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Abstract: Atherogenesis is a chronic inflammatory process, closely related to high morbidity and mortality. Circular 
RNAs (circRNAs) were reported to function in atherosclerosis. However, the functional impact of circRNA ubiquitin-
specific Protease 36 (circ_USP36) on atherosclerosis and the possible mechanism are still unclear. Serum speci-
mens were collected from atherosclerosis patients and healthy volunteers. Human umbilical vein smooth muscle 
cells (HUVSMCs) exposed with 25 μg/mL oxidized low-density lipoprotein (ox-LDL) were utilized to simulate athero-
sclerosis. Expression of circ_USP36, microRNA (miR)-182-5p and Kruppel-like factor 5 (KLF5) was determined via 
quantitative real-time polymerase chain reaction or western blot assay. Cell viability and apoptosis were evaluated 
by Cell Counting Kit-8 and flow cytometry. Cell metastasis, including migration and invasion, was assessed via 
Transwell assay. Biomarker protein was analyzed by western blot. The relationship among circ_USP36, miR-182-5p 
and KLF5 was confirmed by dual-luciferase reporter and RNA pull-down assays. Circ_USP36 and KLF5 were up-
regulated, while miR-182-5p was down-regulated in atherosclerosis patients and ox-LDL-induced HUVSMCs. Circ_
USP36 knockdown inhibited proliferation and metastasis of ox-LDL-induced HUVSMCs by up-regulating miR-182-5p. 
MiR-182-5p targeted KLF5, and ameliorated ox-LDL-mediated injury of HUVSMCs. Circ_USP36 knockdown down-
regulated KLF5 expression by sponging miR-182-5p. Knockdown of circ_USP36 alleviated ox-LDL-mediated injury of 
HUVSMCs by modulating miR-182-5p/KLF5 axis, potentially providing a treatment target for atherosclerosis.
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Introduction

Atherosclerosis, one of underlying causes of 
cardiovascular diseases (CVDs), is a chronic 
disease existing in arterial wall, bringing about 
a huge amount of deaths all over the world [1, 
2]. The promotion of atherosclerosis was ben-
efited by the imbalance between endothelium 
damage and repair [3]. Oxidized low-density 
lipoprotein (ox-LDL), a biologic marker of CVDs, 
could contribute to the inflammatory environ-
ment and lipid sedimentation in the arterial 
wall during atherogenesis [4]. Here, in this 
study, human umbilical vein smooth muscle 
cells (HUVSMCs) treated by ox-LDL to mimic 
atherosclerosis in vitro to explore its pathologi-
cal mechanism, so as to search potential thera-
py target.

Circular RNAs (circRNAs), highly expressed in 
the eukaryotic transcriptome, are a novel cate-
gory of non-coding RNAs, featured by covalently 
closed-loop structure [5, 6]. Emerging reports 
highlighted the significant role of circRNAs in 
CVDs, including atherogenesis [7]. For instance, 
knockdown of circRNA circCHFR could nega-
tively regulate the proliferation and migration 
abilities of vascular smooth muscle cells [8]; 
Circular RNA ciRS-7 facilitated proliferation 
tube formation and migration of microvascular 
endothelial cells, acting as an oncogene in ath-
erogenesis [9]; CircANRIL was demonstrated to 
trigger nucleolar stress and p53 activation, 
contributing to cell apoptosis, thereby affecting 
atherosclerosis [10]. Apart from this, circRNA 
ubiquitin-specific Protease 36 (circ_USP36), 
also named as circ_0003204, was up-regulat-
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ed in human umbilical vein endothelial cells 
treated with ox-LDL, with potential to affect the 
progression of AS [11]. However, the functional 
mechanism of circ_USP36 in atherogenesis 
remains to be investigated thoroughly. 

Unlike circRNAs, microRNAs (miRNAs) were a 
neotype subgroup of short non-coding RNAs, 
with just about 21 nucleotides, and were close-
ly associated to many human diseases [12]. Li 
et al. announced that miRNAs could function in 
important cellular behaviors of vascular smooth 
muscle cells, thus altering the formation of ath-
erosclerosis [13]. MiR-210 took part in the reg-
ulation of atherosclerosis progression through 
promoting endothelial cell apoptosis [14]. MiR-
99a-5p could alleviate atherosclerosis via tar-
geting Homeobox A1, showing as its inhibitory 
impact on proliferation, migration, and invasion 
of human aortic smooth muscle cells [15]. As 
for miR-182-5p, a potential target gene of circ_
USP36 (predicted by Starbase 3.0), was well-
studied oncogenic miRNA in human prostate 
cancer [16], bladder cancer [17] and breast 
cancer [18]. Qin et al. proved that miR-182-5p 
played a crucial role in atherosclerosis by de- 
creasing TLR4 expression [19]. Here, we tried 
to figure out other probable mechanisms by 
which miR-182-5p participating in atheroscle- 
rosis.

Starbase 3.0 predicted that Kruppel-like factor 
5 (KLF5) was a downstream mRNA of miR-182-
5p. Former studies substantiated KLF5 could 
serve as a new therapeutic target for cancer 
treatment [20]. Besides, KLF5 was a key tran-
scription factor during cardiovascular remodel-
ing and an underlying therapy target of CVDs 
[21].

In the current study, the upregulated expres-
sion of circ_USP36 in atherosclerosis patients 
and ox-LDL-induced HUVSMCs was detected. 
We further explored the action mechanism of 
circ_USP36 in atherosclerosis, hoping to ex- 
pand basis for the application of circRNAs in 
atherosclerosis treatment.

Materials and methods

Collection of clinical samples

All experimental procedures were ratified by 
the Ethics Committee of Henan Provincial 
Chest Hospital. Blood samples were acquired 
from 45 patients diagnosed as atherosclerosis 

through clinical symptoms and coronary angi-
ography without any therapy, as well as 45 
healthy volunteers registered at Henan Pro- 
vincial Chest Hospital. After isolation from bl- 
ood samples through centrifugation, serum 
specimens were stored at -80°C at once. 
Besides, all above participators provided writ-
ten informed consents.

Cell culture and ox-LDL disposition

Human umbilical vein smooth muscle cells 
(HUVSMCs; CP-H084) purchased from Procell 
(Wuhan, China) and 293T cells (CRL-1573) pur-
chased from American Type Culture Collection 
(Manassas, VA, USA) were maintained in Ros- 
well Park Memorial Institute (RPMI)-1640 medi-
um (Invitrogen, Carlsbad, CA, USA) added with 
10% fetal bovine serum (FBS; Invitrogen) and 
1% Penicillin/Streptomycin (Invitrogen) in an 
incubator containing 5% CO2 at 37°C.

HUVSMCs were treated with ox-LDL (Solarbio, 
Beijing, China) at different concentrations (0 
μg/mL, 25 μg/mL, 50 μg/mL or 75 μg/mL) for 
0 h, 6 h, 12 h, 24 h or 48 h to explore the opti-
mum concentration and handling time to mimic 
atherosclerosis in vitro.

Measurement of reactive oxygen species 
(ROS) concentration, Interleukin-6 (IL-6) and 
tumor necrosis factor-alpha (TNF-α)

For analysis of the level of ROS in HUVSMCs 
exposed with 0 μg/mL or 25 μg/mL ox-LDL, the 
2’,7’-dichlorofluorescin diacetate (DCFDA) Ce- 
llular ROS Assay Kit (ab113851; Abcam Shang- 
hai, China) was applied. In brief, cell suspen-
sion was incubated with DCFDA solution at 
37°C, then the fluorescence (Ex/Em = 485/ 
535 nm) was measured using a flow cytometer 
(FACScan; BD Biosciences, Franklin Lakes, NJ, 
USA).

Additionally, the concentration (pg/mL) of IL-6 
and TNF-α in ox-LDL-induced HUVSMCs was 
detected using IL-6 Human Enzyme-linked 
immunosorbent assay (ELISA) Kit (#KHC0061; 
Invitrogen) and TNF alpha Human ELISA Kit 
(#KHC3014; Invitrogen) referring to the manu-
facturer’s instruction, respectively.

Cell transfection

Small interfering RNA (siRNA) against circ_
USP36 (si-circ, 5’-GCATGGGGCTGTGTCACCTGC- 
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3’) and its negative control si-NC (5’-UUCU- 
CCGAACGUGUCACGUTT-3’), miR-182-5p mimic 
(5’-AGUGUGAGUUCUAC-CAUUGCCAAA-3’) and 
its negative control mimic NC (5’-UUCUCCGA- 
ACGUGUCACGUTT-3’), miR-182-5p inhibitor (5’- 
UCACACUCAAGAUG-GUAACGGUUU-3’) and its 
negative control inhibitor NC (5’-CAGUACUU- 
UUGUGUAGUACAA-3’), as well as overexpres-
sion vector of KLF5 (oe-KLF5, constructed by 
introducing the full sequence of KLF5 into 
pcDNA 3.1 vector) and its negative control 
pcDNA 3.1 vector (Invitrogen) were all suppli- 
ed by GenePharma Co. Ltd. (Shanghai, China). 
Then, constructed oligonucleotides (40 nM) or 
plasmids (2 μg) were introduced into HUVSMCs 
treated with 25 μg/mL ox-LDL using Lipo- 
fectamine 3000 (Invitrogen) referring to the 
protocols supplied by the manufacturer. 

Quantitative real-time polymerase chain reac-
tion (qRT-PCR)

Total RNA derived from serum specimens or 
treated HUVSMCs was extracted with the aid  
of TRIzol Reagent (Invitrogen) based on the 
user’s manual. Then 1 μg RNA was subjected 
for complementary DNA (cDNA) synthesis utiliz-
ing M-MLV Reverse Transcriptase (Invitrogen) 
or miRNA First-Strand cDNA Synthesis Kit 
(Agilent, Santa Clara, CA, USA). To detect circ_
USP36, KLF5 and LOX-1 (ox-LDL receptor) 
expression, following quantitative PCR assay 
was performed using SYBR Green Real-time 
PCR Master Mix (Solarbio), with glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as an 
internal control. For evaluating the relative 
expression of miR-182-5p, TaqMan miRNA 
assays (Applied Biosystems Inc., Foster City, 
CA, USA) was employed, with U6 snRNA ser- 
ving as the endogenous normalization stan-
dard. All quantitative PCR primers were as  
follows: circ_0003204, 5’-GATCCAGAGGCCAT- 
GGAAGAGT-3’ (forward) and 5’-AGCAGGTGAC- 
ACAGCCCCATGC-3’ (reverse); miR-182-5p, 5’- 
TTAGGAACCCTCCTCTCTC-3’ (forward) and 5’- 
ACTTTCGTTCTTGAGGAATG-3’ (reverse); KLF5, 
5’-ATCGAGATGTTCGCTCGTGC-3’ (forward) and 
5’-TTTAAAGGCAGACACTGAGTCAG-3’ (reverse); 
LOX-1, 5’-GAAACCCTTGCTCGGAAGCTGA-3’ (for-
ward) and 5’-CAGATCCAGTCTTGCGGACAAG-3’ 
(reverse); GAPDH, 5’-CCATGGGGAAGGTGAAG- 
GTC-3’ (forward) and 5’-TGATGACCCTTTTGGC- 
TCCC-3’ (reverse); U6, 5’-CTCGCTTCGGCAGC- 
ACA-3’ (forward) and 5’-AACGCTTCACGAATT- 

TGCGT-3’ (reverse). In addition, the relative ex- 
pression of genes was assessed using the 2-ΔΔCt 
approach.

Cell counting Kit-8 (CCK-8) assay

The determination of the cell viability was 
implemented via CCK-8 assay. In brief, treated 
HUVSMCs were placed into 96-well plates, and 
each well contained 5×103 cells. At 24 h, 48 h 
or 72 h post routine culture, 10 μL CCK-8 solu-
tion (Beyotime, Shanghai, China) was instilled 
into each well. After additional 2 h, the absor-
bance of each well at 450 nm was recorded 
using a microplate reader (Bio-Rad, Hercules, 
CA, USA). 

Transwell assay

Transwell assay was executed to examine the 
migration and invasion abilities of treated 
HUVSMCs using Transwell chamber (8 µm size; 
Corning Inc., Corning, NY, USA). For invasion 
capacity determination, 5×104 HUVSMCs sus-
pended in FBS-free RPMI-1640 medium (about 
200 μL) were placed onto the upper chamber 
pre-coated with the Matrigel (Corning Inc.). 
Corresponding lower chamber contained 600 
μL with 20% FBS. After culture at 37°C for 48 h, 
HUVSMCs invaded to lower chamber were sub-
jected for fixation using 4% paraformaldehyd, 
dyeing using 1% crystal violet (Beyotime), and 
counting in 6 randomly selected fields under 
the microscope (100×; Olympus, Tokyo, Japan).

For migration ability analyzation, 1×104 HUV- 
SMCs were seeded upper chamber (without 
Matrigel) containing 200 μL FBS-free medium, 
the other procedures were the same to those of 
the invasion assay.

Flow cytometry

Flow cytometry was conducted to analyze the 
apoptotic rate of treated HUVSMCs. When cell 
confluence reached 80%, the culture medium 
was discarded. After washing trypsin digestion, 
and additional washing, cells were re-suspend-
ed into 500 μL binding buffer and treated with 
5 μL Annexin V-fluorescein isothiocyanate 
(FITC) reagent (Beyotime), then treated with 5 
μL propidium iodide (PI) for 10 min in dark 
place. Apoptotic cells were monitored by means 
of a flow cytometer and analysis of data was 
carried out utilizing CellQuest software (BD 



Circ_USP36 facilitates atherosclerosis development

7858 Am J Transl Res 2020;12(12):7855-7869

Biosciences). The apoptotic rate represents the 
proportion of cells at Annexin V+/PI- and An- 
nexin V+/PI+ quadrants.

Western blot assay

Protein samples were extracted from HUVSMCs 
taking advantage of Radio-Immunoprecipita- 
tion Assay (RIPA) buffer (Beyotime), then quan-
tified exploiting bicinchoninic acid assay kit 
(Beyotime). After mixed with loading buffer, 40 
µg protein samples were subjected for electro-
phoresis through sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE)  
and electrophoretic transfer onto polyvinyli-
dene fluoride membranes (Millipore, Billerica, 
MA, USA). Subsequently, at 37°C, membranes 
were blocked with 5% fat-free milk (overnight), 
incubated with primary antibodies (4 h) and 
secondary antibody (1 h), followed by visualiza-
tion of protein bolts using electrochemilumi-
nescent system (PerkinElmer Life Science, 
Waltham, MA, USA). Finally, Quantity One soft-
ware (version 4.5; Bio-Rad) was used to ana-
lyze the density.

The antibodies used in this assay were pur-
chased from Abcam: anti-N-cadherin (anti-N-
cad; ab76011, 1:1,500), anti-E-cadherin (anti-
E-cad; ab40772, 1:2,000), anti-BCL2-Associat-
ed X (Bax) (anti-Bax; ab32503, 1:1,000), anti-
matrix metalloproteinase 9 (anti-MMP9; ab- 
38898, 1:2,000), anti-Proliferating Cell Nuclear 
Antigen (anti-PCNA; ab92552, 1:2,000), anti-
KLF5 (ab24331, 1:1,000), anti-GAPDH (181- 
602, 1:3,000) and goat anti-rabbit IgG/HRP-
linked secondary antibody (ab205718, 1: 
5000).

Target genes prediction and confirmation

The potential target miRNAs of circ_USP36 
were predicted using online software Starbase 
3.0 (http://starbase.sysu.edu.cn/index.php), 
and miR-182-5p could bind with circ_USP36. 
Meanwhile, the downstream genes of miR-182-
5p were forecasted by Starbase 3.0. MiR-182-
5p also contained binding region with the 3’ 
untranslated region (3’UTR) of KLF5.

Dual-luciferase reporter assay was carried out 
to validate above prediction. The wild type lucif-
erase vectors of circ_USP36 and KLF5 3’UTR 
(circ_USP36 wt: 5’-CUGGGGAGCCCCACGUGU- 
UGCCAAG-3’ and KLF5 3’UTR wt: 5’-AGAAU- 

AAAUAAGCAAAAUGCCAAA-3’), as well as their 
corresponding mutant (circ_USP36: 5’-CUG- 
GGGAGCCCCACGUGAACGGUUG-3’ and KLF5 
3’UTR mut: 5’-AGAAUAAAUAAGCAAAAACGGU- 
UA-3’) were established by RIBOBIO Co. Ltd. 
(Guangzhou, China). Above luciferase vector 
and mimic NC or miR-182-5p mimic were co-
transfected into 293T cells. Whereafter, the 
luciferase activity was determined using Dual-
Luciferase Reporter detection System (Pro- 
mega Corp., Madison, WI, USA) strictly referring 
to the specifications.

RNA pull-down assay was performed to confirm 
the interaction between miR-182-5p and circ_
USP36 or KLF5. In brief, HUVSMCs were lysed 
in lysis buffer (Ambion, Carsland, CA, USA). 
Then, cell lysate was incubated with Biotinylat- 
ed miR-182-5p (Bio-miR-182-5p) or its nega- 
tive control (Bio-NC), which were synthesized  
by GenePharma Co. Ltd., followed by the addi-
tion of streptavidin magnetic beads (Invitrogen). 
Finally, bound RNA was purified using TRIzol 
Reagent, and then the enrichment of circ_
USP36 and KLF5 was determined by qRT-PCR 
assay.

Statistical analysis

All experiments in this project were performed 
triple times. Data were presented as mean ± 
standard deviation (SD) after analysis using 
SPSS 20.0 (IBM Corp., Armonk, NY, USA). 
Unpaired Student’s t-test was applied for com-
parison of data between two groups, and one-
way analysis of variance (ANOVA) followed by 
Tukey’s post hoc test or Bonferroni post hoc 
test was exploited to analyze difference among 
three or more groups. Besides, correlation 
among circ_USP36, miR-182-5p and KLF5 in 
serum specimens of 45 atherosclerosis pa- 
tients was evaluated by Pearson correlation 
analysis. The statistically significant difference 
indicates P < 0.05.

Results

Circ_USP36 was up-regulated in serum of 
atherosclerosis patients and ox-LDL-induced 
HUVSMCs

We first detected the expression level of circ_
USP36 in serum samples of atherosclerosis 
patients and healthy volunteers. QRT-PCR 
assay manifested that circ_USP36 level was 
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higher in serum of atherosclerosis patients 
than that in healthy control (Figure 1A). 
HUVSMCs were treated with ox-LDL at different 
concentrations for different time. And we found 
that the circ_USP36 expression was gradually 
elevated in a concentration-dependent manner 
(Figure 1B) and in a time-dependent manner 
(Figure 1C). What’s more, HUVSMCs were treat-
ed with 25 μg/mL ox-LDL to stimulate athero-
sclerosis in vitro. For HUVSMCs exposed with 
ox-LDL at this concentration exhibited high lev-
els of ROS production, IL-6, TNF-α and LOX-1 
mRNA (Supplementary Figure 1), indicating ox-
LDL treatment induced oxidative stress and 
inflammation. Collectively, circ_USP36 was up-
regulated in atherosclerosis patients and ox-
LDL-induced HUVSMCs.

Circ_USP36 knockdown inhibited prolifera-
tion, migration and invasion of ox-LDL-induced 
HUVSMCs

To identify the effects of circ_USP36 on the ox-
LDL-induced HUVSMCs, we used si-circ to 
knockdown its expression, the knockdown effi-
ciency was displayed in Figure 2A. Transfection 
with si-circ resulted in about 40% reduction of 
circ_USP36 expression in HUVSMCs, relative to 
cells transfected with si-NC. Afterwards, func-
tional analysis of circ_USP36 was executed. 
The CCK-8 assay revealed that, compared to 
si-NC group, ox-LDL-induced HUVSMCs in si-
circ group showed lower cell viability (Figure 

2B). Apart from this, silencing of circ_USP36 
seemed to promote cell apoptosis of ox-LDL-
induced HUVSMCs (Figure 2E). Following 
Transwell assay demonstrated that circ_USP36 
knockdown obviously suppressed migration 
and invasion abilities of ox-LDL-induced 
HUVSMCs (Figure 2C, 2D). We then performed 
western blot assay to examine the impact of 
circ_USP36 on the levels of N-cad, E-cad and 
MMP9 (metastasis biomarkers), Bax (apoptosis 
biomarker) and PCNA (proliferation biomarker). 
Compared to si-NC, si-circ triggered the down-
regulation of N-cad, MMP9 and PCNA proteins, 
as well as the up-regulation of E-cad and Bax 
proteins in ox-LDL-induced HUVSMCs (Figure 
2F). From above data, we concluded that circ_
USP36 knockdown inhibited proliferation, 
migration and invasion of ox-LDL-induced 
HUVSMCs.

MiR-182-5p was targeted by circ_USP36

QRT-PCR assay uncovered the down-regulation 
of miR-182-5p in serum samples of atheroscle-
rosis patients (Figure 3A) and ox-LDL-induced 
HUVSMCs (Figure 3B, 3C). In addition, miR-
182-5p expression in serum of atherosclerosis 
patients was negatively correlated with circ_
USP36 level, demonstrated by Pearson correla-
tion analysis (Figure 3D). Bioinformatics analy-
sis for circ_USP36 utilizing Starbase 3.0 
revealed that miR-182-5p had complementary 
binding sites with circ_USP36. Dual-luciferase 

Figure 1. Circ_USP36 was up-regulated in serum of atherosclerosis patients and ox-LDL-induced HUVSMCs. A. QRT-
PCR assay for circ_USP36 expression in serum samples of atherosclerosis patients and healthy volunteers (n=45). 
Unpaired t-test was used to compare data with normal distribution and equal variance between two groups. B. QRT-
PCR assay for circ_USP36 expression in HUVSMCs treated with ox-LDL at different concentrations (0 μg/mL, 25 μg/
mL, 50 μg/mL or 75 μg/mL) for 48 h. One-way ANOVA was applied for comparison of data among multiple groups, 
followed by Tukey’s post hoc test. C. QRT-PCR assay for circ_USP36 expression in HUVSMCs treated with 25 μg/mL 
ox-LDL for 0 h, 6 h, 12 h, 24 h or 48 h. Repeated measures of ANOVA were applied for comparison of data at differ-
ent time points, followed by Bonferroni post hoc test. *P < 0.05.
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reporter assay results indicated that introduc-
tion of miR-182-5p reduced the luciferase 
activity of circ_USP36 wt group rather than 
circ_USP36 mut group, in contrast to 293T 
cells co-transfected with mimic NC (Figure 3E). 
The results of RNA pull-down assay revealed 
that Bio-miR-182-5p-enriched circ_USP36 con-
tent was apparently higher than Bio-NC-
enriched one (Figure 3F). Taken together, miR-
182-5p was down-regulated in atherosclerosis 
and ox-LDL-induced HUVSMCs, and was a 
potential target of circ_USP36.

Circ_USP36 knockdown exerted inhibitory 
effects on proliferation and metastasis of ox-
LDL-induced HUVSMCs by up-regulating miR-
182-5p

To clarify whether miR-182-5p participating in 
silencing of circ_USP36-mediated proliferation 
and metastasis inhibition of ox-LDL-induced 
HUVSMCs, we constructed cells with miR-182-
5p down-regulation, with respect to cells trans-
fected with inhibitor NC (Figure 4A). Following 
functional assays showed that miR-182-5p 
deficiency largely weakened circ_USP36 kno- 
ckdown-mediated reduction of cell viability 
(Figure 4B), migration (Figure 4C) and invasion 
(Figure 4D), as well as promotion of cell apopto-
sis (Figure 4E) of ox-LDL-induced HUVSMCs. 
Likewise, the down-regulation of N-cad, MMP9 

and PCNA proteins, as well as the up-regulation 
of E-cad and Bax proteins in ox-LDL-induced 
HUVSMCs with circ_USP36 knockdown were 
recovered by additional miR-182-5p inhibitor 
(Figure 4F). Therefore, circ_USP36 knockdown 
exerted inhibitory effects on proliferation and 
metastasis of ox-LDL-induced HUVSMCs by 
positively regulating miR-182-5p expression.

KLF5 was a target of miR-182-5p

Subsequently, we explored the relative expres-
sion of KLF5 in atherosclerosis patients and ox-
LDL-induced HUVSMCs. As depicted in Figure 
5A, KLF5 mRNA was up-regulated in serum 
samples of atherosclerosis patients in refer-
ence to those of healthy controls. The up-regu-
lation of KLF5 at mRNA and protein levels was 
also observed in ox-LDL-induced HUVSMCs, 
which was detected by qRT-PCR and western 
blot assays (Figure 5B, 5C). The inverse corre-
lation between the expression levels bet- 
ween miR-182-5p and KLF5 mRNA in serum of 
atherosclerosis patients was demonstrated 
(Figure 5D). According to the prediction of 
Starbase 3.0, KLF5 3’UTR had binding region 
with miR-182-5p, and the target interaction 
between miR-182-5p and KLF5 was validated 
by dual-luciferase reporter assay (Figure 5E). 
RNA pull-down assay further confirmed that 
miR-182-5p could directly bind with KLF5 

Figure 2. Circ_USP36 knockdown inhibited proliferation, migration and invasion of ox-LDL-induced HUVSMCs. HU-
VSMCs treated with 25 μg/mL ox-LDL were transfected with blank, si-NC or si-circ. A. QRT-PCR assay for circ_USP36 
expression in ox-LDL-induced HUVSMCs after transfection. Unpaired t-test was used to compare data with normal 
distribution and equal variance between two groups. B. CCK-8 assay for cell viability of ox-LDL-induced HUVSMCs 
after transfection. C, D. Transwell assay for cell migration and invasion of ox-LDL-induced HUVSMCs after transfec-
tion. E. Flow cytometry for cell apoptosis of ox-LDL-induced HUVSMCs after transfection. F. Western blot assay for 
levels of N-cad, E-cad, Bax, MMP9 and PCNA proteins in ox-LDL-induced HUVSMCs after transfection. B-F. One-way 
ANOVA was applied for comparison of data among multiple groups, followed by Tukey’s post hoc test. *P < 0.05.



Circ_USP36 facilitates atherosclerosis development

7862 Am J Transl Res 2020;12(12):7855-7869

Figure 3. MiR-182-5p was targeted by circ_USP36. A. QRT-PCR assay for miR-182-5p expression in serum samples of atherosclerosis patients and healthy volun-
teers (n=45). Unpaired t-test was used to compare data with normal distribution and equal variance between two groups. B. QRT-PCR assay for miR-182-5p expres-
sion in HUVSMCs treated with ox-LDL at different concentrations (0 μg/mL, 25 μg/mL, 50 μg/mL or 75 μg/mL) for 48 h. One-way ANOVA was applied for comparison 
of data among multiple groups, followed by Tukey’s post hoc test. C. QRT-PCR assay for miR-182-5p expression in HUVSMCs treated with 25 μg/mL ox-LDL for 0 h, 
6 h, 12 h, 24 h or 48 h. Repeated measures of ANOVA were applied for comparison of data at different time points, followed by Bonferroni post hoc test. D. Pearson 
correlation analysis for the correlation between the expression levels of circ_USP36 and miR-182-5p in serum samples of atherosclerosis patients (r=-0.552, P < 
0.001). E. Dual-luciferase reporter assay for the luciferase activity of 293T cells in circ_USP36 wt and circ_USP36 mut groups. Unpaired t-test was used to compare 
data with normal distribution and equal variance between two groups. F. RNA pull-down and qRT-PCR assays for the enrichment of circ_USP36 in HUVSMCs at Bio-
NC and Bio-miR-182-5p groups. Unpaired t-test was used to compare data with normal distribution and equal variance between two groups. *P < 0.05.
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Figure 4. Circ_USP36 knockdown exerted inhibitory effects on proliferation and metastasis of ox-LDL-induced HUVSMCs by up-regulating miR-182-5p. A. QRT-PCR 
assay for miR-182-5p expression in 25 μg/mL ox-LDL-induced HUVSMCs transfected with inhibitor NC or miR-182-5p inhibitor. Unpaired t-test was used to compare 
data with normal distribution and equal variance between two groups. B-F. Ox-LDL-induced HUVSMCs were transfected with blank, si-NC, si-circ, si-circ + inhibitor 
NC or si-circ + miR-182-5p inhibitor. One-way ANOVA was applied for comparison of data among multiple groups, followed by Tukey’s post hoc test. B. CCK-8 assay 
for cell viability of ox-LDL-induced HUVSMCs after transfection. C, D. Transwell assay for cell migration and invasion of ox-LDL-induced HUVSMCs after transfection. 
E. Flow cytometry for cell apoptosis of ox-LDL-induced HUVSMCs after transfection. F. Western blot assay for levels of N-cad, E-cad, Bax, MMP9 and PCNA proteins 
in ox-LDL-induced HUVSMCs after transfection. *P < 0.05.
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Figure 5. KLF5 was a target of miR-182-5p. (A) QRT-PCR assay for KLF5 mRNA expression in serum samples of atherosclerosis patients and healthy volunteers 
(n=45). Unpaired t-test was used to compare data with normal distribution and equal variance between two groups. (B and C) QRT-PCR and western blot assays for 
KLF5 mRNA (B) and protein (C) expression in HUVSMCs treated with 0 μg/mL, 25 μg/mL, 50 μg/mL or 75 μg/mL ox-LDL for 0 h, 6 h, 12 h, 24 h or 48 h. One-way 
ANOVA was applied for comparison of data among multiple groups, followed by Tukey’s post hoc test. Repeated measures of ANOVA were applied for comparison of 
data at different time points, followed by Bonferroni post hoc test. (D) Pearson correlation analysis for the correlation between the expression levels of miR-182-5p 
and KLF5 mRNA in serum samples of atherosclerosis patients (r=-0.5014, P < 0.001). (E) Dual-luciferase reporter assay for the luciferase activity of 293T cells in 
KLF5 3’UTR wt and KLF5 3’UTR mut groups. Unpaired t-test was used to compare data with normal distribution and equal variance between two groups. (F) RNA 
pull-down assay for the binding ability between miR-182-5p and KLF5 in HUVSMCs. Unpaired t-test was used to compare data with normal distribution and equal 
variance between two groups. *P < 0.05.
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(Figure 5F). Collectively, KLF5 was a target of 
miR-182-5p.

MiR-182-5p could repress the proliferation 
and metastasis of ox-LDL-induced HUVSMCs 
by targeting KLF5

Having known that circ_USP36 could target 
miR-182-5p to alter the cellular behaviors of ox-
LDL-induced HUVSMCs, we then investigated 
the regulatory effects of miR-182-5p/KLF5 on 
ox-LDL-induced HUVSMCs. KLF5 mRNA was 
overexpressed in HUVSMCs by introduction 
with oe-KLF5, with respect to cells transfected 
with vector (Figure 6A, 6B). As shown in Figure 
6C-F, compared with mimic NC group, miR-182-
5p up-regulation significantly restrained cell 
viability, migration and invasion, but contribut-
ed to cell apoptosis of ox-LDL-induced HUV- 
SMCs, which all reversed by additional oe-
KLF5. Moreover, gain of miR-182-5p-induced 
the down-regulated N-cad, MMP9 and PCNA 
proteins, as well as the up-regulated E-cad and 
Bax proteins in ox-LDL-treated HUVSMCs were 
all attenuated via co-transfection with oe-KLF5 
(Figure 6G). Above results suggested that KLF5 
overexpression mitigated the repressed effects 
of miR-182-5p on ox-LDL-stimulated HUVSMCs.

Circ_USP36 regulated KLF5 expression by an-
tagonizing miR-182-5p

As circ_USP36 targeted miR-182-5p and KLF5 
was a target of miR-182-5p, we then analyzed 
the impact of circ_USP36 on KLF5 expression 
level. As displayed in Figure 7A, 7B, circ_USP36 
knockdown down-regulated the mRNA and pro-
tein levels of KLF5, while silencing of miR-182-
5p reverted it. Collectively, circ_USP36 posi-
tively regulated KLF5 expression by sponging 
miR-182-5p.

Discussion

In this study, we found that circ_USP36 expres-
sion was up-regulated in atherosclerosis pa- 
tients and was induced by ox-LDL in HUVSMCs. 
Depletion of circ_USP36 or introduction of miR-
182-5p blocked proliferation and metastasis of 
ox-LDL-induced HUVSMCs. Meanwhile, circ_
USP36 targeted miR-182-5p to up-regulate 
KLF5 abundance. Circ_USP36/miR-182-5p/
KLF5 axis played a vital part in atherosclerosis 
development.

The key steps of pathogenesis of atheroscl- 
erosis contain vascular smooth muscle cell 
migration and proliferation, and accumulation 
of LDL [11, 22]. Ox-LDL could contribute to ath-
erosclerosis progression, which was usually 
used to simulate atherosclerosis in vitro [23]. 
Extensive works testified the important role of 
circRNAs in atherosclerosis progression [9, 24]. 
What’s more, the dysregulation of circ_USP36 
in human umbilical vein endothelial cells ex- 
posed with ox-LDL [11, 25] promoted us to 
investigate the functional effects of circ_USP36 
on atherosclerosis evolvement. In this study, 
HUVSMCs treated with 25 μg/mL ox-LDL were 
subjected for functional assays. From our 
experimental data, the up-regulation of circ_
USP36 was also detected in atherosclerosis 
patients and ox-LDL-induced HUVSMCs. In 
addition, depletion of circ_USP36 triggered the 
proliferation and metastasis inhibition of ox-
LDL-induced HUVSMCs, in keeping with preced-
ing report [26]. As a consequence, we inferred 
that circ_USP36 acted stimulated role in 
atherosclerosis.

Mechanistically, many circRNAs could serving 
as sponges of miRNAs to regulate the biological 
behaviors of mammalian cells [27]. More than 
that, circRNA-miRNA-mRNA axis was reported 
to partake in the pathological evolvement of 
CVDs, including atherosclerosis [28]. Circ_
USP36 was identified as a potential biomarker 
for cerebral atherosclerosis, and it stimulated 
ectopic inactivation in endothelial cells by  
modulating miR-370/TGFβR2/phospho-SMA- 
D3 axis [26]. In the current project, miR-182-5p 
was identified as a target miRNA of circ_USP36, 
as demonstrated by online forecast and experi-
ment validation.

MiR-182-5p is a mature form of miR-182, rec-
ognized as an oncology-related miRNA closely 
associated with the initiation and development 
of many human tumors [29, 30]. Besides, miR-
182-5p could alter the chemoresistance [31] or 
chemosensitivity [32] of tumor cells. MiR-182-
5p was involved in with unprotected left main 
coronary artery disease [33] and myocardial 
infarction [34]. Nevertheless, investigation pa- 
per about the function of miR-182-5p in athero-
sclerosis is few now. Only Qin et al. reported 
that miR-182-5p had important regulatory 
effect on ox-LDL induced atherosclerosis [19]. 
Similarly, we also discovered that miR-182-5p 
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Figure 6. MiR-182-5p could repress the proliferation and metastasis of ox-LDL-induced HUVSMCs by targeting KLF5. (A and B) QRT-PCR and western blot assays 
for KLF5 mRNA (A) and protein (B) expression in HUVSMCs transfected with vector or oe-KLF5. Unpaired t-test was used to compare data with normal distribution 
and equal variance between two groups. (C-G) Ox-LDL-induced HUVSMCs were transfected with blank, mimic NC, miR-182-5p mimic, miR-182-5p mimic + vector or 
miR-182-5p mimic + oe-KLF5. One-way ANOVA was applied for comparison of data among multiple groups, followed by Tukey’s post hoc test. (C) CCK-8 assay for cell 
viability of ox-LDL-induced HUVSMCs after transfection. (D and E) Transwell assay for cell migration and invasion of ox-LDL-induced HUVSMCs after transfection. (F) 
Flow cytometry for cell apoptosis of ox-LDL-induced HUVSMCs after transfection. (G) Western blot assay for levels of N-cad, E-cad, Bax, MMP9 and PCNA proteins in 
ox-LDL-induced HUVSMCs after transfection. *P < 0.05.
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enrichment was declined in atherosclerosis 
patients, inversely correlated with circ_USP36 
level. MiR-182-5p was also down-regulated in 
ox-LDL-induced HUVSMCs, and its inhibitors 
largely undermined circ_USP36 knockdown-
mediated proliferation and metastasis reduc-
tion of ox-LDL-induced HUVSMCs. Thus, we 
speculated that circ_USP36 sponged miR-182-
5p to affect the cellular behaviors of ox-LDL-
induced HUVSMCs.

Based on miRNA targeting rules, miRNAs could 
target mRNAs and induce translational repres-
sion to exert their function [35]. MiR-182-5p 
was reported to function in chondrogenesis 
and idiopathic pulmonary fibrosis by targeting 
PTHLH and Smad7, respectively [36, 37]. In ox-
LDL induced atherosclerosis, miR-182-5p hin-
dered oxidative stress and apoptosis by de- 
creasing TLR4 expression [19]. In this study, 
KLF5 was predicted and validated to be a 
downstream mRNA of miR-182-5p.

KLF5 is a crucial member of KLF family, a group 
of DNA-binding transcriptional regulators, with 
various functions in multiple cellular processes 
during cancers and cardiovascular diseases 
[38]. KLF5 was confirmed to be a target gene of 
miR-152 and miR-145 to partake in the regula-
tion of malignant progression of atherosclero-
sis [39, 40]. In this study, we detected the up-
regulation of KLF5 in atherosclerosis patients 
and ox-LDL-induced HUVSMCs, in consistent 
with earlier reports [39-41]. And KLF5 almost 

on cell proliferation, migration and invasion,  
as well as the enhanced impact on cell apopto-
sis. Therefore, circ_USP36 might be a poten- 
tial molecular therapeutic target for athero- 
sclerosis.
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Supplementary Figure 1. Ox-LDL induced oxidative stress and inflammation in HUVSMCs. HUVSMCs were exposed with 0 μg/mL or 25 μg/mL ox-LDL. (A) ROS level 
in ox-LDL-induced HUVSMCs assayed by commercial kit. (B, C) Concentration of IL-6 (B) and TNF-α (C) in ox-LDL-induced HUVSMCs examined by corresponding ELISA 
kits. (D) QRT-PCR assay for relative expression of LOX-1 mRNA in ox-LDL-induced HUVSMCs. Unpaired t-test was used to compare data with normal distribution and 
equal variance between two groups. *P < 0.05.


