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Aberrant vascular smooth muscle cell (VSMC) migration has been implicated in a variety
of vascular disorders, while the signal pathways governing this process remain unclear.
Here, we investigated whether miRNAs, which are strong post-transcriptional regulators
of gene expression, could alter VSMC migration. We detected the expression of miR-4463
in the plasma of patients with atherosclerosis and in human aortic smooth muscle cells un-
der hypoxia–ischemia condition, and investigated the migration effect and its downstream
pathways. The results have shown that whether in clinical AS patients or hypoxic cells, the
expression of miR-4463 was lower than that of normal group, then the number of migrating
cells in the miR-4463 mimic intervention group was significantly decreased compared with
the normal group and miR-4463 inhibitor instead. Furthermore, the expression of angiomotin
(AMOT) in gastrocnemius muscle and femoral artery of patients was significantly higher than
that of the control group. The protein level of AMOT in miR-4463 mimic intervention group
was significantly decreased, and its level was reversed by inhibiting miR-4463. In summary,
these results indicate that miR-4463 is a novel modulator of VSMC migration by targetting
AMOT expression. Regulating miR-4463 or its specific downstream target genes in VSMCs
may represent an attractive approach for the treatment of vascular diseases.

Introduction
Atherosclerosis is a chronic inflammatory disease, characterized by atherosclerotic plaques that cause
hardening and narrowing of the lumen, which is the overwhelming cause of morbidity and mortality
in the elderly patients in developed and developing countries [1]. In the early stage of atherosclerosis, vas-
cular smooth muscle cells (VSMCs) migrate from the middle membrane to the inner wall of the arterial
wall, then abnormal proliferation and migration of VSMCs result in intimal thickening and narrowing at
the end point [1,2]. At present, there are still many deficiencies in arteriosclerosis obliterans (ASO) treat-
ment, regardless of clinical progress, such as regulating lipid metabolism, activating blood circulation,
and intervene recanalization [3]. Therefore, more and more medical experts focussed on the develop-
ment mechanism of arteriosclerosis, and they believed that inhibiting both the migration of VSMCs and
the thickening of the intima from the molecular level may be benificial to prevent arteriosclerosis.

MiRNAs are endogenous non-coding small RNAs that can post-transcriptionally regulate entire sets
of genes [3,4], which play an important role in cell proliferation, apoptosis, and migration. Many miR-
NAs have been confirmed in regulating the migration of VSMCs through different target genes or path-
ways. For example, miR-21 has been reported to promote proliferation and apoptosis of VSMCs by di-
rectly targetting programmed cell death 4 (PDCD4) [5]. Dong et al. [6] confirmed that the target gene
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Krüppel-like factor 4 (KLF4) of miR-146a was a basic regulator of the migration of VSMCs. Some recent studies
also showed that podocalyxin-like protein (PODXL) is related to cell adhesion and migration. Zhu et al. [2] showed
miR-24-3p analogs to significantly inhibit the platelet-derived growth factor-BB (PDGF-BB) induced VSMCs migra-
tion and proliferation through PODXL pathway. miR-221/222 can inhibit the proliferation and migration of VSMCs
by inhibiting cyclin-dependent protein kinases (CDKs), p27, and p57 [4]. Researches on miRNA provide translational
opportunities for innovative therapeutic and biomarker applications.

Currently, miRNAs are involved in various biological processes, which were regarded as diagnostic and prognostic
biomarkers. In the vascular fields, our previous studies focussed on collecting plasma samples from patients with
atherosclerosis to detect the expression of some interested miRNAs [6,7], and miR-4463 has begun to attract our at-
tention. We found that miR-4463 has a significant change and it probably can be a potential biomarker for the early
diagnosis of ASO. Even so, the exact regulating mechanism is obscure, and there is little report on whether miR-4463
is involved in the regulation of migration about VSMCs. Hence, the current study is to explore the underlying mecha-
nisms between miR-4463 and migration in VSMCs based on our previous findings. After the successful construction
of the cell model of hypoxia–ischemia to simulate the clinical ischemic disease, miR-4463 was down-regulated and
up-regulated by transfecting miR-4463 inhibitor and mimic into cells. Then, cell Transwell, cell count, and flow cy-
tometry were used to detect the functional status of the transfected cells, and some migration-related genes were
investigated.

Through a series of experiments, we found that, compared with the control group miR-4463 expression in sclerosis
patients plasma and in human aortic smooth muscle cells (HASMCs) under hypoxia–ischemia condition was lower,
and migrating cells number in miR-4463 mimic group was significantly decreased compared with the control group.
Based on the preliminary study on the migration downstream, we consider that the inhibitory effect of miR-4463 on
migration of HASMCs may be due to up-regulation of angiomotin (AMOT) attracted and its downstream molecules.

Materials and methods
Cell culture and model making
In the present study, HASMCs (Sciencell, America) were selected as representative primary cells and cultured in
smooth muscle cell medium (SMCM; Sciencell, America), which was supplemented with 2% heat-inactivated FBS,
1% cell growth factor, and 1% penicillin and streptomycin. We used trypsin (Gibco by Life Technologies, Australia)
digestion passaged cell while adherent to approximately 80% and subcultured it, and cells at the 3–8 passages in the
logarithmic phase were used for all experiments.

Atherosclerosis is a complex inflammatory disease, and the experimental method usually adopts hyperglycemia,
angiotensin II, oxidized low density lipoprotein (ox-LDL), and hypoxia–ischemia to intervene and imitate [8-10].
To determine whether the expression of miR-4463 is important in ASO, we chose treated HASMCs with
hypoxia–ischemia condition (5% O2 and 0% FBS) for 4 h to simulate the hypoxia condition in vitro.

The intracellular level of miR-4463 was up-regulated or down-regulated by transfecting miRNA mimic and in-
hibitor, respectively. Then, we chose two miRNAs of Caenorhabditis elegans as negative control (NC) according to
the manufacturer’s protocol (Guangzhou RiboBio Co., Ltd., Guangzhou, China). Take the 24-hole plate for an exam-
ple, cells were transfected with miR-4463 mimic/inhibitor or NC when the cell density reached 30–50% according to
the instructions. First, miRNA storage liquid was mixed with 1× riboFECTTM CP Buffer and then the mixture was
mixed with riboFECTTM CP Reagent. After incubation for 15 min at room temperature, the compound was added to
the plate with moderate cell culture medium to make the concentration of miR-4463 mimic and inhibitor at 50 and
100 nmol/l, respectively. Transfection efficiency was determined by quantitative real-time PCR (RT-qPCR) 48 h later.

RNA extraction and RT-qPCR analysis
The venous blood of 50 ASO patients and 50 normal persons were collected from the clinical sample. There was no
statistical difference in sex and age between the two groups (Table 1). All the subjects received informed consent,
and all the specimens were approved by the Ethics Committee of the Affiliated Hospital of the Southwest Medi-
cal University. The total RNA of tissues and HASMCs was extracted by TRIzol [9], and 500 ng RNA was used for
reverse-transcription reaction (catalog number 218160; Qiagen GmbH, Hilden, Germany). Then, acquired cDNA
was used for RT-qPCR according to the manufacturer’s protocol using the miScript SYBR Green PCR kit (catalog
number 208054; Qiagen GmbH, Hilden, Germany). The primers of hsa-miR-4463 and U6 were purchased from Qi-
agen company (catalog number MIMAT0018987; MS00044996). RT-qPCR was performed in StepOnePlus version
2.2.3 Real-Time PCR system (Applied Biosystems; Thermo Fisher Scientific, Inc.) [11,12]. Ct value more than 35 was
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Table 1 General data of study population

General information ASO group (n=50) Control group (n=50)

Age 73.72 +− 10.52 73.67 +− 7.92

Male/female (case) 27/23 26/24

Smoke (case) 10 8

Drink wine (case) 9 6

Hypertension (case) 17 0

Diabetes (case) 13 0

abandoned. Relative expression of target genes were obtained by normalization of the Ct values using the 2−��Ct

method, with U6 as the reference gene [12].

Immunofluorescence
The adherent HASMCs were fixed with 4% paraformaldehyde and blocked with 10% BSA (Solarbio, China; cata-
log A8010). The cells were incubated overnight with the anti-smooth muscle antibody (SMA) (dilution 1:200) and
incubated for 60 min with secondary antibody conjugated to the FITC fluorescent dye (dilution 1:400). DAPI (dilu-
tion 1:10) was used to stain the nucleus. Images were captured using an Olympus Fluorescence microscope (cellSens
standard software version 1.6, DP80, Olympus Corporation, Tokyo, Japan) [13,14].

Cell migration assays
In order to determine the effect of miR-4463 on HASMCs migration, transfected cells (3 × 105) 200 μl were seeded
into the upper chamber of a Transwell filter with 8-μm pores (Costar Corning, U.S.A.), the cells were deprived of
serum for 24 h before being seeded. Then, SMCM containing 600 μl serum was added to the lower chamber [15,16].
Transwell chambers were incubated at 37◦C for 24 h. After incubation, the cells that migrated through the filter pores
were fixed in 4% paraformaldehyde and stained with 5% Crystal Violet. Non-migrating cells on the upper side of the
filter were removed with cotton swabs. Migrating cells were imaged under an inverted phase-contrast microscope at
100× magnification (cellSens standard software version 1.6, DP72, Olympus Corporation, Tokyo, Japan).

Western blot analysis
Total protein from HASMCs (2 × 106 cell number) and tissue (100 mg) was extracted using the RIPA lysis buffer (Be-
yotime Institute of Biotechnology, China) [17,18]. The protein was separated by 12% SDS/PAGE and transferred on to
PVDF membranes. Then incubated with primary antibodies, including anti-N-Cadherin, anti-E-Cadherin, anti-ERK,
anti-P-ERK, anti-AKT, and anti-P-AKT (all for 1:1000; Cell Signaling Technology, China; cat: 13116, 3195S, 9102S,
9101S, 4691S, and 4060S), anti-AMOT (1:500; ABNOVA, China; cat: AADMOOAA6010700), anti-GAPDH for
1:2000 (Beyotime Institute of Biotechnology, China; cat: AF0006) overnight at 4◦C. Then incubated with anti-rabbit
IgG (Beyotime Institute of Biotechnology, China; cat: A0208) at 1:2000 dilution and anti-mouse IgG (Beyotime In-
stitute of Biotechnology, China; cat: A0216) at 1:3000 dilution as secondary antibody for 1 h at 37◦C. Finally, protein
bands were visualized by Enhanced Chemiluminescence Detection Reagent (Bio-Rad Laboratories, Inc., Hercules,
CA, U.S.A.), and blots were semi-quantitated by densitometric analysis using Quantity One version 4.6.2 software
(Bio-Rad Laboratories, Inc.).

Statistical analysis
Statistical analyses were performed using SPSS version 19.0 software (IBM Corp., Armonk, NY, U.S.A.). Data are
presented as mean values +− S.D., and statistical significance for comparisons between two groups was calculated using
the two-tailed t test. For multiple comparisons, ANOVA was performed. *P<0.05 was considered to be significant.

Results
The miR-4463 expression change and cell identification
We examined the expression of miR-4463 in ASO patients and controls. The result showed that the expression level of
miR-4463 was decreased by 53% (P=0.0145) in ASO patients than controls (Figure 1A). Then, HASMCs was selected
to carry out the following experiments. The HASMCs were spindle or irregular triangles, the cytoplasms extend
outward radially. Immunofluorescence staining of HASMCs with anti-SMA antibody which is an SMC marker, the

c© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

3



Bioscience Reports (2018) 38 BSR20180150
https://doi.org/10.1042/BSR20180150

Figure 1. The miR-4463 expression was changed and cell identification

(A) The expression level of miR-4463 in ASO patients’ than normal persons: decreased 53% (P=0.0145), *P<0.05. (B) The expres-

sion level of miR-4463 in HASMCs under hypoxia–ischemia condition than normal cells: declined 75% (P=0.0024), *P<0.05. (C)

The HASMCs identification.

results showed that strong positive expression and cell growth characteristics were normal distributions (Figure 1C).
As for HASMCs, the miR-4463 was declined 75% (P=0.0024) treated with hypoxia–ischemia 4 h than untreated cells
(Figure 1B). Our results show that miR-4463 was obviously changed whether in ASO patients or in HASMCs under
hypoxia–ischemia condition compared with respective control, which suggest that miR-4463 positively participate in
the pathogenesis of ASO.

The miR-4463 inhibitor enhanced the HASMCs migration
After transfection, the migrated cells through the Transwell filter pores were fixed and stained. At the same time,
observing from the inverted phase-contrast microscope migrating cells images, our result showed that up-regulated
miR-4463 declined HASMCs migration number, conversely, down-regulated miR-4463 promoted the migration ef-
fect. Through the statistical analysis of five fields vision of different batches, we found that the HASMCs migration
number treated by miR-4463 mimic decreased 57.5% (P<0.001) than the NC group, but miR-4463 inhibitor group
increased 100.1% (P<0.001) (Figure 2A is the Crystal Violet of HASMCs; (B) is the corresponding histogram of (A)).
These results suggest that inhibiting miR-4463 plays an important role in enhancing HASMCs migration.

MiR-4463 inhibitor promotes the expression of migration-related proteins
In order to further confirm the effect of miR-4463, first, the expression of N-Cadherin and E-Cadherin were detected,
which are positively or negatively correlated with cell migration [19,20]. It is interesting that, no matter in gastroc-
nemius muscle tissue or in femoral arteries, the expression of N-Cadherin was up-regulated by 212.1 (P<0.001) and
411.7% (P<0.001) than normal tissues individually, E-Cadherin declined by 64.0 (P=0.0031) and 50.4% (P=0.0099),
individually (Figure 3A,C) ((B) is the corresponding histogram of (A), and (D) is the corresponding histogram of
(C)). In addition, consistent with tissues protein results, the expression of N-Cadherin in miR-4463 mimic-treated
cells was down-regulated by 61.3% (P<0.001) than NC, then miR-4463 inhibitor increased by 86.0% (P<0.001). As
for E-Cadherin, its expression in miR-4463 mimic-transfected cell was increased by 89.7% (P=0.0092) than NC and
miR-4463 inhibitor decreased by 67.3% (P=0.024) (Figure 3E; (F) is the corresponding histogram of (E)).

Next, we predicted the target genes of miR-4463 using TargetScan software (www.TargetScan.org), and AMOT
attracted our attention for its biological relevance of migration. We then determined the expression of AMOT in the
muscular and vascular tissues of patients and controls as well as in HASMCs. As shown in Figure 4, the AMOT protein
was increased by 90.6% (P=0.02) and by 270.1% (P=0.0004) than normal tissue, respectively (Figure 4A,C) ((B) is the
corresponding histogram of (A), and (D) is the corresponding histogram of (C)). Next, we also examined the proteins
of N-Cadherin, E-Cadherin, and AMOT in transfected-HASMCs. And for HASMCs, miR-4463 mimic-transfected
cells decreased 42.7% (P=0.007) than NC and miR-4463 inhibitor increased 54.2% (P=0.039) (Figure 4E; (F) is
the corresponding histogram of (E)). Taken together, these results revealed that miR-4463 may inhibit HASMCs
migration by down-regulating AMOT and its downstream effectors.
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Figure 2. The HASMCs migration after transfection

(A) Crystal Violet: HASMCs were pretreated with NC, miR-4463 mimic, and miR-4463 inhibitor, and under the phase-contrast

microscope 100× after staining. Our result showed the cell number of miR-4463 mimic treated than NC group: decreased 57.5%

(P<0.001), *P<0.05; but miR-4463 inhibitor group increased by 100.1% (P<0.001), ”*P<0.05. (B) Corresponding histogram.

Figure 3. miR-4463 inhibitor regulates the expression of N-Cadherin and E-Cadherin

(A) The expression of N-Cadherin in ASO patients’ gastrocnemius muscle tissue than normal persons up-regulated by 212.1%

(P<0.001)), *P<0.05, and E-Cadherin declined by 64.0%(P=0.0031)), * P<0.05; (C) The expression of N-Cadherin in ASO pa-

tients’ femoral artery tissue than normal persons up-regulated by 411.7% (P<0.001)), *P<0.05, and E-Cadherin declined by

50.4% (P=0.0099)), *P<0.05; (E) The HASMCs after miR-4463 mimic transfected than NC: N-Cadherin down-regulated by 61.3%

(P<0.001)), *P<0.05; E-Cadherin added 89.7% (P=0.0092)), *P<0.05; the miR-4463 inhibitor transfected than NC: N-Cadherin in-

creased by 86.0% (P<0.001)), *P<0.05; E-Cadherin down-regulated by 67.3% (P=0.024)), *P<0.05. (B) Corresponding histogram

of (A). (D) Corresponding histogram of (C). (F) Corresponding histogram of (E).

Research on related pathways
Based on the study of AMOT-related migration downstream pathway, we speculated that the AMOT/AKT and
AMOT/ERK may be the most likely targetted signal pathway. And the results showed that the expression level of
P-AKT/AKT has no significant difference between NC, miR-4463 mimic, and miR-4463 inhibitor (mimic compared
with NC, P=0.78; inhibitor compared with NC, P=0.44). However, the level of P-ERK/ERK in miR-4463 mimic group
was reduced by 25.8% (P=0.02), while miR-4463 inhibitor group was raised by 53.6% than that of NC (P=0.0497)
(Figure 5A is the expression level of P-ERK/ERK and P-AKT/AKT; (B) is the corresponding histogram of (A)). Above
results suggest that miR-4463 may regulate VSMC migration, at least partly through the AMOT/ERK pathway.
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Figure 4. miR-4463 inhibitor promotes the expression of AMOT

(A) The expression of E-Cadherin in ASO patients’ gastrocnemius muscle tissue than normal persons: increased 90.6% (P=0.02)),

*P<0.05; (C) The expression of E-Cadherin in ASO patients’ femoral artery tissue than normal persons: 270.1% (P=0.0004)),

*P<0.05; (E) The HASMCs after miR-4463 mimic transfected than NC: decreased 42.7% (P=0.007)), *P<0.05; the miR-4463 in-

hibitor transfected than NC: increased 54.2% (P=0.039)), *P<0.05. (B) Corresponding histogram of (A). (D) Corresponding his-

togram of (C). (F) Corresponding histogram of (E).

Figure 5. The effects of miR-4463 regulation on migration-related pathways

(A) The expression level of P-ERK/ERK: miR-4463 mimic treated than NC: reduced 25.8% (P=0.02), *P<0.05; miR-4463 inhibitor

treated than NC: raised 53.6% (P=0.0497)), *P<0.05; the expression level of P-AKT/AKT has no significant difference amongst

NC, miR-4463 mimic, and miR-4463 inhibitor (mimic compared with NC, P=0.78; inhibitor compared with NC, P=0.44). (B) Corre-

sponding histogram of (A).

Discussion
The abnormal expression of miRNAs is involved in the regulation of proliferation, migration, and apoptosis of
VSMCs. Our previous studies have found that the expression of miR-4463 was decreased in atherosclerosis serum
than normal person serum [7]. Based on above results, we first examined the expression of miR-4463 in the tis-
sues of ASO patients. As we expected, miR-4463 level in femoral artery and gastrocnemius muscle of atheroscle-
rosis amputation patients was lower than that of accidental amputation patients. Then, HASMCs were induced in
hypoxia–ischemia condition to simulate the hypoxic state of atherosclerosis-related diseases, and the expression of
miR-4463 showed similar change with tissue samples. These results suggest that miR-4463 may be involved in the
pathogenesis of atherosclerosis diseases.

The following study would like to explore the specific regulation mechanisms of miR-4463 from a molecular level.
A series of cell functional experiments were performed to identify the miR-4463 implicated in the regulation of VSMC
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functions, including proliferation, apoptosis, and migration. In hypoxia–ischemia-induced HASMCs, there were no
evidence that miR-4463 are associated with cell proliferation and apoptosis, but the Crystal Violet staining migration
results showed that up-regulated miR-4463 inhibited the HASMCs migration, conversely, down-regulated miR-4463
promoted the migration. Numerous studies have shown that miRNAs are closely related to cell migration. Wang et
al. [21] found that the miR-186-5p directly repressed FGF2 and RelA to inhibit the invasive and migratory abilities
of GBM cells [22]. Li et al. [23] also suggested that the overexpression of miR-520c in N-87 and MKN-45 cancer cells
significantly increased the proliferation, migration, and invasion ability of cancer cells in vitro. Combined with our
results, we confirmed that miR-4463 inhibited the migration of HASMCs under hypoxia–ischemia condition.

It has been previously demonstrated that expression of the cell adhesion molecule, N-cadherin, may increase cell
migration in VSMCs [19]. Many previous studies suggested that E-Cadherin is associated with maintaining cell mor-
phology, cell motility, and adhesion, the effects are achieved by interacting with miRNAs [20]. Lyon et al. [19] have
shown that inhibiting N-cadherin suppresses VSMC migration, at least in part by the induction of apoptosis both in
vitro and in vivo. Zhang et al. [24] reported that miR-145 up-regulation could inhibit MG63 cells invasion and migra-
tion significantly through down-regulating the epithelial marker E-cadherin. Similar with above studies, our Western
blot results also suggested the higher expression of N-Cadherin and lower expression of E-Cadherin whether in the
lesion of femoral artery or in the gastrocnemius muscle in clinical atherosclerosis patients. Importantly, up-regulation
of miR-4463 enhanced the expression of E-Cadherin and descended N-Cadherin, and miR-4463 inhibitor showed the
opposite results in HASMCs. Therefore, the results further certified that miR-4463 inhibited the cell migration when
the HASMCs suffered from hypoxia–ischemia, moreover, N-Cadherin and E-Cadherin were definitely involved in
this process.

Based on TargetScan, AMOT is a gene that is related to angiogenesis, cell proliferation, and invasion, which is
considered as a potential target gene regulated by miR-4463. The influence of AMOT on cell migration through YAP
pathway has been confirmed by many literatures. The preliminary studies of Ruan et al. supported that miR-497 can
act as a suppressor of AMOT gene expression in human osteosarcoma cells, resulting in suppression of tumor cell
proliferation and invasion [25-27]. So, we hypothesized that miR-4463 might participate in HASMCs hypoxic condi-
tion by regulating AMOT. In order to test it, we first determined the protein level of AMOT in arterial and muscular
tissues in ASO patients, and demonstrated that it was up-regulated. By both gain-of-function and loss-of-function
approaches on HASMCs, we found that up-regulated miR-4463 suppressed the expression of AMOT, conversely,
down-regulated miR-4463 reversed the effect. This further confirmed that miR-4463 may regulate VSMC migration
through targetting AMOT directly or indirectly. To define the importance of AMOT in miR-4663-mediated VSMC
function, we decided to further explore the downstream signal molecules of AMOT. Many basic experiments reported
that AMOT plays an important role in angiogenesis and cell migration through Hippo-YAP pathway [26,28,29]. Es-
pecially, Zhang et al. [29] found that up-regulated AMOT can activate the ERK and AKT pathways by increased YAP
expression in the development of colorectal cancer (CRC). Our results showed that there was no significant change in
P-AKT/AKT after up/down-regulation of miR-4463. Interestingly, up-regulated miR-4463 inhibited the expression
of P-ERK, and down-regulated miR-4463 restored it, which was in accordance with the above AMOT result. This
suggests that miR-4463 may regulate VSMC migration, at least partly through the AMOT/ERK pathway.

Owing to some prior studies, significant novel insights are provided into the critical importance and functional
complexities of miR-4463 in regulating VSMC migration as well as the development of vascular diseases. First, we
found that the expression of miR-4463 was decreased in serum and oxygen-deprived condition, and the results were
consistent with plasma and tissue levels. Then, overexpression of miR-4463 can inhibit the migration of VSMCs, and
potential mechanism via inhibiting the target gene AMOT/ERK-related migration pathway. Our findings showed
a novel insight into the regulatory effect of atherosclerosis-related migration, and the role of miR-4463 could be a
potential therapeutic target for atherosclerosis.
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