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Heat shock protein 70 protects cardiomyocytes

through suppressing SUMOylation and nucleus translocation
of phosphorylated eukaryotic elongation factor 2

during myocardial ischemia and reperfusion
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Abstract Myocardial ischemia and reperfusion (MIR)
results in cardiomyocyte apoptosis with severe outcomes,
which blocks cardiac tissue recovering from myocardial
ischemia diseases. Heat shock protein 70 (HSP70) is one
of protective molecule chaperones which could regulate the
nucleus translocation of other proteins. In addition, eukary-
otic elongation factor 2 (eEF2), which modulates protein
translation process, is vital to the recovery of heart during
MIR. However, the relationship between HSP70 and eEF2
and its effects on MIR are unclear. The expression and rela-
tionship between HSP70 and eEF?2 is confirmed by western
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blot, immunoprecipitation in vitro using cardiomyocyte cell
line H9¢2 and in vivo rat MIR model. The further investi-
gation was conducted in H9¢2 cells with detection for cell-
cycle and apoptosis. It is revealed that eEF2 interacted and
be regulated by HSP70, which kept eEF2 as dephosphoryl-
ated status and preserved the function of eEF2 during MIR.
In addition, HSP70 suppressed the nucleus translocation
of phosphorylated eEF2, which inhibited cardiomyocyte
apoptosis during myocardial reperfusion stage. Further-
more, HSP70 also interacted with C-terminal fragment of
eEF2, which could reverse the nucleus translocation and
cardiomyocyte apoptosis caused by N-terminal fragment of
eEF2. HSP70 draw on advantage and avoid defect of MIR
through regulating phosphorylation and nucleus transloca-
tion of eEF2.

Keywords Heat shock protein 70 - Eukaryotic elongation
factor 2 - Myocardial ischemia and reperfusion -
Cardiomyocyte apoptosis - Nucleus translocation -
Phosphorylation

Introduction

Myocardial ischemia and reperfusion injury (MIRI) occurs
during myocardial ischemia diseases such as myocardial
infarction, results in a severe decline of cardiac function
which can lead to gradual heart failure development [1,
2]. Although revascularization can recover the blood flow
of heart, oxidative burst and other pathological changes
taking up during reperfusion stage lead to the secondary
damages to the injured heart [3]. One of secondary dam-
ages during myocardial ischemia and reperfusion (MIR) is
cardiomyocyte apoptosis, which can accelerate the deterio-
ration of cardiac function [4]. On the contrary, inhibition
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Fig. 1 HSP70, eEF2 and p-eEF2 are associated with cardiomyo-
cyte apoptosis in vivo. Adult SD rats were treated with ischemia for
30 min and different time points of reperfusion. a Evans blue/TTC
double staining was used to detect the infarction areas (IA) and areas
at risk (AAR). b LDH release in rat serum was detected. ¢ HSP70,

of cardiomyocyte apoptosis can ameliorate cardiac func-
tion disorders [5]. Meanwhile, previous researches reveal
that MIR triggers a complex reaction in cardiomyocytes,
which has a subsequent influence on cardiac function [6].
Therefore, more basic researches need to be performed to
uncover the potential mechanisms of this pathophysiologi-
cal process, which can provide a novel scenario for clinical
treatment [7]. More importantly, we need further researches
to reveal the protective mechanism during MIR [8].
Recently, it is found that certain molecules involved
in protein translation process of cardiomyocytes partici-
pate in cardiomyocyte apoptosis during MIR [9]. One of
these molecules is eukaryotic elongation factor 2 (eEF2),
a eukaryotic elongation factor, which has a bidirectional
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p-eEF2, eEF2, and c-caspase-3 expression was detected by western
blot after MIR. d Statistical graphs (relative optical density) were
showed for ratio of HSP70 and c-caspase-3 to GAPDH. e Statistical
graphs (relative optical density) were showed for p-eEF2/eEF2 ratio.
*P <0.05 compared with sham group. (Color figure online)

effects on cardiomyocyte apoptosis during MIR [10]. The
function of eEF2 is regulated by its phosphorylation sta-
tus, which controls the speed of ribosomal translation dur-
ing nutrient deprivation to overcome the dilemma caused
by energy consumption [11, 12]. eEF2 has anti-apoptosis
effects during MIR, via the dephosphorylation status of
eEF2 and the process was the terminal effective regulator
of cellular energetic metabolism [13]. Besides the func-
tion of translational speed control, phosphorylated eEF2 is
cleaved to fragments and translocate to nucleus. In detail,
phosphorylated eEF2 leads to the SUMOylation of itself,
and the SUMOylation of eEF2 further enhances proteo-
lytic cleavage of eEF2, then translocates to nucleus and
induces nuclear deformation and instability [14]. Finally,
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Fig. 2 The location of HSP70, eEF2 and p-eEF2 cardiomyocyte dur-
ing ischemia and reperfusion in vivo. a HSP70, eEF2 and p-eEF2 was
detected by immunohistochemical staining in sham and 6 h reperfu-
sion groups. b Statistical graphs for HSP70, eEF2 and p-eEF2 posi-
tive areas of rat myocardial tissues.™* ©P <0.05 compared with sham

group

the instability of nucleus can induce cell apoptosis through
DNA damage [15]. In addition, suppressing phosphoryla-
tion of eEF2 can inhibit cell apoptosis [16]. Although some
molecules and drugs are confirmed to mediately regulate
the phosphorylation of eEF2 [17, 18], more investigations
are needed to reveal direct regulations for the phosphoryla-
tion of eEF2.

Heat shock protein (HSP) family inhibits the phos-
phorylation of some proteins and facilitates the stability
and function of these proteins [19]. Heat shock protein
70 (HSP70), one major member of HSP family, binds its
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substance through the substrate binding domain to dephos-
phorylate the substrate and maintain its normal functions
[20]. During MIR, HSP70 is proven to have protective
effects and can suppress the detrimental effects of MIRI,
which is also another potential therapeutic target for clini-
cal research [21-23]. HSP70 specifically accelerates the
dephosphorylation of JNK during MIR for cardiac pro-
tection [24]. Moreover, as a molecule chaperone, HSP70
inhibits nucleus translocation of apoptosis inducing factor
(AIF) during MIR, which stabilizes nucleus and antago-
nizes cardiomyocyte apoptosis [25]. On the other side,
deleting the domain of AIF which interacts with HSP70
enhanced AIF translocation to nucleus [26]. Thus we spec-
ulate whether HSP70 regulates the dephosphorylation and
nucleus translocation of eEF2 to inhibit cardiomyocyte
apoptosis during MIR.

In present study, we identified that HSP70 interacted
with eEF2 to suppress the phosphorylation and nucleus
translocation of eEF2 during MIR. However, HSP70 did
not affect the phosphorylation and nucleus translocation of
eEF2 under normal condition. Furthermore, after truncated
eEF2 into three fragments, we notified that HSP70 could
bind to C-terminal fragment of eEF2 which mediated the
nucleus translocation. In addition, C-terminal fragment
could reverse the nucleus translocation caused by N-termi-
nal fragment, leading to attenuated cardiomyocyte apopto-
sis. In summary, these data indicated that HSP70 exerted
an anti-apoptosis effect through suppressing phosphoryla-
tion and nucleus translocation of eEF2 during MIR.

Materials and methods
Animals care and experimental protocols

Sprague-Dawley (SD) rats, weight 220-280 g, were
obtained from the Experimental Animal Center, Nantong
University. All procedures were in accordance with The
Guide for the Care of Use of Laboratory Animals pub-
lished by the US National Institute of Health (NIH Publica-
tion No. 85-23, revised in 1996). The rats were randomly
divided into the following groups (n=6 in each group):
sham group in which rats underwent operation without
suture tie-down of the left anterior descending (LAD) coro-
nary artery; experimental groups in which rats underwent
30 min ischemia with 0, 2, 4, 6, 8, 12 and 24 h reperfusion,
respectively.

Animal surgery

All animals were operated under anesthesia by intraperito-
neal injection with 10% chloral hydrate (300 mg/kg). After
endotracheal intubation, the heart was rapidly exposed via
a left thoracotomy. Then, a 6-0 polyproline ligature was
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Fig. 3 HSP70 interacts with eEF2 in vivo. Myocardial tissue from
rats of sham and MIR groups was extracted. a The interaction of
HSP70 and eEF2 was detected by IP in sham group. b The interac-
tion of HSP70 and eEF2 was detected by IP in MIR group (/B immu-

placed under the left coronary artery (LCA). The ends of
the tie were threaded through a small plastic tube to form
a snare for reversible LCA occlusion. After ischemia, rep-
erfusion was achieved by loosening the snare and charac-
terized by rapid disappearance of cyanosis. Following the
operation, the incisions were closed in layers. The chest
and endotracheal tubes were removed. Room temperature
(RT) was maintained at 37 °C.

Western blot analysis
Western blot was prepared from myocardial left ventricle

tissue after operation (n=6 at each time point). Tissue was
isolated from approximately 0.1 g of myocardial tissue
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noblotting, /P immunoprecipitation). ¢ Double immunofluorescence
staining was performed for HSP70 with eEF2 and p-eEF2 in sham
and IR groups. Scale bars 25 pm

at different time points, and tissue was minced with eye
scissors on ice. Total myocardial tissue protein was then
homogenized in lysis buffer and clarified by centrifugation
at 13,000 rpm for 15 min in a microcentrifuge at 4 °C. The
protein was separated by SDS-PAGE, transferred to PVDF
membranes (Millipore; Billerica, MA) at 300 mA for dif-
ferent timespan according to different molecular weights.
Membranes were exposed to HSP70 (mouse, 1:1000;
Abcam; Cambridge, MA); eEF2 (rabbit, 1:500; Santa Cruz;
Dallas, TX); glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (rabbit,1:1000; Santa Cruz); phosphorylated
eEF2 at Thr-56 (rabbit, 1:1000; Abcam); cleaved caspase-3
(rabbit, 1:500; Santa Cruz); o-actinin (mouse, 1:1000;
Santa Cruz); HA (mouse, 1:500; Abmart; Shanghai, China)
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and Flag (mouse, 1:500; Abmart) antibodies overnight at
4.°C. Then, HRP-conjugated secondary antibodies (1:1000;
Southern-Biotech, Birmingham, AL) were added, and incu-
bated for 2 h at 37°C. Finally, membranes were analyzed
by enhanced chemiluminescence system (ECL, Cell Sign-
aling) [27].

Immunohistochemical analysis

After MIR, the left ventricle tissues of rat hearts were
perfused with sterile saline and 4% formalin successively
(Fisher Scientific, Fairlawn, NJ). Then, hearts were rapidly
collected and immersion fixed in 4% formalin for 24 h. The
sections were cut serially (5 pm). For immunohistochemi-
cal staining, the sections were boiled at 121 °C for 20 min in
10 mM citrate buffer solution (pH 6.0) for antigen retrieval.
Endogenous peroxidase activity was blocked by soaking
in 0.3% hydrogen peroxide. After rinsing in PBS (pH 7.2),
the sections were incubated with HSP70 (mouse, 1:1000;
Abcam; Cambridge, MA); eEF2 (rabbit, 1:50; Santa Cruz;
Dallas, TX); phosphorylated eEF2 (rabbit, 1:50; Abcam,
Cambridge, MA) for 2 h at 37 °C. After incubation, the sec-
tions were washed with PBS for three times and incubated
with secondary antibody for 30 and 20 min at 37 °C sepa-
rately. After three times washing by PBS, the sections were
incubated with DAB in 0.05 mol/L Tris buffer (pH 7.6)
containing 0.03% H,O, for signal development. Finally, the
slides were dehydrated, cleared, and cover slipped [28].

Evan’s blue-triphenyltetrazolium chloride (TTC) double
staining

After MIR was established, rat hearts were perfused with
0.5% Evan’s blue through superior vena cava and when the
cardiac tissue turned to blue, the hearts were harvested.
Then the hearts were sliced to 2 mm-thick pieces. Then
the tissue was incubated in 2% TTC solution (pH 7.2) for
30 min at 37°C. After these procedures, the tissue was
perfused with 4% formalin for 2 h at RT. The photos were
taken through high resolution digital camera. All reagents
were purchased from BD Bioscience Company (NJ, USA).

HO9c2 cell culture

The rat cardiomyocyte-derived H9c2 cell line was
obtained from the cell library of the Chinese Academy of
Science (Shanghai, China) and was cultured in Dulbec-
co’s Modified Eagle Medium (DMEM, Invitrogen Life
Technologies, Grand Island, NY, USA) with 10% fetal
bovine serum (FBS, Invitrogen, USA) at 37 °C with 5%
CO,. The medium was replaced every other day. When
reaching 90% confluence, cells were plated at an appro-
priate density according to each experimental design. The
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cells were selected randomly to go through hypoxia (2%
0,, 5% CO,, 93% N,) for 6 h with DMEM free of FBS.
Then cells were treated with reoxygenation (21% O,, 5%
CO,) for 0, 2, 4, 6, 8, 12 or 24 h, with DMEM contain-
ing 10% FBS. The corresponding control cells were incu-
bated under normoxic condition for equivalent duration
with DMEM containing 10% FBS.

CCKS assay

The assay was performed using CCKS8 assay kit (Biosci
Biotechnology Company, Wuhan, Hubei, China) accord-
ing to the instructions.

Double immunofluorescent staining in H9c2 cells

The H9c2 cells were culture in 24-wells plate (Corn-
ing Inc., Corning, NY) and after H/R stimuli, the cells
were fixed. All samples were incubated overnight at 4 °C
with antibodies for eEF2 (1:50; Santa Cruz), phosphoryl-
ated eEF2 (1:100; Abcam), HSP70 (1:100; Abcam), HA
(1:100; Abmart) and a-actinin (cardiomyocyte marker,
1:100; Santa Cruz). After washing in PBS for three times,
each time 15 min, a mixture of 4, 6-diamidino-2-phe-
nylindole (DAPI) and FITC and Cy3-conjugated second-
ary antibodies were added in a dark room and incubated
overnight at 4°C. The stained sections were analyzed
with a Leica fluorescence microscope (Leica DM 5000B,
Germany) [29].

Nucleus and plasma separation

The nucleus and plasma separation of H9c2 cells was
performed using nucleus and plasma separation kit (San-
gon Biotech Cooperation, Shanghai, China) following the
instructions. After separation, the samples were stored at
—80°C.

Immunoprecipitation (IP) experiments

HO9c2 Cells were homogenized in lysis buffer and clarified
via centrifugation at 13,000 rpm for 15 min in a micro-
centrifuge at 4°C. After preclearing with 20 pl Protein G
Sepharose beads for 1.5 h at 4°C, cell lysates were incu-
bated with 5 pl antibody and rotated overnight at 4 °C. Pro-
tein G Sepharose beads (30 pl) were added to each sam-
ple and incubated for 2 h at 4°C. After being washed three
times with lysis buffer, the immune complexes were heated
in sample buffer and used for western blot analysis.



Apoptosis (2017) 22:608-625

613

03

FAAD
107

10!

] w2 w3 wto T
Arnoxin V-PE

Normal

103

7-AD
107

103

TAAD
107

10!

100

10

b 120-
> *
< T
o 801
o
=
L
- *
0
+= 404
o * 4 * %
¢ 0lnne
Ain 1
2 4 6 8 12 24
Normal - -
Hypoxia: 6 h/Reoxygenation (h)
d Hypoxia: 6 h/Reoxygenation (h)
Nrmal 2 4 6 8 12 24
HSP70 == S cud i
eEF2 Ss=sssss————w——
p-eEF2 BEEEd —=F= = =
C-Caspase-3 e e, il
GAPDH «=&s
f 1.5+
*
g o DA T T T
N Q & L D s P
b < 1.04
o O
]
(T8
w9
9 = 0.5
o
]
x
0.0
2 4 6 8 12 24
Normal

Hypoxia: 6 h/Reoxygenation (h)

100+
*
—_ -
§ 80 * *
2 60
%
S 40-
3
O 204
0
6 8 12 24
Normal
Hypoxia: 6 h/Reoxygenation (h)
e
@ Cleaved Caspase-3
124 HSP70

Normal

2

4

6

8

12 24

Hypoxia: 6 h/Reoxygenation (h)

@ Springer



614

Apoptosis (2017) 22:608-625

«Fig. 4 HSP70, eEF2 and p-eEF2 are associated with cardiomyo-
cyte apoptosis in vitro. H9¢2 cells were treated with 6 h hypoxia and
different time of reoxygenation. a Flow cytometry was performed
to detect H9¢c2 cell apoptosis. b Statistical graphs for ratio of apop-
totic index. ¢ CCK-8 assay was used to detect H9c2 cell viability. d
HSP70, eEF2, p-eEF2 and c-caspase-3 expression was detected by
western blot after H/R. e Statistical graphs (relative optical density)
for HSP70 and c-caspase-3 to GAPDH. f Statistical graphs (relative
optical density) for p-eEF2/eEF2 ratio. *P <0.05 compared with nor-
mal group

HSP70 and eEF?2 full length plasmid construction

The HSP70 and eEF2 overexpression plasmid was pur-
chased from the PPL plasmid library (Nanjing, Jiangsu,
China).

Truncated plasmid construction

The fragments of eEF2 were amplified by reverse transcrip-
tion polymerase chain reaction (RT-PCR) using full-length
plasmid. The following primers were used: C-terminal
fragment forward primer 5-CGAATTCGGATGGTCAGC
CCTGTCGTCAGGGTG-3' and reverse primer 5'-CCT
CTCGAGGTCAGTTTGTCCAGGAAGTTGTCCAGC-3/,
Central fragment forward primer 5-CGAATTCGGATG
GACCGGTACTTTGACCCGGC-3' and reverse primer
5'-CCTCTCGAGGTGCTGAACTTCATCACCCGCAT-3,
N-terminal fragment forward primer 5-CGAATTCGG
ATGGTGAACTTCACAGTAGATCAGA-3" and reverse
primer 5-CCTCTCGAGGTCCCACAGCTTCTTCATCAT
G-3' (Sunny Biotechnology Company, Shanghai, China).
The fragments and the vector (PPL, USA) were cut with
EcoR I and Xho I. The correct insertion of fragments in
pcDNA3.1-HA vector was verified by enzyme digestion
and sequencing [30]. After concentration of the plasmid,
the plasmids were sent to Biosune Biotechnology Company
(Shanghai, China) for sequencing.

Small interfering RNA transfection

Three small interfering RNAs (siRNAs) targeting HSP70
and eEF2 gene were designed and synthesized by Shang-
hai Genepharma (Shanghai, China), and the most effective
siRNA (siHSP70 and sieEF2) identified by western blot
was applied for further experiments. The sequences of three
siHSP70s are as follows: 5'-CCUGAGAAAGAGGAGUUC
GTT-3', 5'-GAAUGCGCUCGAGUCCUAUTT-3', 5'-GCU
GAGAAAGAGGAGUUCGTT-3'. The sequences of three
sieEF2s are as follows: 5-GCUUCACUGACACUCGAA
ATT-3', 5'-CCGUGCUGAUGAUGAACAATT-3', 5'-CCC
AGACGGGAAGAAACUUTT-3". Scrambled RNA oligo-
nucleotides were used as control. Twenty-four hours prior
to transfection, H9c2 cells were plated onto a 6-well plate
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(Corning Inc., Corning, NY) at 40-60% confluence. For
each well, 33.3 nM of each of the three oligos was trans-
fected using Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. The
medium was replaced with DMEM containing 10% FBS
after 6 h [31].

eEF?2 full length and truncated plasmid transfection

When H9c2 cells reached 85% confluence, plasmids were
mixed with Lipofectamine 2000 for 20 min at RT. Then
cells were incubated in DMEM for 6 h without FBS, and
were replaced the medium with DMEM with 10% FBS for
next 40 h. Thereafter, the culture was terminated.

LDH release assay

The assay was performed using LDH assay kit (Jiancheng
Bioengineering Institute, Nanjing, Jiangsu, China) follow-
ing the instructions.

Flow cytometry analysis for H9c2 cell apoptosis

HOc2 cells were previously transfected with eEF2 plasmid
for 48 h, after that were treated with H/R. After treatment,
the cells were harvested at a density of 1x10° cells/sam-
ple. H9c2 cells without any treatments were set as negative
control. The analysis was conducted following the protocol
of PE-7AAD kit (BD, NZ, USA). H9c2 cell apoptosis was
measured by the flow cytometer (Calibur, BD, NZ, USA).

Flow cytometry for cell cycle

HOc2 cells were harvested at a density of 1x 10° cells/sam-
ple after transfected with eEF2 truncated plasmid for 48 h.
HOc2 cells without any treatments were set as negative con-
trol. The cells were fixed in 70% cold ethanol at —20°C for
24 h, and then the cell suspensions were centrifuged and
the fixative was removed. Following 2 washes with PBS,
the samples were given propidium iodide (PI) and RNase A
at a final concentration of 50 uM for 30 min at 37 °C. The
cell cycle distribution was measured by the flow cytometer
[32].

Terminal deoxynucleotidyl transferase-mediated dUTP
nickend labeling (TUNEL)

HOc2 cell apoptosis was determined by TUNEL fluores-
cence FITC kit according to the manufacturer’s instruc-
tions (Jiancheng Bioengineering Institute, Nanjing,
Jiangsu, China). After TUNEL staining, the samples were



Apoptosis (2017) 22:608-625

a Normal

IPHSPT0 oot 1gG 1P IP:HSP70
1B:eEF2 [ _—

1B:HSP70 S S BHsP70 [=—— —_—

Input IgG P
IB:eEF2 -

Normal H/R

H/R

Fig. 5 HSP70 interacts with eEF2 in vitro. H9c2 cells of normal and
H/R (hypoxia: 6 h, reoxygenation: 6 h) stimuli groups were used. a
The interaction of HSP70 and eEF2 was detected by IP in normal
group. b The interaction of HSP70 and eEF2 was detected by IP in

immersed into a DAPI solution to stain nuclei. Fluores-
cence staining was viewed by laser scanning confocal
microscopy (Leica DM 5000B; Wetzlar, Germany). Four
fields were randomly selected from each sample, and at
least 100 cells were counted to calculate cell apoptotic
ratio.

Statistical analysis

The SPSS19.0 software was used for statistical analysis.
The results were presented as means + SD. Differences
between groups were calculated using the student’s t test
or one-way analysis of variance. P <0.05 was considered
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¢ Double immunofluorescence staining was performed for HSP70
with eEF2 and p-eEF2 in normal and H/R stimuli groups. Scale bars
50 pm

statistical significant. All the experiments were repeated
for at least three times with the consistent results.

Results

HSP70 expression and p-eEF2 to eEF2 ratio are
up-regulated during MIR

Rat MIR model was confirmed by Evan’s blue-TTC dou-
ble staining. Due to the revascularization of blood flow,
the recovery of myocardial reperfusion did not completely
reverse the damage caused by ischemia (Fig. 1a). In addi-
tion, the recovery of areas at risk (AAR) was significant
at reperfusion stage after myocardial ischemia. However,
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Fig. 6 HSP70 interacts with C-terminal fragment of eEF2 in
HEK293T cells. HEK293T cells were transfected with Flag-HSP70
and HA-labeled wild-type and three fragments of eEF2. a The
graphic demonstration for truncated fragments of eEF2. b The inter-
action of Flag-HSP70 and HA-labeled wild-type and three fragments
of eEF2 was detected by IP in H/R stimuli group (/B immunoblotting,
IP immunoprecipitation)

serum LDH release increased during ischemia and dropped
gradually after reperfusion, which suggested that MIR
model was successfully established (Fig. 1b).

Western blot indicated that after myocardial ischemia,
HSP70 protein level and phosphorylated eEF2 (p-eEF2) to
eEF2 ratio changed obviously. During 4-8 h reperfusion,
HSP70 protein level increased dramatically. After 6 h rep-
erfusion, p-eEF2 to eEF2 ratio dropped slightly. To detect
cardiomyocyte apoptosis during MIR, cleaved caspase-3
(c-caspase-3) expression was examined, increasing signifi-
cantly after reperfusion (Fig. 1c—e). These results indicated
that MIR could lead to up-regulation of HSP70 expression
and p-eEF2 to eEF2 ratio, which might be related to cardio-
myocyte apoptosis. According to above data, 6 h of reper-
fusion was taken for subsequent experiments.

Subcellular localization of eEF2, HSP70 and p-eEF2
during MIR

In order to identify subcellular localization of HSP70, eEF2
and p-eEF2 during MIR, immunohistochemistry was per-
formed. HSP70 expression increased in MIR group, local-
izing in nucleus and cytoplasm. Meanwhile, eEF2 expres-
sion decreased in MIR group, localizing in cytoplasm,
while p-eEF2 expression increased in MIR group, translo-
cating to nucleus (Fig. 1f—g). These results indicated that

@ Springer

cent staining suggested that following MIR, HSP70 and
eEF2, HSP70 and p-eEF2 co-localized in cytoplasm and
nucleus separately (Fig. 2c). Therefore, we hypothesized
that HSP70 interacted with eEF2 to affect the phosphoryla-
tion and nucleus translocation of eEF2.

HSP70 interacts with eEF2 in vitro

Furthermore, we utilized that H9¢2 cells to mimic MIR
in vitro for further investigation [33]. After hypoxia and
reoxygenation (H/R) stimuli, flow cytometry was used to
detect cell apoptosis, showing that secondary apoptosis
after 6 h reoxygenation (Fig. 3a, b). In addition, cell viabil-
ity of H9c2 cells was tested by CCKS8 assay, which was in
accordance with flow cytometry results (Fig. 3c).

Western blot indicated that after H/R stimuli, the
changes of HSP70 expression, p-eEF2 to eEF2 ratio and
c-caspase-3 expression were in line with the results in vivo
(Fig. 3d—f). Additionally, IP and immunofluorescent stain-
ing data using H9c2 cells were consistent with in vivo
results (Fig. 4). These results further demonstrated the
interaction between HSP70 and eEF2.

HSP70 interacts with the C-terminal fragment of eEF2

In order to identify the specific domain of eEF2 which
interacted with HSP70, we truncated full-length eEF2 into
three fragments based on previous researches and domain
analysis, and named them as N-terminal fragment, Central
fragment and C-terminal fragment (Fig. 5a). After labeled
by HA, the plasmids were transfected into H9c2 cells with
Flag-HSP70 for 48 h and IP was used to clarify the interac-
tive region, showing that HSP70 interacted with C-terminal
fragment of eEF2 (Fig. 5b).

HSP70 knockdown promotes phosphorylation
and nucleus translocation of eEF2

To explore the effects of HSP70 on eEF2 after H/R stim-
uli, we utilized siHSP70 to knock down HSP70 expres-
sion, finding that HSP70 siRNA3 was the most efficient
(Fig. 6a). After HSP70 knockdown, p-eEF2 to eEF2 ratio
increased significantly after H/R stimuli, while normal
group did not change remarkably (Fig. 6b—d). However,
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Normal H/R Normal

H/R

Fig. 8 HSP70 knockdown promotes p-eEF2 nucleus translocation.
Distribution of p-eEF2 and eEF2 in H9c2 cells after HSP70 knock-
down. H9c2 cells fixed on the small plates were detected for eEF2,

eEF2 knockdown did not change HSP70 expression in H/R
stimuli and sham groups (Fig. 6e-g).

In addition, we used immunofluorescence to detect
nucleus translocation of eEF2 with siHSP70 transfection,
finding that HSP70 knockdown promoted phosphorylation
and nucleus translocation of eEF2 (Fig. 7). These results
indicated that HSP70 might inhibit phosphorylation and
nucleus translocation of eEF2, while eEF2 had no effects
on HSP70 expression.

HSP70 overexpression inhibits phosphorylation
and nucleus translocation of eEF2

To further explore the effects of HSP70 on phosphoryla-
tion and nucleus translocation of eEF2, Flag-HSP70 was
transfected in H9c2 cells to up-regulate HSP70 expres-
sion. After Flag-HSP70 transfection, p-eEF2 to eEF2 ratio
increased after H/R stimuli, while in normal group it did
not change significantly (Fig. 8a—c). Furthermore, immu-
nofluorescence confirmed that HSP70 overexpression
suppressed phosphorylated and nucleus translocation of
eEF2 after H/R stimuli (Fig. 8d). These results indicated

@ Springer

p-eEF2 with a-actinin. DAPI was used to label nuclei (H/R: hypoxia
for 6 h and reoxygenation for 6 h). Scale bars 25 pm

that HSP70 overexpression inhibited phosphorylation and
nucleus translocation of eEF2.

Next, we utilized IP to detect SUMOylation of eEF2
after HSP70 overexpression. After Flag-HSP70 transfec-
tion, SUMOylation of eEF2 was inhibited after H/R stimuli
(Fig. 9a). The results indicated that HSP70 might reduce
SUMOylation of eEF2 during MIR.

HSP70 reverses detrimental effect of N-terminal
fragment of eEF2 through binding to C-terminal
fragment of eEF2

In addition, three fragments of eEF2 were transfected into
HO9c2 cells respectively and western blot was used to detect
the efficiency of transfection. After transfection, N-ter-
minal fragment led to more c-caspase-3 expression than
C-terminal and central fragment. C-caspase-3 expression
was reduced after C-terminal fragment and Flag-HSP70
transfection, compared with only Flag-HSP70 transfec-
tion (Fig. 9b, c). Furthermore, H9c2 cell apoptosis was
further confirmed by TUNEL staining (Fig. 9d, e). These
results showed that HSP70 blocked the detrimental effect
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and p-eEF2 expression after HSP70 overexpression. b Statistical
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of N-terminal fragment of eEF2 through binding to C-ter-
minal fragment of eEF2.

To further investigate nucleus translocation of eEF2, we
used three fragments of eEF2 and Flag-HSP70 transfection.
N-terminal fragment translocated to the nucleus while the
other two fragments did not. However, N-terminal fragment
nucleus translocation could not be reversed by HSP70 over-
expression, but could be blocked by C-terminal fragment
transfection (Fig. 10a). Besides, cell cycle flow cytometry
analysis revealed that cell cycle arrest effect of N-terminal
fragment could be blocked by Flag-HSP70 and C-terminal
fragment transfection (Fig. 10a, b). These results indicated

- + + H/R - - + +

graphs (relative optical density) for p-eEF2/eEF2 ratio. d Distribu-
tion of p-eEF2 and eEF2 in H9¢2 cells after HSP70 overexpression.
(H/R: hypoxia for 6 h and reoxygenation for 6 h). Scale bars 25 pm.
*P <0.05 compared with normal group

that HSP70 reduced pro-apoptotic effect of N-terminal
fragment with assistance of C-terminal fragment via break-
ing cell cycle arrest (Fig. 11a, b).

Discussion

The study reveals that HSP70 inhibits eEF2 nucleus
translocation during MIR via promoting dephosphoryla-
tion of eEF2 and inhibiting SUMOylation of eEF2. After
full length eEF2 is truncated, N-terminal fragment of
eEF2 promotes eEF2 nucleus translocation, leads to more
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HO9c2 cell apoptosis through cell cycle arrest, which is in
line with previous study [34]. The nucleus translocation
and pro-apoptotic effects of N-terminal fragment can be
blocked by HSP70 overexpression and C-terminal frag-
ment of eEF2 transfection.

HSP70 is up-regulated during MIR due to reactive oxy-
gen species (ROS), which results from oxygen supply res-
cue during reperfusion stage [35, 36]. During MIR, HSP70
exerts cardioprotection roles, including maintaining chro-
matin stability, inhibiting cardiomyocyte apoptosis and
promoting recovery of cardiac function [5, 22]. However,
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Fig. 10 SUMOylation modification of eEF2 and pro-apoptotic func-
tion of N-terminal fragment of eEF2. a IP for SUMO2/3 of eEF2 in
normal and H/R (hypoxia for 6 h and reoxygenation for 6 h) groups.
b C-caspase-3 expression of H9c2 cells transfected with Flag-
HSP70, HA-labeled wild-type and three fragments of eEF2. ¢ Statis-

@ Springer

tical graphs (relative optical density) for c-caspase-3 to GAPDH. d
TUNEL staining for H9¢c2 cells transfected with Flag-HSP70, HA-
labeled wild-type and three fragments of eEF2. e Statistical graphs
for TUNEL positive cell count. Scale bars 25 pm. *P<0.05 com-
pared with normal group
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Fig. 11 N-terminal fragment
of eEF2 translocates to nucleus
and leads to cell cycle arrest of
HO9c2 cells. a Double immuno-
fluorescence staining and cell
cycle flow cytometry for H9c2
cells transfected with Flag-
HSP70, HA-labeled wild-type
and three fragments of eEF2. b
Statistical graphs for different
cell cycle. *P <0.05 compared
with normal group

HSP70, with the assistance of other molecule chaper-
ones, promotes virus protein translation in eukaryotic cells
[37]. In addition, HSP70 blocks AIF nucleus translocation
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during MIR and deletion the domain of AIF interacting
with HSP70 results in enhancement of nucleus transloca-
tion [25, 26]. In our study, HSP70 interacts with eEF2 and
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this interaction is more intensive during MIR than nor-
mal condition, indicating that HSP70 might affect nucleus
translocation of eEF2 during MIR.

During MIR, HSP70 inhibits the phosphorylation of
proteins such as protein kinase C (PKC), to stabilize func-
tion and structure of them [38]. In our study, we also find
HSP70 overexpression reduces the phosphorylation of
eEF2. Recent research reveals that HSP70 regulates the
phosphorylation process of other protein not through com-
bining with the phosphorylation sites [39]. In our study,
HSP70 interacts with C-terminal fragment of eEF2 rather
than the fragment containing phosphorylation site.

The functions of eEF2 during MIR are of great signifi-
cance, and have different roles during ischemia and reper-
fusion stages [13]. In addition, phosphorylation of eEF2
after nutrient deprivation leads to less apoptosis and more
resistance to the environment [11]. In the circumstance of
stress, inhibiting eEF2 activity results in the rapid arrest
of protein synthesis and cell cycle arrest, apoptosis and
cell death displaying consecutively [40, 41], which cause
irreversible damage to cardiac function [42]. Additionally,
previous studies suggest that activity of eEF2 is regulated
by phosphorylation through its kinase, eEF2K, which is
regulated by multiple signaling pathways including aden-
osine 5’-monophosphate (AMP)-activated protein kinase
(AMPK) and mammalian target of rapamycin (mTOR)
during MIR [13, 43]. These studies focus on the energetic
regulatory function of eEF2, illustrating that inhibiting
the activity of eEF2 can reduce apoptosis through enhanc-
ing the resistance to hypoxia or ischemia damage [10, 44].
Therefore, in our study, we focused on phosphorylation and
nucleus translocation of eEF2 during MIR, identifying that
HSP70 reduced phosphorylation and nucleus translocation
of eEF2 during reperfusion stage.

As reported previously that eEF2 has small ubiquitin-
related modifier (SUMO) after phosphorylated and modi-
fication type is 1 or 2/3 [14]. In lung adenocarcinoma cells,
eEF2 has SUMOlylation which leads to protein stabil-
ity and anti-apoptotic effects [45]. We utilize the software
GPS-SUMO 1.0 to predict potential SUMOylation type
of eEF2, finding that eEF2 has both SUMO1-ylation and
SUMO?2/3-ylation [46]. Moreover, unlike SUMO/1-ylation,
SUMO2/3-ylation has effects on nucleus translocation of
some proteins [47]. In our study, after H/R stimuli, HSP70
overexpression leads to less SUMO2/3-ylation of eEF2. All
of SUMO2/3-yaltion regions are in N-terminal fragment of
eEF2.

eEF2 contains ribosomal protein S5 domain, which is
presented in various kinds of DNA/RNA binding proteins
[48]. According to domain analysis, this domain forms a
hexamer and is oriented towards the surface of ring formed
by ATPase domain [49]. In addition, ribosomal protein S5
domain can function as GHMP kinases contains galacto-,
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homoserine, mevalonate and phosphomevalonate kinases,
GHMP kinase, which transfers phosphoryl group from ATP
to an acceptor [50]. Phosphoryl groups are used by kinase
to catalyze phosphorylation reaction [51], suggesting that
this domain might assist eEF2K to promote phosphoryla-
tion of eEF2. HSP70 has an ATPase domain which hydro-
lyses ATP to ADP and produces phosphate radical, leading
to apoptosis after inhibiting by some drugs [52]. Thus, it is
reasonable to predict the HSP70 might interact with C-ter-
minal fragment of eEF2 to maintain the function of eEF2
and inhibit phosphorylation of eEF2.

On the basis of software analysis, eEF2 also has
two more SUMO?2/3-ylation interaction motifs (SIM).
SUMOylation occurs in the unstable region or domain of
peptide chain, and needs one another functional region
which is known as SIM to assist [53]. SIM promotes
SUMOylation of proteins and truncating without SIM
induces dysfunction of proteins [54]. In addition, SIM has
effects on the distribution of protein within cells through
regulating SUMOylation [55]. HSP70 might be one of tar-
gets of SUMO using stable isotope labeling with amino
acids (SILAC) quantitative proteomic technique [56], while
the software shows that no SUMO sites are predicted.
Thus, we predict that HSP70 might competitively bind to
SIM, causing less SUMO2/3-ylation of eEF2. Besides,
HSP70 competitively binds to the functional domain of
estrogen receptor, resulting in functional suppression [57],
indicating that as a molecule chaperone, HSP70 functions
as competitive binding. In a system analysis, both HSP70
and eEF2 combine with AKT?2 [58], suggesting that HSP70
and eEF2 have certain resemblance in domain structure and
might have competitive binding effect. Our results indicate
that HSP70 only interacts with N-terminal fragment of
eEF2. However, the unknown exact mechanism needs fur-
ther investigation.

There are several limitations in our study. Firstly, we
only focus on the investigation of mechanism and the out-
come of fragments we constructed. Thus in vivo experi-
ments are the keystone of our future study. Secondly, due
to the large amount of in vitro experiments and consider-
ing siRNA and plasmid transfection efficiency, we utilized
HOc2 cell lines to partially represent the features of neo-
natal cardiomyocytes. Although previous report confirms
the cell line H9¢2 cells can mimic the pathological changes
in vivo [33], we still hope to use primary cardiomyocytes
in our future study. Thirdly, we could not exclude the prob-
abilities that other molecules have effects on the interaction
of HSP70 and eEF2 during MIR.
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