapeutic agent, it causes
cumulative cardiotoxicity, encompassing abnormal changes in myocardial structure
and function, cardiomyopathy, and even heart failure that may lead to cardiac
transplantation or death.>> Cardiomyocyte apoptosis or other forms of cardiomyo-
cyte death, resulting in functional cardiomyocyte loss and irreversible heart injury,
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are considered the major features of Dox-induced
cardiotoxicity.>® Importantly, cardiomyocytes are termin-
ally differentiated cells that typically cannot be replicated.”
Therefore, prevention of cardiomyocyte apoptosis or death
may be an effective way to ameliorate Dox cardiotoxicity.

The endoplasmic reticulum (ER) is an important orga-
nelle for maintaining biological process and cellular
function.”* Excessive accumulation of unfolded and
incompletely folded proteins in the ER that exceed the
capacity of the protein folding machinery can trigger the
unfolded protein response (UPR) and ER stress.®’
Recent evidence showed that activation of ER stress
contributes to the pathogenesis of cardiovascular dis-
eases, including Dox cardiotoxicity.'®'? Sustained ER
stress can induce cardiomyocytes apoptosis.”'> Several
UPR signaling sensors have been identified, including
protein kinase R-like ER kinase (PERK)/eukaryotic
translation initiation factor-alpha (eiF2a)/ATF4/C/EBP-
homologous protein (CHOP), inositol-requiring enzyme
la (IREla)/c-Jun N-terminal kinase (JNK), transcrip-
tional factor ATF6, and caspase 12.'*'® Upon UPR
stress, 78 kDa glucose-regulated protein (GRP78) func-
tions as a master regulator by binding to and inactivating
the sensors.'” In the early phase of ER stress,
increased association of GRP78 and unfolded protet
the initj

releases sensors to

9,18

substrates
signaling.
Disruption of calcium ion (Ca*") ho

entry in
cardiomyocytes.'” !
(STIM1), calciug
(CRACMLI, g

potential

bfamlly C member 1 (TRPCI)
0c the molecular components of store-
operated Ca>" cNgmnels (SOCCs).>>?* STIMI, which is
located in the ER mbrane, serves as a sensor of ER
Ca*" level and mediates SOCE.>® Depletion of ER Ca®"
store causes STIMI1 oligomerization and its interaction
with plasma membrane channels ORAI1 and TRPCI, trig-
gering SOCE.*

Although SOCE has been implicated in various patho-
19,24,25

are considercy

logical conditions of cardiovascular diseases, there
is still no evidence of the direct role of SOCCs in Dox

cardiotoxicity. This study aimed to investigate the effects

of SOCCs on Dox cardiotoxicity and cardiomyocyte apop-
tosis. The results suggest that cardiomyocyte STIM1 may
be a potential therapeutic target for the treatment of Dox

cardiotoxicity.

Methods

Materials and Reagents
Antibodies against STIM1, STIM2, ORAII, and TRPC1
were obtained from Alomone (Jerusalem, Israel). Bcl-2,
Bax, GRP78, caspase 12, B-actin, flag

antibodies ’

a0 and myc tag

were purchased Signaling

Technology (Danvers, MA). n-actinin,

ing human
Lacz adenovirus

re constructed by BioVector NTCC
a). Dulbecco’s minimal essential med-
ptiMEM I medium, fetal bovine serum
icillin, streptomycin, and Lipofectamine 2000
ere obtained from Invitrogen (Carlsbad, CA). All other
agents were purchased from Sigma Chemical Co.
t. Louis, MO) unless otherwise specified.

Cardiomyocyte-Specific Stim| Knockout

Mouse

All animal experiments were approved by the Institutional
Animal Care and Use Committee of Soochow University
(Suzhou, Jiangsu) and conformed to the “Guide for the Care
and Use of Laboratory Animals” of the National Institute of
Health in China. Mice were received standard chow and
water, and maintained on an alternating 12-h light-dark
cycle. Stiml flox/flox (Stim1™; B6 (Cg)-Stim1™™®/J;
stock no. 023350) mice and MHC-cre mice (B6.FVB-Tg
(Myh6—cre)2182Mds/J ; stock no. 011038) were obtained from
Jackson Laboratory (Bar Harbor, ME). Mice were back-
crossed to a C57BL/6J genetic background for at least nine
generations. Cardiomyocyte-specific Stiml knockout mice
(Stim1%°) were generated by mating Stim1”" with MHC-
cre mice, in which exon 2 of Stim1 was flanked by two flox
sites. At 4 weeks of age, genomic DNA was extracted from
the tail snips. Genotypes were confirmed with the primers to
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Cre and Stiml flox alleles. Stim1” mice were used as
control animals unless stated otherwise.

Animal Model and Adenovirus Delivery

Wild type (WT) C57/BL6 mice were purchased from the
Jackson Laboratory. A Dox-induced cardiotoxicity mouse
model was established as described previously.” Briefly, 5—

17 1% mice, or WT mice

6-week-old male Stim1™" mice, Stim
were anesthetized and implanted with a mini osmotic pump
(model 2002; Alzet, Palo Alto, CA) containing 200 pL of
either saline (vehicle) or Dox at a dose of 15 mg/kg of body
weight, at a rate of 0.5 pL/h, for a period of 14 days. For
survival rate measurement, these mice were monitored
until day 40. For the delivery of AAV (serotype 9) encoding
mouse Stim1 (Oobi, Shanghai, China) or Lacz in WT mice,
AAV-Stim1 (2 x 10" plaque forming units [pfu]/mouse) or
AAV-Lacz (2 x 10" pfu/mouse) was injected into the left
ventricular (LV) cavity through the tip of the heart with a 32-
gauge needle (approximately 10 different sites), followed by
intraperitoneal anesthetization with pentobarbital sodium

(50 mg/kg) 3 days before Dox administration.

Cell Culture and Treatment

STIMI siRNA,
with OptiMEM 1

Lipofectarg 5
tions. JC siRNM
GGCTG "

Immunoprecipitation

Protein was extracted from cardiomyocytes or from the
anterior wall of LV in ice-cold lysis buffer (50 mmol/L
Tris, 150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L
phenylmethylsulfonyl fluoride, 2 mmol/L Na4P,0,, 1
mmol/L sodium fluoride, 1 mmol/L Na;VO,, and 0.25%
sodium deoxycholate, 1% Triton X-100, pH 7.5) contain-
ing a protease inhibitor (Beyotime, Shanghai). The protein

concentrations were quantified using the BCA Protein
Assay Kit (Pierce, Rockford, IL). Equal concentrations of
protein were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and then transferred
(Bio-Rad
Laboratories, Hercules, CA). The membranes were
blocked in 5% non-fat dried milk in Tris-buffered saline

(TBS) for 1 h, followed by incubation with appropriate

to polyvinylidene fluoride membranes

primary antibodies overnight at 4°C. Afterwards, the
membranes were incubated with horseradish peroxidase-

conjugated anti-mouse or anti-raQhammacondary antibodies

Total RNA were isolated from LV using the RNAeasy Kit
(Qiagen, Venlo, Netherlands). qPCR was performed with
a Fast SYBR Green Master Mix Kit (Applied Biosystems)
to determine the mRNA expression of Stim1. The levels of
mRNA were quantified with the 27*4Y and normalized to
GAPDH. The primer sequences for qPCR are as follows:
Stiml, forward 5'-ggccacaggcttaaaacagac-3’, reverse 5'-
GAPDH, forward 5'-cttcacca
ccatggagaaggce-3', reverse 5'-ggcatggactgtggtcatgag-3'.

cagtctacagcctagcacce-3';

+ . +
Intracellular Ca®>* Concentration [Ca**];

Measurements

Cardiomyocytes were seeded in 25-mm coverslips after
incubation with Dox for 24 h. The cells were loaded
with Fura 2-AM (2 umol/L) in Krebs solution (in mmol/
L: 119 NaCl, 2.5 KCl, 1 NaH,POy, 1.3 MgCl,, 20 HEPES,
11 glucose, 0.5 EGTA, pH 7.4) for 30 min at 37°C. Tg
(1 umol/L) was used to deplete Ca*" stores followed by
the addition of 1.8 umol/L of Ca**. [Ca*"]; was analyzed
with Cell"R software when examined using a model 1X81
wide-field inverted microscope (Olympus, Tokyo, Japan)
at wavelengths of 340 nm and 380 nm. The average
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fluorescence was calculated by counting 10 random fields
(20 cells in each field) per group in six independent
experiments.

Electrophysiology

Whole cell currents were recorded using an Axopatch
200B patch clamp amplifier (Axon Instruments, Foster
City, CA). Cells were seeded in coverslips and perfused
with an external Ringer’s solution (in mmol/L: 145 NaCl,
5 CsCl, 1 MgCl,, 1.3, 1 CaCl,, 10 Hepes, 10 glucose, pH
7.3). The patch pipette had resistances between 3 and 5
MQ after filling with standard intracellular pipette solution
that contained the following (in mmol/L): 8 NaCl, 10
Hepes, 10 EGTA, and 150 cesium methane, pH 7.2.
Cells were held at a potential of —60 mV and voltage
ramps ranged from —100 to +100 mV (50 ms duration).
Currents were recorded at 2 kHz and sampled at 5 kHz,
and analyzed using pCLAMP 10.0 software (Axon
Instruments).

TUNEL Staining

Cardiomyocyte apoptosis was measured by the TUNEL
assay using an In Situ Cell Death Detection kit (Roche,
Mannheim, Germany). The frozen sections were incuba
with primary antibody against a-actinin overnight at 4°
followed by incubation with Cy3-labeled secops

positive cells (green
cross-sectional g

cardiographic analys¥ using a high-resolution ultrasound
imaging system (Vevo770; Visual Sonics, Toronto, ON,
Canada). Before the evaluation, conscious mice were
trained for echocardiographic measurements over
a period of 3 days using the method described
previously.”® LV posterior wall thickness (LVPWth), LV
end-diastolic diameter (LVDd), LV end-systolic diameters
(LVDs), LV ejection fraction (EF), and LV fractional short-

ening (FS) were calculated.

Cell Apoptosis Assay by Annexin V/PI
Staining

Cardiomyocyte apoptosis was measured using the FITC
Annexin V Apoptosis Detection Kit (KeyGEN Biotech,
Nanjing, China) according to the manufacturer’s instruc-
tions. Cultured cells were washed with phosphate buffer
saline twice and resuspended in a binding buffer contain-
ing FITC-conjugated Annexin V and propidium iodide for
15 min in the dark at room temperature. The stained

apoptotic cells were analyzed by flow cytometry (Accuri

spectrophotometer (Molecular
, CA) at a wavelength of 450 nm.

ulture medium was determined using the CytoTox 96

n-Radioactive Cytotoxicity Assay kit (Promega,
adison, WI). The level of cTnT in serum was measured
using an ELISA kit (MLBIO Biotechnology, Co., Ltd.,
Shanghai, China). All assays were performed according

to the manufacturer’s instructions.

Immunofluorescent Staining

To observe the co-localization of STIM1 and GRP78 in
cardiomyocytes, cells were fixed and labeled with mouse-
anti-STIM1 (Novus Biologicals, CO) and rabbit-anti-
GRP78 antibodies. Samples were then washed three
times with PBS for 3 min and then were incubated with
appropriate secondary antibodies (anti-mouse FITC anti-
body for labeling STIM1 and anti-rabbit Cy3 antibody for
labeling GRP78, Jackson ImmunoResearch, PA) for 1 h at
room temperature. Fluorescent images were acquired
using the Zeiss Axioplan 2 fluorescence microscopy.

Statistical Analyses
All data are expressed as mean value + standard error of
the mean (SEM). Statistical analysis was performed using
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SPSS 18.0 software (SPSS Inc., Chicago, IL) using an
unpaired two-tailed Student’s #-test or one-way ANOVA,
followed by the Bonferroni multiple-comparison test.
P<0.05 was considered statistically significant.

Results

Decreased Stim| Expression in
Myocardium in Response to
Cardiotoxicity

To determine the function of SOCCs in cardiotoxicity, we
initially examined whether the expression of SOCCs was
altered in the myocardium in response to Dox treatment.
Although the expression of Orail and Trpcl was unchanged
in the myocardium of mice treated with Dox for 14 days,
a marked decrease in Stiml expression was observed in
Dox-treated mice when compared with vehicle-treated
mice (Figures 1A and S1A). Interestingly, Dox administra-
tion did not alter the mRNA levels of Stiml in the myocar-
dium, suggesting the involvement of post-translational
regulation by Dox (Figure S1B). In addition, when

Vehicle Dox K

SHMT s W - o

B-actin D e G G - -

ER Vehicle

3 Dox
1.2

0.8
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cardiomyocytes were treated with Dox for different time
periods, STIM1 protein expression was gradually decreased
by Dox. This finding further supported the in vivo results
(Figure 1B). STIMI is a key Ca®" movement regulator that
interacts with ORAI1 and TRPC1 upon store depletion to
initiate Ca”" entry via SOCE.**** Therefore, we investigated
the functional interaction between Stiml and Orail or
Trpcl. Immunoprecipitation results showed that Dox treat-
ment led to a sharp decrease in the binding of Stim1 to Orail
and Trpcl in myocardial tissues (Figure 1C and D). Given
the importance of STIM1 expressi s interaction with
ORAII or TRPCI1, we next 1
altered by Dox in cardio
cellular Ca**, the thapsa

Ca*" release (first
Furthermore,
extracellul

Dox treatment significantly
ted Ca®" currents in cardiomyocytes
¢'1G and H).\@rken together, these results indicate
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Figure | Dox treatment reduces Stim| expression and SOCE in cardiomyocytes. (A) Western blotting analysis of Stim| expression in myocardium of mice after vehicle or
Dox treatment for 14 days. **P<0.01 vs vehicle, n=12/group. (B) Cardiomyocytes were treated with Dox (I pmol/L) for different times as indicated. The expression of
STIMI was determined by Western blotting. *P<0.05, **P<0.01 vs vehicle, n=6. (C) Immunoblotting (IB) for Orail or Trpc| after immunoprecipitation (IP) with anti-Stim|
antibody in myocardium from vehicle- or Dox-treated mice. (D) Densitometric analysis for the amount of Orail or Trpcl in immunoprecipitated Stim| protein. **P<0.01 vs
vehicle, n=5/group. (E) Cardiomyocytes were loaded with Fura 2-AM probe and subjected to Ca®" imaging experiments. (F) Quantification of fluorescence ratio (340/380)
representing the thapsigargin (Tg)-induced Ca®* store release and SOCE in cardiomyocytes. **P<0.01 vs vehicle, n=20. (G) Dox treatment decreased store-operated Ca>*
currents in cardiomyocytes. Average IV curves under vehicle and Dox conditions were shown. (H) Average current intensity was calculated. **P<0.01 vs vehicle, n=15.
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decreasing STIM1 expression and its interaction with
ORAII or TRPCI.

Cardiomyocyte-Specific Deficiency of
Stim| Exacerbates Dox-Induced
Myocardial Injury

We next investigated whether the alteration of Stiml in
response to Dox is involved in Dox-induced cardiotoxicity.
Cardiomyocyte-specific knockout mice were administrated
Dox for 14 days (Figure S2A). Stiml deficiency did not
affect the expression of other isoforms of the Stim family
(Figure S2B), excluding possible compensatory effects. As
expected, Dox administration significantly increased the
serum levels of lactate dehydrogenase (LDH) and cardiac
troponin T (cTnT), which are the two well-established
makers of cardiac injury. Loss of Stiml in cardiomyocytes
further increased the levels of LDH and ¢TnT (Figure 2A and
B). In addition, Dox-induced mortality was significantly
higher in Stim1“*® mice than in their control littermates
(Figure 2C). Echocardiography examination showed that
Stim1 knockout further promoted the Dox-induced changes
in the morphology of the left ventricular, as evidenced by

>

El stim1™
T stim1¢K©

LDH (U/mL)

D

Vehicle Stim1ff

decreased LVPWth and increased LVDd and LVDs
(Figure 2D and Table 1). Dox administration also markedly
impaired cardiac functions in mice, as indicated by decreased
EF and fractional shortening FS values. The impairment of
cardiac function was more pronounced in Stim1“¥° mice
than in Stim” mice (Table 1). The body weight and food
intake were lower and the ratio of lung to body weight was
higher in Dox-treated mice than in vehicle-treated mice.
However, these alterations did not differ between Dox-
treated Stim”" mice and Stim1“%° mice. Moreover, LV/

pups (Table S1).

body weight ratio was similar among th

Upregulation of Sti

Ameliorates Car
the myocar-
x cardiotoxicity.

trast to what was observed in
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280-— Stim1°K° #

2104 i
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Figure 2 Cardiomyocyte Stim| deficiency enhances Dox-induced myocardial injury. (A and B) Cardiomyocyte-specific Stim| knockout mice (Stim1<®) and their control

£y

littermates (Stim ™) were treated with Dox (15 mg/kg body weight) for 14 days. LDH (A) and cTnT (B) release in serum were measured by a commercial kit. n=12/group.
#P<0.01 vs vehicle+Stim 17 #P<0.01 vs Dox+Stim 17, (C) Survival curves were recorded until day 40 after the start of Dox treatment. n=20/group. (D) Echocardiography
was performed as described in the Methods section. Representative M-mode echocardiography from the four groups of mice with different treatments. n=12/group.
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Table | Echocardiographic Characteristics of Left Ventricular Parameters in Mice with Different Treatments

Characteristics Vehicle Doxorubicin Vehicle Doxorubicin

Stim |17 Stim 1 X° Stim 17 Stim1%° | AAV-Lacz | AAV-Stiml | AAV-Lacz | AAV-Stiml
LVPWth (mm) 1.81+0.14 1.76+0.15 | 1.44+0.13% | 1.09+0.11%% | 1.77+0.13 1.83+0.15 1.33+£0.09% | |.58+0.13"
LVDd (mm) 6.13+0.33 6214042 | 7.55+0.36* | 847+0.31" | 6.09+0.43 6.19+0.38 7.70£0.35% | 6.54+0.22%%
LVDs (mm) 2.45+0.14 254022 | 3.23£0.23% | 3.99:0.41"™ | 2.5610.18 2.68+0.23 3.32£0.31% | 2.7740.17%
EF% 68.24+556 | 68.25+6.25 | 51.20+4.55% | 38.15+4.677" | 65.15+6.15 | 67.15+4.01 | 48.45+5.15%* | 59 |5+509"
FS% 54504545 | 56.45+6.95 | 36.45+4.98" | 24.14+3.60"" | 56.15+5.11 | 58.14+7.14 | 38.45+5.01%¢ | 49.14+4.98"

Notes: Data are expressed as mean + SEM. ¥P<0.01 vs vehicle+Stim 1" or vehicle+AAV-Lacz; P<0.01 vs Dox+Stim|" or Dox+AAV-Lacz, n=12/group.
Abbreviations: LVPWth, left ventricular end-diastolic posterior wall thickness; LVDd, left ventricular end-diastolic diameter; LVDs, left ventricular end-systolic diameter;
EF, ejection fraction of left ventricle; FS, fractional shortening of left ventricle.

compared with Dox-treated AAV-B-galactosidase (Lacz)-
infected mice (Figure 3A and B). Upregulation of Stim1
was associated with lower mortality in response to Dox
challenge (Figure 3C). Moreover, Dox-induced decrease
in LVPWth and increase in LVDd and LVDs were
inhibited in AAV-Stiml-infected mice (Figure 3D and
Table 1). Similarly, after Dox treatment, mice overex-
pressing Stiml in the myocardium exhibited higher EF
and FS percentage compared to control littermates ; Stim1S%° and Stim17f mice. After Dox
(Table 1).

umber of apoptotic cells was significantly

@l AAV-Lacz Hl AAV-Lacz
6-: AAV-Stim1 240_: AAV-SHm1
jry R )
E 44 S 160-
a £ ##
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5 £ o
- Q
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10050
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@
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Days ——— s e . |

Figure 3 Stim| overexpression attenuates Dox-induced cardiotoxicity. (A and B) Mice were infected with AAV-Lacz or AAV-Stim|, and then infused with Dox (15 mg/kg of
body weight) with an osmotic pump for 14 days. Serum LDH (A) and cTnT (B) concentration was examined. n=13/group. **P<0.01 vs vehicle+AAV-Lacz; #P<0.01 vs Dox
+AAV-Lacz. (C) Survival curves were recorded until day 40 after Dox treatment. n=20/group. (D) Echocardiographic analysis of heart function and representative

photographs were shown. n=12/group.
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increased and this increase was further enhanced by car- Dox on Bcl-2 and Bax expression and the Bcl-2/Bax
diomyocyte-specific knockout of Stiml (Figures 4A and ratio, whereas Stiml upregulation counteracted these
S4A). However, upregulation of Stiml in the myocardium  effects of Dox (Figure 4C-J). The imbalance of Bcl-2
by infection of AAV-Stim1 markedly inhibited the increase  and Bax could lead to mitochondrial membrane potential
in cardiomyocyte apoptosis (Figures 4B and S4B). In  depolarization, which is followed by cytochrome c release
addition, the expression of apoptosis-related molecules from mitochondrial to cytosol, and combines with caspase-
was determined. Western blotting showed that the myo- 3 cleavage, triggering apoptosis.>***° After Dox stimula-
cardial expression of B-cell lymphoma 2 (Bcl-2) was tion, the translocation of cytochrome ¢ from mitochondria
decreased while the expression of Bcl-2-like protein 4  to cytoplasm and cleaved caspase-3 expression was sig-
(Bax) was increased after Dox administration, leading to  nificantly increased in the myocardium. The increased

a decrease in the ratio of Bcl-2 to Bax, which appears to  cytochrome ¢ translocation and clea gse-3 expres-

determine the survival or death fate of cell.?” Lack of sion were further enhanced in

cardiomyocyte Stiml further augmented the effect of inhibited in AAV-Stiml-trea and B)
A ini C
TUNEL/a-actinin /DAPI Vehicle
- Stim1ff 4 - E stim1"f
= o | 1 4 CKO
5 Stim1cKo = 124 SEMTT L,
© (7]
2 Bcl-2 L
£ N 0.8
> |8 0.4
£ 0.0
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z 3 stim1©
x 2.8
[=]
e 2.1
o
§_ 1.4 ** "
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Figure 4 Stim| knockout exacerbates Dox-induced myocardial apoptosis. (A and B) Cell apoptosis in the cross-sectional area of myocardium from Stim mice, Stim
mice (A), AAV-Lacz-infected mice and AAV-Stim | -infected mice (B) treated with vehicle or Dox was examined by TUNEL staining. Representative TUNEL (green) and a-
actinin (red) stained photographs of cardiomyocytes in myocardial tissues. The nuclei was counterstained with DAPI (blue). n=6/group. Scale bar, 50 um. (C-J) The protein
expression of Bcl-2 and Bax in myocardium from the above groups were determined. Representative images of Western blotting were shown (C and G). Densitometric
analysis of Bcl-2 (D and H), Bax (E and 1), and the ratio of Bcl-2 to Bax (F and J) were performed. ¥**P<0.01 vs vehicle+Stim 17 or vehicle+AAV-Lacz; #P<0.01 vs Dox
+Stim 1% or Dox+AAV-Lacz, n=8/group.
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These results suggest that Stiml attenuates Dox cardio-
toxicity via inhibiting myocardial apoptosis.

STIMI| Knockdown Promotes
Dox-Induced Cardiomyocyte Apoptosis
in vitro

To further confirm whether the anti-apoptotic effects of
STIM1 were reproducible in vitro under Dox conditions,
cardiomyocytes were treated with STIM1 siRNA or ade-
novirus. As expected, STIM1 small interfering RNA
(siRNA) specifically decreased the expression of STIMI,
while Ad-STIM1 infection markedly increased STIMI
expression in cardiomyocytes (Figure S6A and B).
Consistent with the results of TUNEL staining, the
Annexin V-fluorescein isothiocyanate/propidium iodide
(FITC/PI) data revealed that Dox insult significantly
increased the percentage of apoptotic cells, which was
enhanced by STIMI1 downregulation but inhibited by
STIM1 overexpression (Figure 5A-D). Similarly, upon
Dox knockdown of STIMI
decreased the viability of cardiomyocyte, whereas upregu-

stimulation, markedly
lation of STIM1 was associated with increased cell viabi-
lity (Figure SE and F). Furthermore, the Dox-i
release of LDH in cardiomyocyte was more pron
in STIM1 siRNA-treated cells than in negative si
treated cells (Figure 5G). However, Stim
revealed the opposite effects (Figure

activation of pr
effects of S

evaluated
activa markers of ER stress, such as
p-PERK its downstream pro-apoptotic molecules

and CHOP as well as p-JNK and ATF6,
but had no eWtct on the cleavage of caspase 12
(Figures 6A—H and S7A—F). The findings suggested that
Dox markedly induces ER stress in cardiomyocytes.
Silencing of STIM1 further enhanced Dox-induced
PERK and eiF2a phosphorylation and ATF4 and CHOP
expression, while STIM1 overexpression was associated
with inhibition of PERK/eiF20/ATF4/CHOP activation
(Figure 6A—H). STIM1 downregulation or upregulation
did not alter the activation of JNK and ATF6 (Figure

S7A-D). In line with the in vitro results, cardiomyocyte-
specific deficiency of Stiml also markedly enhanced the
Dox-induced increase in p-PERK, p-eiF2a, ATF4, and
CHOP levels in the myocardium (Figure S8A-D). These
data suggest that STIM1 ameliorates cardiomyocyte apop-
tosis by inhibiting ER stress.

STIMI| Attenuates ER Stress by Binding to
GRP78

To understand how STIM1 inhibits ER stress, we investi-

gated whether there is a fun action between

and a myc-tagged GRP78 vector.
itation of GRP78-myc with anti-myc anti-
-immunoprecipitation of STIM1-flag exo-
ure 7C). Importantly, the interaction between
1 and Grp78 was significantly blocked in the myocar-
of Dox-treated mice compared with vehicle-treated
mice (Figure 7D). Similarly, the in vitro results further
supported that this interaction was inhibited in cardiomyo-
cytes by Dox stimulation (Figure 7E). These data indicate
that the reduced STIMI expression and subsequent
STIM1/GRP78 interaction may free GRP78 to initiate
UPR signaling and ER stress.

Discussion
We observed inhibition of STIM1 expression and SOCE in
cardiomyocytes during Dox cardiotoxicity. In addition, to
the best of our knowledge, we demonstrate for the first
time that cardiomyocyte Stiml protects against Dox-
induced myocardial injury by inhibiting cardiomyocyte
apoptosis, while Stiml cardiomyocyte-specific knockout
mice show an opposite phenotype. The pro-apoptotic
effects of STIM1 knockdown in cardiomyocytes are asso-
ciated with ER stress. These findings further emphasize
the critical role of SOCCs in maintaining Ca** homeosta-
sis and cellular function in cardiomyocytes.

Recently, SOCCs have attracted increasing attention
concerning the regulation of Ca" entry in excitable cells,
including cardiomyocytes.'*'**! The existence of SOCCs
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Figure 5 STIMI deficiency promotes cardiomyocyte apoptosis induced by Dox.
(siSTIMI, 40 nmol/L) (A), Lacz adenovirus (Ad-Lacz, 40 MOI) or STIMI adenovir
24 h. Cell apoptosis was determined by Annexin V/PI staining follo;
(E and F) After the above-mentioned treatment, cell viability
LDH release was measured. Data were expressed as mean 3

trophy and protects Although

a recent study report involved in epir-

ubicin cardiotoxjd

Ca2+
sion downregula because Dox decreased cardiac Stim1
expression both in VWro and in vivo. Several factors have
been suggested to contribute to Dox cardiotoxicity.
However, the precise mechanisms and the involvement
of Ca®" remain unclear. Consistent with previous studies

in several animal models,z’35’36

a marked impairment of
cardiac function in mice was observed after Dox chal-
lenge, concomitant with increased mortality. The deleter-
ious effects of Dox were significantly exacerbated in

Stiml cardiomyocyte-specific knockout mice. However,

(A and B). Quantitative analysis of the percentage of apoptotic cells (C and D).
assay. (G and H) At the end of the experiment, cell medium were harvested and
A'P<0.01 vs Dox, n=5-8.

upregulation of Stim1 was effective in improving cardiac
function. Cardiomyocyte Stiml deficiency had no effects
on the Dox-induced decrease in body weight and food
intake and increase in lung/body weight ratio. The
decreased body weight in Dox-treated mice may due to
the side effects of Dox itself and the decrease in food
intake, while the increased lung/body weight ratio may
be a result of decreased body weight in these treatment
groups. Collectively, these data suggest that decreases in
STIM1 and SOCE expression may be associated with the
pathogenesis of Dox cardiotoxicity.

Cardiomyocyte apoptosis is one of the major pathogenic
mechanisms underlying Dox cardiotoxicity. Accumulating
evidence indicates that inhibition of cardiomyocyte apopto-
sis could effectively minimize myocardial injury, and thus
prevent the occurrence of heart failure.>*® There is
a complicated crosstalk between SOCE and cell apoptosis.
Several lines of evidence have shown that upregulation of
STIM1 and/or ORAIl promotes sodium butyrate-induced
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Figure 6 STIMI downregulation potentiates Dox-induced ER stress. (A-D) ACI16 h
STIMI adenovirus (40 MOI) (B and D), or their corresponding negative control, and th

umol/L) for 24 h. The protein expression of ATF4 (E and F) and CHOP (
vs Dox, n=6.

tion, STIM1 kn
cancer cell

non-small cell lung
to chemotherapeutic

upon Dox stimulation as evidenced by
2 and cytometry using Annexin V/PI stain-
ing. The pro-apdtotic effects were associated with down-
regulated Bcl-2 expression and the ratio of Bcl-2 to Bax. In
contrast, it was reported that suppression of Stim1 inhibited
hypoxia/reoxygenation-induced apoptosis in immortalized
HO9C2 cardiomyocytes.'® This discrepancy could be due to
the different roles of SOCCs in different types of cells, the
difference in the change and/or extent of SOCE induced by
different stimuli even in the same types of cells, or differing
responses of SOCCs in vitro compared to in vivo.

B-actin--..-- B-actin e s > e - -

c 12 " 16 "
g 0.8 PR g 1.2 s

(=3 §0.8

£ 04 S o4

< 0.0 © 0.0

F Vehicle Dox
Ad-Lacz - + - - +
Ad-STIM1 - - 4 - -

were transfected with STIMI siRNA (40 nmol/L) (A and C),
(10 umol/L) for | h. The phosphorylation of PERK (A and B)
| adenovirus (F and H) followed by incubation with Dox (10
were represented as mean  SEM. **P<0.01 vs vehicle; *P<0.01

Ca®" is indispensable for the chaperone activity of
many ER proteins, and dysfunction of these proteins
induces ER stress.””'>'* Induction of ER which plays
a major role in protein folding and calcium homeostasis
has been suggested as a key contributor to cardiac com-
plications of Dox.'""'? Several UPR signaling sensors have
been extensively characterized in ER stress. They include
PERK, IRE1o/JNK, ATF6, and caspase 12.'*'® During
ER stress, PERK is autophosphorylated, which promotes
eiF2a phosphorylation and downstream ATF4 and CHOP
expression.'® Activated CHOP facilitates the transcription
of apoptosis-related genes, resulting in cell apoptosis.?’
IREla is another branch of UPR signaling. When ER
stress passes a critical threshold, IREla can activate JNK-
dependent ER stress, driving cells to apoptosis.'* ATF6
can be translocated into the Golgi apparatus under ER
stress conditions, directly regulating the expression of
genes encoding ER-associated degradation.*’ In addition,
activated caspase 12 is proposed to be another mediator of
ER stress-related pro-apoptotic signaling.** Consistent
with previous studies,*** we confirmed that Dox could
significantly induce ER stress, as evidenced by the
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tions that Stim1 overe
tion of PERK

induced cH

related P UPR  signaling.
Moreover, it app that the beneficial effects of Stiml
on UPR induction Way bypass the step of JNK/ATF6/
caspase 12 because Stim1 did not alter JNK phosphoryla-
ATF6
Furthermore, GRP78 is a major ER chaperone protein
that initiates the UPR.'” The present findings show that
STIMI can directly interact with GRP78. The sequestra-
tion of GRP78 by STIMI1 led to decreased binding of

unfolded protein substrates to GRP78, contributing to the

tion, expression, and caspase 12 cleavage.

acquisition of anti-apoptotic capacity. Collectively, these

-
N

STIM1/GRP78 IP

g& of STIMI and GRP78 distribution in cardiomyocytes. (B) Cell lysates
ns were immunoblotted (IB) with anti-STIMI antibody. n=5. (C) Cardiomyocytes
dy was immunoprecipitated and immunoblotted with anti-flag antibody. n=4. (D)
dium from vehicle- or Dox-treated mice. **P<0.0l vs vehicle, n=6/group. (E)
pimunoprecipitation analysis was performed to determine the interaction between

data indicate that stabilizing Stim1 in cardiomyocytes may
be necessary for the inhibition of ER stress and cardio-
myocyte apoptosis.

There are some limitations in the present study.
Firstly, although the effect of Dox on Stiml expression
is suggested to be associated with post-translational
regulation, further detailed mechanism by which Dox
Stim1
remains to be explored. Secondly, we did not set

induces protein expression downregulation
a positive control throughout the study. Thirdly, we
used ACI16 cells in the study of mechanism, although
the in vivo data demonstrated that cardiomyocyte-
specific deficiency of Stim1 exacerbated Dox cardiotoxi-
city. The AC16 cells may not fully represent primary
cardiomyocytes. Thus, further research is indispensable
to better understand the specific role of Stiml in Dox
cardiotoxicity and the related mechanisms.
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mediated by GRP78—dependent ER stress. AddlthIlally, (2):692—704. doi:10.1159/000491896

this study offers a rational therapeutic Strategy to protect 3. Zhang S, Liu X, Bawa-Khalfe T, et al. Identification of the molecular
basis of doxorubicin-induced cardiotoxicity. Nat Med. 2012;18
(11):1639-1642. doi:10.1038/nm.2919

4. Fujisaki G, Inokuchi C, Murashige N. Doxorubicin-induced myocar-

o o dial injury. N Engl J Med. 2004;351(18):1908—1909;author reply
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