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Abstract: Abnormal proliferation of vascular smooth muscle cells (VSMCs) contributes to the development of car-
diovascular diseases. Studies have showed the great impact of microRNAs (miRNAs) on the cell proliferation in
VSMCs. This study examined the in vitro functional roles of miR-665 in the VSMCs and explored the underlying
molecular mechanisms. The mRNA and protein expression levels were determined by qRT-PCR and western blot
assays, respectively. CCK-8, transwell invasion and wound healing assays were performed to measure VSMCs pro-
liferation, invasion and migration, respectively. The miR-665 targeted-3’UTR of fibroblast growth factor 9 (FGF9) and
myocyte enhancer factor 2D (MEF2D) was confirmed by luciferase reporter assay. Platelet-derived growth factor-bb
(PDGF-bb) and 20% serum promoted cell proliferation and suppressed the expression of miR-665 in VSMCs. In vitro
functional assays demonstrated that miR-665 inhibited VSMCs proliferation, invasion and migration. Bioinformatics
analysis showed that FGF9 and MEF2D were found to be downstream targets of miR-665. Luciferase report assay
confirmed that FGF9 and MEF2D 3’UTRs are direct targets of miR-665, and miR-665 overexpression suppressed
both the mRNA and protein expression levels of FGF9 and MEF2D. Furthermore, rescue experiments showed that
enforced expression of FGF9 or MEF2D attenuated the inhibitory effects of miR-665 on VSMCs proliferation. More
importantly, overexpression of miR-665 also suppressed the mRNA and protein expression levels of B-catenin, c-myc
and cyclin D1. In summary, miR-665 suppressed the VSMCs proliferation, invasion and migration via targeting FGF9
and MEF2D, and the in vitro effects of miR-665 on VSMCs may be associated with modulation of Wnt/[-catenin
signaling activities.
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Introduction restenosis [4, 5]. In this regard, to better under-

stand the molecular mechanisms underlying

Cardiovascular diseases, such as hyperten-
sion, coronary artery disease, atherosclerosis
and congestive heart failure, are a major cause
of death worldwide [1]. Vascular smooth mus-
cle cells (VSMCs) are important components
of the blood vessels, and VSMCs are responsi-
ble for the contraction and relaxation of blood
vessels under different stimuli, including me-
chanical injury, growth factors, hemodynamic
alteration, and ligand-receptor signaling [2, 3].
Studies have shown that abnormal cell prolif-
eration, invasion and migration, and disruption
of inflammatory signaling in VSMCs largely
contribute to various cardiovascular diseases
including atherosclerosis, hypertension and

the inappropriate proliferation of VSMCs may
be useful for us to identify new therapeutic
targets for the treatment of cardiovascular
diseases.

Recently, microRNAs (miRNAs) were found to
play diverse cellular functions including cell pro-
liferation, differentiation and cell apoptosis.
MiRNAs are a class of short noncoding RNAs,
and they can negatively regulate expression of
targeted genes by inducing translation repres-
sion or mRNA degradation via complementing
with the 3’ untranslated region (3’UTR) of
MRNAs [6]. The functional roles of miRNAs in
VSMCs have been elucidated in a variety of
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studies. MiRNAs such as miR-541, miR-146b-
5p, miR-181b were found to promote VSMCs
proliferation [7-9]; while miRNAs such as miR-
124, miR-503, and miR-140 had inhibitory
effects on the VSMCs proliferation [10-12]. Our
previous studies also showed that miR-379
inhibited cell proliferation, invasion and migra-
tion of VSMCs via targeting the 3'UTR of insulin-
like factor-1 [13]. Previous studies have showed
that miR-665 was down-regulated in the cardio-
myocytes from the chronic heart failure [14],
and miR-665 was demonstrated to be involved
in the regulation of the expression of cardiopro-
tective cannabinoid receptor CB2 in patients
with severe heart failure [14], suggesting that
miR-665 may play important roles in the regula-
tion of cardiovascular functions. MiR-665 was
also found to suppress the invasion and metas-
tasis of osteosarcoma [15], and in the prostate
cancer, miR-665 was shown to be associated
with the tumor metastasis [16]. In addition, up-
regulation of miR-665 promotes apoptosis and
colitis in inflammatory bowel disease by
repressing the endoplasmic reticulum stress
components [17]. Though miR-665 was impli-
cated in the involvement of cardiovascular dis-
ease, the exact mechanisms of miR-665 in the
regulation of cardiovascular functions, particu-
larly VSMCs functions were largely unknown
[18].

Fibroblast growth factor 9 (FGF9) is a potent
mitogen secreted from bone marrow cells, and
it belongs to the FGF family. Studies have dem-
onstrated that FGF9 was associated with lots
of vessel biological processes. FGF9 was found
to promote smooth muscle cells wrapping
microvessels in implants through platelet-
derived growth factor R and sonic hedgehog,
which are important in the pathophysiology of
blood vessels [19]. In addition, studies found
that FGF9 markedly stimulated both the prolif-
eration of neointimal smooth muscle cells and
the activation of extracellular signal-related
kinases 1/2 [20]. Recently, FGF9 was found to
be downstream target of miR-182, which pre-
vents VSMCs dedifferentiation [21]. Taken
together, these studies implicated the impor-
tant roles of FGF9 in the pathophysiology of
blood vessels.

Myocyte enhancer factor 2D (MEF2D), a mem-
ber of the MEF2 family, was originally identified
as a muscle-specific factor that binds an A/T-
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rich consensus sequence associated with a
large number of genes expressed in the skele-
tal and cardiovascular systems [22]. In the car-
diovascular research, MEF2D was found to be
required for the survival of cardiomyocytes
[23], and overexpression of MEF2D prolonged
the survival of cardiomyocytes [24]. Studies by
using transgenic mice that have enforced over-
expression of MEF2D implicated the important
function for MEF2D in stress-dependent cardi-
ac growth and reprogramming of gene expres-
sion in the adult heart [25]. In the cancer stud-
ies, MEF2D promoted cell proliferation in
various types of cancer cells, including liver
cancer, lung cancer and gastric cancer [26-28],
and MEF2D also promoted tumor angiogenesis
in vitro and in vivo in the colorectal cancer [29].
In the VSMCs, the activation of MEF2D by big
mitogen-activated protein kinase 1 (BMK1)
involved in the up-regulation of c-jun and co-
activation of p38, which resulted in the en-
hanced proliferation VSMCs [30], suggesting
that MEF2D may promote VSMCs proliferation.

The Wnt signaling pathway plays important
roles in the regulation of cell proliferation and
embryonic development, and -catenin is one
of the key mediators in the pathway. Studies
demonstrated that VSMCs proliferation was
promoted through the transfection of a degra-
dation-resistant B-catenin transgene into rats
[31], and inhibition of B-catenin suppressed
cell proliferation of VSMCs and also down-regu-
lated the expression of cyclin D1 [32]. In addi-
tion, activation of Wnt/[B-catenin signaling path-
way also induces cell proliferation and survival
in human endothelial cells [33]. These studies
established the importance of Wnt/[B-catenin
signaling in regulation of VSMCs functions.

In this study, the effects of miR-665 on VSMCs
proliferation, invasion and migration were
examined, and the potential molecular mecha-
nisms were also explored. PDGF-bb or 20%
serum treatment promotes VSMCs prolifera-
tion and down-regulated the expression of miR-
665. Gain-of-function and loss-of-function
assays were performed to reveal the effects of
miR-665 on VSMCs proliferation, invasion and
migration. The bioinformatics analysis was
employed to predict the potential downstream
targets of miR-665, and FGF9 and MEF2D were
selected for further experimentation, as their
potential roles in the regulation of VSMCs prolif-
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eration. FGF9 and MEF2D have been suggest-
ed to be interacted with Wnt/B-catenin signal-
ing [27, 34], and Wnt/B-catenin signaling also
was suggested to be involved in the VSMCs
proliferation, therefore, the effects of miR-665
on the Wnt/B-catenin was also examined by
using quantitative real-time PCR (qRT-PCR) and
western blot assays.

Materials and methods
Cell culture

VSMCs cell lines (human aortic smooth muscle
cells) were obtained from the Cell bank of
Chinese Academy of Science (Shanghai, China),
and the cells were cultured in Dulbecco’s mo-
dified Eagle’s medium (DMEM; Hyclone, GE
Health Care, USA) supplemented with 10% fetal
bovine serum (FBS; Gibco, Thermo Fisher Sci-
entific, Waltham, USA). Cells were maintained
in a humidified atmosphere with 5% CO, at
37°C before experimentation.

MiRNAs and plasmids

MiR-665 mimics, miR-665 inhibitors and th-
eir respective controls were synthesized by
Ribobio (Guangzhou, China). The empty vector
pcDNA3.1, pcDNA3.1-fibroblast growth factor
9 (FGF9), and pcDNA3.1-myocyte-specific en-
hancer factor 2D (MEF2D) were purchased
from Shanghai BlueGene Biotech (Shanghai,
China).

Transfection, platelet-derived growth factor-bb
(PDGF-bb), 20% serum treatment, LiCl treat-
ment

Cells were transfected with miR-665 mimics,
miR-665 inhibitor, or their controls using Lip-
ofectamine 2000 (Invitrogen, Carlsbad, USA)
according to the manufacturer’s instructions.
Co-transfection of miR-665 mimics and pcD-
NA-3.1-FGF9 or pcDNA3.1-MEF2D was also
performed by using Lipofectamine 2000 (Invi-
trogen) according to the manufacturer’s instr-
uctions. PDGF-bb (Sigma, St.Louis, USA) treat-
ment was performed at a concentration of 30
ng/ml for 24 h, or 20% serum treated VSMCs
for 24 h, and then CCK-8 assay was performed
at 0, 24, 48 and 72 h after PDGF-bb or 20%
serum treatment. LiCl treatment was per-
formed by treating VSMCs at a concentration of
25 mM.
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RNA preparation and quantitative real-time
PCR analysis

Total RNAs were isolated from VSMCs by using
Trizol reagent (Invitrogen). The PrimeScript RT
Master Mix kit (Takara, Dalian, China) was used
to obtain cDNA for mRNA detection, whereas
PrimerScript 1l 1st Strand cDNA synthesis kit
(Takara) was applied to reverse transcribe RNA
for miRNA detection. Real time PCR was per-
formed using SYBR Green PCR Kit (Takara)
according to the manufacturer’s instructions.
U6 was used as an internal control for miR-
665, and GAPDH was used as an internal con-
trol for other genes. The relative expressions of
genes were calculated based on Comparative
Ct method.

Cell proliferation assay

For the CCK-8 assay, cells were seeded in
96-well plates (5 x 10° cells/well) and incubat-
ed for 24 h, and then treated with PDGF-bb or
20% serum; or transfected with miR-665 mim-
ics, miR-665 inhibitor or their respective con-
trols; or co-transfected with miR-665 mimics
and pcDNA3.1-FGF9 or pcDNA3.1-MEF2D. At O
h, 24 h, 48 h, and 72 h after PDGF-bb or 20%
serum treatment, or at 48 h after transfection,
CCK-8 kit (Beyotime) was used to detect cell
proliferation index according to manufacturer’s
instructions.

Cell invasion assay

For the invasion assay, cells were seeded in
24-well transwell plates (5 x 10 cells/well) and
incubated for 24 h, and then transfected with
mMiR-665 mimics, miR-665 inhibitor or their
respective controls. Cells were re-suspended in
serum-free DMEM and grown in the upper
chambers with Matrigel-coated membrane (BD
Bioscience, San Jose, USA), and 500 ul of
DMEM containing 10% FBS was added into the
bottom of the chambers. Cells were allowed to
migrated through the 8 um polyethylene tere-
phthalate membrane for 24 h, cells passed
through the membrane were fixed in 4% formal-
dehyde and stained with 0.1% crystal violet.

Wound healing assay
For the wound healing assay, cells were seeded

in 6-well plates (5 x 10° cells/well), 48 h after
transfection, a pipette tip was used to create a
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Figure 1. The effects of PDGF-bb and 20% serum on cell proliferation and
miR-665 expression in VSMCs. A. PDGF-bb (30 ng/ml) significantly promotes
VSMCs proliferation at 24, 48 and 72 h after treatment, as measured by CCK-
8 assay. B. 20% serum significantly promotes VSMCs proliferation at 48 and
72 h after treatment, as measured by CCK-8 assay. C. The expression of miR-
665 as measured by qRT-PCR was down-regulated at 72 h post PDGF-bb (30
ng/ml) treatment. D. The expression of miR-665 as measured by qRT-PCR
was down-regulated at 72 h post 20% serum treatment. Data represents the
mean values of three independent replicates + SEM; significant differences
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antibodies (1:4000; Abcam).
The bands were visualized
by exposing the membran-
es under a ChemoDoc XRS
detection system (Bio-Rad,
Hercules, USA). The whole
gel blot for the detected pro-
teins were shown in Figures
S1, S2 and S3.
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relative to control group were shown as *P<0.05, **P<0.01, ***P<0.001.

wound. The cells were then cultured in serum-
free medium. Cells migrated into wound sur-
face and the average distance of migrating
cells was determined under an inverted micros-
copy at O hand 48 h.

Luciferase reporter assay

The pmirGLO vectors containing wild type or
mutant miR-665 binding site in FGF9 3’'UTR
and MEF2D 3’UTR were synthesized by Ribobio
(Guangzhou, China). VSMCs were seeded into
24-well plates 24 h before transfection and
then co-transfected with 50 ng of wild type or
mutant luciferase vector containing FGF9
3'UTR or MEF2D 3'UTR and 20 uM miR-665
mimics, miR-665 inhibitor or their respective
controls. After 48 h, luciferase activity was
assayed by using the Dual-luciferase Reporter
Assay System (Promega, Madison, USA).

Western blot

Proteins were extracted from whole cell lysates
and separated by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, then trans-
ferred to a polyvinylidene fluoride membrane.
The following primary antibodies were used:
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Statistical analysis

All statistical analysis was carried out using
GraphPad Prism version 6 (GraphPad Prism
version 6.0, Inc. La Jolla, USA). The significant
differences between two groups were analyzed
by t-test, and the significant differences among
more than two groups were analyzed by one-
way ANOVA followed by Bonferroni’'s multiple
comparison tests. All data are expressed as the
mean values of at least three independent rep-
licates + SEM, and P<0.05 was considered to
be statistically significant.

Results

The effects of PDGF-bb or 20% serum treat-
ment on the cell proliferation and expression
levels of miR-665

In the present study, the VSMCs were treated
with PDGF-bb (30 ng/ml) or 20% serum, and at
0, 24, 48 and 72 h after treatments, the cell
proliferative ability was measured by CCK-8
assay. In the PDGF-bb-treated VSMCs, the cell
proliferative ability was significantly enhanced
at 24, 48, and 72 h post-treatment (Figure 1A);
in the 20% serum-treated VSMCs, the cell pro-
liferative ability was also significantly enhanced
at 48 and 72 h post-treatment (Figure 1B). In
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Figure 2. The effects of miR-665 on VSMCs proliferation, invasion and migration. A and B. The expression level of
miR-665 in VSMCs was measured by qRT-PCR assay 48 h after cells transfected with miR-665 mimics, miR-665
inhibitor, or their respective controls. MiR-665 mimics transfection increased the miR-665 expression, and miR-665
inhibitor transfection suppressed the miR-665 expression level. C and D. The VSMCs proliferation was measured by
CCK-8 assay 48 h after cells transfected with miR-665 mimics, miR-665 inhibitor, or their respective controls. MiR-
665 mimics transfection increased VSMCs proliferation, and miR-665 inhibitor transfection suppressed the VSMCs
proliferation. E and F. The VSMCs invasion was measured by transwell assay 48 h after cells transfected with miR-
665 mimics, miR-665 inhibitor or their respective controls. MiR-665 mimics transfection increased VSMCs invasion,
and miR-665 inhibitor transfection suppressed VSMCs invasion. G and H. The VSMCs migration was measured
by wound healing assay 48 h after cells transfected with miR-665 mimics, miR-665 inhibitor, or their respective
controls. MiR-665mimics transfection enhanced VSMCs migration, and miR-665 inhibitor transfection suppressed
VSMCs migration. Data represents the mean values of three independent replicates + SEM; significant differences
relative to control group were shown as *P<0.05, ***P<0.001.

order to examine the potential effects of miR- with miR-665 mimics, and down-regulation of
665 on the function of VSMCs, the expression miR-665 in the VSMCs was achieved by trans-
levels of miR-665 were measured by qRT-PCR fecting VSMCs with miR-665 inhibitor. As shown
at 72 h after PDGF-bb (30 ng/ml) or 20% serum in Figure 2A, the expression level of miR-665 in
treatments, and the results showed that PDGF- VSMCs was increased by more than 10 fold
bb treatment significantly suppressed the after miR-665 mimics transfection (Figure 2A);
expression levels of miR-665 in the VSMCs while miR-665 inhibitor transfection significant-
(Figure 1C), and the expression level of miR- ly suppressed the expression level of miR-665
665 was also decreased in the VSMCs received in VSMCs (Figure 2B). Furthermore, the CCK-8
20% serum treatment (Figure 1D). assay was performed to determine the cell pro-

liferative ability in VSMCs transfected with miR-
The effects of miR-665 on the cell prolifera- 665 mimics or miR-665 inhibitor, or their
tion, invasion and migration in VSMCs respective controls. MiR-665 mimics transfec-

tion significantly decreased the OD 450 values
In order to further explore the in vitro functional in VSMCs when compared to control group
roles of miR-665 in VSMCs, the gain-of-func- (Figure 2C); miR-665 inhibitor transfection
tion and loss-of-function studies were per- increased the OD 450 values in VSMCs when
formed. Overexpression of miR-665 in the compared to control group (Figure 2D), sug-
VSMCs was achieved by transfecting VSMCs gesting the miR-665 suppresses the cell prolif-
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erative ability of VSMCs. The cell invasion and
cell migration in VSMCs were assessed by cell
invasion and wound healing assays, respective-
ly. The number of invaded cells in VSMCs trans-
fected with miR-665 mimics was significantly
decreased when compared to control group
(Figure 2E), and miR-665 inhibitor transfection
significantly increased the number of invaded
cells (Figure 2F), suggesting that miR-665 sup-
presses the VSMCs invasion. For the wound
healing assay, miR-665 mimics transfection
significantly decreased the percentage of
repaired wound (Figure 2G), while miR-665
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Figure 3. FGF9 is a direct target of miR-665. A. The seed sequence of wild type
(WT) 3’'UTR or mutant (Mut) 3'UTR of FGF9 that is complementary to miR-665; B
and C. VSMCs were co-transfected with miR-665 mimics or its control with wild
type or mutant 3'UTR of FGF9, and luciferase activity was detected at 48 h post
transfection; D. The mRNA and protein expression level of FGF9 in VSMCs was
determined by qRT-PCR and western blot, respectively, at 48 h after cells trans-
fected with miR-665 mimics or its control. MiR-665 mimics transfection sup-
pressed the mRNA and protein levels of FGF9. E. The cell proliferation of VSMCs
was measured by CKK-8 assay at 48 h after cells co-transfected with miR-665
mimics and pcDNA3.1-FGF9 or their respective controls. Data represents the
mean values of three independent replicates + SEM; significant differences
relative to control group were shown as *P<0.05, **P<0.01, ***P<0.001.

inhibitor transfection enhanced the wound
repair in VSMCs (Figure 2H), suggesting that
mMiR-665 inhibits the VSMCs migration.

FGF9 and MEF2D were potential downstream
targets of miR-665

As miRNAs regulate the gene expression via
targeting the 3’UTR of the genes, the down-
stream targets of miR-665 were predicted by
using TargetScan (www.targetscan.org). In the
predicted results, a list of potential genes was
found, and in the present study, FGF9 and

Am J Transl Res 2017;9(10):4402-4414
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Figure 4. MEF2D is a direct target of miR-665. A. The seed sequence of wild type (WT) 3'UTR or mutant (Mut) 3'UTR
of MEF2D that is complementary to miR-665. B and C. VSMCs were co-transfected with miR-665 mimics or its
control with wild type or mutant 3'UTR of MEF2D, and luciferase activity was detected at 48 h post transfection. D.
The mRNA and protein expression levels of MEF2D in VSMCs was determined by gRT-PCR and western blot, respec-
tively, at 48 h after cells transfected with miR-665 mimics or its control. MiR-665 mimics transfection suppressed
the mRNA and protein levels of MEF2D. E. The VSMCs proliferation was measured by CKK-8 assay at 48 h after
cells co-transfected with miR-665 mimics and pcDNA3.1-MEF2D or their respective controls. Data represents the
mean values of three independent replicates + SEM; significant differences relative to control group were shown as
*P<0.05, **P<0.01, ***P<0.001.

MEF2D were chosen for further investigation
because of their potential functions roles in
VSMCs. To validate whether FGF9 is a target of
miR-665, the FGF9 3'UTR fragment containing
wild-type or mutant miR-665-binding sequence
was sub-cloned to the Firefly luciferase report-
er gene (Figure 3A). When miR-665 mimics
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were co-transfected with the wild type reporter
plasmid, the relative luciferase activity of the
reporter containing wild type FGF9 3’'UTR was
significantly suppressed; and co-transfection of
miR-665 inhibitor and the report plasmid sig-
nificantly increased the luciferase activity of
the reporter containing wild type FGF9 3'UTR

Am J Transl Res 2017;9(10):4402-4414
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(Figure 3B); while the luciferase activity of the
reporter containing mutant FGF9 3'UTR was
unaffected (Figure 3C). In addition, qRT-PCR
and western blot were performed to examine
the effect of miR-665 overexpression on the
mRNA and protein levels of FGF9 in VSMCs,
miR-665 mimics transfection significantly sup-
pressed the mRNA and protein expression level
of FGF9 (Figure 3D). To further investigate the
effect of FGF9 on VSMCs proliferation,
pcDNA3.1-FGF9 and miR-665 mimics were co-
transfected into VSMCs, and enforced expres-
sion of FGF9 sufficiently attenuated the inhibi-
tory action of miR-665 on VSMCs proliferation
(Figure 3E).

To validate whether MEF2D is a target of miR-
665, similar experiments as shown above were
performed. When miR-665 mimics were co-
transfected with the wild type reporter plasmid,
the relative luciferase activity of the reporter
containing wild type MEF2D 3'UTR was signifi-
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represents the mean values of three in-
dependent replicates + SEM; significant
differences relative to control group
were shown as *P<0.05.

cantly suppressed (Figure 4A and 4B); and co-
transfection of miR-665 inhibitor and the report
plasmid significantly increased the luciferase
activity of the reporter containing wild type
MEF2D 3’UTR (Figure 4A and 4B); while the
luciferase activity of the reporter containing
mutant MEF2D 3’UTR was unaffected (Figure
4A and 4C). In addition, gRT-PCR and western
blot results showed that miR-665 mimics trans-
fection significantly suppressed the mRNA and
protein expression levels of MEF2D (Figure 4D).
The rescue experiments further reveal that
forced overexpression of MEF2D also signifi-
cantly restored the inhibitory effects of miR-
665 on the cell proliferation in the VSMCs
(Figure 4E).

The effects of miR-665 on the Wnt/[3-catenin
signaling

As Wnt signaling was found to play important
roles in VSMCs proliferation. In this study, the
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Whnt/B-catenin signaling

Y
VSMCs proliferation

Figure 6. Schematic illustration demonstrating the
role of miR-665 in VSMCs. PDGF-bb or 20% serum
treatment suppressed miR-665 expression. MiR-665
inhibited Wnt/B-catenin signaling activities possibly
via suppressing FGF9 or MEF2D or by other unidenti-
fied mechanism, and the inhibition of FGF9, MEF2D
and the activities of Wnt/B-catenin signaling may
contribute to the suppression of VSMCs proliferation.

effects of miR-655 on the Wnt/B-catenin sig-
naling was examined by qRT-PCR and western
blot, and miR-665 mimics transfection signifi-
cantly suppressed the mRNA expression level
of B-catenin, c-myc and cyclin D1 in VSMCs,
and pretreatment with the Wnt agonist, LiCl,
significantly attenuated the inhibitory effects of
miR-665 on the MRNA expression level of
B-catenin, c-myc and cyclin D1 in VSMCs (Figure
5A-C). Western blot results also showed that
the protein levels of B-catenin, c-myc and cyclin
D1 were decreased in VSMCs transfected with
miR-665 mimics, and pretreatment with LiCl
increased the protein levels of B-catenin, c-myc
and cyclin D1 in VSMCs transfected with miR-
665 mimics when compared to cells only treat-
ed with miR-665 mimics (Figure 5D).

Discussion

Recent studies have showed that aberrant
expression of miRNAs was found in stenotic
and atherosclerotic arteries, where the neointi-
mal lesion was formed [1]. However, the molec-
ular mechanisms of the aberrant expression of
MiRNAs in cardiovascular diseases were largely
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unexplored. In this study, our results showed
that PDGF-bb or 20% serum treatment en-
hanced cell proliferation and also suppressed
the expression levels of miR-665 in the VSMCs.
In vitro functional assays showed that overex-
pression of miR-665 suppressed VSMCs prolif-
eration, invasion and migration, and down-reg-
ulation of miR-665 enhanced the VSMCs
proliferation, invasion and migration. In addi-
tion, the downstream targets (FGF9 and MEF-
2D) of miR-665 were further confirmed by lucif-
erase reporter assays. Overexpression of miR-
665 suppressed the mRNA and protein expres-
sion levels of FGF9 and MEF2D in VSMCs. The
enforced expression of FGF9 and MEF2D also
attenuated the inhibitory effects of miR-665 on
VMSCs proliferation. In vitro gRT-PCR and west-
ern blot results also showed that overexpres-
sion of miR-665 suppressed the activity of
Wnt/B-catenin signaling pathway.

The aberrant expression of miRNAs was found
to be important in the regulation of VSMCs pro-
liferation, invasion and migration, which has
been confirmed in numerous studies. MiR-136
promotes cell proliferation of VSMCs via target-
ing PPP2R2A in atherosclerosis [35]. MiR-181b
was found to activate the PI3K and MAPK path-
ways, which results in enhancing the cell prolif-
eration of VSMCs [36]. On the other hand, miR-
145 was found to inhibit VSMCs proliferation by
targeting CD40 [37]; and miR-129-5p was
found to inhibit cell proliferation of VSMCs via
targeting Wntba [38]. Although there is limited
evidence to indicate the functional role of miR-
665 in cardiovascular diseases, miR-665 was
found to suppress the cell proliferation, cell
invasion and cell migration in osteosarcoma via
targeting RAB23 [15], in addition, in the chronic
heart failure study, miR-665 expression is sig-
nificantly decreased in the cardiomyocytes,
and downregulation of miR-665 may contribute
to a compensatory response of the diseased
myocardium [14]. Our results showed that over-
expression of miR-665 suppressed VSMCs pro-
liferation, cell invasion and migration, and
down-regulation of miR-665 enhanced VSMCs
proliferation, cell invasion and migration. Taken
together, these results suggested that miR-
665 had inhibitory effects on the VSMCs prolif-
eration, cell invasion and migration.

Like other miRNAs, miR-665 also exerts its
functions in VSMCs via targeting the 3'UTR of
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specific genes. The bioinformatics analysis and
luciferase reporter assays showed that FGF9
and MEF2D are downstream targets of miR-
665 in VSMCs. FGF9, a member of the FGF
family, is a potent mitogen secreted from bone
marrow cells [39]. Studies have shown that pro-
liferation of VSMCs after arterial injury depends
on the interaction between FGF2 and FGF9
[20]. Studies showed that FGF9 delivery during
angiogenesis produces durable, vaso-respon-
sive microvessels wrapped by VSMCs [40].
FGF9 was also found to activate progenitor
cells and enhance angiogenesis in the infarct-
ed diabetic heart [41]. More importantly, miR-
182 was found to prevent VSMCs cell dediffer-
entiation via FGF9/PDGFR-beta signaling [21].
In this study, we further demonstrated that
miR-665 suppressed VSMCs proliferation via
targeting FGF9. MEF2D, a member of the MEF2
family, is a major transcription activator in the
muscle development [42]. Studies have found
that MEF2D overexpression was involved in the
progression of several types of cancers includ-
ing colorectal cancer, liver cancer, lung cancer,
osteosarcoma and leukemia [28, 43-46], and
overexpression of MEF2D prolonged the sur-
vival of cardiomyocytes [24]. There is little evi-
dence about the role of MEF2D in the VSMCs
proliferation, however, studies have suggested
that the activation of MEF2D by BMK1 is
required for the up-regulation of c-jun, which is
an important transcriptional factor in the
serum-induced cell proliferation in VSMCs [30].
Our results showed that overexpression of miR-
665 suppressed the mRNA and protein expres-
sion levels of MEF2D in VSMCs, and further
rescue experiments showed that enforced
expression of MEF2D prevented the inhibitory
effects of miR-665 on VSMCs proliferation,
suggesting the miR-665 suppressed VSMCs
proliferation via targeting MEF2D.

Evidence from previous studies implicated
that both FGF9 and MEF2D had potential inter-
actions with the Wnt/B-catenin signaling path-
way. In terms of FGF9, FGF9 regulates B-ca-
tenin mediated Wnt signaling in lung mesen-
chyme [47], and FGF9 and FGF/Wnt/[B-catenin
signaling pathway was also found to play impor-
tant roles in ablative laser-induced wound heal-
ing processes [34]. In terms of MEF2D, sup-
pression of MEF2D was found to significantly
inactivated Wnt/B-catenin signaling pathway
in gastric cancer cells [27], and loss of MEF2D
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expression in animal cap cells from Xenopus
caused a significant reduction in the mem-
brane (B-catenin complexes [48]. Therefore, in
the present study, we are tempted to further
explore the effects of miR-665 on the activity of
Wnt/B-catenin signaling based on the facts
that miR-665 affected the expression of both
FGF9 and MEF2D in VSMCs. The Wnt family
consists of 19 conserved genes, and these
genes were found to encode for the secreted
glycoprotein ligands for Frizzled receptors [49].
The canonical Wnt signaling pathway is largely
regulated via the balance of B-catenin regula-
tion [49]. Studies have showed that Wnt/B-
catenin signaling interacts with TGF-3/Smad3
signaling to promote cell proliferation in VSMCs
[18], and Wnt/B-catenin signaling activation
also promotes VSMCs to osteogenictrans dif-
ferentiation and calcification via regulating
Runx2 gene expression [49]. In addition, stud-
ies demonstrated that VSMCs proliferation was
promoted through the transfection of a degra-
dation-resistant B-catenin transgene into rats
[31], and inhibition of B-catenin suppressed
cell proliferation of VSMCs and also down-regu-
lated the expression of cyclin D1 [32]. Our
results showed that overexpression of miR-665
suppressed the Wnt/B-catenin signaling, and
this effect could be prevented with LiCl treat-
ment. Our data suggested that miR-665 may
regulate VSMCs proliferation via modulating
the Wnt/[-catenin signaling.

Conclusions

In summary, the present study demonstrated
that miR-665 suppressed the VSMCs prolifera-
tion, invasion and migration via targeting FGF9
and MEF2D, and the in vitro effects of miR-665
on VSMCs may be associated with modulation
of Wnt/B-catenin signaling activities as sum-
marized in Figure 6. The present study may pro-
vide novel therapeutic target for combating car-
diovascular diseases such as atherosclerosis.
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Figure S1. Gel blot for FGF9 (row 1) and B-actin (row 2) proteins.
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Figure S2. Gel blot for MEF2D (row 1) and B-actin (row 2) proteins.
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Figure S3. Gel blot for B-catenin (row 1), c-myc (row 2), cylcin D1 (row 3) and B-actin (row 4) proteins.



