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Abstract: Circular RNA (circRNA) is involved in the
pathogenesis of atherosclerosis (AS). The present work ana-
lyzed the RNA expression of circ_0113656, microRNA-188-3p
(miR-188-3p), and insulin-like growth factor 2 (IGF2) by
quantitative real-time polymerase chain reaction. The pro-
tein expression of proliferating cell nuclear antigen (PCNA),
matrix metalloprotein 2 (MMP2), and IGF2 was detected by
Western blotting. Cell viability, proliferation, invasion, and
migration were analyzed using the cell counting kit-8, 5-
ethynyl-2′-deoxyuridine, transwell invasion, and wound-
healing assays, respectively. The interactions among
circ_0113656, miR-188-3p, and IGF2 were identified by dual-
luciferase reporter assay and RNA immunoprecipitation
assay. The results showed that circ_0113656 and IGF2 expres-
sion were significantly upregulated, while miR-188-3p was
downregulated in the blood of AS patients and oxidized low-
density lipoprotein (ox-LDL)-treated HVSMCs in comparison
with controls. The ox-LDL treatment induced HVSMC prolif-
eration, migration, and invasion accompanied by increases
in PCNA and MMP2 expression; however, these effects were
attenuated after circ_0113656 knockdown. Circ_0113656 acted
as a miR-188-3p sponge and it regulated ox-LDL-induced
HVSMC disorders by binding to miR-188-3p. Besides, the reg-
ulation of miR-188-3p in ox-LDL-induced HVSMC injury
involved IGF2. Further, the depletion of circ_0113656 inhib-
ited IGF2 expression by interacting with miR-188-3p. Thus,

the circ_0113656/miR-188-3p/IGF2 axis may mediate ox-LDL-
induced HVSMC disorders in AS, providing a new thera-
peutic strategy for AS.
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1 Introduction

Cardiovascular diseases affect more than 80% of people
over 85 years old and are the leading cause of death. The
cause of the disease is atherosclerosis (AS), which is a lipid-
driven progressive disorder [1]. AS can damage the integ-
rity of the arterial surface and finally lead to the formation
of a thrombus [2]. As reported, the pathogenesis of AS
involves the accumulation of vascular smooth muscle cells
(VSMCs) and lipids [3]. Oxidized low-density lipoprotein
(ox-LDL) that can promote lipid deposition in the arterial
wall has been considered a cardinal risk for AS progression
[4]. Thus, exploring the underlying mechanism of ox-LDL-
induced human vascular smooth muscle cell (HVSMC) injury
may be helpful to develop new strategies for AS therapy.

Circular RNA (circRNA) is a single-stranded molecular
produced by back-splicing, does not contain a 5′-cap or
3′-polyadenylation tail, and is resistant to exonuclease-mediated
degradation [5]. The circular transcript modulates gene expres-
sion mainly by sponging microRNA (miRNA), interfering with
pre-mRNA processing and sequestering proteins [6]. Most of
the circRNAs in mammals are lowly expressed but they
indeed bind to miRNAs through the complementary sites
between them [7]. Multiple studies report the close associa-
tion between circRNA and AS progression. For instance,
circ_0002984 increases ox-LDL-induced HVSMC prolifera-
tion and inflammation by interacting with miR-326-3p [8].
Circ_0010283 combines with miR-370-3p to regulate HVSMC
migration in AS [9]. Circ_0113656 is formed from exons 3 to 5
of the 24-dehydrocholesterol reductase (DHCR24) gene, which
may be helpful to open up new therapeutic options for AS
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owing to its regulation in the cholesterol biosynthesis inter-
mediate desmosterol [10,11]; however, the mechanism of
circ_0113656 in AS occurrence is poorly known.

Representing a class of noncoding transcripts, miRNAs
have ∼22 nucleotides and fine-tune cellular homeostasis by
combining with their targets at the post-transcriptional
level [12]. Considerable studies have disclosed the core posi-
tion of these small transcripts in the pathogenesis of AS [13].
Recently, investigators explained thatmiR-188-3pmediatedautop-
hagy and myocardial infarction through association with long
noncoding RNA (lncAPF) [14]. Lin et al. reported that oxygen-
glucose deprivation/reoxygenation-caused HT22 cell disorders
involvedmiR-188-3p [15]. The above evidence suggests the impor-
tance of miR-188-3p in the development of cardiovascular and
cerebrovascular diseases.

We found that circ_0113656 is potentially bound to
miR-188-3p using bioinformatics tools. Given that miR-
188-3p contains the binding sites of insulin-like growth
factor 2 (IGF2), which can regulate AS progression [16],
we hypothesize that the circ_0113656/miR-188-3p/IGF2 pathway
is responsible for the occurrence of AS. Thus, we analyzed the
function of circ_0113656 in ox-LDL-induced HVSMC injury and
determined whether the regulation of circ_0113656 in ox-LDL-
induced HVSMC damage involved the circ_0113656/miR-188-3p/
IGF2 pathway.

2 Materials and methods

2.1 Study subjects

Blood samples were collected from AS patients (N = 17) and
healthy volunteers (N = 13) at the People’s Hospital of
Jiangxi Provincial. Plaque sites and ranges were evaluated
using a Madison ultrasound system. Besides, two neurolo-
gists identified the diseases. AS patients with other clinical
diseases were excluded. Blood samples were centrifuged at
1,000g for 10 min and then stored in a refrigerator.

Ethical approval: The research related to human use has
complied with all the relevant national regulations and
institutional policies, in accordance with the tenets of the
Helsinki Declaration, and has been approved by the Ethics
Committee of People’s Hospital of Jiangxi Provincial. All
participants signed the written informed consent.

2.2 Cell culture and ox-LDL stimulation

HVSMCs were purchased from Tongpai Biotech (Shanghai,
China) and maintained in Ham’s F12K medium (Sunncell,

Wuhan, China) plus 10% fetal bovine serum (Sunncell) and
1% penicillin/streptomycin (Sunncell) at 37°C in an incu-
bator buffered with 5% CO2. To disclose the molecular
mechanism behind circ_0113656 regulating HVSMC injury,
HVSMCs were stimulated using ox-LDL (Yeasen Biotech,
Shanghai, China; 0, 25, 50, and 100 µg/mL) for 24 h as shown
previously [17].

2.3 Cell transfection

Small interfering RNA of circ_0113656 (si-circ_0113656, 5′-GGC
AGAGCCCAGCAAGATTGT-3′), miR-188-3p mimics (miR-188-
3p, 5′-CUCCCACAUGCAGGGUUUGCA-3′), miR-188-3p inhibitors
(anti-miR-188-3p, 5′-UGCAAACCCUGCAUGUGGGAG-3′) and the
corresponding negative controls (si-NC, miR-NC, and anti-
miR-NC) were synthesized by Ribobio Co., Ltd. (Guangzhou,
China). The full-length coding sequence of IGF2 was amplified
and inserted into the pcDNA 3.1(+) vector to generate the
overexpression plasmid of IGF2. In strict accordance with the
guidebook of Lipofectamine 3000, transfection was performed
on HVSMCs maintained in 12-well plates in an atmosphere
containing 5% CO2. Transfection efficiency was evaluated by
quantitative real-time polymerase chain reaction (qRT-PCR).

2.4 Cell viability

HVSMCs transfected with plasmids and oligonucleotides or
treated with ox-LDL were maintained in 96-well plates for
48 h. Then, the cell counting kit-8 (CCK-8) reagent (Dojindo,
Shanghai, China) was used to incubate the cells according
to the manufacturer’s direction. Finally, these samples
were analyzed using an enzyme immunoassay analyzer
(Azure Ao; Cycloud Biotech, Beijing, China).

2.5 Cell proliferation analysis

The assay was performed to determine the proliferative
ability of HVSMCs with various treatments. In brief, HVSMCs
were treated and allowed to grow in 12-well plates for 48 h.
The cells were subcultured in 96-well plates supplemented
with EdU-labeled Ham’s F12K (Sunncell) for 2 h and then
stained using 4′,6-diamidino-2-phenylindole (Sbjbio® life
science, Nanjing, China). At last, the stained cells from five
random fields were analyzed using a confocal microscope
(Olympus, Tokyo, Japan).
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2.6 Transwell invasion assay

Transwell analysis involving the use of transwell compart-
ments withMatrigel (Corning, Beijing, China) was performed
to evaluate the invasive capacity of HVSMCs. In brief, cells
with various treatments were allowed to culture in the
upper chambers, which were pre-added with serum-free
Ham’s F12K medium (Sunncell), whereas the lower cham-
bers were supplemented with Ham’s F12K medium plus
15% serum. After 24 h incubation, the cells invaded into
the lower chambers and were dyed using crystal violet
(Yaji Biotech, Shanghai, China) and then counted under an
inverted microscope (100× magnification; Olympus).

2.7 Wound-healing assay

HVSMCs at 80–90% confluence were treated with plasmids,
oligonucleotide, and ox-LDL alone or jointly. After 14 days
of culture, sterile 10 μL tips were applied to scratch the
cells, and then the cells went through 24 h culture. The
images of wounds were captured at 0 and 24 h using an
inverted microscope (Olympus).

2.8 Western blotting analysis

Total proteins from the blood samples of AS patients and
HVSMCs were isolated using RIPA lysis buffer containing a
protease inhibitor (Sbjbio® life science). The concentra-
tions of extracted proteins were determined with a BCA
protein assay kit (Sbjbio® life science). Then, polyacryla-
mide gels were used to separate protein with a SureLock
Midi-Cell Electrophoresis System. After blocking the aspe-
cific signals using skimmed milk (Yili, Beijing, China), poly-
vinylidene fluoride membranes with protein bands were
incubated with the primary antibodies against proliferating
cell nuclear antigen (PCNA) (#13-3900; 1:5000; Thermo Fisher,
Waltham, MA, USA), matrix metalloprotein 2 (MMP2)
(#436000; 1:250; Thermo Fisher), IGF2 (#MA5-17096; 1:1,000;
Thermo Fisher), and glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) (#MA1-16757; 1:2,000; Thermo Fisher). After
being exposed to eyoECL Plus (Beyotime, Shanghai, China),
the visualized blots were analyzed using Image J software.

2.9 qRT-PCR and RNA treatment

TRIzol™ reagent (#15596026; Thermo Fisher) was used to
prepare cell lysates as per the guidebook. A NanoDrop

spectrophotometer was applied to detect RNA concentra-
tion. cDNA synthesis reagents (Vazyme, Jiangsu, China) and
miRNA first strand synthesis kit (Vazyme) were used for
reverse transcription. Then, diluted cDNA was subjected to
qRT-PCR analysis on a qRT-PCR system (Bio-Rad, Hercules,
CA, USA) with SYBR qPCR Master Mix (Vazyme). The
expression of circ_0113656, miR-188-3p, and IFG2 was nor-
malized to GAPDH or U6 by the 2−ΔΔCt method. Random
primers and oligo(dT)18 primers were utilized to identify
the circular structure of circ_0113656. Besides, 1 μg of RNA
was exposed to RNase R (Xiyuan Biotech, Shanghai, China)
at 37°C for 20min to analyze the circRNA structure. Primers
used for amplification are listed in Table 1.

2.10 RNA immunoprecipitation (RIP) assay

The assay was performed based on the guidebook of a
Magna RIP kit (Sigma, St. Louis, MO, USA). In brief, 1 ×

105 HVSMCs cultured in 12-well plates were collected and
lysed using RIP lysis buffer (Sbjbio® life science). Then, the
lysates were incubated with anti-Ago2-conjugated mag-
netic beads for 24 h with an IgG antibody as a negative
control. Finally, the expression of circ_0113656, miR-188-
3p, and IGF2 in the complexes enriched with magnetic
beads was quantified by qRT-PCR.

2.11 Dual-luciferase reporter assay

The binding sites of miR-188-3p for circ_0113656 and
IFG2 were predicted using online databases including
Circinteractome (https://circinteractome.nia.nih.gov/index.
html), Circbank (http://www.circbank.cn/index.html), and
Targetscan (http://www.targetscan.org/vert_71/). The wild-
type (WT) reporter plasmids including WT-circ_0113656

Table 1: Primer sequences used for qRT-PCR

Name Sequences (5′–3′)

circ_0113656 Forward GAGCCCAGCAAGATTGTCCGT
Reverse TCATCAAGCTCAGGCAACACG

miR-188-3p Forward ATTATTGGCTCCCACATGCAG
Reverse ATCCAGTGCAGGGTCCGAGG

IGF2 Forward TCGCCGAACCAAAGTGGATTA
Reverse GGGAGAGACAGAGTGAACGTG

GAPDH Forward CAAATTCCATGGCACCGTCA
Reverse GACTCCACGACGTACTCAGC

U6 Forward CTTCGGCAGCACATATACT
Reverse AAAATATGGAACGCTTCACG

circ_0113656/miR-188-3p/IGF2 in AS  3
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and WT-IGF2 3′-untranslated region (3′-UTR) were gener-
ated by introducing the sequences of circ_0113656 and
IGF2 3′-UTR with the binding sites of miR-188-3p into the
pmirGLO vector. The mutant plasmids including MUT-
circ_0113656 and MUT-IGF2 3′-UTR were built using site
mutagenesis kits (Yeasen Biotech). Then, the reporter plas-
mids together with miR-188-3p mimics or mimic control
were transfected into HVSMCs for 48 h. At last, the dual-
Lucy assay kit (Solarbio, Beijing, China) was utilized to
analyze the binding intensity.

2.12 Statistical analysis

All data from three independent duplicate tests were
analyzed by GraphPad Prism and presented as mean ±

standard deviations (SD). The significant differences were
compared with Mann–Whitney U test, Student’s t-test, or
analysis of variance. Spearman correlation analysis was
used to analyze the interactions of miR-188-3p expression

with circ_0113656 and IGF2 expression. P < 0.05 indicated a
statistical significance.

3 Results

3.1 Ox-LDL treatment induces HVSMC injury

HVSMCs cells were treated with ox-LDL at various concen-
trations (0, 25, 50, and 100 µg/mL) for 24 h to mimic AS-like
injury in vivo and explore the consequential effects on cell
proliferation, invasion, and migration. As shown in Figure
1a and b, ox-LDL treatment dose-dependently promoted
HVSMC viability and proliferation. Consistently, the inva-
sion andmigration of HVSMCs were increased after ox-LDL
treatment in a dose-dependent manner (Figure 1c–e). As
expected, the expression of the two proteins was dose-
dependently upregulated by ox-LDL treatment (Figure 1f).
These results demonstrate that ox-LDL treatment indeed

Figure 1: Ox-LDL induces HVSMC injury. HVSMCs were treated with various concentrations of ox-LDL (0, 25, 50, and 100 µg/mL), and cell viability was
analyzed by CCK-8 (a), cell proliferation by EdU assay (b), cell invasion by transwell assay (c), cell migration by wound-healing assay (d and e), and the
protein expression of PCNA and MMP2 by Western blotting analysis (f). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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induces HVSMC injury. Based on the above results, HVSMCs
were treated with 50 µg/mL ox-LDL for 24 h in the following
study.

3.2 Circ_0113656 knockdown assuages
ox-LDL-induced HVSMC disorders

Then, we detected circ_0113656 expression in the blood sam-
ples of AS patients. As shown in Figure 2a, circ_0113656
expression was significantly increased in the blood of AS
patients in comparison with healthy controls. Moreover,

circ_0113656 expression was increased in ox-LDL-stimulated
HVSMCs in a concentration-dependent manner (Figure 2b).
Subsequently, our results identified the circular structure of
circ_0113656 using RNase R, random primers, and oligo(dT)18
primers. For instance, RNase R treatment greatly reduced
GAPDH expression but it had no significant effect on
circ_0113656 expression (Figure 2c). Meanwhile, PCR produc-
tion of circ_0113656 amplified using random primers was
more than that amplified using oligo(dT)18 primers (Figure
2d). Based on the above results, we silenced circ_0113656 in
ox-LDL-treated HVSMCs to analyze the consequent effects
on cell proliferation, invasion, and migration. The results
of qRT-PCR showed that ox-LDL treatment increased

Figure 2: The effects of circ_0113656 on ox-LDL-induced HVSMC injury. (a) Circ_0113656 expression was detected by qRT-PCR in the blood samples of
AS patients and healthy volunteers (N = 17 and N = 13, respectively). (b) Circ_0113656 expression was detected by qRT-PCR in HVSMCs treated with ox-
LDL (0, 25, 50, and 100 µg/mL). (c and d) The circular structure of circ_0113656 was identified by using RNase R, random primers, and oligo(dT)18
primers. HVSMCs were divided into the ox-LDL group, ox-LDL + si-NC group, and ox-LDL + si-circ_0113656 group, with untreated HVSMCs as controls,
and circ_0113656 expression was analyzed by qRT-PCR (e), cell viability by CCK-8 (f), cell proliferation by EdU assay (g), cell invasion by transwell assay
(h), cell migration by wound-healing assay (i), and the protein expression of PCNA and MMP2 by Western blotting analysis (j). **P < 0.01, ***P < 0.001,
and ****P < 0.0001.
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circ_0113656 expression, which was attenuated after
circ_0113656 depletion (Figure 2e). Comparatively, ox-LDL-
induced promotion in cell viability, proliferation, invasion,
and migration were relieved after circ_0113656 silencing
(Figure 2f–i). Besides, the increased expression of PCNA
and MMP2 by ox-LDL was remitted when circ_0113656
expression was downregulated (Figure 2j).

3.3 Circ_0113656 acts as a miR-188-3p
sponge

Circular RNA interactome (Circinteractome) and circBank
online databases were used to predict the target miRNAs
of circ_0113656. As presented in Figure 3a, we found
four miRNAs that contained the complementary sites of
circ_0113656, including miR-149-5p, miR-184, miR-602, and
miR-188-3p, by overlapping the prediction results of the

two online databases. Given higher miR-188-3p expression in
HVSMCs transfected with si-circ_0113656 (Figure 3a), the
miRNA was employed as a follow-up subject. The binding
sites of circ_0113656 for miR-188-3p are shown in Figure 3b.
Subsequently, we identified the regulatory relationship of
circ_0113656 for miR-188-3p using dual-luciferase reporter
assay and RIP assay. The success of miR-188-3p overexpres-
sion is presented in Figure 3c. As shown in Figure 3d, miR-
188-3p introduction significantly inhibited the luciferase
activity of wt-circ_0113656 but not that of mut-circ_0113656.
Also, miR-188-3p and circ_0113656 could be greatly enriched
in the Ago2 antibody group in comparison with the IgG anti-
body group (Figure 3e). We observed that miR-188-3p expres-
sion was significantly downregulated and was negatively
correlated with circ_0113656 expression in the blood samples
of AS patients (Figure 3f and g). Further, ox-LDL treatment
reduced miR-188-3p expression in HVSMCs (Figure 3h) in a
concentration-dependent manner.

Figure 3: MiR-188-3p targets circ_0113656 in HVSMCs. (a) The miRNAs containing the complementary sites of circ_0113656 were predicted by
Circinteractome and circBank online databases. (b) Schematic illustration showing the binding sites of circ_0113656 for miR-188-3p. (c) The efficiency
of miR-188-3p mimics in increasing miR-188-3p expression was detected by qRT-PCR in HVSMCs. (d and e) Dual-luciferase reporter assay and RIP assay
were carried out to determine the association between miR-188-3p and circ_0113656. (f) MiR-188-3p expression was detected by qRT-PCR in the blood
samples of AS patients and healthy volunteers (N = 17 and N = 13, respectively). (g) Spearman correlation analysis was used to determine the linear
correlation between miR-188-3p and circ_0113656 expression in the blood samples of AS patients. (h) MiR-188-3p expression was checked by qRT-PCR
in HVSMCs treated with ox-LDL (0, 25, 50, and 100 µg/mL). *P < 0.05, ***P < 0.001, and ****P < 0.0001.
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3.4 Circ_0113656 regulates ox-LDL-induced
HVSMC disorders by binding to
miR-188-3p

We silenced circ_0113656 and miR-188-3p to analyze the
consequential effects in ox-LDL-induced HVSMCs. As

presented in Figure 4a, circ_0113656 knockdown-induced
upregulation of miR-188-3p was attenuated after miR-188-
3p depletion in ox-LDL-treated HVSMCs. Subsequently, we
observed that circ_0113656 depletion-induced inhibition in
cell viability, proliferation, invasion, and migration were
remitted when miR-188-3p expression was downregulated

Figure 4: The effects of circ_0113656 knockdown and miR-188-3p depletion on ox-LDL-induced HVSMC injury. HVSMCs were divided into the ox-LDL
group, ox-LDL + si-NC group, ox-LDL + si-circ_0113656 group, ox-LDL + si-circ_0113656 + anti-miR-NC group, and ox-LDL + si-circ_0113656 + anti-miR-
188-3p group, with untreated HVSMCs as controls. MiR-188-3p expression was analyzed by qRT-PCR (a), cell viability by CCK-8 (b), cell proliferation by
EdU assay (c), cell invasion by transwell assay (d and e), cell migration by wound-healing assay (f), and the protein expression of PCNA and MMP2 by
Western blotting analysis (g). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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in ox-LDL-treated HVSMCs (Figure 4b–f). Circ_0113656
knockdown significantly reduced PCNA and MMP2 expres-
sion in ox-LDL-treated HVSMCs, whereas these effects were
rescued after transfection with miR-188-3p inhibitors
(Figure 4g).

3.5 MiR-188-3p binds to IGF2 in HVSMCs

As predicted by Targetscan online database, IGF2 con-
tained the binding sites of miR-188-3p (Figure 5a). We
then performed dual-luciferase reporter assay and RIP
assay to determine whether miR-188-3p targeted IGF2. As
expected, the luciferase activity of WT-IGF2 3′-UTR was
significantly reduced after transfection with miR-188-3p
mimics, whereas that of MUT-IGF2 3′-UTR had no response
to miR-188-3p introduction (Figure 5b). Meanwhile, miR-
188-3p and IGF2 expression in the co-precipitated RNAs
induced by the Ago2 antibody were higher than their
expression in the co-precipitated RNAs induced by the
IgG antibody (Figure 5c). These data suggest that miR-188-
3p targets IGF2. Consistently, we found that IGF2 expres-
sion was greatly increased and negatively correlated
with miR-188-3p expression in the blood samples of
AS patients (Figure 5d–f). Further, ox-LDL treatment

promoted IGF2 production in a concentration-dependent
manner (Figure 5g).

3.6 IGF2 overexpression remits miR-188-3p-
mediated effects in ox-LDL-treated
HVSMCs

Given the association between miR-188-3p and IGF2, we
further analyzed whether IGF2 participated in miR-188-
3p-induced effects in ox-LDL-treated HVSMCs. The study
first showed that miR-188-3p mimics reduced IGF2 expres-
sion in ox-LDL-treated HVSMCs, whereas the effect was
attenuated after IGF2 overexpression (Figure 6a). Subse-
quently, miR-188-3p introduction inhibited cell viability,
proliferation, invasion, andmigration; however, these effects
were remitted when IGF2 was overexpressed (Figure 6b–f).
In addition, miR-188-3p-induced inhibition in PCNA and
MMP2 expression was restored by the enforced IGF2 expres-
sion (Figure 6g). Moreover, we analyzed the effect of IGF2
overexpression on the change of HVSMC phenotypes. The
efficiency of IGF2 overexpression is shown in Figure A1a.
Then, the data showed that IGF2 overexpression promoted
HVSMC viability, proliferation, invasion, migration, and the
protein expression of PCNA and MMP2 (Figure A1b–f).

Figure 5: IGF2 is identified as a target of miR-188-3p. (a) Schematic illustration showing the complementary sites of miR-188-3p with IGF2. (b and c)
Dual-luciferase reporter assay and RIP assay were performed to analyze the association between miR-188-3p and IGF2. (d and f) The mRNA and
protein expression of IGF2 was detected by qRT-PCR and Western blotting analysis, respectively, in the blood samples from AS patients and healthy
volunteers. (e) Spearman correlation analysis was used to determine the linear correlation between miR-188-3p and IGF2 expression in the blood
samples of AS patients. (g) IGF2 protein expression was checked by Western blotting analysis in HVSMCs treated with ox-LDL (0, 25, 50, and 100 µg/
mL). **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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3.7 Circ_0113656 depletion reduces IGF2
expression through miR-188-3p in
ox-LDL-treated HVSMCs

Based on the above findings, we continued to explore
whether IGF2 was the downstream gene of the circ_0113656/
miR-188-3p axis in ox-LDL-treated HVSMCs. We silenced
circ_0113656 and miR-188-3p in the cells and then detected

IGF2 expression using qRT-PCR and Western blotting
analysis. As presented in Figure 7a and b, circ_0113656
knockdown significantly reduced the mRNA and protein
expression of IGF2 with ox-LDL treatment; however,
these effects were remitted when miR-188–3p expression
was downregulated. These results demonstrate that
circ_0113656 regulates IGF2 expression through miR-
188-3p.

Figure 6: The effects of miR-188-3p and IGF2 on ox-LDL-induced HVSMC disorders. HVSMCs were divided into the ox-LDL group, ox-LDL + miR-NC
group, ox-LDL + miR-188-3p group, ox-LDL + miR-188-3p + pcDNA group, and ox-LDL + miR-188-3p + IGF2 group, with mock HVSMCs as controls. IGF2
expression was analyzed by Western blotting analysis (a), cell viability by CCK-8 (b), cell proliferation by EdU assay (c), cell invasion by transwell assay
(d and e), cell migration by wound-healing assay (f), and the protein expression of PCNA and MMP2 by Western blotting analysis (g). *P < 0.05, **P <
0.01, ***P < 0.001, and ****P < 0.0001.
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4 Discussion

In the present study, we found that circ_0113656 expression
was significantly upregulated in the blood of AS patients
and ox-LDL-treated HVSMCs in comparison with controls.
Ox-LDL exposure induced HVSMC proliferation, migration,
and invasion but these effects were relieved when circ_0113656
expression was downregulated. Circ_0113656 modulated
ox-LDL-induced HVSMC disorders by binding to miR-188-
3p. Moreover, the regulation of miR-188-3p in ox-LDL-
induced HVSMC injury involved IGF2. Further, the depletion
of circ_0113656 inhibited IGF2 expression by interacting with
miR-188-3p.

AS is a life-long disorder of large- and medium-sized
arteries and can cause cardiovascular diseases like ischemic
heart disease and stroke [18]. Ox-LDL is a circulating bio-
marker that can stimulate the production of endothelin-1
and matrix-degrading enzymes, induce the apoptosis of
VSMCs, and promote the synthesis of collagen by VSMCs
and fibroblasts, thus regulating the production of proinflam-
matory genes and the transformation of fatty plaques into
AS [19]. The latest research progress indicates that circRNAs
regulate the biological behaviors of HVSMCs and macro-
phages during AS [20]. In particular, considerable data have
explained the involvement of circRNAs such as circ_0044073
[21], circRNA homeodomain interacting protein kinase 3
(circHIPK3) [22], and circ_0006896 [23] in AS. Circ_0113656 is
also named circDHCR24, and its knockdown inhibits the

proliferation, migration, and phenotypic switch of platelet-
derived growth factor-BB-treated HVSMCs [24]. Herein, we
reported that circ_0113656 was overexpressed in AS patients
and ox-LDL-induced HVSMCs and that circ_0113656 deple-
tion assuaged ox-LDL-induced HVSMC proliferation. PCNA
is an important factor that forms a homotrimeric ring
embracing DNA and regulates DNA replication and repair
[25]. MMP2 is a zinc-dependent endopeptidase that can
degrade IV collagen and is associated with metastasis
formation [26]. In this work, we found that circ_0113656
silencing remitted ox-LDL-induced HVSMC invasion and
migration as well as the production of PCNA and MMP2.
The above data indicate that circ_0113656 acts as a patho-
genic gene in AS progression.

MiRNA comprises 18–25 nucleotides and has received
much attention for its roles in tempering gene expression.
More and more studies are carried out to emphasize the
importance of miRNA in AS progression [13]. As reported,
miRNAs can affect the formation of foam cells, which are
associated with plaque formation [27]. Besides, several
investigators have demonstrated that miRNAs mediate
ABC transporter expression, intra-arterial macrophage migra-
tion, and VSMC differentiation [28,29]. MiR-188-3p plays impor-
tant roles in cancers [30], polycystic ovary syndrome [31], and
Parkinson’s disease [32]. Recently, researchers analyzed the
role of miR-188-3p in AS and found that miR-188-3p reduced
intravascular lipid accumulation, repressed HVSMC prolifera-
tion and migration, and induced HVSMC apoptosis [33,34]. In

Figure 7: The effects of circ_0113656 knockdown and miR-188-3p depletion on IGF2 expression in ox-LDL-treated HVSMCs. HVSMCs were divided into
the ox-LDL group, ox-LDL + si-NC group, ox-LDL + si-circ_0113656 group, ox-LDL + si-circ_0113656 + anti-miR-NC group, and ox-LDL + si-circ_0113656 +
anti-miR-188-3p group, with untreated HVSMCs as controls. IGF2 mRNA expression was detected by qRT-PCR (a) and IGF2 protein expression by
Western blotting analysis (b). **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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this work, miR-188-3p is bound to circ_0113656 and negatively
regulated by circ_0113656. Besides, miR-188-3p was weakly
expressed in AS patients and ox-LDL-treated HVSMCs. Based
on the above evidence, we explored whether circ_0113656
regulated ox-LDL-caused cell disorders through miR-188-3p.
As expected, miR-188-3p knockdown relieved circ_0113656
depletion-mediated effects in ox-LDL-treated HVSMCs, sug-
gesting that the regulation of circ_0113656 for HVSMC injury
involved miR-188-3p.

IGF2 is a protein hormone and belongs to the IGF
system, serving important roles in the progression of var-
ious human diseases, including AS. As reported, IGF2 may
mediate PCNA expression through the PI3K/AKT/mTOR sig-
naling pathway [35,36]. In addition, IGF participates in
remodeling by interplaying with MMPs [37]. MMPs can
increase the bioavailability of IGFs for receptor activation
by releasing them from association with the extracellular
matrix [38]. IGF2 can stimulate VSMC proliferation and
migration by binding to miR-637 [17]. IGF2 also induces
VSMC proliferation and inhibits apoptosis through interac-
tion with miR-148b [39]. In addition, Wang et al. reported
that ox-LDL treatment increased interleukin 6 production
through association with IGF2 in HP-1 macrophages [40].
Qiao et al. ascertained that IGF2 regulated AS-induced lipid
accumulation and inflammation through association with
miR-210-3p [16]. Here, we identified that IGF2 is bound to
miR-188-3p. We found that IGF2 introduction remitted the
inhibitory effects of miR-188-3p overexpression on HVSMC
injury. Meanwhile, it was found that circ_0113656 modu-
lated IGF2 expression through miR-188-3p.

Thus, our study showed for the first time that circ_0113656
silencing attenuated ox-LDL-induced HVSMC proliferation,
migration, and invasion through the miR-188-3p/IGF2 axis.
However, the regulatory role of the circ_0113656/miR-188-3p/
IGF2 pathway in HVSMC disorders is only analyzed in a cell
model and should be further validated using ApoE-knockout
(ApoE−/−) mice. In addition, the role of the circ_0113656/miR-
188–3p/IGF2 pathway in AS occurrence is analyzed using only
HVSMCs and needs to be explored using other types of cells.

Taken together, our findings indicate that the thera-
peutic potential of circ_0113656 inhibitors for AS lies in its
inhibitory effects on HVSMC proliferation, migration, and
invasion through the miR-188–3p/IGF2 axis (Figure 8). This
work suggests that the inhibitors of circ_0113656 may be
effective agents for AS therapy.
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Appendix

Figure A1: The effects of IGF2 overexpression on HVSMC phenotypes. HVSMCs were transfected with pcDNA or the overexpression plasmid of IGF2,
and IGF2 expression was analyzed by Western blotting analysis (a), cell viability by CCK-8 (b), cell proliferation by EdU assay (c), cell invasion by
transwell assay (d), cell migration by wound-healing assay (e), and the protein expression of PCNA and MMP2 by Western blotting analysis
(f). **P < 0.01, and ***P < 0.001.
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