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Abstract: The objective of this study is to investigate the expression of microRNA (miR)-145 in human aortic vas-
cular smooth muscle cells (VSMCs) and the effect of miR-145 in the biological behavior and expression of CD40 in
VSMCs. Cells were treated with either miR-145 or miR-145 inhibitor. Cell proliferation was analyzed by a colony for-
mation assay and a methyl thiazolyl tetrazolium assay. Cell migration and invasion were assessed using a transwell
assay, an invasion assay, and a wound healing assay. A luciferase reporter assay was used to detect the interac-
tion between miR-145 and CD40. Expression of a-SMA, calponin, osteopontin (OPN), epiregulin, activator protein-1
(AP-1) and CD40 was measured using real-time RT-PCR for mRNA levels and Western blotting for protein levels.
Overexpression of miR-145 significantly inhibited VSMC proliferation, invasion and migration. Furthermore, OPN,
epiregulin, AP-1 and CD40 expression at the mRNA and protein levels was down-regulated by overexpression of miR-
145. However, a-SMA and calponin expression at the mRNA and protein levels was up-regulated by overexpression
of miR-145. In addition, the luciferase reporter assay showed that CD40 may be a direct target gene of miR-145 in
VSMC initiation and development. Moreover, these data demonstrate that the up-regulation of CD40 is critical for
miR-145-mediated inhibitory effects on platelet-derived growth factor-induced cell proliferation and migration in hu-
man VSMCs. In summary, CD40, a direct target of miR-145, reverses the inhibitory effects of miR-145. These results
suggest that the specific modulation of miR-145 in human VSMCs may be an attractive approach for the treatment
of proliferative vascular diseases.

Keywords: microRNA-145, vascular smooth muscle cells, proliferation, migration, CD40, platelet-derived growth
factor

Introduction proliferation and differentiation of VSMCs [5,
6]. Moreover, overexpression of miR-145 up-
regulates the expression of VSMC differentia-
tion marker genes, such as alpha smooth mus-
cle actin, calponin, and smooth muscle-myosin
heavy chain (SM-MHC), thereby promoting the

differentiation of VSMCs into the contractile

MicroRNAs (miRNAs) are short 18-24 nucleo-
tide, single stranded, noncoding RNAs that bind
to their complementary target sites in the
3-untranslated regions (3-UTRs) of specific
MRNA targets to inhibit translation or cause

mRNA degradation [1, 2]. miRNAs are involved
in complex processes related to diverse cellular
functions, such as cell proliferation and differ-
entiation, apoptosis, neuronal patterning,
immunity, fat metabolism, and phenotypic
switching of vascular smooth muscle cells
(VSMCs) [3, 4]. Recent studies indicated that
many miRNAs are highly expressed in the vas-
cular system and are involved in the control of

phenotype [7]. In response to vascular injury or
growth factor signaling, VSMCs dedifferentiate
and adopt a synthetic phenotype, which is char-
acterized by increased proliferation and migra-
tion, enhanced production of collagens and
matrix metalloproteinases, and decreased
expression of SMC specific contractile markers,
such as OPN and epiregulin [8, 9]. Recently,
studies showed that the transcription factor
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AP-1 is critical and correlated with the initiation
and progression of vascular dysfunction.
Therefore, AP-1 inhibition has been proposed
as an attractive target to prevent the progres-
sion of cardiovascular disease [10].

miRNA dysregulation is linked to the develop-
ment of cardiovascular diseases, and restora-
tion of dysregulated miRNAs to their normal
levels can potentially reduce or even eliminate
diseases, at least in animal models [11]. The
dysregulation of several miRNAs is associated
with many diseases, including cancer, cardio-
vascular diseases, diabetes and neurological
disorders [12-15]. miRNA-based therapy has
become a promising treatment for many human
diseases, including cardiovascular diseases,
cancer and diabetes.

Growth factor signaling pathways are involved
in the phenotype modulation of VSMCs [16,
17]. Platelet-derived growth factor (PDGF) is
one of the most prominent inducers of smooth
muscle cell (SMC) migration and proliferation.
However, VSMC proliferation and migration are
markedly increased in response to various
growth factors and cytokines, such as platelet-
derived growth factor-BB (PDGF-BB), fibroblast
growth factor, insulin-like growth factor-1,
tumor necrosis factor-alpha (TNF-a), and inter-
leukin-1. PDGF-BB, which is released primarily
by vascular endothelial cells and platelets at
the sites of vascular injury, is one of the most
potent stimulants of VSMC proliferation and
migration via its modulation of several tran-
scription factors and key molecular signaling
pathways [18].

A recent report demonstrated that miR-145
is implicated in the modulation of VSMC differ-
entiation [19]. miRNA expression can be tran-
scriptionally induced by PDGF signaling
to mediate its action on VSMC phenotypic
switching [20]. Down-regulation of miR-15b
decreased the expression of alpha-smooth
muscle actin (a-SMA), a differentiation marker
of VSMCs, suggesting that miR-15b possibly
functions in the regulation of VSMC differentia-
tion and proliferation [21]. miRNA-638 is highly
expressed in human vascular smooth muscle
cells and inhibits PDGF-BB-induced cell prolif-
eration and migration by targeting the orphan
nuclear receptor, NOR1 [22]. Moreover, miR-
145 is important for the expression of the
VSMC contractile phenotype [23, 24] because
it mediates the stretch-induced differentiation
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of VSMCs [25, 26]. Functional CD40 is ex-
pressed not only by leukocytes but also by vas-
cular VSMCs and endothelial cells (ECs) [27].
However, it is unclear whether miR-145 expres-
sion is modulated by PDGF, which is the essen-
tial signal for VSMC dedifferentiation. In this
study, we assessed whether miR-145 is a key
molecule for the regulation of VSMC prolifera-
tion and migration by targeting CD40.

Materials and methods
Cells

The human aortic smooth muscle cell line was
purchased from Shanghai Cell Bank, Chinese
Academy of Sciences (Shanghai, China). DMEM
cell culture medium and 10% fetal bovine
serum (FBS) were obtained from Gibco
(Invitrogen Co, Carlsbad, CA, USA). The cell line
was cultured in DMEM containing 10% FBS,
100 pg/ml streptomycin and 100 IU/ml penicil-
lin in a humidified environment in the presence
of 5% CO,. The miR-145 mimics and miR-145
inhibitor were synthesized by Tiangen Bio-
chemical Technology Co., Ltd. (Beijing, China).
For transfection, cells were grown to 90% con-
fluence and transfected with miR-145 mimics
and miR-145inhibitor using Lipofectamine2000
(Invitrogen, Carlsbad, CA, USA) by incubation in
DMEM for 4 h. The cells were then transferred
into fresh DMEM containing 10% FBS.

Methyl thiazolyl tetrazolium (MTT) assay

Cell growth was determined using the methyl
thiazolyl tetrazolium spectrophotometric dye
assay according to published protocols [28]. At
24 h post-transfection with the miR-145 inhibi-
tor, miR-145 mimic or negative control, VSMCs
(2x10° cells/well) were plated into 96-well
plates, and cell proliferation was documented
at 24 h for 4 days. The number of viable cells
was measured at 450 nm using a plate reader
(Thermo Scientific, Watertown, USA). All data
were expressed as mean + standard deviations
(SD) of three independent experiments. A two-
tailed Student’s t-test was used for the com-
parison of differences between two indepen-
dent groups.

Colony formation assay
VSMCs were transfected with 50 nM miR-145

inhibitor, miR-145 mimic or negative control,
and cultured in DMEM containing 10% FBS.
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Cells were seeded at a density of 1x10° cells/
well in a 6 cm Petri dish. After incubation for 15
days, cells were fixed with methanol and
stained with 0.1% crystal violet. Visible colo-
nies were manually counted. The experiment
was repeated three times. All data were
expressed as mean + standard deviations (SD)
of three independent experiments. A two-tailed
Student’s t-test was used for the comparison of
differences between two independent groups.

Wound healing assay

Cells were transfected with 50 nM miR-145
inhibitor, MmiR-145 mimic or negative control,
which were plated into 12-well plates and incu-
bated at room temperature with 5% CO,, until a
complete monolayer was formed. A scratch was
made in the cell monolayer, and then the medi-
um was replaced with complete medium. The
cells were washed and migration was assessed
at O or 24 h. The level of migration in each
group at 0 and 24 h was assessed using photo-
graphs. Migration was quantified by counting
the total number of cells that migrated across
the scratch towards the original wound field.
The data were obtained from three indepen-
dent wound healing experiments. All data were
expressed as mean + standard deviations (SD)
of three independent experiments. A two-tailed
Student’s t-test was used for the comparison of
differences between two independent groups.

Migration and invasion assay

Cells were transfected with miR-145 inhibitor,
miR-145 mimic or negative control. For tran-
swell migration assay, cells were assessed
using an 8-um pore size transwell, and 5x10*
cells were plated into each well of the migration
chamber containing an uncoated membrane.
For the transwell invasion assay, 3x10°
cells were plated into the top chamber with a
Matrigel-coated membrane. The transwell
assay was also performed using a 24-well cell
transwell assay kit (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instruc-
tions, with experiments performed in triplicate
for each condition. All data were expressed as
mean +* standard deviations (SD) of three inde-
pendent experiments. A two-tailed Student’s
t-test was used for the comparison of differ-
ences between two independent groups.
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Luciferase reporter assay

Cells cultured in 6-well plates were transfected
with 1 ug pMIR/activator CD40 vector or pMIR/
CD40/mut vector containing firefly luciferase,
or 0.05 pg pRLTK vector (Invitrogen, Carlsbad,
CA, USA) containing Renilla luciferase and 30
nM miR-145 or negative control. Cells were
treated in 24-well plates with miR-145 inhibitor
or miR-145 mimic plasmids using Lipofectamine
2000. After transfection for 6 h, cells were
transfected again with miR-145 inhibitor, miR-
145 mimic or negative control. Luciferase activ-
ity was evaluated with the dual luciferase assay
system (Promega, CA, USA) after 36 h incuba-
tion. All data were expressed as mean * stan-
dard deviations (SD) of three independent
experiments. A two-tailed Student’s t-test was
used for the comparison of differences between
two independent groups.

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

Total RNA was extracted and isolated from the
cells using Trizol reagent (Invitrogen, Carlsbad,
CA, USA) for both miR-145 and CD40 mRNA
analyses. miR-145 expression was detected
using qRT-PCR with SYBR Premix Ex Tagq™
(Invitrogen, CA, USA) according to the manufac-
turer’s protocol. For the detection of CD40
MRNA expression, gqRT-PCR was performed
using Quantities SYBR Green PCR Kit
(Invitrogen, CA, USA). B-actin was used to nor-
malize the CD40 mRNA expression levels. All
gRT-PCR experiments were performed in
triplicate for each condition. All data were
expressed as mean + standard deviations (SD)
of three independent experiments. A two-tailed
Student’s t-test was used for the comparison of
differences between two independent groups.
One-way ANOVA was to compare the differenc-
es among multiple groups and post hoc
Bonferroni correction was conducted for multi-
ple comparisons.

Western blotting

Western blotting was performed as previously
described [29]. Total protein was extracted
from cells treated with miR-145 inhibitor, miR-
145 mimic or negative control. The lysates
were separated on 12% sodium dodecyl sul-
fate-polyacrylamide gels, and protein quantifi-
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cation was performed using a bicinchoninic
acid kit (Invitrogen, CA, USA). The proteins were
then transferred to polyvinylidene difluoride
(PVDF) membranes (Invitrogen, CA, USA), which
were blocked for 1 h with 5% non-fat milk at
37°C with agitation. The membranes were incu-
bated with primary antibody at 4°C overnight.
After blocking with 5% non-fat milk at room
temperature for 1 h, the membranes were incu-
bated with primary antibodies for CD40
(1:3000 dilution) and B-actin (1:3000), and
B-actin was the internal reference. Next, the
membranes were washed three times for 5
minutes each. After 3 washes, the PVYDF mem-
branes were incubated with secondary antibod-
ies (Invitrogen, CA, USA) at 37°C for 1 h. The
blots were visualized using the electrochemilu-
minescence detection system (Invitrogen, CA,
USA). All data were expressed as mean + stan-
dard deviations (SD) of three independent
experiments. A two-tailed Student’s t-test was
used for the comparison of differences between
two independent groups. One-way ANOVA was
to compare the differences among multiple
groups and post hoc Bonferroni correction was
conducted for multiple comparisons.

Statistical analysis

All data were analyzed and all graphs were plot-
ted using SPSS 17.0 software (Chicago, IL,
USA). All data were expressed as mean + stan-
dard deviations (SD) of three independent
experiments. A two-tailed Student’s t-test was
used for the comparison of differences between
two independent groups. One-way ANOVA was
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Figure 1. Vascular smooth muscle cell growth in miR-145 mim-
) ics, miR-145 inhibitor or control mimics groups. A. Proliferation
curve of cells stably transfected with miR-145 mimics, miR-145
inhibitor or control mimics. B. Colony formation of cells transfect-
ed with miR-145 mimics, miR-145 inhibitor or control mimics.

to compare the differences among multiple
groups and post hoc Bonferroni correction was
conducted for multiple comparisons. P < 0.05
was considered to indicate a statistically signifi-
cant difference All experiments were performed
in triplicate, and P < 0.05 was considered sta-
tistically significant.

Results

Up-regulation of miR-145 significantly inhibits
VSMC growth

To determine whether overexpression of miR-
145 in VSMCs affects cell growth, an MTT
assay was used to determine cell proliferation.
The data showed that VSMCs treated with the
miR-145 inhibitor grew more rapidly than the
control group, whereas cells overexpressing
miR-145 grew more slowly than the control
(Figure 1A). A colony formation assay showed
that VSMCs transfected with the miR-145 inhib-
itor had a higher level of proliferation compared
to cells transfected with control or overexpress-
ing miR-145 (Figure 1B). These data indicate
that overexpression of miR-145 inhibits VSMC
proliferation in vitro. The wound healing assay
results showed that higher levels of wound
repair occurred in cells transfected with miR-
145 inhibitor for 12 h or 24 h (Figure 2A, 2B).
The results showed that cells transfected with
the miR-145 inhibitor had higher levels of
migration and invasion compared to those
treated with control or miR-145 (Figure 3A, 3B).
These data indicate that overexpression of miR-
145 inhibits VSMC migration and invasion in
vitro.
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Figure 2. Effect of miR-145 on VSMC migration. Migration of VSMCs transfected with miR-145 mimics, miR-145
inhibitor or control mimics. Quantification of wound repair at O, 12 and 24 h after wound scratch in wound-healing
assay. Data are shown as means + SD. **, P < 0.01 compared with control.
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Figure 3. Effect of miR-145 on VSMC migration, invasion. A and B. Migration and invasion of VSMCs transfected with
miR-145 mimics, miR-145 inhibitor or control mimics. Transwell assay was performed. Data are means + SD. **, P

<0.01 compared with control.

Up-regulated expression of miR-145 signifi-
cantly decreases OPN and epiregulin mRNA
and protein levels in VSMCs

To test the effect of miR-145 on OPN and epi-
regulin mRNA and protein expression, gRT-PCR
and Western blotting were performed as previ-
ously described. The qRT-PCR results revealed
that the miR-145 inhibitor increased OPN and
epiregulin mRNA expression by 52.00% (1.52 +
0.15 vs. 1.0 £ 0.09) and 43.00% (1.43 + 0.14
vs. 1.0 + 0.10) compared to the control (P <
0.01), respectively. By contrast, overexpression
of miR-145 decreased OPN and epiregulin
MRNA expression by 47.00% (0.53 + 0.06 vs.
1.0 £ 0.09) and 58% (0.42 + 0.04 vs. 1.0 *
0.09) compared to the control (P < 0.01) (Figure
4A, 4C), respectively. Western blotting results
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revealed that the miR-145 inhibitor increased
the level of OPN and epiregulin protein by
57.00% (1.57 + 0.14 vs. 1.0 + 0.09) and
65.00% (1.65 + 0.15 vs. 1.0 + 0.10) compared
to the control (P < 0.01), respectively. By con-
trast, overexpression of miR-145 decreased
OPN and epiregulin protein expression by
42.00% (0.58 + 0.07 vs. 1.0 + 0.09) and
43.00% (0.57 £ 0.06 vs. 1.0 £ 0.10) compared
to the control (P < 0.01) (Figure 4B, 4D, 4E),
respectively.

Up-regulated expression of miR-145 signifi-
cantly increases a-SMA and calponin mRNA
and protein levels in VSMCs

To test the effect of miR-145 on a-SMA and cal-
ponin MRNA and protein expression, qRT-PCR

Am J Transl Res 2016;8(4):1813-1825
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and Western blotting were performed as previ-
ously described. The qRT-PCR results revealed
that the miR-145 inhibitor decreased o-SMA
and calponin mRNA expression by 45.00%
(0.55 + 0.05 vs. 1.0 + 0.08) and 37.00% (0.63
+ 0.06 vs. 1.0 + 0.10) compared to the control
(P < 0.01), respectively. By contrast, overex-
pression of miR-145 increased a-SMA and cal-
ponin MRNA expression by 53.00% (1.53 +
0.13 vs. 1.0 £ 0.08) and 63.00% (1.63 + 0.15
vs. 1.0 = 0.10) compared to the control (P <
0.01) (Figure 5A, 5C), respectively. Western
blotting results revealed that the miR-145
inhibitor decreased the level of a-SMA and cal-
ponin protein by 40.00% (0.60 + 0.07 vs. 1.0 +
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Figure 4. Effect of miR-145 on OPN, Epiregulin expres-
sion in VSMCs transfected with miR-145 mimics, miR-
145 inhibitor or control mimics. A and C. The level of
OPN, Epiregulin mRNA determined using qRT-PCR. B
and D. OPN, Epiregulin protein expression measured
using Western blotting. E. Quantification of OPN, Epi-
regulin protein expression. Data are means * SD. **,
P < 0.01 compared with control.

0.09) and 55.00% (0.45 + 0.05 vs. 1.0 + 0.09)
compared to the control (P < 0.01), respective-
ly. By contrast, overexpression of miR-145
increased a-SMA protein levels by 58.00%
(1.58 + 0.16 vs. 1.0 + 0.09) and 60.00% (1.60
+ 0.16 vs. 1.0 £ 0.09) compared to the control
(P < 0.01) (Figure 5B, 5D, 5E).

Up-regulated expression of miR-145 signifi-
cantly reduces CD40 mRNA and protein levels
in VSMCs

To test the effect of miR-145 on CD40 mRNA

and protein expression, qRT PCR was per-
formed and revealed that the miR-145 inhibitor

Am J Transl Res 2016;8(4):1813-1825
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increased the CD40 mRNA level by 64.00%
(1.64 £ 0.12 vs. 1.0 £ 0.10) compared to the
control (P < 0.01). By contrast, overexpression
of miR-145 decreased the CD40 mRNA levels
by 45.00% (0.55 + 0.05 vs. 1.0 + 0.10) com-
pared to the control (P < 0.01) (Figure 6A).
Western blotting results revealed that the miR-
145 inhibitor increased the CD40 protein
expression by 55.00% (1.55 + 0.13 vs. 1.0 +
0.10) compared to the control (P < 0.01). By
contrast, overexpression of miR-145 decreased
the CD40 protein levels by 28.00% (0.72 + 0.07
vs. 1.0 + 0.10) compared to the control (P <
0.01) (Figure 6B, 6C). These results indicate
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Figure 5. Effect of miR-145 on a-SMA, calponin expres-
sion in VSMCs transfected with miR-145 mimics, miR-
145 inhibitor or control mimics. A and C. The level of
a-SMA,calponin mRNA determined using qRT-PCR. B and
D. a-SMA, calponin protein expression measured using
Western blotting. E. Quantification of a-SMA, calponin
protein expression. Data are means + SD. **, P < 0.01
compared with control.

that overexpression of miR-145 decreases the
expression of CD40 mRNA and CD40 protein
levels.

miR-145 regulates CD40 expression by directly
targeting the 3’-UTR of CD40 mRNA

To determine the mechanism by which miR-145
effects VSMCs, we identified its potential target
genes. Among these genes, CD40 plays a key
role in the signaling pathway that modulates
VSMC proliferation, migration and apoptosis.
To evaluate CD40 as a target gene of miR-145
in VSMCs, wt or mutant reporter plasmids were

Am J Transl Res 2016;8(4):1813-1825
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Figure 7. Relative luciferase activity in the detec-
tion of miR-145 binding to 3’-UTR of CD40 mRNA
in VSMCs. The miR-145 reporter plasmid was trans-
fected into VSMCs together with CD40 or negative
control. **, P < 0.01 compared with control in PGL3-
CD40-wt.

cotransfected into VSMCs together with miR-
145 or control. miR-145 significantly inhibited
the activity when cotransfected with the wt
reporter plasmid compared to the control (0.74
+ 0.08 vs. 1.83 + 0.13, P < 0.01) (Figure 7).
When miR-145 and control were treated with
the mutant reporter plasmid, there was no sig-
nificant difference in relative luciferase activity
between the two groups (1.76 + 0.16 vs. 1.83 +
0.17, P > 0.05) (Figure 5). These data reveal
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Figure 6. Effect of miR-145 on CD40 expression in
VSMCs transfected with miR-145 mimics, miR-145
inhibitor or control mimics. A. The level of CD40
MRNA determined using qRT-PCR. B and C.CD40
protein expression measured using Western blot-
ting. Data are means + SD. **, P < 0.01 compared
with control.

that miR-145 regulates CD40 expression by
targeting the 3'-UTR of the CD40 mRNA.

miR-145 inhibits cell proliferation induced by
PDGF

To test the effect of miR-145 on cell prolifera-
tion induced by PDGF, VSMCs were treated with
miR-145 mimics, miR-145 inhibitor or control
and were analyzed using the MTT assay.
Overexpression of miR-145 inhibited cell prolif-
eration induced by PDGF by 22.11% (74 + 6 vs.
95 + 9, P < 0.01) compared to miR-145 alone.
Co-transfection with miR-145 and CD40 inhib-
ited cell proliferation induced by PDGF by
29.73% (52 £ 5 vs. 74 + 6, P < 0.05) (Figure 8).
These results indicate that miR-145 is respon-
sible for cell proliferation stimulated by PDGF.

Cell proliferation stimulated by PDGF inhibits
the levels of epiregulin and AP-1 mRNA and
protein in VSMCs

To test whether the effects of miR-145 on epi-
regulin and AP-1 are related to cell proliferation
induced by PDGF, miR-145 was cotransfected
with CD40 into VSMCs. The data revealed that
the epiregulin and AP-1 mRNA level in the pres-

Am J Transl Res 2016;8(4):1813-1825
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Figure 8. Proliferation of cells stably transfected
with control mimics, PDGF, miR-145mimics, miR-
145+PDGF-BB, miR-145+CD40, or miR-145+CD40+
PDGF-BB. Data are means + SD. **, P < 0.01 com-
pared with control.

ence of miR-145 and PDGF was decreased by
26.39% (0.53 £+ 0.06 vs. 0.72 + 0.16, P < 0.05),
47.00% and 15.38% (0.55 + 0.05 vs. 0.65 *
0.06, P < 0.05) compared to miR-145 alone or
PDGF alone, with 63.45% (0.53 + 0.06 vs. 1.45
+ 0.13, P < 0.05) and 75.86% (0.55 + 0.05 vs.
1.65 + 0.15, P < 0.05), respectively (Figure 8).
The epiregulin and AP-1 protein levels gave sim-
ilar results. The data revealed that the epiregu-
lin and AP-1 protein levels in the presence of
miR-145 and PDGF were significantly decreased
by 15.58% (0.65 + 0.05 vs. 0.77 + 0.07, P <
0.05) and 31.03% (0.60 + 0.05 vs. 0.87 + 0.09,
P < 0.05) compared to miR-145 alone or PDGF
alone, with 58.06% (0.65 + 0.05 vs. 1.55 +
0.15, P < 0.05) and 59.18% (0.60 + 0.05 vs.
1.47 £ 0.14, P < 0.05), respectively. The results
also showed that the epiregulin and AP-1 mRNA
levels in the presence of miR-145, CD40 and
PDGF were decreased by 33.96% (0.35 + 0.03
vs. 0.53 + 0.06, P < 0.05) and 50.91% (0.27 +
0.03 vs. 0.55 + 0.05, P < 0.05) compared to
miR-145 and PDGF (P < 0.05), respectively
(Figure 9A, 9C). Similarly, the epiregulin and
AP-1 protein levels in the presence of miR-145,
CD40 and PDGF were significantly decreased
by 30.77% (0.45 + 0.03 vs. 0.65 + 0.05, P <
0.05) and 58.33% (0.25 + 0.03 vs. 0.60 +
0.05, P < 0.05) compared to miR-145 and
PDGF, respectively (Figure 9B, 9D, 9E). These
data suggest that cell proliferation stimulated
by PDGF decreases epiregulin and AP-1 mRNA
and protein expression.
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Discussion

MicroRNAs (miRNAs) are short 18-24 nucleo-
tide, single stranded, noncoding RNAs that bind
to their complementary target sites in the
3-untranslated regions (3-UTRs) of specific
mMRNA targets to inhibit translation or cause
mMRNA degradation [2, 30]. miRNAs play impor-
tant roles in regulating diverse cellular process-
es, including proliferation, apoptosis, migration
and invasion [31, 32]. Moreover, miR-145 is
essential for VSMC differentiation [33, 34].
However, miR-145 expression and function in
VSMCs are unclear. To investigate miRNA func-
tion, functional targets are identified. This
involves the analysis of changes in target pro-
teins following the dysregulation of a function
of the specific miRNA. In this study, we investi-
gated overexpressed miR-145 in VSMCs and its
effects. We found that overexpression of miR-
145 significantly inhibited the growth, invasion
and migration of VSMCs in vitro. Additionally,
overexpression of miR-145 inhibited OPN, epi-
regulin and CD40 expression at both the mRNA
and protein levels in VSMCs. Moreover, CD40
was a direct target of miR-145. Furthermore,
the effects of miR-145 on VSMC proliferation
and OPN and AP-1 expression were reversed by
CD40.

Recently, the inhibitory role of miR-145 in VSMC
proliferation and eNOS expression was demon-
strated [35]. In this study, we found that miR-
145 significantly inhibited VSMC proliferation.
In addition, OPN and epiregulin expression
were significantly decreased. However, a-SMA
and calponin expression were significantly
increased. These effects were partially reversed
in VSMCs treated with miR-145. Therefore,
our results indicate the inhibitory effects of
miR-145 on VSMC proliferation and a-SMA,
calponin, OPN, and epiregulin expression.
Moreover, overexpression of miR-145 signifi-
cantly inhibited the invasion and migration of
VSMCs. These results suggest that miR-145
may be involved in VSMC processes. The mech-
anism underlying the effects of miR-145 on cell
invasion and migration must be further eluci-
dated, such as whether other CD40 plays in the
role in miR-145-mediated regulation of its tar-
get gene (s).

miRNAs can regulate the expression of TFs [36,
37]. Consistently in this study, we found that

Am J Transl Res 2016;8(4):1813-1825
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Figure 9. The Epiregulin, AP-1 expression
in the presence of transient CD40 expres-
sion. VSMCs were transfected with the
control mimics, PDGF, miR-145 mimics,
miR-145+PDGF-BB, miR-145+CD40, or
miR-145+CD40+PDGF-BB. A and C. The
relative level of Epiregulin, AP-1 mRNA de-
termined using qRT-PCR. B and D. The Epi-
regulin, AP-1 protein expression measured
using Western blotting. E. Quantification of
Epiregulin, AP-1 protein expression. Data
are means + SD. **, P < 0.01 compared
with control.
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the mRNA and protein expression of CD40 was
inhibited by the overexpression miR-145, and
this inhibition was alleviated when cells were
transfected with miR-145. Moreover, the lucif-
erase reporter results showed that the CD40
mRNA was the direct target of miR-145. Our
previous studies also provide further evidence
that miR-21 regulates VSMC proliferation by
inhibiting the transcription factor AP-1 [38].
Therefore, we hypothesize that CD40 may also
be involved in one of the mechanisms underly-
ing the effects of miR-145.

To further verify this hypothesis, we introduced
CD40 into VSMCs overexpressing miR-145. To
stimulate VSMC proliferation and OPN and AP-1
expression, cells were treated with PDGF. Then,
VSMC proliferation and OPN and AP-1 expres-
sion were analyzed. The results showed that
PDGF stimulated the proliferation of VSMCs
and the expression of OPN and AP-1. However,
these effects of PDGF were inhibited by miR-
145 overexpression, which further confirmed
the inhibitory effect of miR-145. Interestingly,
we demonstrated that the effect of miR-145
on CD40 was related to VSMC proliferation
stimulated by PDGF. These results suggest
that CD40 reverses the inhibitory effects of
miR-145 on VSMC proliferation and PDGF
expression.

In summary, we demonstrated that the up-reg-
ulation of miR-145 plays a role in VSMC prolif-
eration and migration by suppression of the
miR-145 target, CD40 and that miR-145 direct-
ly bound to CD40. These results suggest that
miR-145 may exert its effects through targeting
CD40. Based on our findings, we propose that
miR-145 regulation of CD40 will be a new ther-
apy for vascular diseases.
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