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MicroRNA-182 prevents vascular smooth muscle cell
dedifferentiation via FGF9/PDGFRJ} signaling
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Abstract. The abnormal phenotypic transformation of vascular
smooth muscle cells (SMCs) causes various proliferative
vascular diseases. MicroRNAs (miRNAs or miRs) have been
established to play important roles in SMC biology and pheno-
typic modulation. This study revealed that the expression
of miR-182 was markedly altered during rat vascular SMC
phenotypic transformation in vitro. We aimed to investigate the
role of miR-182 in the vascular SMC phenotypic switch and to
determine the potential molecular mechanisms involved. The
expression of miR-182 gene was significantly downregulated in
cultured SMCs during dedifferentiation from a contractile to a
synthetic phenotype. Conversely, the upregulation of miR-182
increased the expression of SMC-specific contractile genes, such
as a-smooth muscle actin, smooth muscle 220 and calponin.
Additionally, miR-182 overexpression potently inhibited SMC
proliferation and migration under both basal conditions and under
platelet-derived growth factor-BB stimulation. Furthermore, we
identified fibroblast growth factor 9 (FGF9) as the target gene
of miR-182 for the phenotypic modulation of SMCs mediated
through platelet-derived growth factor receptor p (PDGFRf)
signaling. These data suggest that miR-182 may be a novel SMC
phenotypic marker and a modulator that may be used to prevent
SMC dedifferentiation via FGF9/PDGFR@ signaling.

Introduction

Vascular smooth muscle cells (SMCs) retain remarkable plas-
ticity to alternate from a differentiated to a dedifferentiated
phenotype at different developmental stages or local envi-
ronmental cues (1). The cellular switching process of SMCs
from a quiescent contractile differentiated phenotype which is
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associated with the high expression of smooth muscle-specific
marker genes, such as a-smooth muscle actin (SMA), smooth
muscle 220 (SM22a) and calponin, to a synthetic dedifferenti-
ated phenotype which is associated with decreased levels of the
marker genes plays a critical role in many proliferative vascular
diseases (1-3). This phenotypic switch is believed to be essen-
tial for vascular repair (3). However, for various cardiovascular
diseases, the inhibition of abnormal switching and the control
of SMC proliferation are critical therapeutic strategies.

MicroRNAs (miRNAs or miRs) are non-coding RNAs
measuring ~22 nucleotides in length. They act as post-transcrip-
tional negative repressors of protein expression by binding to
the 3'-untranslated region (3'-UTR) of their target messenger
RNAs (mRNAs) (4-6). miRNAs are known to play a critical
role in cancer and cardiovascular disorders (7). Several miRNAs
have emerged as important modulators of vascular SMC func-
tion and phenotype (8-10). The expression of miR-182 has
been previously shown to be altered in various types of cancer,
and it inhibits the proliferation and migration of rat Schwann
cells (11-13).

Fibroblast growth factor (FGF) 9, a member of the FGF
family, is a potent mitogen secreted from bone marrow
cells (14,15). FGF9 has been reported to be one of the direct
targets of miR-182, which is associated with a variety of
vessel biological processes (13,16). Frontini er al revealed
that FGF9 stimulates smooth muscle cells (SMCs) wrapping
microvessels in implants required sonic hedgehog (SHH)
and platelet-derived growth factor (PDGF)Rp (16). PDGFs
and their receptors (PDGFRs) are implicated in blood vessel
pathophysiology (17). PDGFRp, expressed in perivascular
mesenchyme, particularly in vascular mural cell (vascular
SMCs and pericytes), has been established to play important
roles in SMC differentiation and dedifferentiation (17,18).

In this study, we found that miR-182 expression in
cultured rat vascular SMCs was decreased with prolonged
incubation (number of days) or with platelet-derived growth
factor (PDGF)-BB treatment. Despite great advances in
vascular SMC biology, the molecular mechanisms responsible
for SMC phenotypic modulation remained unclear. Thus, the
purpose of the study was to investigate the role of miR-182
in the vascular SMC phenotypic switch and to determine the
underlying molecular mechanisms.
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Materials and methods

Rat vascular smooth muscle cell isolation. The animal proto-
cols used were approved by the Scientific Affairs Committee
of Animal Research and Ethics of the 2nd Hospital of Harbin
Medical University. Vascular SMCs were isolated using the
enzymatic dissociation method as previously described (19).
Abdominal and thoracic aortic segments were isolated from
Sprague-Dawley (SD) rats (weighting about 180 g) under
general anesthesia. All rats in this study were obtained from
the Model Animal Center of Harbin Medical University. After
removing the connective tissue, adventitia and the endothelial
layer, aortas were sliced into 1-2-mm-thick fragments and
incubated with Dulbecco's modified Eagle's medium (DMEM)/
F12 with the addition of type 2 collagenase (1.4 mg/ml) (Sigma,
St. Louis, MO, USA) for 4-6 h in a 37°C incubator with 95% air
and 5% CO,. The fragments were agitated to release SMCs and
the cells were centrifuged at 300 x g for 5 min. SMCs were then
cultured in DMEM/F12 medium added with 10% fetal bovine
serum in an incubator as described above at least for 5 days prior
to the first time trypsin digestion. The primary cultured SMCs
were then passed every 3 days, and the 4-6 passages were used.
In addition, SMCs released from the arterial fragments (0 days),
cultured SMCs at 5 day, 10 and 15 days were also collected for
examination.

Transfection of cultured SMCs with oligonucleotides. Oligonu-
cleotide (oligo; Bioneer Co., Ltd., Daejeon, Korea) transfection
was based on the instruction of Roche X-tremeGENE siRNA
Transfection Reagent (Roche, Mannheim, Germany). For
miR-182 overexpression or silencing, miR-182 mimics or
inhibitors were added directly to the complexes to different
final concentrations (miR-182 mimic: sense, GCG GGU CUA
GCU GCC GGA and antisense, CGG CAG CUA GAC CCG
CUU; miR-182 inhibitor: UUU GGC AAU GGU AGA ACU
CAC ACC Q). A small interfering RNA (siRNA) was used to
degrade the target mRNAs for fibroblast growth factor 9 (FGF9)
gene silencing as previously described (sense, CUU CCA ACC
UGU ACA AGA and antisense, UGC UUG UAC AGG UUG
GAA G) (20). Briefly, following trypsin digestion, SMCs
were inoculated in a 6-well plate. Twenty-four hours later, the
X-tremeGENE siRNA transfection reagent was used to treat
the cells in a 1:4 ratio for 20 min. Further treatment included
transfection with siRNA followed by incubation in medium
comprising 2 ml of serum-free Opti-MEMI (Invitrogen,
Carlsbad, CA, USA) using transfection reagents (vehicle),
negative control, inhibitor negative control (Bioneer Co., Ltd.),
and siRNA control (Invitrogen). The transfection efficiency of
miR-182 mimic and inhibitor was then examined by reverse
transcription-quantitative PCR (RT-qPCR) and the efficiency
of FGF9 siRNA was examined by western blot analysis, as
described below. Forty-eight hours later, the engineered SMCs
were analyzed further.

miRNA and mRNA analysis by RT-qPCR. Following oligo trans-
fection and stimulation with or without PDGF-BB, total RNA
was extracted from the SMCs using TRIzol reagent (15596-026;
Invitrogen) according to the instructions of the manufacturer.
After the abdominal and thoracic aortic segments were isolated
from the anesthetized rats, organs including aorta, muscle,
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heart, lung, liver and kidney were also removed. Total RNA
was then extracted from these organs based on the instructions
of the manufaturer of TRIzol reagent. RNA was then reverse
transcribed into cDNA using the First Stand miRcute miRNA
cDNA Synthesis kit according to the instructions of the manufac-
turer (Tiangen Biotech, Beijing, China). The miR-182 level was
analyzed by quantitative polymerase chain reaction (qQPCR) using
the Tiangen miRcute miRNA gPCR detection system (Poly A
tail addition method; miR-182 primer, TTT GGC AAT GGT
AGA ACT CAC ACC; U6 primer sequence, ACA CGC AAA
TTC GTG AAG CGT TCC). The RT-qPCR for FGF9, platelet-
derived growth factor receptor 3 (PDGFRf), SMA, SM22a. and
calponin was performed using the Bioneer AccuPower GreenStar
gPCR PreMix system (SMA forward, GTC AGG TCA TCA
CTA TCG GCA AT and reverse, AGA GGT CTT TAC GGA
TGT CAA CGT; SM22a. forward, ATG GCC AAC AAG GGT
CCA TCC and reverse, TCC ATC TGC TTG AAG ACC ATG;
calponin forward, AGAGAA GGC AGG AAC ATC ATT GGC
and reverse, GTG TCA CAG TGT TCC ATG CCC AG; FGF9
forward, ACA GGA GTG CGT GTT CAG AG and reverse, GTT
CAG GTA CTT TGT CAG GGT C; PDGFR{ forward, AGG
ACA ACC GTA CCT TGG GTG ACT and reverse, CAG TTC
TGA CAC GTA CCG GGT CTC). The expression of miR-182
relative to U6 and SMA, SM22q, calponin, FGF9, and PDGFRf3
relative to B-actin was determined by the 2"24¢* method.

Western blot analysis. Cellular proteins were extracted
for western blot analysis as previously described (20). The
cell lysates were subjected to sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and run under
standard conditions. Subsequently, the proteins were removed
to polyvinylidene fluoride (PVDF) membranes. After blocking
with 5% nonfat milk at room temperature for 1 h, the PVDF
membranes were incubated with diluted primary antibodies
SMA (1:400 dilution; sc-53142), SM22a (1:300 dilution;
sc-51442) (both from Santa Cruz Biotechnology, Santa Cruz,
CA, USA), FGF9 (1:800 dilution; ab9743), PDGFRf (1:1,000
dilution; ab32570) (both from Abcam, Cambridge, MA, USA),
and antibody against GAPDH (1:1,000 dilution; sc-47724; Santa
Cruz Biotechnology) at 4°C overnight. The membranes were
washed, further incubated for 1 h with horseradish peroxidase-
conjugated secondary antibodies (anti-mouse and anti-rabbit,
7ZB-2305 and ZB-2305; both from Zhongshan Goldenbridge
Biotechnology, Beijing, China) at 37°C. Subsequently, the
membranes were detected with BeyoECL Plus (Beyotime
Institute of Biotechnology, Haimen, China), and further analysis
of protein band densitometry was facilitated by Quantity One
software (Bio-Rad, Hercules, CA, USA).

SMC proliferation assay. SMCs at the 4th to 6th passages were
trypsinized and plated into 96-well culture plates (5x 10° cells/well)
in DMEM/F-12 complete medium. After 24 h, the SMCs
were rendered quiescent in DMEM/F-12 supplemented with
0.5% FCS for 24 h. The proliferation of the SMCs was exam-
ined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Solarbio, Beijing, China) or by 5-ethynyl-
2'-deoxyuridine (EdU) proliferation assay (Ribo-Bio Co., Ltd.,
Guangzhou, China). MTT assays were conducted as previously
described (8.9). In brief, the SMCs in each well were incubated
with 20 gl MTT mixture (5 mg/ul). Four hours later, formazan
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Figure 1. MicroRNA-182 (miR-182) is a novel marker for in rat vascular smooth muscle cell (SMC) phenotypic modulation. (A) Expression levels of differentia-
tion marker genes [a-smooth muscle actin (SMA), smooth muscle actin (SM22a) and calponin] and miR-182 eventually declined with the increased duration
of SMC culture, as determined by RT-qPCR (n=5 repeated experiments). “*"+p<0.05 compared with their corresponding data at 0 day; (B) Following treatment
platelet-derived growth factor-BB (PDGF-BB) for 24 h, miR-182 expression decreased in a dose-dependent manner. The levels of miR-182 did not differ
significantly in SMCs stimulated by PDGF-BB at 20 and 40 ng/ml. "p<0.05 vs. control group, as determined by gPCR (n=5); (C) miR-182 was expressed more

highly in the aorta, as shown by RT-qPCR (n=3). "p<0.05 vs. the aorta.

crystals were accumulated in live cells. Subsequently, 100 pl
dimethyl sulphoxide (DMSOQO) were added to each well to solu-
bilize the formazan crystals with 10 min shaking. The results
of MTT assay were analyzed by optical density measurement at
0OD490 nm. EdU proliferation assays were conducted according
to the manufacturer's instructions, for quantitative synthesis of
DNA via the incorporation of a deoxyribonucleoside analog
containing a detectable tag. Briefly, with SMCs, with the addition
of EdU at a final concentration of 50 uM, were incubated for
a further 2 h. The cells were then fixed with 4% paraformalde-
hyde (PFA) for 30 min, and permeabilized with PBS containing
0.5% Triton X-100 for 10 min. Subsequently, SMCs were
stained with 1X Apollo® reaction cocktail for 30 min, and with
Hoechst 33342 for 30 min. The number of Hoechst 33342-stained
cells in 10 random viewing fields were counted for analysis. The
images were acquired using a fluorescence microscope (Leica
DMI4000B; Leica, Solms, Germany).

SMC migration assay. Migration assays were performed by
scratch wound healing as previously described (10). SMCs were
pre-transfected with oligos, and plated into 6-well cultured plates
(2.5x10° cells/well). SMCs, after being quiescent for 24 h, were
scratched using a 200 1 disposable pipette tip to make a single
scratch wound by streaking across a monolayer of cells. The
SMCs were then treated with or without PDGF-BB (P-4056;
Sigma). Images were captured at various times post-wounding
using an Olympus IX 73 microscope equipped with a diag-
nostic instrument RT SPOT Digital Camera (Olympus, Tokyo,
Japan). The migrated cells of each high-power field (x400) were
counted to represent SMC migration.

Statistical analysis. The data were analyzed using IBM SPSS
software (version 17.0; SPSS, Inc., Chicago, IL, USA). The data,
averaged of at least three repeated experiments, are expressed as
mean =+ standard deviation (SD). The relative gene expression was
determined based on the mean value of the vehicle control group
defined as 100%. Data analysis was accomplished using two-
tailed unpaired Student's t-tests and ANOVA. A p-value <0.05
was considered to indicate a statistically significant difference.

Results

miR-182 is a novel marker for rat vascular SMC phenotypic
modulation. The levels of the differentiation marker genes,

including SMA, SM22a and calponin, declined eventually with
the prolonged incubation of rat vascular SMCs in vitro (Fig. 1A).
During the phonotypic switch, the biosynthesis of miR-182 was
also gradually diminished. On the 5th day of culture, the level
of miR-182 in the SMCs decreased to almost half that of the
level at O days. To examine the implications of this regulation,
the SMCs were treated with various concentrations of PDGF-
BB, a powerful stimulant of SMC dedifferentiation. Treatment
with PDGF-BB induced a decrease in miR-182 expression in
a dose-dependent manner; treatment with 10 ng/ml PDGF-BB
markedly reduced miR-182 expression; the expression levels of
miR-182 did not differ significantly between the SMCs stimu-
lated with PDGF-BB 20 and 40 ng/ml (Fig. 1B). Furthermore,
the miR-182 distribution levels in the aorta, heart, muscle, lung,
liver and kidney were examined by RT-qPCR. The expression
level of miR-182 in the aorta was higher than that in other
tissues (Fig. 1C). Taken together, these findings suggest that
miR-182 may be a novel marker for SMC phenotypic modulation.

miR-182 is a novel phenotypic modulator of vascular SMCs. To
explore the potential effect of miR-182 during SMC phenotypic
modulation, gain-of-function and loss-of-function experiments
were performed to transfect oligos into rat vascular SMCs.
For miR-182 overexpression, we added miR-182 mimics at a
final concentration of 20, 40, 60 or 80 nM to culture medium.
miR-182 expression was increased depending on the oligo
concentrations (Fig. 2A). Conversely, miR-182 expression
was markedly inhibited by transfection with 80 nM miR-182
inhibitors. Additionally, the gene levels of SMC-specific
markers, including SMA, SM22a and calponin, were distinctly
increased by transfection with miR-182 mimics, and the marker
gene levels were significantly decreased by transfection with
miR-182 inhibitors (Fig. 2B). Similarly, as shown in Fig. 2C, the
results of western blot analysis revealed that the transfection
of SMCs with miR-182 mimic or inhibitor altered the protein
levels of SMA and SM22a.

Subsequently, the biological role of miR-182 in primary
cultured rat vascular SMC morphology was investigated. The
primary cultured SMCs at passages 4 to 6 transfected with
miRNA negative control presented a flattened morphology as a
synthetic phenotype (Fig. 2D). The overexpression of miR-182
altered SMC morphology from a flattened to a spindle-like
contractile state. The cells flattened progressively when trans-
fected with miR-182 inhibitors or treated with PDGF-BB (10 ng/
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Figure 2. Role of miR-182 in the phenotypic modulation of rat vascular smooth muscle cells (SMCs). (A) miRNA-negative control (NC), miR-182 mimics (20,
40, 60 and 80 nM) or inhibitors (80 nM) were transfected into rat vascular SMCs. Intracellular miR-182 expression was significantly increased depending on the
miR-182 mimic concentrations, as determined by RT-qPCR (n=>5). “p<0.05 compared with the control (CTRL). “p<0.05 vs. NC. (B) The effect of miR-182 mimics
(80 nM) and miR-182 inhibitors (80 nM) on the expression of SMA, smooth muscle 22a (SM22a), and calponin, as determined by RT-qPCR (n=4). “p<0.05
vs. NC group of the SMA expression; “p<0.05 vs. NC group of the SM22a; Tp<0.05 vs. NC group of the calponin. (C) The effect of miR-182 mimics (80 nM)
and miR-182 inhibitors (80 nM) on the protein expression of SMA and SM22a, as determined by western blot analysis (n=4). ‘p<0.05 vs. NC group of SMA;
"p<0.05 vs. NC group of SM22a.. (D) Morphology of primary cultured rat vascular SMCs. SMCs were treated with miR-182 mimics 80 nM, inhibitors 80 nM or

PDGE-BB (10 ng/ml). Magnification, x400. Scale bars, 50 ym.

ml). miR-182 overexpression helped the SMCs retain their
contractile morphology and prevented the phenotypic switch.
On the whole, these findings suggest that miR-182 is essential
in modulating the rat vascular SMC phenotype.

miR-182 inhibits rat vascular SMC proliferation and migra-
tion. Typical images of EdU cell proliferation are shown
in Fig. 3A. miR-182 overexpression markedly suppressed SMC
proliferation even with PDGF-BB (5 ng/ml) treatment in vitro.
In addition, PDGF-BB treatment increased SMC proliferation,
which was further enhanced by transfection with miR-182
inhibitors. MTT assay was also performed to determine the
mitochondrial activity. Transfection with miR-182 mimics at
80 nM significantly inhibited cell proliferation to a greater
extent than at 20 and 40 nM (Fig. 3B).

Furthermore, we examined the effect of miR-182 on SMC
migration in vitro by scratch-wound healing assay. The migra-
tion of SMCs transfected with miR-182 mimics was markedly
inhibited even with PDGF-BB stimulation (Fig. 3C and D).
However, transfection with miR-182 inhibitors increased the
PDGF-BB-induced migration of SMCs.

To the best of our knowledge, for the first time, in this
study, we established that miR-182 effectively suppressed the
proliferation and migration of rat vascular SMCs under both
quiescent conditions and PDGF-BB stimulation.

miR-182 prevents SMC phenotypic modulation via FGF9/
PDGFRp signaling. miRNAs exert their biological functions by
inhibiting the transcription or translation of their target genes.
We used the microRNA.org database to identify the target
genes of miR-182. FGFO is a target gene of miR-182 across
multiple species, such as human, rat and mouse (Fig. 4A). Using
qPCR, we discovered that transfection with miR-182 mimic
or inhibitor slightly inhibited or increased the FGF9 mRNA
levels, respectively (Fig. 4B). However, using western blot

analysis, the protein levels of FGF9 were significantly affected
by miR-182 regulation. The FGF9 levels were decreased when
the SMCs were transfected with miR-182 mimics at 80 nM
more than at 40 nM (Fig. 4C). On the contrary, the protein
level of FGF9 was increased by transfection with miR-182
inhibitors at 80 nM more than 40 nM (Fig. 4D). These data
suggest that FGFO is the direct target gene of miR-182 in rat
vascular SMCs.

To determine the role of FGF9 in rat SMCs, we used
FGF9 siRNA transfection to achieve FGF9 downregulation. The
protein levels of the SMC-specific contractile markers, SMA
and SM22a, were significantly upregulated by FGF9 siRNA
transfection (Fig. 5A). The protein levels of PDGFRp were
decreased with the knockdown of FGF9. Additionally, as shown
in Fig. 5B and C, the knockdown of FGF9 significantly inhibited
SMC proliferation with or without PDGF-BB stimulation, as
determined by MTT and EdU assays. Moreover, when the SMCs
were transfected with FGF9 siRNA, the migration induced by
PDGF-BB was also significantly depressed (Fig. 5D and E).
Therefore, the silencing of FGF9 suppressed the differentiation,
proliferation and migration of rat SMCs.

Subsequently, miR-182 inhibitors and FGF9 siRNA
were both transfected into the SMCs. The downregulation
of miR-182 increased SMC proliferation and migration,
and decreased the expression of dedifferentiated marker
genes (Fig. 6A-C). However, FGF9 knockdown interfered with
the function of miR-182 inhibitors on SMC proliferation and
migration, but induced an increase in the expression of SMA,
SM22a and calponin. Overall, our data indicate that FGF9 is
a direct target gene of miR-182 in rat vascular SMCs, and is
critical in the process of miR-182-mediated rat vascular SMC
phenotypic modulation.

We hypothesized that the inhibition of SMC phenotypic
modulation via the upregulation of miR-182 or the downregu-
lation of FGF9 was related to PDGFR signaling. PDGF-BB
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Figure 3. The role of miR-182 in rat vascular smooth muscle cells (SMCs) proliferation and migration. (A) EdU assay to evaluate proliferation in response to
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enhanced PDGF-BB-induced proliferation of SMCs. "p<0.05 vs. negative control (NC) without PDGF-BB treatment; 'p<0.05 vs. NC with PDGF-BB treatment.
(C) The typical pictures of Scratch-wound healing assay. SMCs were transfected with miR-182 mimics (80 nM) or inhibitors (80 nM). The 24-h migration of
transfected cells with or without PDGF-BB (5 ng/ml) treatment was numbered. Scale bars, 50 um. (D) Quantification of migrated SMCs. Data of the number
of migrated cells relative to the NC group from 3 independent experiments are presented as means + SD (n=5). “p<0.05 vs. NC without PDGF-BB treatment;
"p<0.05 vs. NC with PDGF-BB treatment.
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up-expressed with miR-182 inhibitor transfection, as determined by western blot analysis (n=5). “p<0.05 vs. control; “p<0.05 vs. inhibitor NC.

induced an increase in PDGFR[ gene expression, while trans-
fection with miR-182 mimics significantly inhibited PDGFRf
expression with or without PDGF-BB stimulation (Fig. 6D).
Conversely, the gene levels of PDGFRf were upregulated
following transfection with miR-182 inhibitors. PDGF-BB-
induced a significant increase in the PDGFRf protein level,

while miR-182 overexpression markedly suppressed PDGFRf3
expression (Fig. 6E and F). In addition, transfection with
FGF9 siRNA decreased PDGFRf expression (Fig. SA). Thus,
these data indicate that FGF9/PDGFR{ signaling is critical
for the miR-182-mediated prevention of the SMC phenotypic
switch.



796

g
=3

DONG et al: REGULATORY EFFECTS OF microRNA-182 ON SMC PHENOTYPIC MODULATION

»
® OFGF9
i 3.0 mSMA o
2 ™ S22 si-CTRL S § 3.0 7 Osi-CTRL
g 20 #PDGFRE 8 msi-FGF9
o [= =
s £z
& > — - — 5210
FGF9| | rors 22
SMA | — — si- 3 g. oo
Sz m— S None PDGF-BB
PDGFRE M.
GAPDH | S— a— RR (. ]
si-CTRL  si-FGF9 PDGF-BB (-) PDGF-BB (+)
D PDGF-BB () PDGF-BB (+) E
si-CTRL si-FGF9 si-CTRL si-FGF9 "
. m f T 8.0 1 ONone
) BPDGF-BB
0h _g % 6.0 4
| E b
] E‘ o 4.0 d
ek e | =] -
[ Eg #
52 20 A .
P
@
24h ££ 00 +— :
3 si-CTRL  si-FGF9

= |

Figure 5. FGF9 plays an important role in the differentiation, proliferation and migration of rat smooth muscle cells (SMCs). (A) The protein levels of FGF9
in SMCs were markedly inhibited by transfection with FGF9 siRNA (100 nM) compared with siRNA control (si-CTRL, 100 nM) transfection (n=5; "p<0.05).
With FGF9 knockdown, the protein levels of SMA and smooth muscle 220 (SM22a) were upregulated, but the level of platelet-derived growth factor receptor §
(PDGFRp) was downregulated as determined by western blot and densitometric analyses (n=5). 'p<0.05 vs. si-CTRL of SMA; *p<0.05 vs. si-CTRL of SM22q;
*p<0.05 vs. Si-CTRL of PDGFR; (B and C) Knockdown of FGF9 significantly inhibited SMC proliferation with or without PDGF-BB stimulation, as deter-
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by si-FGF9 transfection, even with PDGF-BB stimulation. (E) Quantification of migrated SMCs. Data of the number of migrated cells relative to si-CTRL
without PDGF-BB stimulated group are presented as the means + SD (n=5), which was asseessed by 3 independent experiments. “p<0.05 vs. si-CTRL without

PDGF-BB treatment; “p<0.05 vs. si-CRTL with PDGF-BB treatment.

Discussion

In the present study, to the very best of our knowledge, we
demonstrate for the first time miR-182 is a novel marker
which has the capacity to modulate the rat vascular SMC
phenotype. The critical target gene of miR-182 is FGF9, and
miR-182-mediates the differentiation, proliferation and migra-
tion of rat vascular SMCs via FGF9/PDGFR{ signaling.
Despite great advances in vascular SMC biology, the
molecular mechanisms responsible for the SMC phenotypic
modulation remain unclear. miR-182 has been reported to exhibit
an altered expression in various types of cancers, which may be a
useful prognostic biomarker for cancer (21). Previous studies have
revealed that miR-182 may function as an oncogenic miRNA to
enhance cancer cell proliferation, aggressiveness, tumorigenesis
and drug resistance (22-25). However, other studies have reported
conflicting results, showing that miR-182 suppressed cell growth
and aggression, and increased miR-182 levels were shown to
correlate with clinical treatment benefits (13,26-28). These
results suggest the existence of highly complex mechanisms
linking miR-182, cell growth and motility. In this study, we thus
investigated the association between miR-182 expression and
the phenotype of vascular SMCs. In this study, the expression
of SMC-specific genes in rat vascular SMCs declined eventually
with prolonged incubation, which was consistent with the find-

ings of previous studies that dispersed SMCs cultured in vitro
exhibited rapidly downregulated SMC-specific gene expres-
sion (29,30). During the period that the SMC phenotype switches
from a contractile to a synthetic type, the expression of miR-182
was also demonstrated to gradually decrease. Additionally, the
miR-182 levels significantly decreased with PDGF-BB stimula-
tion in a dose-dependent manner. For the first time, to the best
of our knowledge, we established that miR-182 is a novel pheno-
typic marker for SMCs.

Increasingevidence indicates the importantroles of miR-182
in cell biology. miR-182 has been shown to predict survival in
patients with various types of cancer (21). Kouri et al found that
miR-182 targeted Bcl-2-like 12, c-Met and hypoxia-inducible
factor 2a to regulate the apoptosis, growth and differentiation
programs of glioma-initiating cells (31). miR-182 has also
been shown to inhibit Schwann cell proliferation and invasion
following nerve injury and repair (13). In the present study,
the overexpression of miR-182 inhibited the dedifferentiation
of cultured vascular SMCs, as well as SMC proliferation and
migration. Additionally, miR-182 overexpression prevented
the SMCs from switching from a contractile morphology to
a synthetic phenotype. Thus, miR-182 is a novel phenotypic
modulator of SMC differentiation, proliferation and migration.

miRNAs exert their biological functions by inhibiting the
transcription or translation of target genes (4,6). By using the
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Figure 6. miR-182 mediates SMC phenotypic modulation via fibroblast growth factor 9 (FGF9)/platelet-derived growth factor receptor § (PDGFRp) signaling.
Smooth muscle cells (SMCs) were transfected with either miR-182 inhibitors (80 nM), or with si-FGF9 (100 nM), or both. (A) miR-182 inhibitor transfec-
tion induced an increase in SMC proliferation; however, FGF9 downregulation inhibited miR-182 inhibitor-induced SMC proliferation, as determined by
MTT assay (n=5). "p<0.05 vs. control. (B) FGF9 knockdown also interfered with the function of miR-182 inhibitors on SMC migration, as determined by
scratch-wound healing assay (n=5). “p<0.05 vs. control. (C) si-FGF9 transfection increased differentiated marker gene expression. However, miR-182 inhibitor
transfection induced a decrease in SMC-specific gene expression. When si-FGF9 and miR-182 inhibitors were both transfected into SMCs, the expression of
SMA, smooth muscle 220 (SM22a) and calponin was significantly increased, as determined by RT-qPCR (n=5). “p<0.05 vs. the control group of SMA; *p<0.05
vs. control of SM22a;; 'p<0.05 vs. control of calponin. (D) PDGF-BB treatment induced an increase in PDGFRp expression, while this increase was suppressed
by miR-182 mimic transfection and was enhanced by miR-182 inhibitor transfection (n=5). "p<0.05 vs. control. (E and F) The protein level of PDGFRf
was increased by PDGF-BB stimulation, but was decreased by miR-182 overexpression, as determined by (E) western blot analysis and (F) densitometric
analysis (n=5) "p<0.05 vs. negative control of FGF9; “p<0.05 vs. negative control of PDGFR.

microRNA .org database, we identified that FGF9 is one of the
target genes of miR-182 across species. FGF9 combined with
its cognate receptors is able to induce cell dedifferentiation and
maturation (32). In addition, Yu et al proved that miR-182 inhib-
ited FGF9 expression by binding to the 3'-UTR in rat Schwann
cells using Luciferase reporter assay (13). These data suggest that
FGF9 may be a direct target of miR-182 in rat vascular SMCs.
This study revealed a dose-dependent decrease in FGF9 protein
expression in miR-182 mimic-transfected SMCs. Accordingly,
FGFO is the target gene of miR-182 in rat vascular SMCs.

The downregulation of FGF9 or upregulation of miR-182
induced a similarly protective effect on the SMC phenotype
and an inhibitory effect on proliferation and migration. miR-182
downregulation induced SMC differentiation, proliferation and
migration; however, these processes were prevented by FGF9
knockdown. Moreover, the inhibition of FGFO itself was able
to suppress the dedifferentiation, proliferation and migra-
tion of rat SMCs. Although FGF9 was only one of the target
genes, the results suggest that FGF9 is critical in the process of
miR-182-mediated rat vascular SMC phenotypic modulation.

The activation of PDGFR is essential for the prolifera-
tion and migration of a variety of cells, and FGF9 has been
implicated in upregulating of PDGFRf expression (16,18).
Frontini et al reported that the FGF9-induced migration of
cultured SMCs and neovascularization required both PDGFRf

and SHH, but not ERK1/2 (16). PDGF-AB or -BB binding
with the PDGFRJ or the receptor overexpression results in the
activation of PI3K/Akt, PLCyl and MAPK pathways (33-36).
PDGFRS is a critical downstream target of FGF9 and an
important signaling for FGF9-induced mural cell recruitment
and vessel maturation (16). Thus, we hypothesized that the
inhibition of SMC phenotypic modulation via the upregula-
tion of miR-182 or the downregulation of FGF9 was related to
PDGFR signaling. In this study, the expression of PDGFRf3
was demonstrated to be markedly altered by regulating the
expression of miR-182 and FGF9. Indeed, the downregula-
tion of FGF9 decreased PDGFRp expression, whereas the
upregulation of FGF9 increased the PDGFRf levels in rat
vascular SMCs. In addition, PDGF-BB induced an increase in
the expression of PDGFRf3, which was significantly inhibited
by miR-182 overexpression, but was upregulated following
miR-182 knockdown. Thus, FGF9/PDGFR signaling is
critical in the miR-182-mediated SMC phenotypic switch.

In conclusion, the present study demonstrated that the
miR-182 level was altered markedly during the phenotypic
transformation of rat vascular SMCs in vitro. The upregula-
tion of miR-182 inhibited SMC dedifferentiation, proliferation
and migration under both basal conditions and PDGF-BB
stimulation. FGF9 was the critical target gene of miR-182 in
the process of miR-182-mediated rat vascular SMC pheno-
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typic modulation. The downregulation of FGF9 increased
SMC-specific contractile marker expression, and inhibited the
proliferation and migration of SMCs via PDGFR signaling.
This study suggests that miR-182 is a novel phenotypic marker,
which modulates the differentiation, proliferation and migra-
tion of rat vascular SMCs via FGF9/PDGFRp signaling.
miR-182 may thus play a potential role in the diagnosis and
treatment of vascular proliferative diseases.
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