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miR-140-5p regulates vascular smooth muscle cell
viability, migration and apoptosis by targeting
ROBO4 gene expression in atherosclerosis
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Abstract. MicroRNAs (miRs) are essential regulators of
atherosclerosis (AS) development; however, the pathogenic
roles of miR-140-5p during AS development are not completely
understood. The present study investigated the effects of
miR-140-5p on human vascular smooth muscle cells (VSMCs)
and its target gene. miR-140-5p and roundabout guidance
receptor 4 (ROBO4) mRNA expression levels were deter-
mined by performing reverse transcription-quantitative PCR.
ROBO4 protein expression levels were analyzed via western
blotting. Cell viability, migration, invasion and apoptosis
were evaluated by conducting Cell Counting Kit-8, Transwell
and flow cytometry assays, respectively. The binding of
miR-140-5p to ROBO4 mRNA was verified using the dual-
luciferase reporter assay. miR-140-5p was highly expressed
in the plaque-containing artery tissues of patients with AS
compared with healthy control tissues. Oxidized-low density
lipoprotein (ox-LDL) treatment increased miR-140-5p expres-
sion and decreased ROBO4 expression in human VSMCs,
which promoted VSMC viability, migration and invasion,
but suppressed apoptosis compared with the control group.
The effects of ox-LDL treatment on VSMCs were attenuated
by miR-140-5p inhibitor. miR-140-5p directly bound to the
3'-untranslated region of ROBO4 mRNA. ROBO4 overexpres-
sion mitigated the effects of ox-LDL treatment on VSMC
viability, migration, invasion and apoptosis. Therefore, the
present study suggested that high level miR-140-5p expres-
sion promoted VSMC viability, migration, and invasion,
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and suppressed VSMC apoptosis by reducing ROBO4 gene
expression. The present study provided novel insights into AS
pathogenesis that may aid the development of new strategies
for the treatment and prevention of AS.

Introduction

Atherosclerosis (AS) is a common vascular pathogenic condi-
tion characterized by artery wall thickening and reduced
elasticity due to the formation of atherosclerotic plaques
(fatty deposits) in arterial intima. The plaques are primarily
composed of cholesterol, fat, calcium and other constitutes
of human blood (1,2). The hardening of plaques with time
usually results in arterial stenosis and reduces tissue blood
supply, which can lead to a number of severe conditions, such
as coronary heart disease, carotid artery disease, peripheral
artery disease, chronic kidney disease, stroke, angina and even
death (2,3). Currently, the clinical management of AS greatly
depends on altering the patient's lifestyle, the use of statin
medications and even surgical treatments, such as percutaneous
coronary intervention and coronary artery bypass grafting, for
patients with severe AS (2-4). A previous study demonstrated
that major risk factors for AS include high low density lipo-
protein (LDL) levels, hypertension, insulin resistance, obesity,
diabetes, inflammation and unhealthy lifestyle habits, such
as smoking and a high-saturated fat diet (5). However, the
molecular mechanisms underlying plaque formation and AS
pathogenesis are not completely understood.

The abnormal function of vascular smooth muscle cells
(VSMCs) is closely associated with AS development (6-8).
Accumulating evidence has suggested that VSMCs undergo
significant phenotypic alterations that drive plaque formation
and AS progression. Among those alterations are increased
capacities for cell proliferation and migration, a reduced
rate of VSMC apoptosis, and alterations in various extra-
cellular matrix proteins and secreted cytokines (6,9). For
example, VSMCs in healthy vascular vessel walls usually
have extremely low turnover and proliferation rates; however,
VSMC proliferation is greatly increased during the early stage
of atherogenesis and in response to a vascular injury (6). A
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previous report revealed that high glucose-induced advanced
glycosylation end products could remarkably promote VSMC
proliferation and apoptosis, resulting in vein graft AS via
activation of MAPK signaling pathways (10). Moreover, a
previous investigation suggested that suppression of VSMC
proliferation, inflammatory responses and adhesion by
vasostatin-2 overexpression might serve as a novel therapeutic
strategy for AS (11). Collectively, the aforementioned studies
indicated that VSMC phenotypic switching is linked to plaque
formation and AS development, suggesting that inhibiting
the phenotype switch of VSMCs might serve as a promising
therapeutic strategy for AS.

MicroRNAs (miRNAs/miRs) are a large group of
single-stranded non-coding RNA molecules that consist of
19-25 nucleotides, and serve as regulators of gene expres-
sion by modulating mRNA degradation and interfering with
protein translation (12-14). miRNAs are closely linked to
various pathogenic processes, such as cancer, neural degen-
eration, diabetic nephropathy and vascular diseases (13-18).
More importantly, miRNAs also serve essential pathogenic
roles during AS development and progression (19,20). A
previous study demonstrated that miR-140-5p could inhibit
the angiogenesis process in a rat model of middle cerebral
artery occlusion by regulating vascular endothelial growth
factor (VEGF)A expression (21). Furthermore, miR-140-5p
inhibits glioma cell proliferation and invasion by modulating
the VEGF and matrix metallopeptidase 2 (MMP2) signaling
pathways (22). Liu et al (23) reported that miR-140-5p aggra-
vates AS by mediating oxidative stress responses by targeting
nuclear factor, erythroid 2 like 2 and sirtuin 2 via the kelch
like ECH associated protein 1/heme oxygenase 1 signaling
pathway (23). Another study demonstrated that miR-140-5p
serves a key role in pulmonary arterial hypertension by
targeting SMAD-specific E3 ubiquitin protein ligase 1 (24).
Despite the widespread expression of microRNAs, the current
understanding of the association between microRNAs and AS
pathogenesis is limited.

A bioinformatics analysis predicted that miR-140-5p
might target the roundabout guidance receptor 4 (ROBO4)
gene, which codes for a member of the neuronal Robo family
that serve as vascular-specific receptors, and are involved in
angiogenesis and vascular permeability regulation (25-27).
ROBO4 expression is mediated by methylation of its promoter,
and has been demonstrated to serve a key role in endothelial
cell differentiation (28). Moreover, a previous study indicated
that ROBO4 could modulate microvascular endothelial cell
migration during angiogenesis (29,30). However, how miR-
140-5p might affect ROBO4 gene expression during the AS
pathogenesis process, and the roles served by miR-140-5p in
VSMCs and AS development are not completely understood.

The present study aimed to investigated the role of ROBO4
and miR-140-5p in an oxidized LDL (ox-LDL)-induced cell
model. The mechanism was identified by investigating the
expression levels of miR-140-5p and ROBO4 expression
in AS tissues and human VSMCs treated with ox-LDLs, as
well as the effects of ox-LDL treatment on VSMC viability,
migration, invasion and apoptosis. This study provided a novel
perspective on the molecular pathogenesis of AS, and may aid
in developing novel strategies for the prevention and treatment
of the disease.

Materials and methods

Tissues, cell culture and treatments. Artery tissues containing
AS plaque were collected from patients who had been diag-
nosed with AS (n=20; age, 48-71 years; 55% men and 45%
women) and undergone surgical treatment in the Department of
Vascular Surgery of The First Affiliated Hospital of Chongqing
Medical University between July 2017 and December 2018.
Samples of AS tissue were obtained from patients with lower
extremity atherosclerotic occlusive disease who were under-
going surgery, and samples of healthy control tissue were
obtained from individuals who had suffered an injury, such as
amputation (20%), fracture (70%) or other (10%). The present
study was reviewed and approved by the Medical Ethics
Committee of The First Affiliated Hospital of Chongqing
Medical University. Written informed consent was obtained
from each participant.

Human VSMCs were purchased from the BeNa Culture
Collection (cat.no. BNCC340087) and cultured in high-glucose
DMEM (cat. no. 12100046; Gibco; Thermo Fisher Scientific,
Inc.) containing 10% FBS (cat. no. 10099-141; Gibco; Thermo
Fisher Scientific, Inc.), 100 U/ml penicillin, and 100 U/ml
streptomycin at 37°C in a humidified cell culture chamber
containing 5% CO2. All cells were used within 7 passages
and stored in liquid nitrogen prior to use. Cells (5x10° cells/ml)
were treated with 50 or 100 pg/ml ox-LDL (cat. no. YB-002;
Guangzhou Yiyuan Biological Technology Co., Ltd.) for 24 h
at 37°C. Cells treated with PBS were set as the control group.

Cell transfection. An miR-140-5p inhibitor (3'-GUCACCA
AAACGGGAUACCAUC-5") and its negative control (NC,
5'-UUCUCCGAACGUGUCACGUTT-3") were synthesized
by Shanghai GenePharma Co., Ltd. and used to induce
miR-140-5p knockdown. VSMCs (1x10° cells/ml) were
seeded into 96-well plates and cultured overnight at 37°C.
Subsequently, VSMCs were incubated with 25 ul serum-
free DMEM containing 5 pmol miR-140-5p inhibitor or
NC and 0.25 pl Lipofectamine® 2000 Transfection Reagent
(cat. no. 11668027; Thermo Fisher Scientific, Inc.) at 37°C
according to the manufacturer's protocol. To induce ROBO4
overexpression, ROBO4 genomic sequences were ampli-
fied by PCR using specific primers (forward, 5'-GGG
GTACCATGGTGGCTGTGGTGGGTGAGC-3' and
reverse, 5'-CCAAGCTTTCAGGAGTAATCTACAGGAGA
AGCACCAGC-3'") and inserted into pcDNA3.0 plasmids
(Biovector Science Lab, Inc.). VSMCs were transfected with
recombinant pcDNA3.0-ROBO4 plasmids (1.5 pg) using
Lipofectamine 2000 Transfection Reagent at 37°C. At 24 h
post-transfection, transfection efficiency was assessed via
reverse transcription-quantitative PCR (RT-qPCR). An empty
vector was transfected into VSMCs as a negative control.

RT-qPCR. The relative expression levels of miR-140-5p and
ROBO4 mRNA in cultured VSMCs and artery tissues were
analyzed via RT-qPCR. Total RNA was isolated from cultured
cells or tissues using TRIzol® reagent (cat. no. 9109; Takara Bio,
Inc.) according to the manufacturer's protocol. Subsequently,
total RNA (2.0 ug) was reverse transcribed into cDNA using
the Bestar qPCR RT kit (cat. no. 2220; DBI Bioscience)
according to the manufacturer's protocol. Subsequently,
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Table I. Primer sequences used for reverse transcription-quantitative PCR.

Gene Sequences (5'—3") Product length (bp)

GAPDH F: TGTTCGTCATGGGTGTGAAC 131
R: ATGGCATGGACTGTGGTCAT

Bcl-2 F: GAGGATTGTGGCCTTCTTTG 170
R: ACAGTTCCACAAAGGCATCC

MMP2 F: ATGACAGCTGCACCACTGAG 174
R: ATTTGTTGCCCAGGAAAGTG

ROBO4 F: GTGGTGGGTGAGCAGTTTAC 270
R: CATGTAGGTCCCTTCGTCAC

miR-140-5p F: ACACTCCAGCTGGGTGGTGGTTTTACCCTATGGT N/A
R: CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTACCAT

u6 F: CTCGCTTCGGCAGCACA N/A

R: AACGCTTCACGAATTTGCGT

MMP2, matrix metallopeptidase 2; ROBO4, roundabout guidance receptor 4; miR, microRNA; F, forward; R, reverse; N/A, not applicable.

gPCR was performed using a Stratagene Mx3000P real-
time PCR system (Agilent Technologies, Inc.) and Bestar™
qPCR MasterMix (cat. no. 2043; DBI Bioscience) according
to the manufacturer's instructions. The following thermocy-
cling conditions were used for qPCR: 40 cycles of 94°C for
2 min, followed by 94°C for 20 sec, 58°C for 20 sec and 72°C
for 20 sec. The sequences of the primers used for qPCR are
presented in Table I. miRNA and mRNA expression levels
were quantified using the 224°4 method (31) and normalized
to the internal reference genes U6 and GAPDH, respectively.

Western blotting. Total protein was extracted from cultured
VSMC cells using RIPA Lysis Buffer (Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol. Total
protein was quantified using the bicinchoninic acid method.
Protein (~20 pg) was separated via 10% SDS-PAGE and trans-
ferred onto PVDF membranes (EMD Millipore), which were
then blocked with 5% lipid-free milk solution for 2 h at room
temperature. Subsequently, the membranes were incubated for
1-2 h at room temperature with primary antibodies targeted
against: ROBO4 (cat. no. ab180824; 1:1,000; Abcam) and
GAPDH (cat. no. ab8245; 1:5,000; Abcam). Following primary
incubation, the membranes were incubated with rabbit anti-
mouse HPR-conjugated secondary antibodies (cat. no. ab6728;
1:3,000; Abcam) for 2 h at room temperature. Immunoreactive
bands were visualized using an Enhanced Chemiluminescence
Substrate kit (cat. no. KLLS0500; Merck KGaA). GAPDH was
used as the loading control. Image-Pro Plus software (version
6.0; Media Cybernetics, Inc.) was used for semi-quantification.

Cell Counting Kit-8 (CCK-8) assay. VSMC viability was eval-
uated using a CCK-8 assay (cat. no. CK04; Dojindo Molecular
Technologies, Inc.) according to the manufacturer's protocol.
Briefly, cells (1x105 cells/well) in a 96-well plate were incu-
bated in a humidified incubator at 37°C for 24 h. Subsequently,
10 ul CCK-8 solution was added to each well and incubated
for 24, 48 or 72 h at 37°C. The absorbance of each well was

measured at a wavelength of 450 nm (optical density,s,) using
a microplate reader to calculate the cell viability rate.

Cell migration and invasion. VSMC migration and invasion
were detected using a Transwell culture system. To assess cell
migration, VSMCs (2x10*) were re-suspended in serum-free
DMEM containing 0.2% BSA (cat. no. ST025; Beyotime
Institute of Biotechnology) and seeded into the upper chambers.
The lower chambers were filled with 700 pl complete DMEM
containing 10% FBS. Following incubation at 37°C for 48 h,
cells in the lower chambers were fixed with 4% paraformal-
dehyde (cat. no. P0099; Beyotime Institute of Biotechnology),
stained with crystal violet staining solution for 5-10 min at
room temperature and counted using a CX41 light microscope
(Olympus Corporation). To detect cell invasion, the inner sides
of the Transwell chambers were pre-coated with Matrigel®
Basement Membrane Matrix (cat. no. 356234BD; Biocoat,
Inc.) at room temperature, after which, the aforementioned
procedure was performed to assess cell invasion.

Cell apoptosis. VSMC apoptosis was detected by using an
Annexin V-FITC/PI kit (Nanjing KeyGen Biotech Co., Ltd.)
in combination with flow cytometry. Briefly, cultured VSMCs
were seeded (4x10° cells/well) into a 6-well plate and treated
with ox-LDL. After treatment, cells were collected and incu-
bated with Annexin V-FITC solution (I ml) for 12 min in
the dark at room temperature, and incubated with propidium
iodide solution (5 pl) for 5 min in the dark. Subsequently,
the percentage of apoptotic VSMCs was determined by
flow cytometry (BD FACSCalibur™; BD Biosciences) using
FlowJo™ version 10 software (FlowJo LLC). Early + late
apoptosis rate was regarded as total apoptosis percentage.

Immunofluorescence. VSMCs were fixed with 4% para-
formaldehyde for 30 min at room temperature followed by
permeabilization with 0.3% Triton X-100 for 15 min. After
permeabilization, cells were washed with PBS and blocked
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Figure 1. Increase in miR-140-5p expression and decrease in ROBO4 expression associated with AS pathogenesis. (A) miR-140-5p expression levels in
healthy artery tissues and artery tissues obtained from patients with AS. “P<0.01 vs. normal. (B) ROBO4 protein expression levels in ox-LDL-treated human
VSMCs. (C) miR-140-5p and ROBO4 gene expression levels in ox-LDL-treated human VSMCs. "P<0.05, “P<0.01 vs. blank group. miR, microRNA; ROBO4,
roundabout guidance receptor 4; AS, atherosclerosis; ox-LDL, oxidized-low density lipoprotein; VMSC, vascular smooth muscle cell.

with 5% goat serum (cat. no. C0265; Beyotime Institute of
Biotechnology) for 30 min at room temperature, and subse-
quently incubated with an anti-a-smooth muscle actin (SMA)
primary antibody (cat no. BM3902; 1:100; Boster Biological
Technology) overnight at 4°C. Subsequently, cells were incu-
bated with a secondary Cy5-labeled goat anti-rabbit antibody
(cat no. ab97077; 1:300; Abcam). Cells were stained with
DAPI at room temperature for 10 min for nuclear staining
and observed using a fluorescence microscope (magnification,
x400).

Construction of vectors and transfection. The potential binding
site of miR-140-5p on the 3'UTR of ROBO4 was predicted using
TargetScan (http:/www.targetscan.org/vert_72/) (32). siRNA
against ROBO4 (5'-CCAAGACUACGAGUUCAAA-3") and
the NC (5'-AUUCGACGCAUGACACAAA-3") were purchased
from Shanghai GenePharma Co.,Ltd. siRNA and NC were used
at concentration of 20 yM diluted with diethyl pyrocarbonate
H20.DNA was extracted from the VSMCs using PrimeSTAR®
HS DNA Polymerase (Takara Bio, Inc.). The following
primers were used to amplify the 3'-untranslated region (UTR)
sequences from VSMCs by PCR: Wild-type (WT) 3'UTR
forward, 5'-CCCTCGAGACCGTGTCCCTGAGACTTCCC-3'
and reverse, 5'-ATTTGCGGCCGCTAGGAGTCAGGTGG
AGATGATGTTT-3'. The PCR process was according
to the information included in Table II. The resulting
PCR product was ligated into psi-CHECK?2 vectors (cat.
no. 97157; Addgene, Inc.). Point mutations were introduced
by performing PCR with the following primers: forward,
5'-CTTCCCAGACGGGAATCAGCTTACTGTCTCCTGTC
CACCCACAAG-3' and reverse, 5-ACTTGTGGGTGGACA
GGAGACAGTAAGCTGATTCCCGTCTGGGAAG-3".
Similarly, the resulting PCR products were inserted into psi-
CHECK2 vectors. The coding sequences of ROBO4 were

Table II. PCR amplification procedure.

Reagent Volume (u1)
PrimeSTAR® HS DNA Polymerase 0.5
5X PrimeSTAR buffer 50
dNTP Mix (2.5 mM each) 20
F (10 pM) 0.5
R (10 uM) 0.5
cDNA 1.0
ddH,0 <25
Total volume 25

F, forward; R, reverse.

cloned from VSMCs using the following primers: forward,
5'-GGGGTACCATGGTGGCTGTGGTGGGTGAGC-3'
and reverse, 5'-CCAAGCTTTCAGGAGTAATCTACAGG
AGAAGCACCAGC-3". All PCR products were identi-
fied by sequencing conducted by Sangon Biotech Co., Ltd.
Plasmid (~10 pg) was transfected into VSMCs (1x10° per ml).
Transfections were performed using Lipofectamine 3000
(Thermo Fisher Scientific, Inc.) according to manufacturer's
instructions. All primers used were synthesized by Sangon
Biotech Co., Ltd. Subsequent assays were performed 24 h after
transfection.

Dual-luciferase reporter assay. The binding of miR-140-5p to
ROBO4 mRNA was verified by performing a dual-luciferase
reporter assay using a Dual-Luciferase Reporter Assay System
(cat. no. E1910; Promega Corporation) according to the manu-
facturer's instructions. Briefly, the WT and mutant (MUT)
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Figure 2. Effect of miR-140-5p knockdown and ox-LDL treatment on VSMC viability, migration, invasion and apoptosis. (A) VSMCs were identified via
immunofluorescence (magnification, x200). (B) Transfection efficiency of miR-140-5p inhibitor. (C) miR-140-5p and ROBO4 expression levels in miR-140-5p
inhibitor-transfected and ox-LDL-treated VMSCs. (D) ROBO4 protein expression levels in miR-140-5p inhibitor-transfected and ox-LDL-treated human
VSMCs (E) Bel-2 and MMP2 expression levels were measured by reverse transcription-quantitative PCR. Human VSMC (F) viability, (G) migration, invasion
(magnification, x200) and (H) apoptosis following miR-140-5p inhibitor transfection and ox-LDL treatment. ‘P<0.05, ““P<0.01, ““P<0.001 vs. NC or control;
"P<0.05, "P<0.01 vs. ox-LDL + NC. miR, microRNA; ox-LDL, oxidized-low density lipoprotein; VSMC, vascular smooth muscle cell; ROBO4, roundabout
guidance receptor 4; MMP2, matrix metallopeptidase 2; a-SMA, a-smooth muscle actin; NC, negative control; OD, optical density.

3'UTR ROBO4 gene sequences were separately inserted
into psi-CHECK?2 plasmids (cat. no. 97157; Addgene, Inc.).
miR-140-5p mimic (5-CAGUGUUUUACCCUAUGGUAG-3')
and its NC (5'-UUCUCCGAACGUGUCACGUTT-3") were
synthesized by Shanghai GenePharma Co., Ltd. VSMCs
were transfected with the WT or MUT recombinant plasmids
(8 ng) and miR-140-5p mimic or the NC (100 ppm) using

Lipofectamine 2000 Transfection Reagent (Thermo Fisher
Scientific, Inc.). Luciferase activity was detected using a
GloMax 20/20 Luminometer (Promega Corporation). Renilla
luciferase activity was set as the internal reference.

Statistical analysis. Statistical analyses were performed using
SPSS software (version 20.0; IBM Corp). Data are presented
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Figure 3. Investigation of miR-140-5p binding to ROBO4 mRNA in VSMCs. (A) The predicted binding site between miR-140-5p and the 3'-UTR sequences of
ROBO4 mRNA. (B) Verification of miR-140-5p binding to the 3'-UTR sequences of ROBO4 mRNA in human VSMCs. (C) Expression of ROBO4 in VSMCs
following transfection with miR-140 mimic. “P<0.01, vs. NC. miR, microRNA; ROBO4, roundabout guidance receptor 4; VSMC, vascular smooth muscle
cell; 3'-UTR, 3'-untranslated region; WT, wild-type; MUT, mutant; NC, negative control; ox-LDL, oxidized-low density lipoprotein.

as the mean + SD. All experiments were repeated three times.
Comparisons among groups were analyzed using the Student's
t test or non-parametric Kruskal-Wallis followed by the Dunn's
post hoc test. P<0.05 was considered to indicate a statistically
significant difference.

Results

Increased miR-140-5p expression and decreased ROBO4
expression during AS. To investigate the potential pathogenic
roles of miR-140-5p during AS development, artery tissues
containing plaque were collected from 20 patients who had
been diagnosed with AS and healthy artery tissues were
collected from 20 healthy volunteers who served as healthy
control subjects. miR-140-5p was expressed at significantly
higher levels in the artery tissues of patients with AS
compared with healthy control subjects (Fig. 1A). Moreover,
cultured human VSMCs were treated with ox-LDL to establish
a cellular model of AS development. A bioinformatics analysis
predicted ROBO4 as a target of miR-140-5p. In the present
study, ROBO4 protein expression levels in human VSMCs
were notably reduced by ox-LDL treatment in a concentration-
dependent manner compared with the blank control group
(Fig. 1B). Furthermore, the RT-qPCR results indicated that
miR-140-5p expression was significantly increased and
ROBO4 gene expression was significantly decreased in
ox-LDL-treated human VSMCs compared with blank control
VSMCs (Fig. 10).

miR-140-5p inhibition suppresses VSMC viability, migration
and invasion, and promotes apoptosis following ox-LDL treat-
ment. To analyze the cellular functions of miR-140-5p during
AS development, cultured human VSMCs were transfected
with miR-140-5p inhibitor. VSMCs were identified by detecting
o-SMA expression via immunofluorescence. The results

suggested that the VSMCs expressed a-SMA (Fig. 2A). miR-
140-5p expression levels in ox-LDL-treated human VSMCs
were significantly downregulated by miR-140-5p inhibitor
compared with the NC group (Fig. 2B). Furthermore, ROBO4
protein expression levels in ox-LDL-treated VSMCs were
significantly downregulated compared with control VSMCs
(Fig. 2C). ROBO4 protein expression levels in ox-LDL-treated
human VSMCs were upregulated by transfection with miR-
140-5p inhibitor (Fig. 2D). The RT-qPCR results indicated that
Bcl-2 and MMP2 expression levels were significantly higher
in ox-LDL-treated VSMCs compared with control VSMCs,
which was reversed by miR-140 inhibitor (Fig. 2E). Moreover,
human VSMC viability was greatly increased by ox-LDL
treatment, but ox-LDL-mediated alterations to cell viability
were reversed by miR-140-5p inhibitor (Fig. 2F). Similarly, the
number of migratory and invading VSMCs was significantly
increased following ox-LDL treatment compared with control
VSMCs, and ox-LDL-mediated increases were attenuated
by miR-140-5p inhibitor (Fig. 2G). By contrast, the number
of apoptotic VSMCs was significantly decreased by ox-LDL
treatment compared with control VSMCs, but restored by
transfection with miR-140-5p inhibitor (Fig. 2H). Collectively,
the results indicated that human VSMC viability, migration
and invasion were enhanced, whereas VSMC apoptosis was
suppressed in ox-LDL-treated VSMCs; however, miR-140-5p
inhibitor reversed ox-LDL-mediated effects.

miR-140 directly targets the ROBO4 gene in VSMCs. A bioin-
formatics analysis predicted that ROBO4 might be a target
gene of miR-140-5p by binding to the 3'-UTR of ROBO4
mRNA (Fig. 3A). To investigate the relationship between
miR-140-5p and ROBO4, a dual-luciferase reporter assay was
conducted to assess the binding between miR-140-5p and the
3'-UTR of ROBO4 mRNA (Fig. 3B). The results suggested
that the luciferase activity of WT-VSMCs was significantly
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Figure 4. Effects of ROBO4 overexpression and ox-LDL treatment on VSMC viability, migration, invasion and apoptosis. (A) Transfection efficiency of
ROBO4 overexpression. ROBO4 (B) mRNA and (C) protein expression levels in human VSMCs following ROBO4 overexpression and ox-LDL treatment.
(D) Bcl-2 and MMP?2 expression levels were measured by reverse transcription-quantitative PCR. Effect of ROBO4 overexpression and ox-LDL treatment on
human VSMC (E) viability, (F) migration, invasion (magnification, x200) and (G) apoptosis. "P<0.05, “P<0.01, ““P<0.001 vs. NC or control; “P<0.05, *P<0.01
vs. ox-LDL + NC. ROBO4, roundabout guidance receptor 4; ox-LDL, oxidized-low density lipoprotein; VSMC, vascular smooth muscle cell; MMP2, matrix

metallopeptidase 2; NC, negative control; OD, optical density.

decreased in miR-140-5p mimic-transfected cells compared
with the NC group (Fig. 3B). However, the luciferase activity
of MUT-VSMCs was not significantly altered in miR-140-5p
mimic-transfected cells compared with the NC group (Fig. 3B).
The results indicated that miR-140-5p could bind to the 3'UTR
of ROBO4 mRNA in VSMCs and verified ROBO4 as a target
of miR-140-5p. Furthermore, miR-140-5p mimic downregu-
lated ROBO4 expression levels compared with the NC group
(Fig. 3C). Therefore, the results indicated that the relationship
between ROBO4 and miR-140-5p may be associated with the
ability of miR-140-5p to regulate AS pathogenesis.

ROBO4 overexpression reverses ox-LDL-mediated
effects on VSMCs. To explore the pathogenic roles of miR-
140-5p-mediated inhibition of ROBO4 gene expression,
ROBO4-overexpression human VSMCs were established. The
results indicated that ROBO4 expression was significantly
increased by transfection with the ROBO4-overexpression
vector compared with the NC group (Fig. 4A). ROBO4
expression levels were markedly increased in ROBO4-
overexpression ox-LDL-treated human VSMCs compared
with empty vector-transfected ox-LDL-treated human
VSMCs (Fig. 4B and C). Bcl-2 and MMP2 expression
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Figure 5. miR-140-5p mediates VSMC apoptosis, migration and invasion by targeting ROBO4. (A) Transfection efficiency of ROBO4 siRNA. (B) Effects of
ox-LDL, miR-140-5p inhibitor and ROBO4 siRNA on ROBO4 expression levels in VSMCs. (C) Bcl-2 and MMP?2 expression levels were measured by reverse
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levels were significantly increased by ox-LDL treatment
compared with control cells, but ROBO4 overexpression
reversed ox-LDL-mediated alterations (Fig. 4D). In addition,
ox-LDL-induced VSMC viability was notably decreased by
ROBO4 overexpression (Fig. 4E). Similarly, ox-LDL-induced
VSMC migration and invasion were significantly reduced by
ROBO4 overexpression (Fig. 4F). Furthermore, the inhibi-
tory effect of ox-LDL treatment on human VSMC apoptosis
was also reversed by ROBO4 overexpression, which resulted
in significantly increased VSMC apoptosis compared with
ox-LDL-treated cells (Fig. 4G). Collectively, the results
indicated that ox-LDL-mediated effects on human VSMC
viability, migration, invasion and apoptosis could be attenu-
ated by ROBO4 gene overexpression.

miR-140-5p mediates ox-LDL-induced VSMC phonotypes by
targeting ROBO4. miR-140-5p inhibitor and ROBO4 siRNA
were used to further investigate the role of miR-140-5p in VSMCs.
The transfection efficiency of ROBO4 siRNA was assessed via
RT-qPCR, which indicated that ROBO4 siRNA significantly
downregulated ROBO4 expression levels compared with the NC

group (Fig. 5A). ROBO4 expression was significantly reduced by
treatment with ox-LDL compared with the control group, an effect
that was partially reversed by miR-140-5p inhibitor. Moreover,
ROBO4 expression in ox-LDL- and inhibitor-treated VSMCs
was significantly decreased by treatment with ROBO4 siRNA
(Fig. 5B). Bcl-2 and MMP?2 expression levels were significantly
increased in ox-LDL-treated cells compared with control cells,
but treatment with miR-140-5p inhibitor significantly decreased
ox-LDL-induced expression. In addition, Bcl-2 and MMP2
expression levels in ox-LDL- and inhibitor-treated VSMCs were
significantly increased by ROBO4 siRNA (Fig. 5C). Compared
with the control group, VSMC apoptosis was significantly
decreased by ox-LDL treatment, but rescued by treatment with
miR-140-5p inhibitor. ROBO4 siRNA significantly decreased the
rate of apoptosis in ox-LDL and inhibitor-treated cells (Fig. SD).
The Transwell assays indicated that the migration and invasion of
ox-LDL-treated VSMCs were significantly enhanced compared
with the control group, but miR-140-5p inhibitor suppressed
ox-LDL-induced migration and invasion. By contrast, ROBO4
siRNA significantly enhanced the migration and invasion of
ox-LDL- and inhibitor-treated cells (Fig. 5E).
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Discussion

Increasing evidence has revealed that non-coding RNA
molecules, including miRNAs, are closely associated with
various vascular disorders, such as AS, and their related
complications (19,20,33). Despite previous reports describing
the pathogenic roles served by miR-140-5p in angiogenesis
and glioma cell proliferation/invasion (21,22), the roles of
miR-R140-5p in AS development and progression are not
completely understood. The present study indicated that miR-
140-5p expression levels were significantly increased in artery
plaque tissues collected from patients with AS and in ox-LDL-
treated human VSMCs compared with healthy control tissues
and control VSMCs, respectively. Moreover, ROBO4 gene
expression was markedly decreased in ox-LDL-treated VSMCs
compared with control VSMCs. The transfection experiments
indicated that miR-140-5p promoted cell viability, migration,
and invasion, but decreased apoptosis in ox-LDL-treated
human VSMCs, which also inhibited ROBO4 gene expres-
sion. Additionally, the direct binding of miR-140-5p to the
3'-UTR of ROBO mRNA was validated using a dual luciferase
reporter assay. Finally, the results indicated that the regulatory
effects of ox-LDL treatment on human VSMCs were markedly
abrogated by ROBO4 overexpression. Collectively, the results
indicated that miR-140-5p served as an AS-promoting factor
in human VSMC:s by directly targeting and repressing ROBO4
gene expression.

The functions and molecular mechanisms underlying miR-
140-5p have been extensively investigated due to its widespread
and essential roles in various biological processes and patho-
genic conditions. For instance, a recent study demonstrated
that miR-140-5p could serve as a potent tumor suppressor and
inhibit pediatric renal cancer cell proliferation by targeting
and suppressing the expression of TGF-f receptor type 1 and
insulin-like growth factor 1 receptor (34). Besides its wide-
spread involvement in the development and progression of
various human malignancies, miR-140-5p has been reported
to serve as a key non-coding RNA molecule during the devel-
opment of other human disorders, such as skeletal dysplasia,
pulmonary arterial hypertension, inflammation-induced acute
lung injuries and angiogenesis (35-37). On the other hand,
several miRNAs, including miR-155, miR-33, miR-296 and
miR-302a, have also been identified as essential regulators
of AS development (38-41). Considering the functions of the
microRNAs during AS pathogenesis, it was hypothesized
that miR-140-5p may be involved in AS. The high levels of
miR-140-5p expression detected in artery tissues from patients
with AS and in ox-LDL-treated VSMCs, as well as the cellular
functions of miR-140-5p in ox-LDL-treated VSMCs, were
further indicated in the present study by transfecting human
VSMCs with miR-140-5p inhibitor. The results provided a
novel perspective for the molecular processes underlying AS
development.

Previous studies indicated that human VSMCs undergo
significant alterations in their cellular processes during
AS pathogenesis, as demonstrated by increased rates of
proliferation, migration and invasion, and a lower rate of
apoptosis (6-8). For instance, VSMC proliferation was
demonstrated to be severely limited by CD98, a deficiency of
which greatly altered the number of smooth muscle cells in

the plaque tissues of an AS mouse model (42). Wang et al (43)
suggested that ox-LDL exerts biphasic effects on VSMC
proliferation and apoptosis via an ox-LDL/B2-glycoprotein
(GP)I/anti-p2GP complex. In the present study, ox-LDL
treatment significantly promoted human VSMC viability,
migration and invasion, but suppressed apoptosis, which
was consistent with previously reported effects (6). The
discrepancy between studies may be due to the sensitivity of
VSMCs and the length of exposure to ox-LDLs. For instance,
the NF-«kB and MAPK signaling pathways send a variety of
signals that regulate cell apoptosis and proliferation, and the
net balance between cell death and survival is determined by
the signaling pathway involved (43). Moreover, the present
study indicated that miR-140-5p inhibitor transfection could
almost completely reverse ox-LDL-induced alterations in
VSMC viability, migration, invasion and apoptosis. However,
inhibition of AS development via miR-140-5p inhibition
requires further investigation in animal AS models. The
cellular assays conducted in the present study characterized
miR-140-5p as a novel AS-promoting miRNA that could
possibly serve as biomarker for diagnosing AS, and be useful
for the development of novel drugs for the treatment of AS.

ROBO4 is a major homolog of the neuronal Robo family,
and was previously identified as a critical vascular-specific
receptor that was specifically expressed in the vascular endo-
thelium and inhibited endothelial migration (26). Subsequent
investigations indicated that ROBO4 could interact with and
activate the vascular Netrin receptor Unc-5 homolog B to
inhibit angiogenesis and maintain vessel integrity by inhib-
iting the VEGF signaling pathway (25). A previous study also
demonstrated the essential roles served by the ROBO4 gene in
regulating vascular permeability and neovascularization (27).
However, the pathogenic function of the ROBO4 gene during
artery stiffening and AS development/progression is not
completely understood. In the present study, ROBO4 gene
expression was downregulated in the artery plaque tissues
from patients with AS and in ox-LDL-treated human VSMCs
compared with healthy artery tissues and control VSMCs,
respectively. Consistent with a bioinformatics prediction,
the dual-luciferase reporter assay indicated that miR-140-5p
bound to the 3'-UTR regions of ROBO4 mRNA. Moreover,
the results indicated that the effects of ox-LDL treatment on
human VSMCs were mitigated by ROBO4 overexpression.
The results characterized the ROBO4 gene as the target of
miR-140-5p in VSMCs during AS development.

In summary, the present study indicated that miR-140-5p
was highly expressed in human VSMCs during AS. The results
suggested that miR-140-5p might promote the AS process by
directly binding to ROBO4 mRNA and suppressing ROBO4
gene expression. ROBO4 overexpression effectively alleviated
the cellular phenotypic alterations in VSMCs associated with
AS pathogenesis. The present study provided novel insights
into the pathogenic mechanisms underlying artery stiffening
and AS development, and also established a rationale for
further investigation into the use of miR-140-5p and ROBO4
as target molecules for use in AS diagnosis and treatment.
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