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Abstract: Background: Hypoxia/reoxygenation (H/R)-mediated apoptosis and inflammation are major causes of 
tissue injury in acute myocardial infarction (AMI). Exploring the underlying mechanisms of cardiomyocyte injury 
induced by H/R is important for AMI treatment. Circular RNAs have been demonstrated to paly vital roles in the 
pathogenesis of AMI. Our study aimed to explore the function of circular RNA UBXN7 (circUBXN7) in regulating H/R-
induced cardiomyocyte injury. Methods: H/R-treated H9c2 cells and a mouse model of AMI were used to investigate 
the function of circUBXN7 in H/R damage and AMI. The expressions of circUNXN7, miR-622 and MCL1 were ana-
lyzed by RT-qPCR. CCK-8 was used for examining cell viability. Cell apoptosis was evaluated with caspase 3 activity 
and Annexin V/PI staining. MCL1, Bax, Bcl-2 and cleaved-caspase 3 were examined with western blot. ELISA was 
used to examine the secretion of IL-6, TNF-α and IL-1β. Results: CircUBXN7 was downregulated in patients and mice 
with AMI, as well as in H/R-treated cells. Overexpression of circUBXN7 mitigated H/R-mediated apoptosis and secre-
tion of inflammatory factors including IL-6, TNF-α and IL-1β. CircUBXN7 suppressed cell apoptosis and inflammatory 
reaction induced by H/R via targeting miR-622. MiR-622 targeted MCL1 to restrain its expression in H9c2 cells. 
Knockdown of MCL1 abrogated circUBXN7-mediated alleviation of apoptosis and inflammation after H/R treatment. 
Conclusion: CircUBXN7 mitigates cardiomyocyte apoptosis and inflammatory reaction in H/R injury by targeting miR-
622 and maintaining MCL1 expression. Our study provides novel potential therapeutic targets for AMI treatment.
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Introduction

Acute myocardial infarction (AMI) is a common 
and fatal cardiovascular disease worldwide [1, 
2]. AMI is caused by the necrosis of myocardial 
cells in response to prolonged ischemia which 
commonly occurs when the coronary arteries 
are blocked by thrombus formation, leading to 
tissue injury [3, 4]. Reperfusion of infarcted 
coronary arteries restores blood flow and oxy-
gen supply and is the most common and effec-
tive treatment for AMI, dramatically reducing 
the mortality rate in recent years [5]. However, 
reperfusion therapy also causes further cellu-
lar and tissue injury, a condition called isch-
emia/reperfusion (I/R) or hypoxia/reoxygen-
ation (H/R) injury [6, 7]. H/R-induced myocar-
dial cell damage mainly triggers apoptosis and 
inflammatory response [8]. Therefore, exploring 
the regulatory mechanisms underlying myocar-
dial cell apoptosis and inflammatory reaction in 

H/R damage is important for understanding the 
pathogenesis of AMI and developing novel ther-
apeutic targets for the management of H/R 
injury and AMI.

Non-coding RNAs, such as microRNAs (miRNAs) 
and circular RNAs (circRNAs), have been dem-
onstrated to exert important functions in regu-
lating cardiac cell apoptosis and inflammatory 
reaction in H/R injury [9, 10]. Zhang and col-
leagues reported that suppression of miR-92a 
attenuated H/R-induced myocardiocyte apop-
tosis through increasing Smad7 expression 
[11]. CircRNAs are a class of covalently closed 
non-coding RNAs, which play important roles  
in physiological and pathological conditions 
including apoptosis, proliferation, cancers and 
cardiovascular diseases. Mechanistically, cir-
cRNAs act as miRNA sponges to reduce miRNA 
abundance and thus rescue miRNA-mediated 
suppression of downstream targets [12-14]. In 
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recent years, the roles of circRNAs in the regu-
lation of H/R damage and myocardial infarction 
have been increasingly elucidated. Geng et al. 
demonstrated that circRNA Cdr1as enhanced 
myocardial cell apoptosis and myocardial 
infarction through sponging miR-7a and subse-
quently suppressing the expression of PARP 
and SP1 [15]. CircMACF1 was reported to al- 
leviate myocardial apoptosis and AMI by func-
tioning as a miR-500b-5p sponge and increas-
ing EMP1 expression [16]. Liu and colleagues 
found that circUBXN7 worked as a miR-1247- 
3p sponge to upregulate B4GALT3, thereby 
suppressing cell proliferation, invasion and 
growth in bladder cancer [17]. The roles and 
underlying regulatory mechanisms of cir-
cUBXN7 in H/R injury and AMI are still unknown.

Myeloid cell leukemia 1 (MCL1) belongs to the 
anti-apoptotic Bcl-2 family and plays central 
roles in regulating cell apoptosis. It has been 
demonstrated that MCL1 suppressed cell 
apoptosis by sequestering pro-apoptotic Bak or 
interfering with mitochondrial activation [18, 
19]. Importantly, MCL1 is highly expressed in 
myocardium, and loss of MCL1 caused mito-
chondrial dysfunction in myocytes and acceler-
ated severe heart failure [20]. Although the 
expression of MCL1 is high in the heart, its 
roles in H/R injury and myocardial infarction 
have not been reported yet. In this study, we 
investigated the function of circUBXN7 in H/R-
induced myocardiocyte apoptosis and inflam-
matory response, as well as the underlying 
regulatory mechanisms, in order to provide 
potential therapeutic targets for the treatment 
of H/R injury and AMI.

Materials and methods

Cell culture and treatment

Rat H9c2 cells were purchased from the 
American Type Culture Collection (ATCC, 
Manassas, VA, USA). Cells were cultured in 
Dulbecco’s Modified Eagle’s medium (Ther- 
moFisher, Waltham, MA, USA) containing 10% 
fetal bovine serum (Sigma, St. Louis, MO, USA). 
Actinomycin D, a widely used inhibitor of tran-
scription, was used to treat cells for inhibiting 
transcription, and the stability and half-life of 
CircUBXN7 and linear UBXN7 mRNA were  
examined. For actinomycin D treatment, H9c2 
cells were plated and treated with actinomycin 
D (Sigma) at 2 µg/mL for 0, 4, 8 and 12 hours. 

Cells were harvested and RNA was extracted 
for assessing the stability of circUBXN7 and lin-
ear UBXN7 mRNA. For H/R treatment, cells 
were kept under a hypoxic condition (95% N2 
and 5% CO2) for 2 hours and then reoxygenated 
for 12 hours.

Cell transfection 

CircUBXN7 was cloned into pcDNA 3.1 vectors 
for its overexpression. MiR-622 mimics and 
siRNA against MCL1 (si-MCL1) were obtained 
from RiboBio (Guangzhou, China). Empty  
pcDNA 3.1 vectors, si-NC and miR-NC were 
used as controls. H9c2 cells were transfected 
with circUBXN7, pcDNA3.1 mock vector, 
pcDNA3.1 mock vector+miR-NC, circUBXN7+ 
miR-NC, circUBXN7+miR-622 mimics, si-NC,  
si-MCL1, pcDNA3.1 vector+si-NC, circUBXN7+ 
si-NC or circUBXN7+si-MCL1 using Lipo 2000 
reagents (ThermoFisher) following the instruc-
tions. After 48 hours, cells were harvested for 
subsequent experiments.

CircRNA expression data from GSE160717

The circRNA expression data from three AMI 
patients and three normal controls were down-
loaded from Gene Expression Omnibus (GEO) 
Database with accession number GSE160717 
[21]. Differentially expressed circRNAs be- 
tween AMI patients and controls were analyzed 
with a volcano plot (Padj < 0.05). The clinical 
information of patients and normal controls 
was summarized in the previous publication 
[21].

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted from mouse myocar-
dial tissues and H9c2 cells using TRI Reagent 
(Sigma). RNA was quantified and reversely  
transcribed into cDNA. For miRNAs, miRNAs 
were extracted using the miRcute miRNA kit 
(TIANGEN, Beijing, China), and the miRcute 
miRNA First-strand cDNA synthesis kit (TIAN- 
GEN) was used to synthesize the first-strand 
cDNA. Subsequently, the relative expressions 
of circUBXN7, UBXN7, miR-622 and MCL1  
were examined using SYBR green dye (Toyobo, 
Osaka, Japan) by real-time quantitative PCR. 
The quantitative PCR reaction system (20 µL) 
included SYBR green dye (10 µL), ddH2O (6.5 
µL), cDNA template (3 µL) and paired primers 
(0.5 µL, final concentration: 0.3 µM). The quan-
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titative PCR conditions were as follows: initial 
denaturation at 95°C for 3 min; 40 cycles of 
denaturation at 95°C for 15 s, annealing at 
60°C for 30 s, and elongation at 72°C for  
15 s. The final cycle was followed by extension 
at 72°C for 3 min. 2-ΔΔCt method was used for 
calculation. RT-qPCR primers used in our study 
are shown in Table 1.

RNase R digestion

5 µg of total RNA was digested with RNase R 
(Sigma) at 4 U/µg for 20 minutes at 37°C. 
Subsequently, RNA was purified, and the abun-
dance of circUBXN7 and linear UBXN7 mRNA 
were examined with RT-qPCR.

A mouse model of AMI

The mouse model of AMI was established as 
previously described [22]. Briefly, 16 male 
C57BJ/6L mice (8 to 10-week old) were 
obtained from animal center of Fuwai Central 
China Cardiovascular Hospital, Heart Center  
of He’nan Provincial People’s Hospital and 
divided into two groups: sham and AMI. After 
being anesthetized by inhaling 2% isoflurane, 
the hearts of mice were exposed, and the left 
anterior descending coronary artery (LAD) was 
located and ligated using a suture. The AMI  
was determined by the ST elevation with elec-
trocardiography. Sham mice received the same 
procedure except ligation. Mice were kept in 
original cages and euthanatized by adjusting 
CO2 flow into cages at 3 L/min until death. 
Subsequently, the hearts were quickly excis- 
ed and stored in liquid nitrogen for further 
RT-qPCR analysis. Animal procedures in this 
study were conducted following the National 
Institutes of Health guidelines, which were 

approved by the Institutional Animal Care and 
Use Committee of Fuwai Central China Cardi- 
ovascular Hospital, Heart Center of He’nan 
Provincial People’s Hospital.

Dual-luciferase reporter assay

Luciferase reporters were constructed via clon-
ing wildtype (WT) or mutant (MUT) potential 
binding sites for miR-622 in circUBXN7 or the 
3’UTR of MCL1 into the pmirGLO vectors 
(Promega, Madison, WI, USA). H9c2 cells were 
co-transfected with miR-622 mimics and WT  
or MUT luciferase reporters (circUBXN7-WT, cir-
cUBXN7-MUT, MCL1-3’UTR-WT and MCL1-
3’UTR-MUT). NC mimic (miR-NC) was used as 
the control. After 48 hours, cells were harvest-
ed, and the activity of luciferase was assessed 
using the Dual-Glo system (Promega).

Cell counting kit-8 (CCK-8) assay

CCK-8 was ordered from Dojindo (Rockville, 
MD, USA) and used for analyzing cell viability 
following the manual. In brief, H9c2 cells were 
transfected as indicated and treated with H/R. 
Untransfected and untreated cells were used 
as controls. After H/R treatment, culture media 
were replaced. CCK-8 regent was added, and 
cells were subsequently incubated for 4 hours. 
The absorbance at 450 nm was recorded.

Cell apoptosis analysis

Annexin V-FITC/PI kit was obtained from 
Solarbio (Beijing, China). H9c2 cells were trans-
fected as indicated and treated with H/R. 
Untransfected and untreated cells were used 
as controls. After H/R treatment, H9c2  
cells were suspended and stained with FITC-
Annexin V and PI for 20 minutes. 400 µL of 
phosphate buffered saline was added, and 
cells were analyzed using a flow cytometer in 
an hour.

Enzyme-linked immunosorbent assay (ELISA)

H9c2 cells were transfected as indicated and 
treated with H/R. Untransfected and untreated 
cells were used as controls. After H/R treat-
ment, culture supernatants were harvested, 
and the concentrations of IL-6, TNF-α and  
IL-1β were examined using commercial kits fol-
lowing the manufacturer’s recommendation. 
Rat IL-1 beta and IL-6 ELISA kits were obtained 
from Abcam (Cambridge, UK). Rat TNF-alpha 

Table 1. RT-qPCR primers in this study
Genes Sequence
circUBXN7 5’-CCACCCATTGATTTGATGC-3’

5’-CCGTCGTCTTTTAGGAGCAC-3’
Linear UBXN7 5’-GGATAGCCGCTCAGATGAAG-3’

5’-TTTGTGGGGAGACTTTCTGG-3’
MCL1 5’-TGCTTCGGAAACTGGACATTAAA-3’

5’-ATGGGTCATCACTCGAGAAAAAG-3’
U6 5’-AGAGAAGATTAGCATGGCCCCTG-3’

5’-AGTGCAGGGTCCGAGGTATT-3’
GAPDH 5’-CAGGAGGCATTGCTGATGAT-3’

5’-GAAGGCTGGGGCTCATTT-3’
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ELISA was purchased from RayBiotech Life 
(Peachtree Corners, GA, USA).

Caspase 3 activity

H9c2 cells were transfected as indicated and 
treated with H/R. Untransfected and untreated 
cells were used as controls. After H/R treat-
ment, cells were pelleted and lysed on ice for 
15 minutes, and the supernatants were col-
lected after centrifugation. Reaction buffer  
and DEVD-pNA substrate were added directly 
into each sample and incubated for 2 hours. 
The absorbance at 405 nm was recorded. 
Caspase-3 Activity Assay Kit (Colorimetric) was 
bought from Novus Biologicals (Centennial, CO, 
USA).

RNA pull-down assay

The interaction between circUBXN7 and miR-
622 or miR-3140-3p in H9c2 cells was deter-
mined by RNA pull-down using a magnetic RNA-
Protein pull-down kit (ThermoFisher). Cells 
were lysed, and the supernatants were collect-
ed. Then, biotin-conjugated circUBXN7 probes 
were mixed with the supernatants and in- 
cubated for 4 hours at 4°C with rotation. 
Samples were subsequently mixed with strep-
tavidin-conjugated magnetic beads and incu-
bated at 4°C for 2 hours with rotation. RNA  
was recovered from the complex pulled down 
by beads, and the level of miR-622 and miR-
3140-3p was examined by RT-qPCR.

Western blot

H9c2 cells were transfected as indicated and 
treated with H/R. Untransfected and untreated 
cells were used as controls. H9c2 cells were 
lysed, and the supernatants were harvested 
prior to protein quantification with the BCA kit 
(ThermoFisher). 40 μg of protein was loaded, 
electrophoresed and transferred to PVDF  
membranes (GE, Waukesha, WI, USA). After 
block, membranes were incubated with prima-
ry antibodies against cleaved-caspase 3 
(1:500, Abcam), Bcl-2 (1:800, Abcam), Bax 
(1:2000, Abcam), MCL1 (1:800, ThermoFisher) 
and GAPDH (1:5000, SantaCruz, Dallas, TX, 
USA) for 12 hours. Next day, membranes were 
rinsed and incubated with HRP-conjugated sec-
ondary antibodies (Abcam, 1:5000) for 1 hour. 
Subsequently, signals were visualized with ECL 
substrates (Bio-Rad, Hercules, CA, USA). The 
ImageJ software was used to analyze the inten-
sity of bands.

Statistical analysis

Results were from three independent assays 
and shown as mean ± standard deviation. The 
variance of multiple groups was analyzed  
with one-way analysis of variance (ANOVA). 
Comparisons of means between two groups 
were performed by Tukey’s post hoc test. ’A 
Venn diagram was applied to predict potential 
targets of circUBXN7. P < 0.05 was statistically 
significant.

Results

CircUBXN7 was downregulated in AMI and 
H/R-treated H9c2 cells

To investigate the roles of circRNAs in AMI, dif-
ferentially expressed circRNAs between AMI 
patients and controls were analyzed with a  
circRNA array (GEO accession: GSE160717, 
https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE160717, Figure 1A). AMI pa- 
tients showed reduced expression of circ- 
UBXN7 compared to normal controls (Figure 
1B). We then established a mouse model of 
AMI and found that circUBXN7 expression was 
decreased in mice with AMI (Figure 1C). The 
reduced expression of circUBXN7 was also 
observed in H/R-treated H9c2 cells, a cell 
model of myocardial H/R injury (Figure 1D). 
However, the expression of linear UBXN7 was 
not affected in AMI mice and H/R-treated cells 
(Figure 1C, 1D). As RNase R can digest linear 
RNAs but not circular RNAs due to its exoribo-
nuclease activity [23], we treated total RNA 
with RNase R or mock. The RT-qPCR assay 
showed that circUBXN7, but not linear UBXN7, 
was resistant to RNase R treatment (Figure 
1E). Furthermore, circUBXN7 was stable in 
response to actinomycin D treatment with a 
half-life over 12 hours compared to the  
shorter half-life of linear UBXN7 (Figure 1F). 
These results demonstrated that circUBXN7 
was a circular RNA, and it was downregulated in 
mice with AMI and H/R-treated cardiomyocytes, 
suggesting that circUBXN7 might be implicated 
in H/R damage and AMI.

Overexpression of circUBXN7 suppressed 
H9c2 cell apoptosis and inflammatory reaction 
induced by H/R

CircUBXN7 was overexpressed in H2c9 cells to 
examine its function in H/R. CircUBXN7 expres-
sion was reduced upon H/R treatment, but it 
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Figure 1. CircUBXN7 was downregulated in patients and mice with AMI and H/R-treated cells. A. The volcano plot was applied for analyzing differentially expressed 
circRNAs between AMI patients and controls (GSE160717, AMI patients = 3, normal controls = 3). B. RT-qPCR analysis of circUBXN7 expression in AMI patients and 
normal controls (GSE160717, AMI patients = 3, normal controls = 3). C. RT-qPCR analysis of the expression of circUBXN7 and UBXN7 in AMI and sham mice (AMI 
mice = 8, sham mice = 8). D. RT-qPCR analysis of the expression of circUBXN7 and UBXN7 in H/R-treated or control H9c2 cells (n = 3). E. CircUBXN7 and linear 
UBXN7 mRNA were detected after RNase R digestion (n = 3). Mock was used as a control. F. CircUBXN7 and linear UBXN7 mRNA were detected after actinomycin 
D treatment for 0, 4, 8 and 12 hours (n = 3). **P < 0.01 and ***P < 0.001.
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was dramatically enhanced through overex-
pression of circUBXN7 in H/R-treated H9c2 
cells (Figure 2A). H/R obviously impaired H9c2 
cell viability, which was largely improved by 
overexpression of circUBXN7 (Figure 2B). 
Compared to control cells, H/R-treated H9c2 
cells exhibited increased apoptotic cell ratio 
and caspase 3 activity, which were rescued  
by overexpression of circUBXN7 (Figure 2C-E). 
In addition, H/R treatment promoted the cleav-
age of caspase 3 and pro-apoptotic Bax ex- 
pression, but suppressed anti-apoptotic Bcl-2 
expression in H9c2 cells, all of which were 
reversed by overexpression of circUBXN7 
(Figure 2F). Moreover, H/R-treated H9c2 cells 
showed much higher secretion of IL-1β, TNF-α 
and IL-6 than controls. However, overexpres-
sion of circUBXN7 significantly inhibited the 
production of these inflammatory factors in 
H9c2 cells (Figure 2G-I). Collectively, these 
results implied that overexpression of cir-
cUBXN7 alleviated H/R-induced myocardiocyte 
apoptosis and inflammatory reaction. 

CircUBXN7 targeted miR-622 in cardiomyo-
cytes

To elucidate the mechanism by which cir-
cUBXN7 regulates cardiomyocyte apoptosis 
and inflammation, cytoplasmic and nuclear 
fractions of H9c2 cells were separated, and 
then the levels of 18s rRNA (cytoplasmic inter-
nal reference), U6 snRNA (nuclear internal ref-
erence) and circUBXN7 were examined with 
RT-qPCR. Similar to 18s rRNA, the level of cir-
cUBXN7 in the cytoplasmic fraction was hig- 
her than that in the nuclear fraction, indicat- 
ing that circUBXN7 was mainly localized in the 
cytoplasm (Figure 3A). Arising evidences have 
demonstrated that circRNAs act as miRNA 
sponges [12, 24]. By bioinformatics using  
circBank (http://www.circbank.cn/), starBase 
(http://starbase.sysu.edu.cn/) and circinte- 
ractome (https://circinteractome.nia.nih.gov/), 
miR-622 or miR-3140-3p was predicted to 
interact with circUBXN7 (Figure 3B). The RNA 
pull-down assay confirmed that miR-622, not 
miR-3140-3p, could be enriched by the cir-
cUBXN7 probe (Figure 3C), suggesting that cir-
cUBXN7 targeted miR-622 in H9c2 cells. Next, 
we overexpressed miR-622 in H9c2 cells 
(Figure 3D). The luciferase assay showed that 
overexpression of miR-622 suppressed the 
luciferase activity in cells transfected with wild-
type circUBXN7 reporters, but not in cells  

transfected with mutated circUBXN7 reporters 
(Figure 3E, 3F). Furthermore, we analyzed the 
expression of miR-622 in AMI and sham mice 
and observed an increased miR-622 expres-
sion in AMI mice (Figure 3G). The expression of 
miR-622 was negatively correlated with cir-
cUBXN7 expression in AMI (Figure 3H). In addi-
tion, miR-622 was dramatically upregulated in 
H/R-treated H9c2 cells, which was reversed  
by overexpression of circUBXN7 (Figure 3I). 
Therefore, miR-622 was identified as a novel 
target of circUBXN7 in H9c2 cells. 

CircUBXN7 inhibited apoptosis and inflamma-
tory reaction through suppressing miR-622 
expression in H/R-treated H9c2 cells

To investigate whether circUBXN7-mediated 
suppression of H9c2 cell apoptosis and inflam-
matory response was dependent on miR-622 
inhibition, H9c2 cells were transfected with  
circUBXN7 alone or in combination with miR-
622 mimics. The empty vector and NC mimics 
were used as controls. Reduced H9c2 cell via-
bility caused by H/R treatment was improved 
by overexpression of circUBXN7, but it was 
abrogated by concomitant overexpression of 
miR-622 (Figure 4A). In consistent with cell 
viability, the reduced apoptotic cell rate and 
caspase 3 activity in circUBXN7 overexpress- 
ing cells were reversed by overexpression of 
miR-622 (Figure 4B-D). Moreover, overexpres-
sion of circUBXN7 inhibited the expression of 
cleaved-caspase 3 and Bax and promoted 
Bcl-2 expression in H/R-treated cells, but con-
comitant overexpression of miR-622 reversed 
these effects (Figure 4E). Besides, overex- 
pression of circUBXN7 prohibited H/R-induced 
secretion of IL-6, TNF-α and IL-1β, which was 
abolished by concomitant overexpression of 
miR-622 (Figure 4F-H). Taken together, these 
data indicated that circUBXN7 inhibited apop-
tosis and inflammation induced by H/R via sup-
pressing miR-622 expression.

MiR-622 targeted MCL1 to inhibit its expres-
sion in H9c2 cells

To further explore potential downstream tar-
gets of miR-622, a potential binding site for 
miR-622 in the 3’UTR of MCL1 was predicted 
through bioinformatics (Figure 5A). Wildtype 
and mutated MCL1 reporters for luciferase 
assays were constructed (Figure 5A). Over- 
expression of miR-622 reduced the luciferase 
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Figure 2. Overexpression of circUBXN7 inhibited H9c2 cell apoptosis and inflammatory reaction induced by H/R. (A) RT-qPCR analysis of circUBXN7 expression (n 
= 3). (B) Cell viability analysis with CCK-8 (n = 3). (C, D) Cell apoptosis analysis (n = 3). (E) The relative caspase 3 activity (n = 3). (F) Cleaved-caspase 3, Bcl-2 and 
Bax were examined by western blotting. IL-1β (G), TNF-α (H) and IL-6 (I) were detected with ELISA (n = 3). H9c2 cells were transfected with circUBXN7 or vector and 
treated with H/R, which were divided into four groups: con, H/R, H/R+vector and H/R+circUBXN7. ***P < 0.001.
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activity in cells transfected with wildtype MCL1 
reporter, but not in those transfected with 
mutated MCL1 reporter (Figure 5B). Moreover, 
MCL1 expression was suppressed by miR-622 
mimics in H9c2 cells (Figure 5C). Compared to 
control cells, MCL1 expression was signifi- 
cantly reduced after H/R treatment in H9c2 
cells, but overexpression of circUBXN7 partially 
increased MCL1 expression (Figure 5D). Con- 
comitant overexpression of miR-622 reversed 
this effect (Figure 5D). Additionally, MCL1 
expression in AMI mice was lower than that in 
sham mice (Figure 5E). These results suggest-
ed that miR-622 targeted MCL1 to suppress its 
expression in H9c2 cells.

Knockdown of MCL1 abrogated circUBXN7-
mediated alleviation of apoptosis and inflam-
matory reaction induced by H/R

Finally, we examined whether knockdown of 
MCL1 can reverse circUBXN7 overexpression-
mediated effects on cell apoptosis and inflam-
matory reaction after H/R treatment. To this 
end, we silenced MCL1 in circUBXN7-overex-
pressing H9c2 cells by si-MCL1 transfection 
(Figure 6A). In consistence with miR-622 over-
expression, knockdown of MCL1 also reversed 
the anti-apoptotic effect of circUBXN7 in H/R-
induced H9c2 cells (Figure 6B). In addition, cir-
cUBXN7 overexpression-mediated suppression 

Figure 3. CircUBXN7 targeted miR-622 in H9c2 cardiomyocytes. A. The expression of 18s rRNA, U6 snRNA and cir-
cUBXN7 in cytoplasm and nucleus of H9c2 cells (n = 3). B. A Venn diagram was applied to predict potential targets 
of circUBXN7: miR-622 and miR-3140-3p. C. Enrichment of miR-3140-3p and miR-622 by circUBXN7 probe (n = 3). 
An oligo probe was used as a control. D. RT-qPCR analysis of miR-622 expression (n = 3). E. Predicted and mutated 
binding sites for miR-622 in circUBXN7. F. The interaction between circUBXN7 and miR-622 was analyzed by lucif-
erase activity (n = 3). G. RT-qPCR analysis of miR-622 expression in sham and AMI mice (AMI mice = 8, sham mice 
= 8). H. Correlation analysis of the expression of circUBXN7 and miR-622 in AMI mice (n = 8). I. RT-qPCR analysis 
of the relative expression of miR-622 in con, H/R, H/R+vector and H/R+circUBXN7 groups (n = 3). ***P < 0.001. 



CircUBXN7 mitigates H/R injury

8720	 Am J Transl Res 2021;13(8):8711-8727



CircUBXN7 mitigates H/R injury

8721	 Am J Transl Res 2021;13(8):8711-8727

Figure 4. CircUBXN7 inhibited apoptosis and inflammation through suppressing miR-622 expression in H/R-treated cells. (A) Cell viability analysis with CCK-8 (n 
= 3). (B, C) Cell apoptosis analysis (n = 3). (D) The caspase 3 activity was examined by recording the absorbance at 405 nm (n = 3). (E) Cleaved-caspase 3, Bcl-2 
and Bax were examined by western blotting. IL-1β (F), TNF-α (G) and IL-6 (H) were detected with ELISA (n = 3). H9c2 cells were transfected with circUBXN7 alone 
or in combination with miR-622 mimics and treated with H/R, which were divided into four groups: con, H/R+vector+miR-NC, H/R+circUBXN7+miR-NC and H/
R+circUBXN7+miR-622. *P < 0.05, **P < 0.01 and ***P < 0.001.



CircUBXN7 mitigates H/R injury

8722	 Am J Transl Res 2021;13(8):8711-8727

of H/R-induced cell apoptosis and caspase 3 
activity were also reversed by knockdown of 
MCL1 (Figure 6C-E). Cleaved-caspase 3 and 
Bax were downregulated, and Bcl-2 was upreg-
ulated in H/R-treated H9c2 cells with cir-
cUBXN7 overexpression. Concomitant knock-
down of MCL1 enhanced the expression of 
cleaved-caspase 3 and Bax but inhibited Bcl-2 
expression (Figure 6F). On the other hand,  
H/R-induced secretion of IL-1β, TNF-α and IL-6 
was suppressed by overexpression of cir-
cUBXN7, and concomitant knockdown of  
MCL1 abrogated these effects (Figure 6G-I). 
Collectively, these results indicated that cir-
cUBXN7 targeted miR-622 and promoted MCL1 
expression to mitigate H/R-mediated cardio-
myocyte apoptosis and inflammatory reaction.

Discussion

AMI is one of the leading causes of death glob-
ally and affects millions of patients each year, 
leading to irreversible injury to the heart muscle 

because of restrained oxygen supply [25, 26]. 
To save lives of AMI patients, reperfusion of 
infarcted arteries needs to be done timely [5, 
27]. However, reperfusion paradoxically results 
in H/R injury and further heart damage and 
even death of AMI patients [28]. Understanding 
the regulatory mechanism of H/R injury is cru-
cial for improving the prognosis and treatment 
of AMI. In this study, we first reported that cir-
cUBXN7 was downregulated in AMI patients 
and mice and H/R-treated H9c2 cells, and its 
overexpression attenuated cell apoptosis and 
inflammation induced by H/R. Moreover, miR-
622 was identified as a novel target of cir-
cUBXN7 in cardiomyocytes, and miR-622 tar-
geted MCL1 to suppress its expression. 
Overexpression of miR-622 or knockdown of 
MCL1 inhibited circUBXN7-mediated alleviation 
of apoptosis and secretion of inflammatory 
factors.

In recent years, apoptosis and inflammatory 
reaction induced by H/R have been believed to 

Figure 5. MiR-622 targeted MCL1 to inhibit its expression in H9c2 cells. A. Wildtype and mutated binding sites for 
miR-622 in the 3’UTR of MCL1. B. The interaction between miR-622 and MCL1 was analyzed by luciferase activity 
(n = 3). C. MCL1 expression was examined through western blotting (n = 3). D. Protein levels of MCL1 in con, H/
R+vector+miR-NC, H/R+circUBXN7+miR-NC and H/R+circUBXN7+miR-622 groups were examined through western 
blotting (n = 3). E. RT-qPCR analysis of MCL1 expression in sham and AMI mice (AMI mice = 3, sham mice = 3). **P 
< 0.01 and ***P < 0.001.
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Figure 6. Knockdown of MCL1 reversed circUBXN7-mediated alleviation of apoptosis and inflammation in H/R-treated cells. (A) The protein level of MCL1 in H9c2 
cells transfected with si-NC or si-MCL1 was detected by western blotting (n = 3). (B) Cell viability was examined with CCK-8 (n = 3). (C, D) Cell apoptosis analysis (n = 
3). (E) The caspase 3 activity was examined by recording the absorbance at 405 nm (n = 3). (F) Cleaved-caspase 3, Bcl-2 and Bax were examined through western 
blotting. IL-1β (G), TNF-α (H) and IL-6 (I) were determined with ELISA (n = 3). H9c2 cells were transfected with circUBXN7 alone or in combination with si-MCL1 and 
treated with H/R, which were divided into four groups: con, H/R+vector+si-NC, H/R+circUBXN7+si-NC and H/R+circUBXN7+si-MCL1. **P < 0.01 and ***P < 0.001.
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be two of vital elements in the progression of 
cardiac damage induced by H/R [29, 30]. The 
dysregulated apoptosis and inflammation in 
H/R damage are closely associated with abnor-
mal gene expression and function [31-33]. 
CircRNAs are circular single-stranded RNAs 
and ubiquitously expressed in eukaryotic cells, 
serving central roles in regulating gene ex- 
pression and protein translation by acting as 
miRNA or RNA-binding protein decoys [34]. 
Intriguingly, circRNAs have been reported to be 
implicated in regulating various pathological 
processes including H/R injury. Sun et al.  
identified several abnormally expressed cir-
cRNAs in myocardial H/R injury and indicated 
potential roles of circRNAs in the process of 
H/R injury [35]. The expression of circFoxo3 
was upregulated in H/R-treated cardiomyo-
cytes and the hearts with I/R damage, and 
knockdown of circFoxo3 suppressed H/R in- 
jury by interacting with Foxo3 [36]. CircUBXN7 
was reported to suppress bladder cancer cell 
growth and invasion, but its role in cardiovascu-
lar system and diseases is unclear [17]. Here, 
we reanalyzed a circRNA array (GSE160717) 
and found that circUBXN7 was downregulated 
in AMI patients. Furthermore, we first reported 
the low expression of circUBXN7 in mice with 
AMI and H/R-treated cardiomyocytes, and over-
expression of circUBXN7 reduced cell apopto-
sis and inflammation in H/R injury. These 
results implied that circUBXN7 could improve 
the function of cardiomyocyte by suppressing 
cell apoptosis and inflammation after AMI.

been reported to be involved in myocardial H/R 
injury, it could be sponged by circANRIL to 
aggravate oxygen-glucose deprivation and 
reperfusion-induced human brain microvascu-
lar endothelial cell apoptosis, which provided a 
clue that miR-622 might be associated with 
myocardial H/R injury [39]. Importantly, we 
observed that miR-622 was highly expressed  
in mice with AMI and H/R-treated cells, and 
overexpression of miR-622 reversed cir-
cUBXN7-mediated effects on cell apoptosis 
and inflammation. We first revealed the func-
tion of miR-622 in myocardial H/R damage and 
demonstrated that miR-622 was targeted by 
circUBXN7 to regulate H/R injury.

Several downstream targets of miR-622 have 
been identified, such as NUAK1, CCL18 and 
K-Ras [40-42]. We identified MCL1 as a novel 
target of circUBXN7/miR-622. MCL1 serves as 
a key anti-apoptotic regulator in various cells. 
Consistently, knockdown of MCL1 abrogated 
circUBXN7-mediated suppression of cell apop-
tosis and inflammation. However, further stud-
ies are needed to clarify the downstream sig-
naling pathway of MCL1 in regulating myocar-
dial H/R injury.

In summary, we demonstrated that circUBXN7 
mitigated cardiomyocyte apoptosis and inflam-
mation in cardiac H/R injury through targeting 
miR-622 and enhancing MCL1 expression 
(Figure 7). Our study not only identifies novel 
roles of the circUBXN7-miR-622-MCL1 axis in 

Figure 7. The schematic diagram of this study.

As downstream targets of cir-
cRNAs, more and more stud-
ies have demonstrated that 
miRNAs also exert important 
functions in H/R injury. Ren et 
al. found that miR-320 aggra-
vated cardiomyocyte death 
and apoptosis in I/R injury  
via targeting and suppressing 
HSP20 expression [37]. Over- 
expression of miR-451 allevi-
ated myocardial I/R injury 
through inhibiting HMGB1 
expression [38]. Accordingly, 
miR-622 was predicted and 
identified as a novel down-
stream miRNA target of cir-
cUBXN7 in cardiomyocytes for 
the first time in this study. 
Although miR-622 has not 
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H/R injury, but also provides potential thera-
peutic targets for management of H/R injury. 
However, to achieve this, further investigations 
are required to elucidate the nature of the  
regulation in detail. In addition, more in vivo 
assays could be performed in samples from 
patients with myocardial H/R injury and AMI 
mouse models to further evaluate the roles of 
the circUBXN7-miR-622-MCL1 axis in H/R inju-
ry. Moreover, only miR-622 and MCL1 were 
identified in this study. However, as circRNA  
can have many target miRNAs and miRNA also 
has many target genes, whether other miRNAs 
and genes are implicated in circUBXN7-mediat-
ed regulation in cardiac H/R injury is unclear. 
We plan to seek other potential downstream 
miRNAs and genes of circUBXN7 in future 
studies.
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