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SENP2-mediated SERCA2a deSUMOylation increases calcium overload 
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Abstract
Background: Sarcoplasmic reticulum calcium ATPase 2a (SERCA2a) is a key protein that maintains myocardial Ca2+ 
homeostasis. The present study aimed to investigate the mechanism underlying the SERCA2a-SUMOylation (small ubiquitin-
like modifier) process after ischemia/reperfusion injury (I/RI) in vitro and in vivo.
Methods: Calcium transient and systolic/diastolic function of cardiomyocytes isolated from Serca2a knockout (KO) and wild-
type mice with I/RI were compared. SUMO-relevant protein expression and localization were detected by quantitative real-time 
PCR (RT-qPCR), Western blotting, and immunofluorescence in vitro and in vivo. Serca2a-SUMOylation, infarct size, and cardiac 
function of Senp1 or Senp2 overexpressed/suppressed adenovirus infected cardiomyocytes, were detected by immunoprecipitation, 
triphenyltetrazolium chloride (TTC)-Evans blue staining, and echocardiography respectively.
Results: The results showed that the changes of Fura-2 fluorescence intensity and contraction amplitude of cardiomyocytes 
decreased in the I/RI groups and were further reduced in the Serca2a KO + I/RI groups. Senp1 and Senp2 messenger ribose 
nucleic acid (mRNA) and protein expression levels in vivo and in cardiomyocytes were highest at 6 h and declined at 12 h after I/
RI. However, the highest levels in HL-1 cells were recorded at 12 h. Senp2 expression increased in the cytoplasm, unlike that of 
Senp1. Inhibition of Senp2 protein reversed the I/RI-induced Serca2a-SUMOylation decline, reduced the infarction area, and 
improved cardiac function, while inhibition of Senp1 protein could not restore the above indicators.
Conclusion: I/RI activated Senp1 and Senp2 protein expression, which promoted Serca2a-deSUMOylation, while inhibition of 
Senp2 expression reversed Serca2a-SUMOylation and improved cardiac function.
Keywords: Myocardial ischemia; Reperfusion injury; Sarcoplasmic reticulum calcium-transporting ATPases; Sentrin/SUMO-
specific protease; Calcium overload

Introduction

Reducing myocardial damage associated with coronary 
artery disease is the primary goal in prognostic manage-
ment.[1,2] Extensive evidence shows that ischemia/reper-
fusion injury (I/RI) may occur after revascularization. I/
RI refers to cardiomyocyte apoptosis and death, which 
lead to myocardial stunning, no-reflow phenomena, a 
decline in cardiac function, and death.[3–5] Exploring the 
mechanism and developing drugs for attenuating cardiac 
I/RI have become a major focus of research in recent 
years.[6,7]

Calcium overload is an important mechanism under-
lying I/RI.[8] Sarcoplasmic reticulum calcium ATPase 2a 
(SERCA2a) is mainly localized in the sarcoplasmic 
reticulum and endoplasmic reticulum membrane and 
accumulates in the T-tube of cardiomyocytes. In human 

cardiomyocyte cytoplasm, approximately 70% of Ca2+ 
is removed by SERCA2a.[9,10] Previous studies have 
generally focused on the role of SERCA2a in heart 
failure, showing that both the activity and level of 
SERCA2a decline.[11–14] Introducing the SERCA2A gene 
into cardiomyocytes improves cardiac function in cardio-
myocytes of animals with heart failure.[11,15] Some 
clinical trials have used SERCA2a transgenic therapy to 
treat human heart failure.[16,17] In I/RI models, some 
researchers have reported a reduction in the level of 
SERCA2a phosphorylation.[18] Reversing the expression 
or reduction of SERCA2a activity may provide a new 
pathway to treat cardiomyocyte injury induced by 
calcium overload.[8,19,20]

Modification by a small ubiquitin-related modifier 
(SUMO) is a type of post-translational protein modifica-
tion. The SUMO protein first connects with the E1 
kinase and then transfers to the cysteine residue of the 
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E2 conjugate. The efficiency and specificity of ubiquitin-
conjugating enzyme 9 (UBC9) is enhanced by E3 conju-
gase. Under the action of the de-SUMOylation enzymes 
(sentrin/SUMO-specific protease [SENP] or deSU-
MOylating isopeptidase [DESI]), the SUMO molecule 
dissociates from the protein and re-enters SUMOylation 
cycling.[21,22] SUMOylation modification can regulate 
the expression of SERCA2a at the transcriptional and 
protein levels.[23] Overexpression of SUMO1 but not 
SUMO2/3 improves the activity of SERCA2a and 
cardiac function.[24–26]

SENPs include SENP1–3 and 5–7.[27,28] SENPs are localized 
at different positions under different pathophysiological 
conditions and exert different biological effects.[29,30] 
SUMO1 molecule dissociates from the proteins by the only 
two deSUMOylation enzymes which are SENP1 and 
SENP2. Heo et al[31] have reported that the spatial loca-
tions of SENP1 and SENP2 are regulated via the nuclear 
export and nuclear localization signals shuttling between 
the nucleus and the cytoplasm and modified proteins at 
different sites. Gu et al[32] have reported up-regulation of 
SENP1 in cardiomyocytes following I/RI in humans, 
mice, and rats. However, the exact mechanism of SENPs 
in SERCA2a SUMOylation in I/RI pathology is unclear.

The current study utilized Serca2aflox/flox Tg (aMHC-
MerCreMer) mice (Serca2a knockout mice [Serca2a KO 
mice]) to observe the effect of Serca2a on calcium over-
load following I/RI. The reduction mechanism of 
Serca2a SUMOylation induced by I/RI provides the theo-
retical and experimental bases for the development of 
effective drugs against I/RI.

Methods

Materials

The HL-1 cells were donated by Professor Chen 
Minglong of Nanjing Medical University and authorized 
by William C. Claycomb from the Department of 
Biochemistry and Molecular Biology, Louisiana State 
University, USA. C57BL/6J mice weighing 25–30 g were 
purchased from Jinan Pengyue Experimental Animal 
Breeding Co., Ltd. (Xuzhou, China). Serca2aflox/flox Tg 
(aMHC-MerCreMer) mice were donated by Professor 
Ole M. Sejersted of Oslo University Hospital Ulleval. All 
research was approved by the Animal Ethics Committee 
of Xuzhou Medical University (No. CMCACUC 2017-
04-132).

The pHBAd-U6-Senp1-CMV-RFP (Red fluorescent protein), 
pHBAd-U6-Senp2-CMV-GFP (Green fluorescent protein), 
pHBAd-U6-CMV-RFP/GFP, pHBAd-U6-Senp1-shRNA-
GFP, and pHBAd-U6-Senp2-shRNA-RFP were constructed 
by Hanbio Biotechnology Co. Ltd. (Shanghai, China). 
The short hairpin RNA (shRNA) oligonucleotides were 
shown in Table 1.

Mouse I/RI model

The mice were fasted for 12 h before being anesthetized 
with isoflurane. The electrocardiogram was recorded 

using a BL-420S Biological Signal Processing System 
(Chengdu Techman Co., Chengdu, China). The venti-
lator was turned on with the following parameters: tidal 
volume, 10 mL; excitation/inhibition ratio, 1:2; and 
respiratory rate, 90 breath/min. The chest was opened 
along the left midaxillary line and the left anterior 
descending (LAD) artery was identified. A suture thread 
was passed below the LAD artery and an empty balloon 
was placed outside it for ligation. The balloon was pres-
surized to occlude the LAD artery and then emptied and 
removed 30 min later.[33]

Cardiomyocyte isolation via the Langendorff system

The mice were anesthetized and the skin was incised 
below the xiphoid process. The aorta was cut 3 mm 
below the heart. The heart was infused with a calcium-free 
solution (NaCl 120 mmol/L, KCl 5.4 mmol/L, MgSO4∙
7H2O 1.2 mmol/L, NaH2PO4 1.2 mmol/L, NaHCO3 
20 mmol/L, glucose 5.6 mmol/L, 2,3-butadione monoxime 
(BDM) 10 mmol/L, and taurine 5 mmol/L) for 4 min 
using a Langendorff system (ThermoFisher, MA, USA), 
followed by perfusion with an enzyme solution (collage-
nase 2 0.5 mg/mL, collagenase 4 0.5 mg/mL, protease 
XIV 0.05 mg/mL [Invitrogen, MA, USA], and 1 mL 
CaCl2 1 mol/L) for 5– 8 min. Part of the left ventricle 
was subjected to blowing and suction until the lumps 
disappeared. The stopping solution (calcium-free solu-
tion containing 5% sterile fetal bovine serum, Invit-
rogen) was then added and calcium recovery was imple-
mented.

Calcium transient and diastolic/systolic function detection of 
cardiomyocytes

Tamoxifen (8 mg/L; Sigma-Aldrich LLC, Darmstadt, 
Germany) was intraperitoneally injected into Serca2aflox/flox 
Tg (aMHC-MerCreMer) mice.[34] Serca2aflox/flox Tg 
(aMHC-MerCreMer) mice were intraperitoneally 
injected with tamoxifen 1 mg daily for 4 consecutive 
days, whereas control Serca2aflox/flox Tg (aMHC-
MerCreMer) mice were intraperitoneally injected with 
the same dose of peanut oil. The Serca2a KO efficiency 
was measured 2 weeks later by quantitative real-time poly-
merase chain reaction (RT-qPCR) and Western blotting.

Cardiomyocytes were divided into the following groups: 
wild-type (WT), Serca2a KO, I/RI, and Serca2a KO + I/
RI (n = 3). For the I/RI and Serca2a KO + I/RI groups, 
the pale myocardium below the ligature line of the ante-

Table 1: The sequence of shRNA oligonucleotides of Senp1 and 
Senp2.

Genes
Senp1
Senp1
Senp1
Senp2
Senp2
Senp2

shRNA
shRNA1: CGGAAGACCTCAAGTGGATTATCAA
shRNA2: AAGCCACCAGCTGACTGACAGTGAA
shRNA3: GAAGCCCAGCCTATCGTCCAGATTA
shRNA1: GCAGCATGCTGAAACTGGGTAATAA
shRNA2: CCTAATGGAATAAGCGACTATCCAA
shRNA3: GCGACTTAAAGAAGGTGCTCATGGA

shRNA: Short hairpin ribose nucleic acid.
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rior descending branch to the anterior wall of the apex 
was harvested. Calcium recovery was performed using a 
gradient solution to reach a Ca2+ concentration of 
1.5 mmol/L. The cells were then incubated with 1 mmol/L 
Fura2-AM (Dojindo Molecular Tech., Inc., Kumamoto, 
Japan) at 37℃ for 20 min. An IonOptix MyoCam system 
(IonOptix Corporation, Milton, MA, USA) was used to 
detect the contraction amplitude and contractile/systolic 
speed of the cardiomyocytes. Changes in the concentra-
tion of free Ca2+ were characterized by the fluorescence 
intensity ratio at 340 nm and 380 nm.[35] Ten cardio-
myocytes were collected for detection from each group. 
Transient was measured based on the changes of Fura-2 
fluorescence intensity (DFFI). Contraction amplitude of 
cardiomyocytes was measured based on cell length peak 
height.

HL-1 simulation ischemia /reperfusion injury (sI/RI) model

The culture medium was discarded and Hank’s balanced 
salt solution was added to the cell. The cells were placed 
into a 3-gas incubator for hypoxia for 1.5 h (1% O2, 
5% CO2, and 94% N2). The medium was replaced with 
a normal medium and 2 h reoxygenation was performed 
to simulate I/RI, which was followed by cell harvesting.

RT-qPCR

RNA extraction from the tissues/cells was performed 
with the Trizol reagent (Invitrogen, Carlsbad, USA) and 
used for generating cDNA (Sangon Biotech Co., Ltd., 
Shanghai, China) in the presence of oligo-dT primers. 
RT-qPCR was performed using ready-to-use PCR Real 
MasterMix (Tiangen Biotech Beijing Co., Beijing, China) 
with glyceraldehyde 3-phosphate dehydrogenase as the 
internal control. The primers were shown in Table 2.

Western blotting and co-immunoprecipitation

Whole lysates (40 mg) were resolved by 8–12% sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis. The 
proteins were then transferred to polyvinylidene difluo-
ride membranes. The membranes were immunoblotted 
overnight at 4℃ with primary antibodies against Sumo1, 
UBC9, Senp1 (c-12) (1:1000; Santa Cruz Biotechnology, 
Inc., CA, USA), Senp2, Serca2a (1:1000; Abcam, 
Cambridge, UK), and b-actin (1:5000; Beijing Zhong-
shan Golden bridge Biotechnology Co., Beijing, China). 
The corresponding secondary antibodies (1:5000; Beijing 

Zhongshan Golden bridge Biotechnology Co.) were then 
used for immunoblotting for 1 h. The enhanced chemilu-
minescence (ECL) working solution was then added 
dropwise to the membrane. Serca2a SUMOylation was 
detected by co-immunoprecipitation in vivo. Extracted 
protein (500 mg) samples were incubated with 2 mg of 
Sumo1 primary antibody or normal rabbit IgG (Cell 
Signaling Technology, Boston, UK) on a rotator at 4℃ 
overnight. The protein sample was then eluted by the 
addition of 70 mL of the elution buffer and analyzed by 
Western blotting.[36] The target band was calculated 
using Image J software (ImageJ 1.47e, National Institutes 
of Health, Bethesda, MD, USA).

Immunofluorescence assay

Cardiomyocytes were fixed in 4% paraformaldehyde for 
10 min and then permeabilized with 0.2% Triton X-100 
for 10 min. The blocking buffer was then added for 
30 min. The primary antibody (Senp1[c-12], Senp2, and 
Serca2a [1:200; Abcam]) was added after being washed 
to incubate the cells at 4℃ overnight. The fluorescently 
labeled secondary antibody (goat anti-rabbit IgG H&L 
Alexa Fluor® 488 pre-adsorbed, goat anti-rabbit IgG 
H&L Alexa Fluor® 568 pre-adsorbed, and goat anti-
mouse IgG H&L Alexa Fluor® 647 pre-adsorbed [1:
100; Abcam]) was added to incubate the cells in the 
dark for 1 h. 4′,6-Diamidino-2′-phenylindole (DAPI) 
was also added in the dark for 10–30 min. Images 
were collected under a confocal microscope (Leica 
STELLARIS 5, Weztlar, Germany).[37]

Optimal multiplicity of infection (MOI) detection of each 
adenovirus

HL-1 cells were inoculated into 96-well plates at a 
density of 1 × 104/mL. HL-1 cells were divided into 
the following groups: Adenovirus (Ad)-GFP, Ad-RFP, 
Ad-Senp1, Ad-Senp1-shRNA1, Ad-Senp1-shRNA2, Ad-
Senp1-shRNA3, Ad-Senp2, Ad-Senp2-shRNA1, Ad-
Senp2-shRNA2, and Ad-Senp2-shRNA3. MOIs of 0, 
10, 100, 300, and 500 were tested (n = 3). The Clay-
comb medium (Sigma-Aldrich, MO, USA) was replaced 
6 h later. The ratio of GFP vs. RFP fluorescence-positive 
cells was determined by microscope 48 h later.

Triphenyltetrazolium chloride (TTC)-Evans blue staining

Mice were anesthetized 6 h after reperfusion. In situ liga-
tion was again performed for the LAD artery. Then, 1% 
Evans blue (Sigma-Aldrich) was injected through the 
aortic end. The cardiac tissues were washed with 10% 
potassium chloride and preserved at −20℃ for 30 min. 
The samples were then cut into five 1-mm-thick slices 
below the ligation line,each slice was at the same cross 
section. Then the slices were placed into 1% TTC (Sigma-
Aldrich) solution at 37℃. The images were analyzed using 
Image J software. The blue area was the area not at risk 
(ANAR), while the red and white areas were the areas at 
risk (AAR), TTC and Evans blue-unstained areas were 
defined as infarcted area (n = 3).

Table 2: The primers of mouse Sumo1, Ubc9, Senp1, and Senp2.

Genes
Sumo1

Ubc9

Senp1

Senp2

Primers
Forward: GAATTATCTAAACCGTCGAGTGAC
Reverse: AAA GAACTGGGAATGGAGGAA
Forward: TTGAACAAGCCTCCTTCCCAT
Reverse: CTGTCCCAACAAAGAACCCTG
Forward: GCTATTTGGCTGATGAGGTGC
Reverse: CCTGTCTCGGTGTCTTAGTTCC
Forward: TCTGGTGCTGAGTGAATGTGA
Reverse: GTTGAATGGGAGTGACTGTGG
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Mice echocardiography

The I/RI procedure was performed in 28 C57BL/6J mice 
3 days after viral injection. Twenty-four mice survived 
and were evaluated 6 h after I/RI (n = 3). A Vevo® 1100 
Imaging System (FUJIFILM Visualsonics, Inc., Toronto, 
Canada) was used to record the left ventricular ejection 
fraction (LVEF) and left ventricular fractional shortening 
(LVFS). Each indicator was measured over three consecu-
tive cardiac cycles and the average was used for analysis.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 5 
software (version 5, Windows version, GraphPad Soft-
ware, San Diego, USA). Data were expressed as the 
mean ± standard error of mean (SEM). a = 0.05. Inter-
group comparisons were carried out using t-tests, while 
statistical comparisons among multiple groups were 
performed using ANOVA (one-way analysis of variance). 
Statistical significance was set two-tailed P <0.050.

Results

Calcium-regulating effect of Serca2a in I/RI

We established mouse I/RI model, and cardiomyocytes 
were isolated using the Langendorff system (Thermo-

Fisher) [Figure 1A]. Compared to the WT group, 
Serca2a mRNA was down-regulated in the I/RI group 
(P <0.001), which was consistent with the Serca2a 
protein level trend in Figure 1B (P <0.010). Serca2a 
mRNA expression in the Serca2a KO group decreased 
to 11.41 ± 9.55% (P <0.001) of the WT group, while 
Serca2a protein expression decreased to 5.60 ± 1.38% 
(P <0.001) of the WT group [Figure 1C]. Calcium tran-
sient detection results showed that when cardiomyocytes 
were stimulated at 0.5 Hz, the DFFI decreased in the 
I/RI (0.18 ± 0.09, P <0.010) and Serca2a KO + I/RI 
(0.06 ± 0.13, P <0.010) groups compared to the WT group 
(0.34 ± 0.17) [Figure 1D]. There was a reduction of 
DFFI in the Serca2a KO + I/RI group (0.06 ± 0.13) 
compared to the Serca2a KO (0.27 ± 0.11, P <0.001) or 
I/RI groups (0.18 ± 0.09, P <0.010). The contractility of 
a single cardiomyocyte was also determined. Compared 
to the WT group (4.13 ± 0.61 mm), the reduction was 
significant in the I/RI (1.71 ± 0.26 mm, P <0.010) and 
Serca2a KO + I/RI (0.61 ± 0.21 mm, P <0.001) groups. 
The reduction was also observed in the Serca2a KO + I/
RI group compared to the Serca2a KO (4.21 ± 0.49 mm, 
P <0.001) and I/RI (1.71 ± 0.26 mm, P <0.050) groups. 
According to the above results, I/RI caused a down-
regulation of Serca2a mRNA and protein levels. Following 
I/RI, the Serca2a KO group had a further reduction in the 
DFFI and contractility of a single cardiomyocyte.

Figure 1: Calcium-regulating effect of SERCA2a in I/RI. (A) Construction of I/RI model in Serca2a KO mice, dynamic changes of electrocardiogram at different stages of myocardial I/RI, 
and isolation of cardiomyocytes using the Langendorff system (Scale bar=100 mm). (B) Serca2a mRNA and protein expression detected by RT-qPCR and Western blotting in C57BL/6J 
mice. (C) Serca2a KO efficiency detected by RT-qPCR and Western blotting at 2 weeks. (D) ∆FFI and contractility of a single cardiomyocyte under electrical stimulation. DFFI: changes 
of Fura-2 fluorescence intensity; I/RI: Ischemia/reperfusion injury; KO: Knockout; mRNA: messenger ribose nucleic acid; RT-qPCR: Quantitative real-time polymerase chain reaction;  
Serca2a: Sarcoplasmic reticulum calcium ATPase 2a; WT: Wild type. *Indicates comparison with the sham group, *P <0.050, **P <0.010, and ***P <0.001. †Indicates comparison with 
the Serca2a KO group, †P <0.050, ††P <0.010, and †††P <0.001. ‡Indicates comparison with the I/RI group, ‡P <0.050, ‡‡P <0.010, and ‡‡‡P <0.001.
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Changes in the expression and localization of SUMO-relevant 
proteins caused by I/RI

Expression of Sumo1 mRNA, protein, and relevant en-
zymes detected in C57BL/6J mice after I/RI

We established mice cardiac I/RI models in vivo. Expres-
sion levels of Sumo1, Ubc9, Senp1, and Senp2 mRNA 
and proteins were detected in C57BL/6J mice myocar-
dium 0 h, 2 h, 6 h, 12 h, and 3 days after I/RI. Compared 
to the sham groups, Sumo1 mRNA level decreased 
between 12 h and 3 days after I/RI based on the RT-
qPCR results [Figure 2A]. Senp1 and Senp2 mRNA 
expression levels peaked at 6 h after I/RI and decreased 
between 12 h and 3 days after I/RI. The same trend was 
observed in the expression of Sumo1, Senp1, and Senp2 

proteins [Figure 2B]. There was no significant difference in 
the expression of Ubc9 mRNA and proteins among the 
groups. Based on the above results, Sumo1 mRNA and 
protein expression levels decreased after I/RI, while Senp1 
and Senp2 mRNA and protein expression levels first 
increased and then decreased.

Expression of SUMO protein and relevant enzymes in 
mouse cardiomyocytes and HL-1 cells after sI/RI

Expression levels of Sumo1, Ubc9, Senp1, and Senp2 
mRNA and proteins were determined 0 h, 2 h, 6 h, 12 h, 
and 3 days after sI/RI. The cardiomyocytes were isolated 
using the Langendorff system (ThermoFisher). They were 
rod-like and had a regular arrangement of clear edges 
and Z-lines [Figure 3A, left panel]. The right panel in 
Figure 3A showed a reduction in the percentage of rod-
shaped cardiomyocytes, obscure Z-lines on the edges, 
and some rounded cells 6 h after sI/RI. Compared to the 
sham group, expression of Sumo1 mRNA decreased 
between 12 h and 3 days after sI/RI [Figure 3B]. The 
expression of Senp1 and Senp2 mRNA peaked at 6 h 
and decreased between 12 h and 3 days after sI/RI. 
There was no significant difference in Ubc9 mRNA 
among the groups. The Western blot results showed the 
same trend as the mRNA [Figure 3C].

The influence of sI/RI on the expression of Sumo1, 
Ubc9, Senp1, and Senp2 mRNA and proteins was 
assessed in HL-1 cells. sI/RI was induced with an isch-
emic duration of 1.5 h and reperfusion duration of 0 h, 
2 h, 6 h, 12 h, and 3 days. HL-1 cells were long and 
spindle-shaped with good adherence [Figure 3D]. The 
cell bodies were thinned and some cells became rounded 
6 h after sI/RI. Compared to the control group, the 
expression of Sumo1, Senp1, and Senp2 mRNA peaked 
at 12 h after sI/RI and declined at the 3-day time point 
[Figure 3E]. There was no significant difference in the 
expression of Ubc9 mRNA among the groups. The 
Western blot results showed the same trend as the 
mRNA [Figure 3F].

Changes in localization of Serca2a, Senp1, and Senp2 
caused by sI/RI

Protein distribution was observed under a laser confocal 
microscope. The cardiomyocytes isolated from normal 
mice have regularly stripes, which were the Z-lines 
[Figure 4]. The nuclei were stained by DAPI. Serca2a 
protein was detected in the cytoplasm and nuclei, binded 
by Alexa Fluor® 568 with orange fluorescence and accu-
mulating at the Z-lines. Senp1 protein was also detected 
in the cytoplasm and nuclei, binded by Alexa Fluor® 
647 with red fluorescence and accumulating at the Z-
lines. Senp2 protein was detected in the cytoplasm and 
nuclei, binded by Alexa Fluor® 488 with green fluores-
cence. Co-localization of Senp1 and Serca2a, but not of 
Senp2 and Serca2a, was observed at the Z-lines 
[Figure 4].

The localization of Senp1, Senp2, and Serca2a in cardio-
myocytes was observed to assess the influence of sI/RI on 
these proteins in HL-1. Senp1 and Serca2a were detected 

Figure 2: Detection of Sumo1, Ubc9, Senp1, and Senp2 mRNA and proteins in C57BL/6J 
mice at time of 0 h, 2 h, 6 h, 12 h, and 3 days after I/RI (n = 3). (A) RT-qPCR detection of 
Sumo1, Ubc9, Senp1, and Senp2 mRNA at different time points. (B) Western blotting 
detection of Sumo1, Ubc9, Senp1, and Senp2 proteins at different time points. I/RI: Ischemia/
reperfusion injury; mRNA: messenger RNA; RT-qPCR: Quantitative real-time polymerase 
chain reaction; Senp1/2: sentrin/small ubiquitin-related modifier (SUMO) -specific 
protease 1/2; Ubc9: Ubiquitin-conjugating enzyme 9. *Indicates comparison with the 
sham group, *P <0.050, **P <0.010, and ***P <0.001. †Indicates comparison with the 
I/RI 0 h group, †P <0.050, ††P <0.010, and †††P <0.001. ‡Indicates comparison with the 
I/RI 2 h group, ‡P <0.050, ‡‡P <0.010, and ‡‡‡P <0.001. §Indicates comparison with the 
I/RI 6 h group, §P <0.050, §§P <0.010, and §§§P <0.001. ||Indicates comparison with the 
I/RI 12 h group, ||P <0.050, ||||P <0.010, and ||||||P <0.001.
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Figure 3: Expression of Sumo1, Ubc9, Senp1, and Senp2 mRNA and proteins in cardiomyocytes and HL-1 cells at time 0 h, 2 h, 6 h, 12 h, and 3 days after sI/RI (n = 3). (A) Morphology 
of cardiomyocytes isolated from C57BL/6J mice before and after I/RI (Scale bar=100 mm). (B) RT-qPCR detection of Sumo1, Ubc9, Senp1, and Senp2 mRNA in cardiomyocytes. 
(C) Western blot detection of Sumo1, Ubc9, Senp1, and Senp2 proteins in cardiomyocytes. (D) Morphology of HL-1 (Scale bar=100 mm). (E) RT-qPCR detection of Sumo1, Ubc9, Senp1, and 
Senp2 mRNA in HL-1 cells. (F) Western blot detection of Sumo1, Ubc9, Senp1, and Senp2 proteins in HL-1 cells. CON: Control; I/RI: Ischemia/reperfusion injury; RT-qPCR: Quantitative real-time 
polymerase chain reaction; Senp1/2: sentrin/small ubiquitin-related modifier (SUMO)-specific protease 1/2; sI/RI: simulation I/RI; Ubc9:Ubiquitin-conjugating enzyme 9.*Indicates comparison 
with the sham group, *P <0.050, **P <0.010, and ***P <0.001. †Indicates comparison with the I/RI 0 h group, †P <0.050, ††P <0.010, and †††P <0.001. ‡Indicates comparison with the 
I/RI 2 h group, ‡P <0.050, ‡‡P <0.010, and ‡‡‡P <0.001. §Indicates comparison with the I/RI 6 h group, §P <0.050, §§P <0.010, and §§§P <0.001. ||Indicates comparison with the I/RI 12 h 
group, ||P <0.050, ||||P <0.010, and||||||P <0.001.
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in the cytoplasm and nuclei in the control group. Senp1 
showed no significant change 6 h after sI/RI [Figure 4I]. 
Similar detection of Senp2 and Serca2a showed that the 
cytoplasmic expression of Senp2 was locally enhanced 6 h 
after sI/RI [Figure 4J]. These results indicated a local accu-
mulation of Senp2 in the cytoplasm after sI/RI.

Mechanism of Senp mediated Serca2a de-SUMOylation to 
exacerbate myocardial I/RI

Efficiency of adenoviral transfection of Senp1 and 
Senp2 in HL-1 cells

The viral titer was 1 × 1011. The cells were infected with 
MOI values of 0, 10, 100, 300, and 500 for 48 h. 
The percentages of GFP- and RFP-positive cells at 
MOI = 500 were 94.33 ± 1.52% and 91.66 ± 2.51% in 
the Ad-GFP and Ad-RFP groups, respectively. A few cells 
became rounded at MOI = 300 in the Ad-Senp1 
(infecting efficiency 81.33 ± 1.52%) and Ad-Senp2 
(infecting efficiency 83.66 ± 1.52%) groups but most of 
the cells became rounded and their status deteriorated 
at MOI = 500. The percentage of GFP-positive cells at 

MOI = 500 was 88.67 ± 3.21%, 87.33 ± 2.52%, and 
93.67 ± 3.21% in the Ad-Senp1-shRNA1, Ad-Senp1-
shRNA2, and Ad-Senp1-shRNA3 groups, respectively. 
The percentage of RFP-positive cells in these groups was 
94.67 ± 0.58%, 94.66 ± 2.08%, and 93.67 ± 3.21%, 
respectively. Therefore, for the Ad-GFP, Ad-RFP, Ad-
Senp1-shRNA, and Ad-Senp2-shRNA groups, the optimal 
MOI was 500. For the Ad-Senp1 and Ad-Senp2 groups, 
the optimal MOI was 300. In addition, overexpression 
of Senp1 and Senp2 caused the cell shape changing from 
spindle to round in morphology and the cells could not 
attach and grow properly [Supplementary Figures 1A 
and B, http://links.lww.com/CM9/B612].

Western blotting was used to detect Senp1 and Senp2 
protein expression 48 h after viral infection of HL-1 
cells and 3 days after intramyocardial injection of the 
viral vector. There was no significant difference in Senp1 
and Senp2 expression in the Ad-GFP and Ad-RFP groups 
compared to the control group, but there was a significant 
up-regulation of Senp1 in the Ad-Senp1 group and Senp2 
in the Ad-Senp2 group [Supplementary Figure 1C, http://
links.lww.com/CM9/B612]. Compared to the control group, 
the down-regulation of Senp1 and Senp2 was greatest in 
the Ad-Senp1-shRNA3 and Ad-Senp2-shRNA3 groups.

The in vivo detection results are shown in Supplemen-
tary Figure 1C, http://links.lww.com/CM9/B612. The Ad-
GFP and Ad-RFP groups did not show significant differ-
ences in Senp1 and Senp2 protein expression compared 
to the sham group, while the Ad-Senp1 group had a 
dramatic increase in Senp1, and Senp2 was increased in 
the Ad-Senp2 group. The expression of Senp1 and Senp2 
demonstrated the greatest decrease in the Ad-Senp1-
shRNA3 and Ad-Senp2-shRNA3 groups compared to 
the sham group, respectively.

Co-immunoprecipitation to detect Serca2a SUMOylation 
in vivo with overexpression/inhibition of Senp1 and Senp2

The chest was opened in C57BL/6J mice to perform 
intramyocardial injection of the adenoviral vectors. The 
I/RI models were generated 3 days later and cardiac 
tissues were harvested 6 h after I/RI. Protein samples were 
then extracted for co-immunoprecipitation experiments 
[Figure 5A]. Serca2a SUMOylation decreased in the I/RI, 
Ad-RFP + I/RI, and Ad-GFP + I/RI groups compared to the 
sham group. Compared to the I/RI, Ad-GFP + I/RI, and Ad-
RFP + I/RI groups, Serca2a SUMOylation decreased in the 
Ad-Senp1 + I/RI group, while no increase was observed 
in the Ad-Senp1-shRNA3 + I/RI group [Figure 5B]. 
Serca2a SUMOylation further decreased in the Ad-
Senp2 + I/RI group compared to the I/RI, Ad-GFP + I/RI, 
and Ad-RFP + I/RI groups, while Serca2a SUMOylation 
increased in the Ad-Senp2-shRNA3 + I/RI group. The 
above results indicated that I/RI caused a reduction in 
Serca2a SUMOylation, while an overexpression of 
Senp1 and Senp2 decreased Serca2a SUMOylation in 
the cardiomyocytes. Serca2a SUMOylation was restored 
by inhibiting Senp2 expression, while infection with Ad-
Senp1-shRNA3 did not reverse the reduction in Serca2a 
SUMOylation caused by I/RI.

Figure 4: Localization of Senp1, Senp2, and Serca2a in cardiomyocytes using 
immunofluorescence and influence of I/RI on localization (Scale bar=10 mm; n = 3). 
(A) Bright-field image of cardiomyocytes. (B) DAPI staining of cardiomyocytes (blue). 
(C) Serca2a protein staining with Alexa Fluor® 568 (orange). (D) Senp1 protein staining 
with Alexa Fluor® 647 (red). (E) Senp2 protein staining with Alexa Fluor® 488 (green). 
(F) Co-localization of Senp1 and Serca2a. (G) Co-localization of Senp2 and Serca2a. 
(H) Magnification of Senp1 and Senp2 location. (I) Localization of Serca2a and Senp1 
proteins in cardiomyocytes 6 h after I/RI. (J) Localization of Serca2a and Senp2 proteins 
in cardiomyocytes 6 h after I/RI. Con: Control; DAPI: 4′,6-Diamidino-2′-phenylindole; I/RI: 
Ischemia/reperfusion injury; Senp1/2: sentrin/small ubiquitin-related modifier (SUMO) -
specific protease 1/2; Ubc9:Ubiquitin-conjugating enzyme 9.
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Detection of Senp1 and Senp2 influence on the infarct 
area and cardiac function in vivo

Intramyocardial injection of Senp1 and Senp2 adenovi-
ruses was performed. The I/RI models were generated 3 
days later, and TTC-Evans blue staining was performed 
6 h after I/RI. There was an increase in the percentage of 
infarct area in the I/RI, Ad-GFP + I/RI, and Ad-RFP + 
I/RI groups (37.90 ± 2.05%, 37.81 ± 1.50%, and 38.13 ± 
2.22%, respectively, P <0.001) compared to the sham 
group [Figure 6]. The percentage of AAR was higher in 
the Ad-Senp1 + I/RI and Ad-Senp2 + I/RI groups (62.88 ± 
1.81% and 71.34 ± 2.55%, respectively, P <0.001) than 
the I/RI, Ad-GFP + I/RI, and Ad-RFP + I/RI groups. There 
was no reduction in the percentage of AAR in the Ad-
Senp1-shRNA3 + I/RI group (54.61 ± 1.42%, P <0.001), 
while the percentage decreased to 20.85 ± 2.65% in the 
Ad-Senp2-shRNA3 + I/RI group (P <0.001).

The ultrasonic examination results are shown in Figure 
7. The ejection fractions (EFs) of the I/RI, Ad-GFP + I/
RI, and Ad-RFP + I/RI groups were lower than those of 
the sham group (39.96 ± 6.70%, P <0.001; 50.02 ± 4.70%, 
P <0.050; and 46.35 ± 4.67%, P <0.010 vs. 66.35 ± 
1.73%). The EFs of the Ad-Senp1 + I/RI and Ad-Senp1-
shRNA3 + I/RI groups were 53.40 ± 3.36% (P >0.050) 
and 54.18 ± 1.01% (P >0.050), respectively, with no 
significant difference compared to the I/RI, Ad-GFP + I/
RI, and Ad-RFP + I/RI groups (P >0.050). The EF of the 
Ad-Senp2 + I/RI groups further decreased to 28.96 ± 
2.22% (P <0.050). The EF of the Ad-Senp2-shRNA3 + 
I/RI group was restored compared to the Ad-Senp2 + I/RI 
group (60.19 ± 7.15%, P <0.010). The fractional short-
ening (FS) values of the I/RI, Ad-GFP + I/RI, and Ad-RFP + 
I/RI groups compared to 35.92 ± 1.36% in the sham 
group were 19.16 ± 3.54% (P <0.001), 25.13 ± 3.08% 

(P <0.050), and 22.88 ± 2.60% (P <0.010), respec-
tively. The FS of the Ad-Senp1 + I/RI and Ad-Senp1-
shRNA3 + I/RI groups were 27.03 ± 2.25% (P >0.050) 
and 27.36 ± 0.74% (P >0.050), respectively and 
showed no statistically significant difference compared 
to the I/RI, Ad-GFP + I/RI, and Ad-RFP + I/RI groups, 
while the FS of the Ad-Senp2 + I/RI group decreased to 
13.14 ± 1.14% (P <0.050). The FS of the Ad-Senp2-
shRNA3 + I/RI group was restored to 31.38 ± 4.80% 
(P <0.010), indicating a significant difference from the 
Ad-Senp2 + I/RI group.

Discussion

With the advances in reperfusion techniques, the inci-
dence of I/RI has been rising at an alarming rate. The 
severity of I/RI is closely associated with the duration of 
myocardial ischemia, distribution of coronary microcir-
culation, oxygen supply/demand imbalance, and reperfu-
sion regulation.[38] The molecular mechanism underlying 
I/RI needs to be elucidated to develop effective treat-
ments to protect the myocardium and improve the long-
term prognosis following I/RI.[39–42]

Regulatory role of SERCA2a in calcium homeostasis after I/RI

Regulating the important steps in the mechanism under-
lying calcium overload, such as antagonizing mitochondrial 
calcium ion channels and Na+–Ca2+ or Na+–H+ 
exchangers, can significantly reduce the intracellular 
calcium ion concentration and infarct size.[8] Therefore, 
we attempted to identify the regulatory targets of 
calcium overload in I/RI to attenuate calcium overload.

A decline in SERCA2a function and vitality is a shared 
feature in heart failure patients or animal models of 
heart failure.[43,44] Restoring SERCA2a expression and 
function through transgenic therapy or medication can 
help improve systolic and diastolic functions.[17,45] 
Recently, Jiang et al[46] have demonstrated that overex-
pression of SERCA2a protected myocardium from I/RI 
and recovered postischemic function via anti-necrotic, 
anti-apoptotic, and pro-autophagy signaling pathways. 
However, no study has been conducted on Serca2a KO 
mice to achieve loss of function of Serca2a to verify the 
role in maintaining calcium homeostasis following I/RI. 
The present study utilized Serca2a KO mice to demon-
strate Serca2a regulative role in calcium homeostasis in I/
RI. The experimental results showed that I/RI down-
regulated the myocardial Serca2a expression, which 
caused a decrease in calcium transient and contractility 
of a single cardiomyocyte. These indices in Serca2a 
KO + I/RI groups decreased significantly compared to those 
in the Serca2a KO or I/RI groups. The above results indi-
cated that SERCA2a maintained calcium homeostasis in 
cardiomyocytes and could reduce Ca2+ overload in the 
cytoplasm after I/RI.

Changes of SUMO1 protein and SUMOylation/deSUMOylation 
enzymes after I/RI

SUMOylation and deSUMOylation are indispensable to 
the cardiac physiology. Few studies have been conducted 

Figure 5: Co-immunoprecipitation to detect Serca2a SUMOylation in vivo with 
overexpression/inhibition of Senp1 and Senp2 (n = 3). (A) Serca2a SUMOylation in vivo 
with overexpression/inhibition of Senp1. (B) Serca2a SUMOylation in vivo with 
overexpression/inhibition of Senp2. Ad: Adenovirus; GFP: Green florescent protein; 
IB: Immunoblotting; IP: Immunoprecipitation; I/RI: Ischemia/reperfusion injury; RFP: Red 
florescent protein; Senp1/2: sentrin/small ubiquitin-related modifier (SUMO) -specific 
protease 1/2; Serca2a: Sarcoplasmic reticulum calcium ATPase 2a; S-Serca2a:  
SUMOylated Serca2a. *Indicates comparison with the sham group, *P <0.050, **P <0.010, 
and ***P <0.001. †Indicates comparison with the I/RI group, †P <0.050, ††P <0.010, 
and †††P <0.001. ‡Indicates comparison with the Ad-GFP + I/RI group, ‡P <0.050, ‡‡P <0.010, 
and ‡‡‡P <0.001. §Indicates comparison with the Ad-RFP + I/RI group, §P <0.050, 
§§P <0.010, and §§§P <0.001. ||Indicates comparison with Ad-Senp1 + I/RI or Ad-Senp2 + 
I/RI group, ||P <0.050, ||||P <0.010,
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involving the role of the SUMO system in I/RI. Comerford 
et al[47] have reported an overall increase in the SUMO-
modified protein level after in vitro hypoxic culture. 
SUMOylation regulated the stability of hypoxia-
inducible factor (HIF)-1a,[48,49] thereby regulating the 
glycolytic pathway.[50] The alteration in SENPs may be 
closely related to cardiac disorders. For example, the 
lack of the Senp2 gene caused cardiac hypoplasia in 
mice, whereas its overexpression was associated with 
cardiomyopathy and congenital heart defects.[30]

Among the studies on the nervous system, Cimarosti et 
al[51] have reported up-regulation of SENP1 in oxygen 
and glucose deprivation (OGD) in hippocampal 
neurons. Overexpression of SENP1 resulted in lower 
SUMOylation and higher susceptibility of the cells to 
death. Using the I/RI model of the middle cerebral 
artery, Zhang et al[52] have reported that apoptosis was 
increased in Senp1 KO mice. Cheng et al[53] have 
proposed that hypoxia-induced SUMOylation of HIF-
1a was a dynamic process in the cardiovascular system. 
Gu et al[32] have suggested that SENP1 protected against 
myocardial I/RI by regulating SUMOylation of HIF-1a. 
Xia et al[54] have proposed that inhibition of SENP6 

restrained cerebral I/RI by regulating annexin-A1 nuclear 
translocation-associated neuronal apoptosis.

The present study observed the effect of sI/RI on the 
expression and localization of Sumo1, Senp1, and Senp2 
in cardiomyocytes. Sumo1 expression decreased in cardiac 
tissues and cardiomyocytes following I/RI at the cellular 
level and in vivo. However, the situation was more 
complex in HL-1 cells, where Sumo1 expression level 
peak was detected 12 h after sI/RI, which then decreased 
3 days after sI/RI. This difference indicated that hypoxia/
reoxygenation might stimulate the expression of Sumo1 
to adapt to environmental changes in HL-1 cells, 
although the specific mechanism remained unclear. 
Senp1 and Senp2 expression showed a consistent varia-
tion. In mouse cardiac tissues and cardiomyocytes, 
Senp1 and Senp2 expression first increased and then 
decreased. Combining this evidence with the immuno-
fluorescence assay results, no local up-regulation of 
SENP1 after sI/RI was observed. In contrast, SENP2 
expression increased locally in the cytoplasm after sI/RI. 
Indeed, lower SUMOylation of SERCA2a may be 
related to the up-regulation of SENP2 following sI/RI.

Figure 6: Infarct size based on TTC-Evans blue staining in mice with overexpression or inhibition of Senp1 and Senp2 following I/RI (n = 3). (A) Infarct size detected by TTC-Evans blue 
staining with Senp1 targeting intervention after I/RI. (B) Infarct size detected by TTC-Evans blue staining with Senp2 targeting intervention after I/RI. The blue area was the area not at 
risk, the red and white areas were the AAR, white area was also infarction area; AAR: Areas at risk; Ad: Adenovirus; GFP: Green florescent protein; I/RI: Ischemia/reperfusion injury; 
RFP: Red florescent protein; Senp1/2: sentrin/small ubiquitin-related modifier (SUMO)-specific protease 1/2;TTC: triphenyltetrazolium chloride. *Indicates comparison with the sham 
group, *P <0.050, **P <0.010, and ***P <0.001. †Indicates comparison with the I/RI group, †P <0.050, ††P <0.010, and †††P <0.001. ‡Indicates comparison with the Ad-GFP + I/RI 
group, ‡P <0.050, ‡‡P <0.010, and ‡‡‡P <0.001. §Indicates comparison with the Ad-RFP + I/RI group, §P <0.050, §§P <0.010, and §§§P <0.001. ||Indicates comparison with Ad-Senp1 
+ I/RI or Ad-Senp2 + I/RI group, ||P <0.050, ||||P <0.010, and ||||||P <0.001.
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I/RI activated SENP1 and SENP2 protein expression and 
promoted deSUMOylation of SERCA2a

SUMOylation is an important post-translational modifi-
cation of SERCA2a. Kho et al[25] have suggested that 
only SUMO1 could bind to SERCA2a in cardiomyo-

cytes, enhancing the stability of SERCA2a and restoring 
the function of the calcium pump. However, the reasons 
underlying the decreased SUMOylation of SERCA2a 
following I/RI have not been confirmed. We speculated 
that I/RI might activate deSUMOylation enzymes expres-
sion in the cells to accelerate the deSUMOylation 

Figure 7: Cardiac function based on ultrasonic examination of mice with overexpression or inhibition of Senp1 and Senp2 following I/RI (n = 3). (A) Cardiac function detection in mice 
receiving Senp1-targeting intervention. (B) Cardiac function detection in mice receiving Senp2-targeting intervention. EF: Ejection fraction; FS: Fractional shortening; GFP: Green 
florescent protein; I/RI: Ischemia/reperfusion injury; RFP: Red florescent protein; Senp1/2: sentrin/small ubiquitin-related modifier (SUMO)-specific protease 1/2; shRNA: Short hairpin 
ribose nucleic acid. *Indicates comparison with the sham group, *P <0.050, **P <0.010, and ***P <0.001. †Indicates comparison with the I/RI group, †P <0.050, ††P <0.010, and 
†††P <0.001. ‡Indicates comparison with the Ad-GFP + I/RI group, ‡P <0.050, ‡‡P <0.010, and ‡‡‡P <0.001. §Indicates comparison with the Ad-RFP + I/RI group, §P <0.050, 
§§P <0.010, and §§§P <0.001. ||Indicates comparison with Ad-Senp1 + I/RI or Ad-Senp2 + I/RI group, ||P <0.050, ||||P <0.010, and ||||||P <0.001.
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process, thus promote deSUMOylation of SERCA2a. To 
test this assumption, adenoviral vectors overexpressing 
or inhibiting Senp1 and Senp2 were constructed. The 
results of the co-immunoprecipitation assay showed that 
I/RI reduced SUMOylation of Serca2a. Overexpression 
of Senp1 and Senp2 decreased SUMOylation of Serca2a 
in cardiac tissues, indicating that I/RI-activated expres-
sion of Senp1 and Senp2 was one reason for the 
decrease in Serca2a SUMOylation. Infecting cells with 
the Ad-Senp2-shRNA3 vector restored SUMOylation of 
Serca2a, but infection with the Ad-Senp1-shRNA3 
vector failed to restore it. Thus, SENP2 was the primary 
regulator of SUMOylation of SERCA2a after I/RI. To 
verify the relationship between SUMOylation of 
SERCA2a and heart function, infarct size and cardiac 
function were determined in vivo. The results indicated 
that overexpression of SENP1 and SENP2 aggravated 
the infarct size. Inhibiting SENP2, instead of SENP1, 
reduced the infarct size and cardiac function.

Limitations and summary

However, a limitation of the present study was that we 
did not explore calcium transient and diastolic/systolic 
function of cardiomyocytes with overexpression or inhi-
bition of SENP1 and SENP2 by adenoviral vectors. The 
location and regulation mechanisms of SENP2 on 
SERCA2a deSUMOylation also need to be further inves-
tigated.

The present study explored the regulatory role of 
Serca2a in calcium homeostasis of cardiomyocytes 
following I/RI. Serca2a KO further aggravated the 
calcium overload, which was considered to be the 
mechanism underlying I/RI. Based on the changes in the 
expression and localization of Sumo1 and relevant 
enzymes, I/RI decreased the Sumo1 expression, up-
regulated Senp1 and Senp2 expression, and enhanced 
the cytoplasmic localization of Senp2. Serca2a deSU-
MOylation was promoted by inducing overexpression 
of Senp1 and Senp2 and restored only by inhibiting 
Senp2, which reduced the infarct size and restored 
cardiac function. Therefore, SENP2 was identified as a 
target for attenuating myocardial I/RI.
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