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Abstract
Cardiovascular diseases are the leading cause of death globally, among which acute myocardial infarction (AMI) frequently
occurs in the heart and proceeds from myocardium ischemia and endoplasmic reticulum (ER) stress-induced cell death.
Numerous studies on miRNAs indicated their potential as diagnostic biomarkers and treatment targets for heart diseases. Our
study investigated the role of miR-17-5p and its regulatory mechanisms during AMI. Echocardiography, MTT, flow cytometry
assay, evaluation of caspase-3 and lactate dehydrogenase (LDH) activity were conducted to assess cell viability, apoptosis in an
MI/R mice model, and an H2O2-induced H9c2 hypoxia cell model, respectively. The expression levels of ER stress response-
related biomarkers were detected using qRT-PCR, IHC, and western blotting assays. The binding site of miR-17-5p on Tsg101
mRNA was determined by bioinformatic prediction and luciferase reporter assay. The expression levels of miR-17-5p were
notably elevated inMI/Rmice and hypoxia cell models, accompanied by enhanced cell apoptosis. Inhibition of miR-17-5p led to
decreased apoptosis related to ER stress response in the hypoxia model, which could be counteracted by knockdown of Tsg101
(tumor susceptibility gene 101). Transfection with miR-17-5p mimics downregulated the expression of Tsg101 in H9c2 cells.
Luciferase assay demonstrated the binding between miR-17-5p and Tsg101. Moreover, 4-PBA, the inhibitor of the ER stress
response, abolished shTsg101 elevated apoptosis in hypoxic H9c2 cells. Our findings investigated the pro-apoptotic role of miR-
17-5p during MI/R, disclosed the specific mechanism of miR-17-5p/Tsg101 regulatory axis in ER stress-induced myocardium
injury and cardiomyocytes apoptosis, and presented a promising diagnostic biomarker and potential target for therapy of AMI.
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Introduction

Cardiovascular disease, which is closely related with acute
myocardial ischemia (AMI) (World Health Organization
(WHO); cardiovascular diseases (CVDs) 2017), is the leading
cause of morbidity and mortality worldwide. Numerous studies
have indicated that myocardial ischemia initiates a cell apopto-
sis cascade and leads to further heart failure (Lazou et al. 2006;
McCully et al. 2004). Upon ischemia, blood supply to the heart
is blocked, causing reduced oxygen supply as well as a massive
accumulation of metabolites in cardiomyocytes, leading to in-
creased mechanical stress. For example, the accumulated mito-
chondrial respiration substrate provides excess reactive oxygen
species (ROS) and ATP, leading to hyperactivation of calcium
uptake and mitochondrial permeability transition pore (MPTP)
that causes ATP depletion in mitochondria, until finally
cardiomyocytes undergo uncontrolled death (Chouchani et al.
2014; Harisseh et al. 2019; Rodriguez-Sinovas et al. 2007). In
addition, oxidative stress, calcium load alteration, and
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accumulated protein synthesis in endoplasmic reticulum (ER)
are also major causes of cardiomyocytes death during AMI
(Choy et al. 2018).

ER is the critical membrane organelle in cells and exerts
assembling, folding, and surveillance of secretory and
transmembrane proteins, meanwhile working with mito-
chondria to maintain Ca + homeostasis (Groenendyk et al.
2010). Hence, the stability of ER is pivotal for normal
physiological functions. Nevertheless, the abnormal cellu-
lar conditions under ischemia induce unfolded and
misfolded proteins stacking in ER and disturb ER function,
resulting in ER stress (Glembotski 2007). At the early
stage of ER stress stimulation, the unfolded protein re-
sponse (UPR) is activated to decrease translation, expands
folding capacity, and even starts protein degradation to
alleviate ER stress. These reactions are mainly associated
with three transmembrane signaling pathways, including
the protein kinase RNA-like endoplasmic reticulum kinase
(PERK), inositol-requiring protein 1α (IRE1α), and acti-
vating transcription factor 6 (ATF6) (Walter and Ron
2011; Wang and Kaufman 2016). The chaperone binding
immunoglobulin protein (BiP) is also regarded as a critical
factor involved in these processes (Cunard 2015).
However, if stress persists, apoptosis would be initiated,
characterized by enhanced transcription induction by
CHOP (C/EBP homologous protein). CHOP was indicated
to be notably associated with apoptosis, typically by acti-
vation of caspase-12-associated apoptosis signaling
(Miyazaki et al. 2011; Rao et al. 2004). Additionally,
CHOP-dependent calcium signaling pathway stimulates
apoptosis signaling including Fas death receptor and JNK
pathway (Nakagawa et al. 2000; Urano et al. 2000). These
fundamental researches render ER stress response a critical
target for the prediction and diagnosis of cardiovascular
diseases. It is equally important to explore regulatory fac-
tors regulating ER stress myocardial ischemia.

MicroRNAs (miRNAs) are principle members of noncod-
ing RNAs, defined as the highly conserved short RNAs with a
length of 21–25 nucleotides, and do not translate to proteins
(Karbasforooshan et al. 2018). In recent decades, the functions
of miRNAs have been widely studied in various diseases,
especially in cancer and cardiovascular diseases (Wang et al.
2010, 2019b). MiR-17-5p was reported to exert a diverse
function in different cancer types. In thyroid cancer cells,
miR-17-5p behaves as an oncogenic factor by downregulating
the tumor suppressor Rb1 (Takakura et al. 2008). However,
miR-17-5p was revealed to target oncogenes to exert a tumor-
suppressive function in breast cancer (Zhang et al. 2007).
Studies on cardiovascular diseases demonstrated that admin-
istration of miR-17-5p inhibitor improved the cardiac function
after AMI (Yang et al. 2018). Nevertheless, the regulatory
mechanism of miR-17-5p in myocardial ischemia is yet to
be determined.

Tsg101 (tumor susceptibility gene 101) is a functional reg-
ulator widely studied in tumors, originally identified as a tu-
mor suppressor while also shown to exert diverse effects in
different diseases (Cheng and Cohen 2007; Goff et al. 2003;
Sai et al. 2015; Xu and Zheng 2019). However, it is unclear
whether Tsg101 affected the progression of AMI. In this
study, we evaluated the role of miR-17-5p in ER stress-
related cardiomyocytes death under AMI and investigated
the role of miR-17-5p/Tsg101 regulatory axis. Our research
may provide a novel prospect for the diagnosis and prognosis
of AMI.

Materials and methods

Animal feeding

All animal experiments in this study were approved by the
standards of Care and Use enacted by Laboratory Animals
of the People’s Hospital of Liaoning Province. Male
C57BL/6 mice which fit specific pathogen-free standards
were purchased from Wei Tong Li Hua Company (Beijing,
China). The mice were 8 weeks old and weighed around 25 g.
The mice were housed in a pathogen-free and ventilated en-
vironment at a temperature of about 25 °C with a circadian
rhythm of 12 h and fed with sufficient clean water and food.
The mice were randomly divided into indicated groups in
corresponding experiments.

Myocardial ischemia/reperfusion model

For the myocardial ischemia/reperfusion operation (MI/R
group), the mice were initially anesthetized with an injection
of sodium pentobarbital at a dose of 30 mg/kg and fixed on an
operating heating table at 36–37 °C. The limbs of the mice
were connected to electrocardiogram (ECG) for monitoring
by electrocardiogram. The left anterior descending (LAD)
coronary artery was ligated with 6-0 silk suture. The success-
ful occlusion was indicated by a typical ST segment elevation
and successful refusion marked by a recovered T segment.
The blood occlusion was administrated for 30 min, and then
the blood supplement was restored. The mice in the sham
group received a similar operation with no LAD occlusion.
The cardiac function was measured by echocardiography
3 days after MI; then the mice were euthanized, and the heart
tissues were resected for other experiments.

MiRNA and 4-PBA treatment

For evaluation of miR-17-5p function in a mice MI/R model,
miR-17-5p mimic was designed and modified with a methyl-
ation and cholesterol package by RiboBio company
(Guangzhou, China) to ensure its stability and function in
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mice experiments. The injection of miR-17-5p at a dose of
200 nmol/kg dissolved in 60-μL 0.9% saline was performed
before ischemia occlusion, via inserting a 30-gauge syringe to
the left ventricle. The sham group was operated with the same
process with the same volume of 0.9% saline containing no
miR-17-5p. A 4-PBA treatment was performed by an intra-
peritoneal injection at a dose of 20 mg/kg/day before injection
of miR-17-5p mimics, until the mice were euthanized. The
mice from the sham group were injected with saline.

Echocardiographic measurements

Transthoracic echocardiography was administrated 3 days af-
ter surgery. The mice were anesthetized and examined using
an ultrasound Vevo 707B system of Visual Sonics Company
(Toronto, Ontario, Canada), following the manufacturer’s in-
structions. The M-mode was equipped by a 30-MHz frequen-
cy for the capture and calculation of left ventricular ejection
fraction (EF%) and fractional shortening (FS%).

Immunohistochemical staining assay

The heart tissues were collected frommice afterMI/R, washed
with PBS, fixed in 4% paraformaldehyde, and embedded with
paraffin. The heart infarction area was cut into 4-μm-thick
sections. The coronal sections were treated according to the
following process: deparaffinization, blocking of endogenous
peroxidase by 2% H2O2 incubation, improvement of perme-
ability by 0.1% Triton X-100, incubation with 5% BSA, and
then incubation with anti-Bip and anti-CHOP primary anti-
bodies (Abcam, MA, USA) overnight in a 4 °C refrigerator.
On the next day, after incubation by HRP-labeled secondary
antibody at room temperature for 45 min, the slides were
visualized by DAB kit (Beyotime, Shanghai, China). The nu-
cleus was stained with hematoxylin. Five random areas of
each slide were captured, and the percentage of positive stain-
ing was quantified and calculated as histograms.

Terminal deoxynucleotidyl transferase dUTP nick end
labeling assay

For cell apoptosis detection of mice heart tissues, the TUNEL
assay was performed following the manufacturer’s instruc-
tions. The slides were captured and calculated the same with
IHC staining.

Cell culture and hypoxia-induced apoptosis model

The cardiomyocyte H9c2 cell line was purchased from
American Type Culture Collection (Manassas, VA, USA)
and maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM, Gibco, Thermo, MA, USA) containing 10% fetal
bovine serum (FBS, Gibco), 100-U/mL penicillin, and

100-μg/mL streptomycin in a 37 °C incubator with a humid-
ified atmosphere and 5% CO2. To construct a hypoxia model
to mimic rat myocardial ischemia-induced cell apoptosis,
H9c2 cells were cultured to achieve 80–90% confluence,
trypsinized, and seeded in 6-well plates at a density of 1 ×
105 cells per well. Then, the DMEM medium with H2O2 at a
concentration of 200 μm was added to each well and incubat-
ed for 4 h.

Measurement of myocardial injury marker and
caspase-3 activity

Lactate dehydrogenase (LDH) was regarded as a biomarker
released by cells subjected to myocardial ischemia. And
caspase-3 activation was regarded as a sign of enhanced apo-
ptosis. We detected the levels of LDH and caspase-3 activity
by assay kits purchased from Beyotime (Shanghai, China)
following the manufacturer’s instructions.

Cell transfection

The sequence of Tsg101 was obtained from the PubMed
website. The miR-17-5p mimic, miR-17-5p inhibitor and neg-
ative control (NC), and shTsg101 were designed and pur-
chased from RiboBio (Guangzhou, China). The sequences
of miRNA and shRNA were as follows: miR-17-5p mimic,
5′-CAAAGUGCUUACAGUGCAGGUAG-3′; miR-17-5p
inhibitor, 5′-CUACCUGCACUGUAAGCACUUUG-3′;
NC, sense, 5′-ACAAAGUUCUGUGAUGCACUGA-3′; an-
ti-sense, 5′-ACAAAGUUCUGUGAUGCACUGA-3′; and
shTsg101, 5′-CCTCCAGTTCCGATAATTT-3′. H9c2 cells
were seeded in 6-well plates at a density of 1 × 105 cells per
well and incubated overnight to achieve monolayer conflu-
ence. After starvation with serum-free medium for 12 h, the
cells were transfected with corresponding miRNA or shRNA,
as was indicated in each experiment, at 50 nmol/L accompa-
nied with Lipofectamine 2000 (Invitrogen, CA, USA) follow-
ing the manufacturer’s instruction. After transfection for 48 h,
the cells were subjected to subsequent experiments.

MTT assay

The proliferation ability of H9c2 cells was analyzed via MTT
assay. H9c2 cells were digested and plated into 96-well plates
with a density of 1 × 103 cells per well and separately treated
with H2O2 alone, miR-17-5p, shTsg101, or 4-PBA as indi-
cated in each experiment. At the corresponding end time,
20 μL of MTT (5 mg/mL) (Roche, Basel, Switzerland) was
added to each well. Then after a 4-h reaction, the culture
medium was discarded, and 150 μL of DMSO was added
to each well and incubated in a shaker for 15 min. Then,
the absorbance value at a wavelength of 490 nm was detected
by an absorbance reader.
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RNA extraction and real-time PCR

Total RNAswere extracted using TRIzol Reagent (Invitrogen,
CA, USA) following the manufacturer’s protocols. Then
RNAs were reverse transcribed to cDNA by a cDNA synthe-
sis kit (Takara Biotechnology, Japan). Quantitative real-time
PCR (qRT-PCR) was performed to detect gene expression via
SYBR Green Supermix Kit (BD, USA) following the manu-
facturer’s protocols. GAPDH and small endogenous nucleolar
U6 snRNA were used as an internal control for normalization
of miRNA and mRNAs, respectively. Gene expression levels
were determined via 2−ΔΔCt method. The primers used in this
study were as follows: GAPDH (sense, 5 ′-AAGA
AGGTGGTGAAGCAGGC-3 ′; antisense, 5 ′-TCCA
CCACCCAGTTGCTGTA-3 ′); U6 sense (5 ′-CTCG
CTTCGGCAGCACA-3 ′ ; a n t i s e n s e , 5 ′ -AACG
CTTCACGAATTTGCGT-3′); miR-17-5p (sense, 5′-GGCA
AAGTGCTTACAGTGC-3 ′ ; an t i sense , 5 ′ -GTGC
AGGGTCCGAGG-3 ′); and Tsg101 (sense, 5 ′-CCA
AATACTTCCTACATGCCA-3′; antisense, 5′-ATCC
CTACTGGGACCAACAGT-3′).

Western blotting

After transfection and HR treatments, H9c2 cells were
digested and lysed in × 1 ice-cold RIPA lysis buffer
(Beyotime, Shanghai, China). The solution was then centri-
fuged, and the debris was discarded. The protein concentra-
tions were determined by a BCA kit (TaKaRA, Dalian,
China). A total of 35-μg protein was separated by 10%
SDS-polyacrylamide gel (PAGE) and then transferred to a
polyvinylidene difluoride (PVDF) membrane. Then the blots
were blocked at room temperature for 1 h by 5% nonfat milk
dissolved in 1 × TBST. The blots were then incubated with
specific primary antibodies (anti-PERK, 1:1000; anti-p-
PERK, 1:1000; anti-Bip, 1:1000; anti-CHOP, 1:1000; anti-
cleaved caspase-3, 1:1000; anti-cleaved caspase-12, 1:1000;
anti-Tsg101, 1:1000; anti-GAPDH, 1:1000) at 4 °C over-
night. Two hours of incubation was conducted at room tem-
perature with the corresponding secondary antibodies.
Subsequently, the membranes were visualized by ECL kit
(Invitrogen, CA, USA), and the images were captured using
gel imaging system (BD, USA). All antibodies were pur-
chased from Abcam (MA, USA) and diluted following the
manufacturer’s instructions.

Target prediction

The bioinformatic analysis tool Targets Scan (http://www.
targetscan.org) was used to predict the binding sites between
miRNA-17-5p and Tsg101.

Luciferase reporter gene assay

The sequence of Tsg101 mRNA was obtained from PubMed
(https://www.ncbi.nlm.nih.gov/pubmed). A 293T cell line
was purchased from American Type Culture Collection
(Manassas, VA, USA) and cultured in DMEM medium with
10% FBS. The wild-type complete sequence and mutated
binding sites of miR-17-5p complete sequence of Tsg101
were subcloned into the pGL3 vector (Promega, WI, USA)
and named as Tsg101-WT and Tsg101-MUT. The 293T cells
were co-transfected with the plasmid constructs of Tsg101-
WT or Tsg101-MUT and miR-17-5p mimics or NC by
Lipofectamine 3000 (Invitrogen, CA, USA) following the
manufacturer’s instructions. Subsequently, 0.1 μg pRL-TK
plasmid was transfected as an internal control. The luciferase
activities were measured with a dual luciferase reporter assay
kit (Promega, WI, USA) at 48 h after transfection.

Flow cytometry

Flow cytometry was used to check cell apoptosis. H9c2 cells
were plated in a 6-well plate and treated with transfection and
H2O2 and later collected for dual staining with Annexin V-
FITC and propidium iodide following the manufacturer’s in-
structions (Beyotime, Shanghai, China). The cells were ana-
lyzed with a flow cytometer (C6, BD, USA). The portion of
apoptotic cells in the experimental group was compared with
that of the control group in each experiment.

Statistical analysis

The data were presented as the means ± standard deviation
(SD). Student’s t test and one-way ANOVA were used to
assess the difference between two groups and multiple groups,
respectively. P < 0.05 was considered statistically significant.

Results

Cardiac protective function of miR-17-5p inhibitor
during MI/R

To determine the role of miR-17-5p played in MI/R, we con-
structed a C57BL/6mouse model tomimic the ischemia status
and a hypoxia H2c9 cell model to induce cardiomyocyte cell
apoptosis. The results showed that the expression levels of
miR-17-5p were significantly elevated (p < 0.05) in the peri-
infarction area on the first and third days after MI/R (Fig. 1a).
In the H2O2-induced hypoxia cell model, similar results were
obtained showing that miR-17-5p was markedly upregulated
(p < 0.01) after hypoxia (Fig. 1b). Thus, we speculated that
miR-17-5p may promote the cell injury induced by MI/R in-
jury. We performed miR-17-5p inhibition in an in vivo
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experiment by injecting miR-17-5p inhibitor into the left ven-
tricular chamber of mice followed byMI/R for 3 days, and the
altered heart injury was evaluated. As shown in Fig. 1c, the
expression of miR-17-5p was significantly inhibited
(p < 0.01) in heart tissue after injection, which indicated the
efficacy of the miR-17-5p inhibitor. The echocardiography
examination indicated that EF and FS were both significantly
decreased (p < 0.05) in MI/R hearts compared with that in the

sham group and administration of miR-17-5p inhibitor signif-
icantly attenuated (p < 0.05) the impact (Fig. 1d and e). The
detection of myocardial death biomarker LDH in mice serum
and the pro-apoptotic factor caspase-3 in myocardium indicat-
ed that miR-17-5p inhibitor suppressed MI/R-induced death
of cardiomyocytes (p < 0.05) (Fig. 1f and g). Moreover, the
percentage of apoptotic cells evaluated by the TUNEL assay
showed that MI/R caused an obvious increase of apoptosis

Fig. 1 MiR-17-5p inhibition improves MI/R-induced injury. a Elevated
level of miR-17-5p in mice heart tissue was detected by qRT-PCR after
MI/R. b MiR-17-5p detection by qRT-PCR in H9c2 cells after H2O2

treatment for 4 h. c Level of miR-17-5p detected by qRT-PCR after
injection of miR-17-5p inhibitor in mice left ventricular chamber. d–e
Echocardiography examination of FE and EF after MI/R and miR-17-
5p inhibition. f–g Serum level of LDH (f) and quantification of caspase-3

(g) in myocardium by kits. h Evaluation of apoptosis in mice hearts after
MI/R and miR-17-5p inhibition by TUNEL assay and quantification
shown in diagram. Black arrow, positive staining of apoptotic cells.
Five random sections were captured and quantified for each sample.
Three independent experiments were repeated, *P < 0.05, **P < 0.01
vs. sham or PBS
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(p < 0.01) compared with the sham group, which could be
effectively diminished (p < 0.05) by miR-17-5p inhibitor
(Fig. 1h).

Downregulation of miR-17-5p attenuated ER stress in
myocardium during MI/R

After determining the role of miR-17-5p in MI/R-induced
apoptosis of cardiomyocytes, we further evaluated if this
function is related with ER stress. Bip, CHOP, and

phosphorylation of PERK were regarded as biomarkers of
enhanced ER stress. We observed elevated expression
levels of Bip (Fig. 2a) and CHOP (Fig. 2b) in mice myo-
cardium after MI/R compared with the sham group
(p < 0.05), while miR-17-5p inhibitor injection markedly
reduced this effect (p < 0.05). Western blotting results fur-
ther demonstrated that the administration of miR-17-5p
inhibitor significantly reversed the elevated expression
levels of p-PERK, Bip, and CHOP (p < 0.05) in myocardi-
um after MI/R (Fig. 2c).

Fig. 2 Downregulation of miR-17-5p attenuated ER stress in myocardi-
um during MI/R. a–b IHC assay for the detection of Bip (a) and CHOP
(b) expression in mice myocardium after MI/R or combination with miR-
17-5p inhibitor injection. The positive staining was calculated and shown

in diagrams. Five random sections were captured and quantified for each
sample. c Western blotting assay determined the protein levels of p-
PERK, Bip, and CHOP in mice myocardium in the indicated group.
Three independent experiments were repeated, *P < 0.05, **P < 0.01
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Inhibition of ER stress attenuated the effect of miR-
17-5p mimic in myocardium during MI/R

To confirm if miR-17-5p indeed affected the MI/R-induced
heart injury via regulating ER stress signaling, we adopted the
chemical agent 4-phenylbutyric acid (4-PBA), the inhibitor of
ER stress response signaling, before injection of miR-17-5p
mimics, to block ER stress-induced apoptosis, and established

the MI/R mice model for 3 days. Then, we detected decreased
EF (p < 0.05) (Fig. 3a) and FS (p < 0.05) (Fig. 3b) in mice hearts
by echocardiography in mice injected with miR-17-5p mimic
and a significant reverse (p < 0.05) in 4-PBA pretreatment
group, indicating that blocking of ER stress response attenuated
the effect of miR-17-5p during MI/R-induced myocardium in-
jury. Additionally, miR-17-5p-promoted myocardium injury
was indicated by elevated activity of LDH and caspase-3, and

Fig. 3 Inhibition of ER stress by 4-PBA attenuates the effect of miR-17-
5p mimic in myocardium during MI/R. a–b Echocardiography examina-
tion demonstrated the alteration of EF and FS in mice MI/R model under
injection of miR-17-5p mimic and 4-PBA. Red arrow, Bip-positive stain-
ing; green arrow, CHOP-positive staining. c–d Serum level of LDH (c)
and quantification of caspase-3 in myocardium (d) in mice MI/R model

under injection of miR-17-5pmimic and 4-PBA. eWestern blotting assay
to determine the protein levels of Bip, CHOP, cleaved caspase-3, and
caspase-12 in mice myocardium in the indicated group. The relative pro-
tein levels were shown in histograms. Three independent experiments
were repeated, *P < 0.05
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administration of 4-PBA could obviously impair this elevation
(p < 0.05) (Fig. 3c and d). The expression and activation of ER
stress response biomarkers Bip, CHOP, and caspase-12, as well
as pro-apoptotic factor cleaved caspase-3, were upregulated
(p < 0.05) in myocardium after treatment with MI/R and miR-
17-5p mimic, and this effect was alleviated by 4-PBA (p < 0.05)
(Fig. 3e), indicating the regulatory effect of miR-17-5p on ER
stress response during MI/R.

Fig. 4 MiR-17-5p targets Tsg101 in cardiomyocytes. a Bioinformatic
prediction of interaction between miR-17-5p and Tsg101 mRNA. b QRT-
PCR experiment detected themiR-17-5p level in H9c2 cells after transfection
with miR-17-5p mimics. c 293T cells were transfected with miR-17-5p
mimics alongwith pGL3-Tsg101-WTor pGL3-Tsg101-MUT, and luciferase
activity was evaluated. d–e QRT-PCR and western blotting assay to detect

the mRNA (d) and protein (e) levels of Tsg101 in H9c2 cells under transfec-
tion with miR-17-5p. f The expression of Tsg101 in myocardium after MI/R
was detected by western blotting. g The expression of Tsg101 in H9c2 cells
after H2O2 treatment for 4 h was detected by western blotting. The relative
protein levels were shown in histograms. Three independent experiments
were repeated, *P< 0.05, **P< 0.01 vs. NC, sham, or PBS

�Fig. 5 Tsg101 mediated the protective effects of miR-17-5p inhibitor in
H2O2-induced H9c2 cells’ injuries. a QRT-PCR experiment to determine
the efficacy of shTsg101. bMTT assay to detect cell viability of H9c2 cells
after treatment with H2O2, miR-17-5p inhibitor, or shTsg101. c–d Flow
cytometry assay to detect cell apoptosis of H9c2 cells after treatment with
H2O2, miR-17-5p inhibitor, or shTsg101. Apoptotic cells were calculated in
histograms. e Western blotting assay to determine protein levels of Bip,
CHOP, cleaved caspase-3, and cleaved caspase-12. The relative protein levels
were quantified and shown in histograms. Three independent experiments
were repeated, and the representative results were presented. *P < 0.05,
**P< 0.01
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Fig. 6 Tsg101 participated in ER stress-mediated H9c2 cell injury. a
MTT assay to detect cell viability of H9c2 cells after treatment with
H2O2, shTsg101, and 4-PBA. b–c Flow cytometry assay to detect cell
apoptosis of H9c2 cells after treatment with H2O2, shTsg101, and 4-PBA.
Apoptotic cells were calculated in histograms. dWestern blotting assay to

determine protein levels of Bip, CHOP, cleaved caspase-3, and cleaved
caspase-12. The relative protein levels were quantified and shown in
histograms. Three independent experiments were repeated, and the rep-
resentative results were presented. *P < 0.05, **P < 0.01
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MiR-17-5p targets Tsg101 in cardiomyocytes

The regulatory molecules involved in miR-17-5p regulated
MI/R injury were then identified. Bioinformatic prediction
indicated a putative binding site of miR-17-5p on Tsg101
mRNA (Fig. 4a). We conducted a transfection of miR-17-
5p mimics to H9c2 and 293T cells to determine the inter-
action. A QRT-PCR experiment confirmed the efficacy of
miR-17-5p mimics in H9c2 cells (p < 0.15) (Fig. 4b). A
luciferase reporter assay revealed that co-transfection with
miR-17-5p mimics reduced the activity of pGL3-Tsg101-
WT (p < 0.05) but not pGL3-Tsg101-MUT, indicating the
interaction of miR-17-5p with the wide-type Tsg101 but
not the mutated Tsg101 (Fig. 4c). Transfection with miR-
17-5p mimics significantly (p < 0.01) reduced the expres-
sion levels of Tsg101 in H9c2 cells at both the mRNA and
protein levels (Fig. 4 d and e). Moreover, the expression
levels of Tsg101 in mice myocardium declined markedly
(p < 0.05) after MI/R (Fig. 4f). A similar reduction of
Tsg101 (p < 0.05) was observed in apoptotic H9c2
cardiomyocytes after H2O2 treatment, compared with the
control group (Fig. 4g). These results indicated that
Tsg101 is a potential mediator in miR-17-5p regulated
MI/R injury.

Tsg101 mediated the protective effects of miR-17-5p
inhibitor in H2O2-induced H9c2 cells’ injuries

We next conducted knockdown of Tsg101 to further investigate
its role in miR-17-5p regulated apoptosis and ER stress response
of cardiomyocytes. The efficacy of knockdown of shTsg101was
determined by qRT-PCR (p < 0.05) (Fig. 5a). The results of
MTT and flow cytometry demonstrated that miR-17-5p inhibitor
notably reversed the inhibited cell viability and elevated apopto-
sis induced by H2O2 treatment, while knockdown of Tsg101
markedly attenuated (p < 0.01) the recovered cell proliferation
and impaired apoptosis caused by miR-17-5p inhibitor (Fig.
5b–d). Moreover, elevated levels of protein markers of ER
stress-induced cell death, the Bip, CHOP, cleaved caspase-3,
and cleaved caspase-12, were significantly suppressed by miR-
17-5p inhibition (p < 0.05). However, knockdown of Tsg101
clearly disrupted the effects of miR-17-5p inhibitor (p < 0.05)
(Fig. 5e). These results demonstrated the role of Tsg101 in
miR-17-5p associated cell injury.

Tsg101 participated in ER stress-mediated
H9c2 cell injury

After establishing the role of Tsg101 in miR-17-5p associated
cell apoptosis of H9c2 in H2O2 treatment, we aimed to con-
firm that Tsg101 could regulate ER stress response by pre-
treatment of 4-PBA before knockdown of Tsg101 in a
hypoxia-induced cardiomyocytes apoptosis model. MTT and
flow cytometry were used to check cell proliferation and ap-
optosis. As shown in Fig. 6a, cell viability impaired by
shTsg101 in H2O2 (p < 0.01) was alleviated (p < 0.05) by 4-
PBA pretreatment (Fig. 6a). ER stress response blocked by 4-
PBA also improved shTg101 enhanced cell apoptosis in an
H2O2 hypoxia model (p < 0.05) (Fig. 6 b and c). Furthermore,
although the biomarkers of ER stress-induced apoptosis, Bip,
CHOP, cleaved caspase-3, and cleaved caspase-12, were sig-
nificantly upregulated (p < 0.05) in the Tsg101 knockdown
group compared with the control cells, 4-PBA treatment re-
versed these effects, which was consistent with the previous
results (Fig. 6d). These results indicated that miR-17-5p/
Tsg101 axis may affect MI/R injury via regulating ER stress
response signaling.

To summarize the regulatory axis in this research, miR-17-
5p downregulated the level of Tsg101 through targeting its 3′
UTR region, subsequently activating ER stress and apoptosis
of cardiomyocytes, and finally causing enhanced MI/R injury
(Fig. 7).

Discussion

Recent studies have demonstrated numerous novel strategies
for the diagnosis and treatment of acute ischemia. The stability
and easy detection in serum render microRNAs (miRNAs)
promising targets in AMI research. MiRNAs mainly function
through interacting with 3′ untranslated region (3′UTR) of the
corresponding mRNA to disrupt the expression of target
genes, which further leads to the alteration of critical regula-
tory factors in cellular physiological processes including cell
proliferation, differentiation, autophagy, and apoptosis
(Omidkhoda et al. 2019). Extensive studies have revealed
the function of miRNAs in cardiovascular diseases, especially
in myocardial ischemia. For example, miR-133, miR-21,
miR-331, and miR-151 were shown to be elevated during
myocardial infarction and were potential predictive and

Fig. 7 Illustration of regulatory axis.MiR-17-5p downregulated the level of Tsg101 through targeting its 3′UTR region, subsequently activated ER stress
and apoptosis of cardiomyocytes, and finally caused enhanced MI/R injury
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diagnostic biomarkers for coronary artery disease (Horvath
et al. 2020; Kaur et al. 2019; Kumar et al. 2020). MiR-26a-
5p was reported to inhibit apoptosis of cardiomyocytes during
ischemia reperfusion process by regulating PI3K/AKT path-
way (Xing et al. 2020).

MiR-17-5p is a member of miRNA-17-92 cluster and par-
ticipates in various pathological processes (Hao et al. 2017;
Wang et al. 2019a; Xiao et al. 2019; Yu et al. 2010). Several
studies have identified miR-17-5p as both an oncogenic factor
and a tumor suppressor in several cancers (Yu et al. 2010;
Zhang et al. 2007). In other diseases, the function of miR-
17-5p also differs in various disease contexts. For example,
it is reported to be associated with ischemia-induced cell death
and to impair neuroprotection after cerebral ischemia injury
via Smad signaling (Wang et al. 2019a). On the other hand,
another study indicated that p53-induced miR-17-5p targets
death receptor 6 to protect renal cells from ischemia/
reperfusion injury (Hao et al. 2017). miRNA-17-92 cluster
was also revealed to reduce ROS generation and to protect
vascular endothelial HUVEC cells from cell death (Xiao
et al. 2019). Thus, it is uncertain what role miR-17-5p plays
during apoptosis of cardiomyocytes duringAMI. In this study,
we conducted a LAD operation to establish C57BL/6 mice
MI/R model and H2O2-induced hypoxic H9c2 cardiomyocyte
model to mimic human AMI.We revealed an elevated level of
miR-17-5p on the first and third days after MI/R, and inhibi-
tion of miR-17-5p alleviated MI/R-induced heart injury and
cardiomyocyte apoptosis. Here, we have determined the pro-
apoptotic role of miR-17-5p during AMI and investigated the
molecular mechanisms associated with this process.

Several studies have shown that pathological stress condi-
tions such as oxidative stress, inflammatory stimulation, hyp-
oxia, and ischemia disrupt the homeostasis of ER and lead to
ER stress, caused by abnormal aggregation of unfolded and
misfolded proteins. Additionally, it is widely recognized that
ER stress leads to apoptosis of cardiomyocytes and further
ischemia-related heart diseases (Glembotski 2007;
Groenendyk et al. 2010; Li 2011; Logue et al. 2013). In nor-
mal cells, the UPR sensors PEPK, IRE1α, and ATF6 were
maintained at an inactive state. When ER stress was elevated,
such as with the accumulation of misfolded proteins, the ho-
meostasis of ER was disrupted, and the status of BiP convert-
ed from attachment with UPR to dissociation, which induced
the activation of PERK, IRE1α, and ATF6 via diverse mech-
anisms. For instance, the PERK protein initiated dimerization
and autophosphorylation, which stimulated downstream pro-
tein translation-associated factor Eif2α and its phosphoryla-
tion and further enhanced the translation of ATF4 (activating
transcription factor 4) (Vattem and Wek 2004). The elevation
of ATF4 subsequently stimulated the transcriptional factor
CHOP, which has been widely reported to participate in apo-
ptosis and exert significant functions in ischemia (Chen et al.
2015; Nashine et al. 2014). It was reported that CHOP directly

inhibited the anti-apoptotic protein Bcl2 and activated down-
stream caspase-12 cascade (Fu et al. 2010; Gaudette et al.
2014; McCullough et al. 2001). Meanwhile, inhibition of
UPR by a chemical agent 4-phenylbutyric acid (4-PBA)
exerted a notable protective effect on cardiomyocytes against
myocardial ischemia, along with a significant reduction of
CHOP levels (Luo et al. 2015). Thus, regulating the ER stress
response could be a promising method of treating AMI.
Considering the role of miR-17-5p in AMI-associated apopto-
sis and the profound impact of ER stress in AMI, we hypoth-
esized whether miR-17-5p regulates ER stress response dur-
ing AMI. The reduced levels of activated PERK, Bip, CHOP,
caspase-3, and caspase-12 in MI/R heart tissues after miR-17-
5p inhibition indicated the association between miR-17-5p
and ER stress response. We further adopted the UPR inhibitor
4-PBA to block ER stress-induced apoptosis in a mice MI/R
model. The echocardiography examination and detection of
ER stress biomarkers demonstrated that attenuation of the ER
stress response disrupted the myocardium injury induced by
miR-17-5p mimics, which supported our hypothesis that miR-
17-5p promoted myocardium injury via mediating the ER
stress response. The specific mechanism of miR-17-5p regu-
lation of ER is unclear. However, we found an impaired phos-
phorylation of PERK and decreased levels of Bip and CHOP
under miR-17-5p inhibition. Thereby we hypothesized that
miR-17-5p promoted the disassociation of Bip and subsequent
phosphorylation of PERK stimulated the expression of
CHOP, which further activated the apoptotic caspase signal
and caused the death of cardiomyocytes.

Further bioinformatic prediction revealed Tsg101 as the po-
tential target of miR-17-5p, and cellular experiments indicated a
negative regulation of Tsg101 by miR-17-5p. Hence, we next
examined the role of Tsg101 played in miR-17-5p-mediated ER
stress response during MI/R. As previously reported in various
studies, Tsg101 exhibited multiple functions on proliferation
and differentiation of tumor cells, regulated cell cycle via p53
signaling and cyclin E1/CDK2 complex, and affected protein
degradation signaling (Cheng and Cohen 2007; Goff et al. 2003;
Xu and Zheng 2019). In our study, the knockdown of Tsg101
led to elevated levels of BiP andCHOP,which directly activated
caspase-regulated cell apoptosis and exacerbated MI/R injury.
However, the regulatory mechanism between Tsg101 and ER
stress is not yet clear but may be associated with Tsg101-related
protein degradation or other functions. We could discuss this
regulatory axis in a further study. Detection of cell viability
and ER stress-related apoptosis in an H2O2-induced H9c2 hyp-
oxic model demonstrated that Tsg101 knockdown counteracted
the protective effect of miR-17-5p inhibitor in a hypoxia model.
Inhibition of the ER stress response by 4-PBA eliminated the
effect of shTsg101, indicating that Tsg101 functions through
mediating the ER stress response.

In conclusion, our study revealed an elevation of miR-17-5p
during MI/R, presented a miR-17-5p/Tsg101 mediated ER
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stress response and cardiomyocyte apoptosis during ischemia,
and provided novel evidence for AMI treatment and diagnosis.
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