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Abstract. Atherosclerosis is a disease during which the inside 
of an artery narrows due to the accumulation of plaque, and 
vascular smooth muscle cells (VSMCs) are involved in the 
progression of atherosclerosis. Circular RNAs (circRNAs) 
have been reported to be involved in the progression of athero-
sclerosis. However, the role of circ_0010283 in atherosclerosis 
progression remains unclear. The present study aimed to 
investigate the functions and the mechanism of circ_0010283 
in oxidized low‑density lipoprotein (ox‑LDL)‑induced VSMCs 
and to identify new potential biomarkers for the treatment of 
atherosclerosis. Cell viability and migration were examined by 
3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
and Transwell assays. The relationship between microRNA 
(miR)‑370‑3p and circ_0010283 or high mobility group box 1 
(HMGB1) was predicated by online software and confirmed by 
dual‑luciferase reporter assay and RNA immunoprecipitation 
assay. The results of the present study demonstrated that the 
expression levels of circ_0010283 and HMGB1 were signifi-
cantly upregulated in ox‑LDL‑induced VSMCs compared 
with those in VSMCs without ox‑LDL induction, whereas the 
expression of miR‑370‑3p was downregulated. Knockdown 
of circ_0010283 suppressed VSMC viability and migration, 
as well as the expression of viability‑associated proteins 
cyclin D1 and proliferating cell nuclear antigen, and migra-
tion‑associated proteins matrix metalloproteinase 2 (MMP2) 
and MMP9 in ox‑LDL‑induced VSMCs compared with 
untreated VSMCs. In addition, miR‑370‑3p was demonstrated 
to be a target of circ_0010283 and to target HMGB1; thus, 
circ_0010283 regulated HMGB1 expression via miR‑370‑3p. 

Further experiments indicated that inhibition of miR‑370‑3p 
reversed the circ_0010283 silencing‑mediated inhibitory 
effects on VMSC viability and migration. Additionally, the 
miR‑370‑3p‑mediated suppressive effects on cell viability 
and migration were rescued by overexpression of HMGB1. 
In conclusion, circ_0010283 mediated cell viability and 
migration via a miR‑370‑3p/HMGB1 axis in ox‑LDL‑induced 
VSMCs.

Introduction

Atherosclerosis, a class of vascular diseases, is the main 
cause of heart disease and stroke (1). Atherosclerosis induces 
thrombus formation by disrupting the integrity of the arterial 
surface (2). Vascular smooth muscle cells (VSMCs) have been 
reported to be involved in the remodeling of the arterial wall 
in atherosclerosis (3), and their viability and migration serve 
a vital role in the progression of atherosclerosis (4,5). Thus, it 
is imperative to determine the pathogenesis of atherosclerosis 
and the roles of VSMCs in atherosclerosis.

Circular RNAs (circRNAs) are a type of single‑stranded 
RNAs with a covalently closed continuous loop that are 
produced by backsplicing  (6) and are resistant to exonu-
clease‑mediated degradation  (7). Numerous studies have 
demonstrated that circRNAs are associated with cardiac 
repair (8), silica‑induced macrophage activation (9), pulmo-
nary arterial hypertension  (10) and atherosclerosis  (11). 
Microarray analysis has revealed that circ_0010283 is upregu-
lated in oxidized low‑density lipoprotein (ox‑LDL)‑induced 
VSMCs  (12). However, the regulatory mechanism of 
circ_0010283 in atherosclerosis needs to be further 
investigated.

MicroRNAs (miRNAs) are short (~22  nucleotides) 
conserved non‑coding RNAs that mediate gene expression by 
binding to the 3'‑untranslated region (3'UTR) of target mRNAs 
at the post‑transcriptional level (13). Emerging evidence has 
revealed a core position of miRNAs in the regulation of athero-
sclerosis progression (14,15). miR‑370‑3p has been reported 
to be associated with a number of human diseases including 
acute pneumonia, cerebral aneurysm and tuberculosis (16‑18), 
and a previous study has demonstrated that miR‑370‑3p regu-
lates coronary atherosclerosis progression (19). However, the 
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precise mechanism of miR‑370‑3p in regulating atherosclerosis 
progression remains to be studied.

High‑mobility group box 1 (HMGB1) has been reported 
to participate in the regulation of atherosclerosis progres-
sion. Wu  et  al  (20) demonstrated that miR‑328 mitigated 
ox‑LDL‑induced endothelial cell injury by targeting HMGB1 
in atherosclerosis. Moreno et al (21) reported that HMGB1 
was highly expressed in atherosclerotic plaques. Therefore, 
HMGB1 may be a treatment target for atherosclerosis, and the 
regulatory mechanism of HMGB1 needs to be explored.

The aim of the present study was to investigate the poten-
tial diagnostic biomarkers for atherosclerosis and to further 
understand the function and underlying regulatory mechanism 
of circ_0010283 in ox‑LDL‑induced VSMCs.

Materials and methods

Cell culture and treatment. Human vascular smooth 
muscle cells (VSMCs) were purchased from Otwo Biotech 
(Shenzhen), Inc. McCoy's 5A medium (Sigma‑Aldrich; 
Merck KGaA) supplemented with 10% fetal bovine serum 
(FBS) (Sigma‑Aldrich; Merck KGaA) was used to culture the 
cells in an atmosphere containing 5% CO2 at 37˚C. Ox‑LDL 
(Peking Union‑Biology Co., Ltd.) was used to induce an aber-
rant lipid environment. Transfected cells were cultured in 
the medium with ox‑LDL at concentrations ranging between 
0 and 150 µg/ml for 24, 48 and 72 h (Fig. S1), and the normal 
control cells were cultured in medium without ox‑LDL.

Cell transfection. Small interfering RNA (siRNA) against 
circ_0010283 (si‑circ_0010283, 5'‑GCA​GTC​ATC​TAC​AGA​
TCA​A‑3'), miR‑370‑3p mimic (referred to as miR‑370‑3p, 
5'‑GCC​UGC​UGG​GGU​GGA​ACC​UGG​U‑3') and miR‑370‑3p 
inhibitor (anti‑miR‑370‑3p, 5'‑ACC​AGG​UUC​CAC​CCC​AGC​
AGG​C‑3'), as well as the corresponding negative controls 
(si‑NC, 5'‑CCA​AAA​CCA​GGC​UUU​GAU​UGA‑3'; miR‑NC, 
5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT‑3'; and anti‑miR‑NC, 
5'‑UCU​ACU​CUU​UCU​AGG​AGG​UUG​UGA‑3') were obtained 
from Shanghai GenePharma Co., Ltd. HMGB1 overexpression 
pcDNA3.1‑plasmid (referred to as HMGB1) and its negative 
control (referred to as vector) were acquired from Guangzhou 
RiboBio Co., Ltd. VSMCs (1x105 cells/well) were transfected 
with 100 nM plasmids using Lipofectamine® 2000 reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. After 6‑h transfection at 37˚C, 
the medium was replaced with fresh medium with or without 
ox‑LDL at 37˚C. The transfected cells were harvested after 48 h 
for use in subsequent experiments. The efficiency of transfection 
was measured by reverse transcription‑quantitative (RT‑q)PCR.

3‑(4,5‑Dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bromide 
(MTT) assay. Briefly, transfected and 100 µg/ml ox‑LDL‑treated 
VSMCs were seeded into 96‑well plates (1x105 cells/well) and 
incubated for 24, 48 or 72 h. Subsequently, 20 µl MTT solution 
(5 mg/ml; Sigma‑Aldrich; Merck KGaA) was added to the well 
to incubate at 37˚C for 4 h; then, the medium was discarded, and 
200 µl dimethyl sulfoxide (Sigma‑Aldrich; Merck KGaA) was 
added to the well. The optical density values were determined 
at 490 nm using the microplate reader (Bio‑Rad Laboratories, 
Inc.).

RNA isolation, RT‑qPCR and RNase R treatment. Total RNA 
was isolated using TRIzol® reagent (Sigma‑Aldrich; Merck 
KGaA) and reverse‑transcribed to complementary DNA using 
a PrimeScript RT Master Mix kit (Takara Biotechnology 
Co., Ltd.) according to the manufacturer's instructions. The 
qPCR was performed using a SYBR® Green PCR Master 
Mix (Vazyme Biotech Co., Ltd.), and the data were analyzed 
using the 2‑ΔΔCq method (22). U6 was used as the control of 
miR‑370‑3p, and circ_0010283 and HMGB1 expression was 
normalized to β‑actin. The primers used in this study were 
as follows: circ_0010283 forward, 5'‑GAG​GTG​ATG​AAC​
CAC​CCT​GG‑3' and reverse, 5'‑CTG​AGC​TGG​CTG​TAA​CCA​
CA‑3'; linear mRNA ubiquitin protein ligase E3 component 
n‑recognin 4 (UBR4) forward, 5'‑GGT​GTT​CCA​GAG​GCT​
AGT​GAT​C‑3' and reverse, 5'‑CCA​ACT​GCT​TCT​GCG​GTT​
CCT​T‑3'; miR‑370‑3p forward, 5'‑TGT​AAC​CAG​AGA​GCG​
GGA​TGT‑3' and reverse, 5'‑TTT​TGG​CAT​AAC​TAA​GGC​
CGA​A‑3'; HMGB1 forward, 5'‑GCG​GAC​AAG​GCC​CGT​
TA‑3' and reverse, 5'‑AGA​GGA​AGA​AGG​CCG​AAG​GAA‑3'; 
β‑actin forward, 5'‑GCA​CCA​CAC​CTT​CTA​CAA​TG‑3' and 
reverse, 5'‑TGC​TTG​CTG​ATC​CAC​ATC​TG‑3'; U6 forward, 
5'‑TCC​GGG​TGA​TGC​TTT​TCC​TAG‑3' and reverse, 5'‑CGC​
TTC​ACG​AAT​TTG​CGT​GTC​AT‑3'; GAPDH forward, 5'‑GAG​
TCA​ACG​GAT​TTG​GTC​GT‑3' and reverse, 5'‑TTG​ATT​TTG​
GAG​GGA​TCT​CG‑3'.

Purified RNAs were treated with RNase R (Vazyme 
Biotech Co., Ltd.) for subsequent experiments. circRNA 
stability was assessed by RNase R experiment. The extracted 
RNAs from VSMCs was separated into two parts; one part 
was treated with RNase R digestion, whereas the other part 
(control) was digested with digestion buffer. The expression 
level of circ_0010283 and linear UBR4 mRNA were measured 
by RT‑qPCR.

Nuclear‑cytoplasmic fractionation. Cytoplasmic and nuclear 
RNAs were isolated using the NE‑PER™ Nuclear and 
Cytoplasmic Extraction reagents (Thermo Fisher Scientific, 
Inc.) according to the manufacturer's protocol as previ-
ously described (23). Briefly, following washing with PBS, 
100 µg/ml ox‑LDL‑treated VSMCs were centrifuged at 4˚C 
to separate the supernatant containing cytoplasm from the 
nuclear components. Subsequently, the cytoplasmic and 
nuclear fractions were mixed with the lysis/binding solution 
and ethanol, respectively. The RNAs of these two fractions 
were obtained with an eluting solution. RT‑qPCR was used to 
examine circ_0010283 expression in the cell cytoplasm and 
nucleus.

Western blotting. Proteins from VSMCs with or without 
ox‑LDL treatment were isolated using RIPA buffer (Vazyme 
Biotech Co., Ltd.), and the protein concentration was 
determined by Detergent Compatible Bradford Protein 
Quantification kit (Vazyme Biotech Co., Ltd.). Equal amounts 
of protein (20 µg/lane) were separated by 10% sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS‑PAGE) 
and subsequently transferred to polyvinylidene difluoride 
(PVDF) membranes (Vazyme Biotech Co., Ltd.), followed by 
blocking with 5% skimmed milk (Vazyme Biotech Co., Ltd.) 
for 2 h at 37˚C and washing with phosphate‑buffered saline 
(PBS). Subsequently, the membranes were incubated with 
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the following primary antibodies: Anti‑cyclin D1 (1:1,000; 
cat.  no.  ab16663; Abcam), anti‑proliferating cell nuclear 
antigen (PCNA; 1:2,000; cat. no. ab18197; Abcam), anti‑matrix 
metalloproteinase 2 (MMP2; 1:3,000; cat.  no.  ab97779; 
Abcam), anti‑MMP9 (1:1,000; cat.  no.  ab38898; Abcam) 
and anti‑HMGB1 (1:1,000; cat.  no.  ab18256; Abcam) or 
anti‑glyceraldehyde 3‑phosphate dehydrogenase (GAPDH; 
1:2,500; cat. no. ab9485; Abcam) overnight at 4˚C. Following 
washing with PBS, the membranes were incubated with a 
horseradish peroxidase‑conjugated anti‑rabbit IgG secondary 
antibody (1:3,000; cat. no. ab205718; Abcam) for 3 h at 37˚C. 
The membranes were analyzed using the ChemiDoc™ MP 
Imaging System (Bio‑Rad Laboratories, Inc.) following 
treatment with an ECL kit (Vazyme Biotech Co., Ltd.).

Transwell assay. Transwell chambers (Beijing Solarbio 
Science & Technology Co., Ltd.) were used to determine the 
cell migratory capacity. Transfected cells (1x105 cells/well) 
were seeded into the upper chamber, and medium containing 
10% FBS was placed in the lower chamber. Following treat-
ment with crystal violet for 10 min at 37˚C (Beijing Solarbio 
Science & Technology Co., Ltd.), the cells were analyzed 
under an inverted light microscope (MTX Lab Systems, Inc.) 
in five random fields of view at x100 magnification.

Dual‑luciferase reporter assay. The potential complemen-
tary sequences of miR‑370‑3p and circ_0010283 or HMGB1 
were predicted using starBase  (24). The wild‑type (WT) 
sequences of circ_0010283 or HMGB1 3'UTR harboring 
the target sites of miR‑370‑3p were inserted into pGL3 
vectors (Promega Corporation) to generate the luciferase 
reporter vectors circ_0010283 WT or HMGB1 3'UTR WT. 
Analogously, circ_0010283 mutant (MUT) and HMGB1 
3'UTR MUT reporter vectors were established by mutating 
the binding sites of miR‑370‑3p. The vectors were co‑trans-
fected with miR‑370‑3p or miR‑NC into VSMCs using 
Lipofectamine® 2000. The Dual‑Glo Luciferase Assay System 
kit (Promega Corporation) was used to determine the relative 
luciferase activity. Firefly luciferase activity was normalized 
to Renilla luciferase.

RNA immunoprecipitation (RIP) assay. RIP was performed 
using a Magna RIP RNA‑Binding Protein Immunoprecipitation 
kit (EMD Millipore) according to the manufacturer's instruc-
tions. Briefly, ox‑LDL treated VSMCs were first washed 
with PBS. Then, the cells were centrifuged at 1,000 x g for 
5 min at 4˚C, lysed with RIP buffer (200 µl) and incubated 
with magnetic beads conjugated with an anti‑argonaute 2 
(anti‑Ago2) antibody (EMD Millipore), and an anti‑immuno-
globulin G (anti‑IgG) antibody (EMD Millipore) was used as 
the negative control. The protein was removed by Proteinase K. 
The immunoprecipitated RNA was purified and analyzed by 
RT‑qPCR.

Statistical analysis. Experimental data were calculated using 
GraphPad Prism 7 (GraphPad Software, Inc.) and presented 
as the mean ± standard deviation. Student's t‑test was used to 
analyze the differences between two independent groups. For 
multiple groups, one‑way analysis of variance with Tukey's post 
hoc test was used to evaluate the differences. All experiments 

were repeated independently at least three times. P<0.05 was 
considered to indicate a statistically significant difference.

Results

circ_0010283 is induced by ox‑LDL and contributes to 
the viability and migration of ox‑LDL‑induced VSMCs. 
Ox‑LDL has been reported to regulate the viability of 
VSMCs (25). In the present study, VSMCs were first treated 
with ox‑LDL at concentrations ranging from 0 to 150 µg/ml 
for 24, 48 and 72 h. The results demonstrated that the viability 
of VSMCs was gradually induced with the increasing 
concentration of ox‑LDL between 0  and  100  µg/ml and 
treatment time (Fig.  S1). Therefore, VSMCs were treated 
with 100 µg/ml ox‑LDL for 48 or 72 h, or treated with 75 or 
100 µg/ml ox‑LDL for 72 h, and the level of circ_0010283 
was measured. As demonstrated in Fig. 1A and B, the expres-
sion of circ_0010283 was significantly increased by ox‑LDL 
at different time points (48  and  72  h) and concentrations 
(75  and  100  µg/ml) in VSMCs compared with untreated 
cells. In addition, circ_0010283 was mainly distributed in the 
cytoplasm (Fig. 1C). Compared with linear UBR4 mRNA, 
circ_0010283 was more resistant to RNase  R (Fig.  1D). 
These results suggested that circ_0010283 may function in 
atherosclerosis progression. Thus, the role of circ_0010283 in 
ox‑LDL‑induced VSMCs was explored. VSMCs were treated 
with ox‑LDL, ox‑LDL + si‑NC or ox‑LDL + si‑circ_0010283, 
and the knockdown efficiency of si‑circ_0010283 in 
VSMCs treated with ox‑LDL or without treatment was veri-
fied by RT‑qPCR (Figs. 1E and S2A). MTT assay results 
demonstrated that downregulation of circ_0010283 notably 
suppressed ox‑LDL‑induced viability in VSMCs (Fig. 1F). 
In addition, circ_0010283 silencing decreased the levels of 
the viability‑associated proteins cyclin D 1 and PCNA in 
ox‑LDL‑induced VSMCs compared with those in the ox‑LDL 
+ si‑NC group (Fig. 1G). The migration of ox‑LDL‑induced 
VSMCs was also repressed by circ_0010283 knockdown 
compared with that of VMSCs transfected with si‑NC (Fig. 1H). 
Additionally, ox‑LDL‑induced MMP2 and MMP9 levels were 
downregulated by si‑circ_0010283 in VSMCs treated with 
ox‑LDL (Fig. 1I) Therefore, the results of the present study 
suggested that circ_0010283 may serve a promoting role in the 
viability and migration of ox‑LDL‑induced VSMCs.

circ_0010283 regulates cell viability and migration by 
targeting miR‑370‑3p in ox‑LDL‑induced VSMCs. circRNAs 
have been reported to regulate a number of human diseases by 
interacting with miRNAs (26,27). The potential miRNA targets 
for circ_0010283 were screened in the present study using the 
starBase database, and the results demonstrated that miR‑370‑3p 
harbored the binding sites of circ_0010283  (Fig.  2A). To 
verify the interaction between circ_0010283 and miR‑370‑3p, 
dual‑luciferase and RIP assays were performed. The 
dual‑luciferase reporter assay results revealed that miR‑370‑3p 
significantly diminished the luciferase activity of circ_0010283 
WT, but not that of circ_0010283 MUT (Fig. 2B). The results 
of the RIP assay demonstrated that the relative enrichment of 
circ_0010283 and miR‑370‑3p was higher in the anti‑Ago2 
group compared with that in anti‑IgG group (Fig. 2C). In addi-
tion, the expression levels of miR‑370‑3p were downregulated 
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in ox‑LDL‑induced VSMCs compared with those in the control 
group (Fig. 2D and E). circ_0010283 silencing increased the 
expression level of miR‑370‑3p in ox‑LDL‑induced VSMCs 
compared with that in the group transfected with si‑NC alone 

(Fig. 2F). Subsequently, the overexpression or inhibition effi-
ciency of miR‑370‑3p mimic or anti‑miR‑370‑3p in VSMCs 
was verified by RT‑qPCR (Fig. S2B and C). VSMCs were 
treated with ox‑LDL, ox‑LDL + si‑circ_0010283 or ox‑LDL + 

Figure 1. circ_0010283 expression is induced by ox‑LDL and facilitates the viability and migration of ox‑LDL‑induced VSMCs. (A) The expression levels 
of circ_0010283 in VSMCs treated with 100 µg/ml ox‑LDL or for 48 or 72 h and untreated cells were determined by RT‑qPCR. (B) The expression levels of 
circ_0010283 in VSMCs treated with 75 or 100 µg/ml ox‑LDL for 72 h was detected by RT‑qPCR. (C) The expression levels of circ_0010283 in the nucleus 
and the cytoplasm were detected by RT‑qPCR. GAPDH and U6 were used as positive controls in the nucleus and cytoplasm, respectively. (D) The relative 
expression levels of circ_0010283 in VSMCs treated with RNase R or not were measured by RT‑qPCR. (E) The levels of circ_0010283 in VSMCs treated 
with 100 µg/l ox‑LDL or ox‑LDL + si‑circ_0010283 and the corresponding controls was determined by RT‑qPCR. (F) The viability of VSMCs treated with 
100 µg/ml ox‑LDL or ox‑LDL + si‑circ_0010283 and the corresponding controls was determined by MTT assay. (G) The protein levels of cyclin D1 and PCNA 
were detected by western blotting in VSMCs treated with 100 µg/ml ox‑LDL or ox‑LDL + si‑circ_0010283 and the corresponding controls. (H) The migration 
of VSMCs treated with 100 µg/ml ox‑LDL or ox‑LDL + si‑circ_0010283 and the corresponding controls was evaluated by Transwell assay. (I) The protein 
levels of MMP2 and MMP9 were measured by western blotting in VSMCs treated with 100 µg/ml ox‑LDL or ox‑LDL + si‑circ_0010283 and the corresponding 
controls. *P<0.05. VMSCs, vascular smooth muscle cells; ox‑LDL, oxidized low‑density lipoprotein; RT‑qPCR, reverse transcription‑quantitative PCR; 
si, small interfering; circ, circular RNA; NC, negative control; PCNA, proliferating cell nuclear antigen; MMP, matrix metalloproteinase; OD, optical density.
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Figure 2. circ_0010283 regulates cell viability and migration by targeting miR‑370‑3p in ox‑LDL‑induced VSMCs. (A) The putative binding sites between 
circ_0010283 and miR‑370‑3p were predicted by starBase. (B) The luciferase activity of circ_0010283 WT and circ_0010283 MUT was detected in VSMCs 
co‑transfected with miR‑370‑3p or miR‑NC. (C) The RIP assay was performed to determine the interaction between circ_0010283 and miR‑370‑3p, and 
anti‑IgG was used as the control. (D) The expression of miR‑370‑3p in VSMCs treated with 0 or 100 µg/ml ox‑LDL for 48 or 72 h was assessed by RT‑qPCR. 
(E) The level of miR‑370‑3p in VSMCs treated with 75 or 100 µg/ml ox‑LDL for 72 h was measured by RT‑qPCR. (F) The expression of miR‑370‑3p in VSMCs 
transfected with si‑circ_0010283 or si‑NC was determined by RT‑qPCR. (G) The levels of miR‑370‑3p in VSMCs treated with 100 µg/ml ox‑LDL, ox‑LDL 
+ si‑circ_0010283 or ox‑LDL + si‑circ_0010283 + anti‑miR‑370‑3p as well as the corresponding controls were assessed by RT‑qPCR. (H) The viability of 
VSMCs treated with 100 µg/ml ox‑LDL, ox‑LDL + si‑circ_0010283 or ox‑LDL + si‑circ_0010283 + anti‑miR‑370‑3p as well as the corresponding controls 
was determined by an MTT assay. (I) The protein levels of cyclin D1 and PCNA in VSMCs treated with 100 µg/ml ox‑LDL, ox‑LDL + si‑circ_0010283 or 
ox‑LDL + si‑circ_0010283 + anti‑miR‑370‑3p as well as the corresponding controls were determined by western blotting. (J) The migratory ability of VSMCs 
treated with 100 µg/ml ox‑LDL, ox‑LDL + si‑circ_0010283 or ox‑LDL + si‑circ_0010283 + anti‑miR‑370‑3p as well as the corresponding controls was 
assessed by Transwell assay. (K) The protein levels of MMP2 and MMP9 in VSMCs treated with 100 µg/ml ox‑LDL, ox‑LDL + si‑circ_0010283 or ox‑LDL + 
si‑circ_0010283 + anti‑miR‑370‑3p as well as the corresponding controls were detected by western blotting. *P<0.05. VMSCs, vascular smooth muscle cells; 
ox‑LDL, oxidized low‑density lipoprotein; RT‑qPCR, reverse transcription‑quantitative PCR; si, small interfering; circ, circular RNA; NC, negative control; 
miR, microRNA; WT, wild‑type; MUT, mutant; RIP, RNA immunoprecipitation; Ago2, argonaute 2; IgG, immunoglobulin G; OD, optical density.
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si‑circ_0010283 + anti‑miR‑370‑3p to investigate the interaction 
between circ_0010283 and miR‑370‑3p. The RT‑qPCR results 
demonstrated that circ_0010283 silencing‑induced miR‑370‑3p 
level was reduced by anti‑miR‑370‑3p in ox‑LDL‑induced 
VSMCs (Fig. 2G). In addition, anti‑miR‑370‑3p rescued the 
si‑circ_0010283‑suppressed viability of ox‑LDL‑induced 
VSMCs (Fig. 2H and I). The circ_0010283 knockdown‑medi-
ated inhibitory effect on cell migration was also partly reversed 
by anti‑miR‑370‑3p. As demonstrated by the migratory rates and 
MMP2 and MMP9 levels, co‑transfection with si‑circ_0010283 
+ anti‑miR‑370‑3p partially restored the suppressive effects of 
si‑circ_0010283 on the migratory rate and the expression of 
MMP2 and MMP9 in ox‑LDL‑induced VSMCs (Fig. 2J and K). 
These results suggested that circ_0010283 affected the viability 
and migration of ox‑LDL‑induced VSMCs by targeting 
miR‑370‑3p.

circ_0010283 regulates HMGB1 expression via miR‑370‑3p. 
To further determine the regulatory mechanism of 
miR‑370‑3p, its possible target genes were predicted by 
starBase, which identified that miR‑370‑3p could bind to the 
3'UTR of HMGB1 (Fig. 3A). This interaction was confirmed 
by the dual‑luciferase reporter assay (Fig. 3B). The mRNA 
and protein levels of HMGB1 were also measured, and the 
results demonstrated that HMGB1 was upregulated in VSMCs 
treated with 100 µg/ml ox‑LDL for 48 or 72 h (Fig. 3C and D). 
Analogously, the expression level of HMGB1 was signifi-
cantly increased in VSMCs treated with 75 or 100 µg/ml 
ox‑LDL for 72 h (Fig. 3E and F). In addition, miR‑370‑3p 
mimics decreased the mRNA and protein levels of HMGB1 
(Fig. 3G and H). Knockdown of circ_0010283 downregulated 
HMGB1 expression, whereas anti‑miR‑370‑3p reversed this 
effect (Fig. 3I and J). These results suggested that HMGB1 was 
a target of miR‑370‑3p, and circ_0010283 positively regulated 
HMGB1 expression via miR‑370‑3p.

Overexpression of HMGB1 reverses the miR‑370‑3p‑mediated 
suppression on the viability and migration of ox‑LDL‑induced 
VSMCs. To investigate the regulatory relationship 
between miR‑370‑3p and HMGB1 in atherosclerosis 
progression, VSMCs were transfected with an HMGB1 over-
expression vector, and the transfection efficiency was verified 
in ox‑LDL‑induced and untreated VSMCs by RT‑qPCR and 
western blotting (Figs. S3A, B, S2D and E). Subsequently, 
the mRNA and protein levels of HMGB1 in VSMCs treated 
with ox‑LDL, ox‑LDL + miR‑370‑3p or ox‑LDL + miR‑370‑3p 
+ HMGB1, as well as matched controls were detected. The 
results demonstrated that HMGB1 expression was downregu-
lated in ox‑LDL‑induced VSMCs treated with the miR‑370‑3p 
mimic compared with those treated with ox‑LDL and miR‑NC; 
however, the expression of HMGB1 was upregulated in the 
ox‑LDL + miR‑370‑3p group following transfection with the 
HMGB1 overexpression vector (Fig. 4A and B). The results 
of the MTT assay revealed that overexpression of HMGB1 
significantly inhibited the miR‑370‑3p‑mediated repression of 
the viability of ox‑LDL‑induced VSMCs (Fig. 4C). In addi-
tion, the decreased protein levels of cyclin D1 and PCNA 
in the ox‑LDL + miR‑370‑3p group were partially reversed 
following HMGB1 overexpression (Fig. 4D). Analogously, 
the miR‑370‑3p‑mediated inhibitory effect on the migration 

of ox‑LDL‑induced VSMCs was reversed by HMGB1 over-
expression (Fig. 4E). In addition, the low protein levels of 
MMP2 and MMP9 in ox‑LDL‑induced VSMCs transfected 
with the miR‑370‑3p mimics were rescued following HMGB1 
overexpression (Fig. 4F). In summary, these results suggested 
that miR‑370‑3p regulated the viability and migration of 
ox‑LDL‑induced VSMCs by targeting HMGB1.

Discussion

Atherosclerosis is a growing threat to human health, and the 
dysfunction of VSMCs has been reported to be involved in 
the formation of atherosclerosis (28,29). In the present study, 
VSMCs were treated with ox‑LDL to establish the cell model 
for atherosclerosis based on previous studies (29,30). Recently, 
circRNAs have been identified to serve a pivotal role in 
various human diseases. Garikipati et al  (8) have reported 
that circular RNA circFndc3b regulate cardiac repair after 
myocardial infarction. Zhou et al (9) have demonstrated that 
circRNA HECT domain‑containing E3 ubiquitin protein 
ligase 1 (HECTD1) mediates silica‑induced macrophage 
activation by regulating the circHECTD1/HECTD1 axis and 
zinc finger CCCH‑type containing 12A‑dependent ubiqui-
tination process. Zhou et al (10) have reported that circular 
RNA hsa_circ_0016070 is associated with pulmonary arterial 
hypertension. In addition, circRNA antisense non‑coding RNA 
in the INK4 locus and circRNA checkpoint with forkhead 
and ring finger domains (circCHFR) have been confirmed 
to modulate the progression of atherosclerosis (11,12). In the 
present study, the expression of circ_0010283 was elevated in 
ox‑LDL‑induced VSMCs compared with that in non‑induced 
cells, which was also supported by the microarray results of a 
previous study (12). In addition, the results of the present study 
demonstrated that circ_0010283 was induced by ox‑LDL in 
a time‑ and concentration‑dependent manner in VSMCs, 
suggesting that circ_0010283 may be associated with the 
progression of atherosclerosis. A previous study has demon-
strated that circCHFR, which is also induced by ox‑LDL in 
VSMCs, promotes the development of atherosclerosis (31). 
Similarly, the present results indicated that knockdown 
of circ_0010283 hindered the viability and migration of 
ox‑LDL‑induced VSMCs, and reduced the expression levels 
of the viability‑associated proteins cyclin D1 and PCNA, and 
the migration‑associated proteins MMP2 and MMP9. Taken 
together, these results suggested that circ_0010283 contrib-
uted to atherosclerosis progression and may be a potential 
biomarker for atherosclerosis.

Emerging evidence has revealed that circRNAs act as 
miRNA sponges in various human diseases, including diabetic 
retinal vascular dysfunction and myocardial fibrosis (26,27). 
The results of the present study demonstrated that miR‑370‑3p 
was a target of circ_0010283. miR‑370‑3p has been reported 
to partake in a number of human diseases. For example, 
Zhang et al (16) have demonstrated that miR‑370‑3p is associ-
ated with acute pneumonia, and Hou et al (17) have reported that 
miR‑370‑3p suppresses VSMC viability in cerebral aneurysm. 
In addition, circ_0003204 can directly target miR‑370‑3p to 
repress the progression of atherosclerosis (32). In the present 
study, miR‑370‑3p was downregulated in ox‑LDL‑induced 
VSMCs compared with non‑induced cells, and was negatively 
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modulated by circ_0010283. In‑depth experiments demon-
strated that inhibition of miR‑370‑3p reversed the circ_0010283 
silencing‑mediated repressive effects on the viability and 
migration of ox‑LDL‑induced VSMCs. These results suggested 
that circ_0010283 may regulate the progression of atheroscle-
rosis by sponging miR‑370‑3p. In addition, the inhibitory role 
of miR‑370‑3p in atherosclerosis progression was observed, 
which was consistent with previous studies (19,32).

To deeply understand the regulatory mechanism of 
miR‑370‑3p in atherosclerosis, its target genes were predicted, 

and HMGB1 was identified as a target of miR‑370‑3p. HMGB1 
has been reported to accelerate foam cell formation and 
cholesterol accumulation in VSMCs (33). In addition, HMGB1 
inhibition may be a potential therapeutic strategy for athero-
sclerosis (34). In the present study, the mRNA and protein 
levels of HMGB1 were measured, and the results demon-
strated that the expression levels of HMGB1 were upregulated 
in ox‑LDL‑induced VSMCs compared with those in untreated 
cells, which was in line with a previous study (35). In addi-
tion, HMGB1 was demonstrated to be negatively regulated by 

Figure 3. circ_0010283 regulates HMGB1 expression via miR‑370‑3p. (A) The potential target sites between miR‑370‑3p and HMGB1 were predicted by 
starBase. (B) The luciferase activity of HMGB1 3'UTR WT and HMGB1 3'UTR MUT was detected in VSMCs co‑transfected with miR‑370‑3p or miR‑NC. 
(C and D) The mRNA and protein levels of HMGB1 in VSMCs treated with 0 or 100 µg/ml ox‑LDL for 48 or 72 h were determined by RT‑qPCR and 
western blotting, respectively. (E and F) The mRNA and protein levels of HMGB1 in VSMCs treated with 75 or 100 µg/ml ox‑LDL for 72 h were assessed by 
RT‑qPCR and western blotting, respectively. (G and H) The mRNA and protein levels of HMGB1 in VSMCs transfected with the miR‑370‑3p mimics or NC 
were detected by RT‑qPCR and western blotting, respectively. (I and J) The mRNA and protein levels of HMGB1 in VSMCs treated with si‑circ_0010283 or 
si‑circ_0010283 + anti‑miR‑370‑3p as well as the corresponding controls were determined by RT‑qPCR and western blotting, respectively. *P<0.05. VMSCs, 
vascular smooth muscle cells; ox‑LDL, oxidized low‑density lipoprotein; RT‑qPCR, reverse transcription‑quantitative PCR; si, small interfering; circ, circular 
RNA; NC, negative control; miR, microRNA; UTR, untranslated region; WT, wild‑type; MUT, mutant; HMGB1, high mobility group box 1.



DING et al:  circ_0010283 functions in atherosclerosis progression1406

miR‑370‑3p in the present study, and circ_0010283 upregulated 
HMGB1 expression via miR‑370‑3p. Further results indicated 
that overexpression of HMGB1 reversed the miR‑370‑3p‑me-
diated suppressive effects on the viability and migration of 
ox‑LDL‑induced VSMCs. Additionally, the low mRNA and 
protein levels of HMGB1 in the si‑circ_0010283 group were 
reversed following transfection with a miR‑370‑3p inhibitor. 
Taken together, these results suggested that circ_0010283 may 
act as a sponge of miR‑370‑3p to upregulate the expression 
of HMGB1, thus promoting the viability and migration of 
ox‑LDL‑induced VSMCs (Fig. S4).

There were certain limitations in the current study. Previous 
studies have elucidated that HMGB1 affects VSMC development 

by regulating various signaling pathways, such as PI3K/Akt and 
p38 mitogen‑activated protein kinase/nuclear factor κB path-
ways (36,37). Whether the circ_0010283/miR‑370‑3p/HMGB1 
axis regulates atherosclerosis progression via these pathways 
needs to be further explored. Addtionally, the role of the 
circ_0010283/miR‑370‑3p/HMGB1 axis in atherosclerosis 
in vivo also has not been demonstrated. These issues will be 
the focus of our future study.

In conclusion, the results of the present study demon-
strated that circ_0010283 was significantly upregulated in 
ox‑LDL‑induced VSMCs. In addition, circ_0010283 regu-
lated the viability and migration of ox‑LDL‑induced VSMCs 
via the miR‑370‑3p/HMGB1 axis. This novel mechanism 

Figure 4. Overexpression of HMGB1 reverses the miR‑370‑3p‑mediated effects on VSMC viability and migration. VSMCs were treated with 100 µg/ml ox‑LDL, 
ox‑LDL + miR‑370‑3p or ox‑LDL + miR‑370‑3p + HMGB1 as well as the corresponding controls. (A and B) The mRNA and protein levels of HMGB1 were 
assessed by reverse transcription‑quantitative PCR and western blotting, respectively. (C) Cell viability was determined by MTT assay. (D) The protein levels of 
cyclin D1 and PCNA in all groups were detected by western blot. (E) Cell migration was assessed by Transwell assay. (F) The protein levels of MMP2 and MMP9 
in the samples were measured by western blotting. *P<0.05. VMSCs, vascular smooth muscle cells; ox‑LDL, oxidized low‑density lipoprotein; miR, microRNA; 
NC, negative control; HMGB1, high mobility group box 1; PCNA, proliferating cell nuclear antigen; MMP, matrix metalloproteinase; OD, optical density.
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may provide new effective therapeutic methods for athero-
sclerosis.
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