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Abstract: Objectives: This study is to investigate whether microRNA (miR)-21 inhibits platelet-derived growth factor-
induced human aortic vascular smooth muscle cell (VSMC) proliferation and migration through targeting activator
protein-1 (AP-1). Methods: VSMCs were transfected with the miR-21 or miR-21 inhibitor. Cell proliferation was deter-
mined using methyl thiazolyl tetrazolium assay. Cell migration was detected by transwell assay. Luciferase reporter
assay was used to study the interaction between miR-21 and AP-1. The levels of mMRNA were determined using
quantitative real-time polymerase chain reaction, while protein expression was measured using Western blotting
assay. Results: Low expression of miR-21 significantly inhibited VSMC proliferation, invasion and migration. The
mMRNA levels and protein expression of a-SMA and AP-1 were down-regulated by low expression of miR-21. In addi-
tion, luciferase reporter assay demonstrated that AP-1 might be a direct target gene of miR-21 in VSMC initiation
and development. Moreover, up-regulation of AP-1 was critical for miR-21-mediated inhibitory effects on platelet-
derived growth factor-induced cell proliferation and migration in human VSMCs. Conclusions: In summary, miR-21
is a key molecule in regulating human VSMC proliferation and migration by targeting AP-1, suggesting that specific
modulation of miR-21 in human VSMCs may become an attractive approach for the treatment of proliferative vas-
cular diseases.
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derived growth factor

Introduction

Vascular smooth muscle cells (VSMCs) exhibit
remarkable plasticity during postnatal develop-
ment. Vascular injury initiates and perpetuates
VSMCs dedifferentiation to a synthetic pheno-
type, which has been increasingly recognized to
play a central role in neointimal hyperplasia
during the pathogenesis of vascular prolifera-
tive diseases [1, 2]. Moreover, differentiated
VSMCs demonstrate a very low rate of prolifera-
tion, appropriate contractility to contractile cu-
es, and express smooth muscle cell (SMC)-
specific proteins, such as smooth muscle o-
actin, smooth muscle myosin heavy chain (SM-
MHC), smooth muscle (SM) 22«, and calponin.

In response to vascular injury or growth factor
signaling, VSMCs dedifferentiate and adopt a
synthetic phenotype, which is characterized by
increased proliferation and migration, enhanced
production of collagens and matrix metallopro-
teinases, and diminished expression of SMC-
specific contractile markers [3-5]. Recent stud-
ies indicated that many microRNAs (miRNAs or
miR) are highly expressed in vascular system
and involved in the control of proliferation and
differentiation of VSMCs [6, 7].

miRNAs are a novel class of regulatory non-cod-
ing RNAs that regulate gene expression at post-
transcriptional level by binding to 3’-untrans-
lated regions (3’-UTR) of target mRNAs [8, 9].
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Recently, miRNAs are known to regulate the
expression of target genes by degrading target
MRNAs or repressing target mRNA translation
[10, 11]. In recent years, growing pieces of evi-
dence suggest that miRNAs are critical regula-
tors of widespread cellular functions, such as
differentiation, proliferation, migration, and ap-
optosis [12, 13]. Morever, miRNAs are implicat-
ed in the development of a variety of important
human diseases including cancer [14], cardio-
vascular diseases [15] and diabetes [16].

Growth factor signaling pathways are involved
in the phenotype modulation of VSMCs [17, 18].
Growth factor signals, such as the transforming
growth factor 8 and platelet-derived growth fac-
tor (PDGF), modulate cell growth and migration
of VSMCs directly or indirectly by transcription-
al regulation of the target gene expression [19,
20]. Recent reports demonstrated that miR-
221 and miR-222 are also implicated in the
modulation of VSMC differentiation [21, 22].
MiRNA expression can be transcriptionally indu-
ced by PDGF signaling to mediate its action on
VSMC phenotypic switching [23-27]. Moreover,
bone morphogenic protein signaling represses
the expression of miR-302-367 gene cluster for
the autoregulatory mechanism of the bone mor-
phogenic protein signaling pathway [28].

It has been shown that down-regulation of miR-
15b decreased the expression of alpha-smooth
muscle actin (x-SMA), a differentiation marker
of VSMCs, suggesting that miR-15b was possi-
bly functional in the regulation of VSMC differ-
entiation and proliferation [29]. Moreover, miR-
143 and miR-145 play important roles in the
control of contractile phenotype of VSMCs and
the response of the vascular wall to injury [30].
However, it is unclear whether miR-21 expres-
sion is modulated by PDGF, which is the essen-
tial signal for VSMC dedifferentiation. In this
study, we investigate whether miR-21 is a key
molecule in regulating VSMC proliferation and
migration by targeting AP-1.

Materials and methods
Cells

Human aortic smooth muscle cell line was
obtained from Shanghai Cell Bank, Chinese
Academy of Sciences. The cell line was cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Invitrogen, Calsbad, CA, USA) containing 10%

508

fetal bovine serum (Cell Application, Santiago,
CA, USA), 100 IU/ml penicillin and 100 ug/ml
streptomycin in humidified 5% CO, at 37°C. For
transfection, cells were grown up to 90% con-
fluence and transfected with miRNA plasmids
using Lipofectamine 2000 (Invitrogen, Calsbad,
CA, USA) before incubation with DMEM for 4 h.
The cells were then transferred into fresh endo-
thelial basal medium-2 containing 10% fetal
bovine serum.

Wound healing assay

The cultured cells were transfected with 50 nM
miR-21 inhibitor, miR-21 mimic or negative con-
trol. Transfected VSMCs were seeded in 12-well
plates and incubated at 37°C in 5% CO,, until a
complete monolayer was formed. Cells were
co-transfected with a green fluorescent protein
vector to track the migration of cells. The cells
were then washed and allowed to migrate for O
or 24 h. Photographs were taken at O and 24
hours to assess the level of migration in each
group of cells. Migration was quantified by
counting the total number of cells that migrated
towards the original wound field. The experi-
ment was repeated for three times.

Methyl thiazolyl tetrazolium (MTT) assay

Cell growth was determined using methyl thia-
zolyl tetrazolium spectrophotometric dye assay
according to published protocols [31]. At 24 h
after the transfection with miR-21 inhibitor,
miR-21 mimic or negative control, VSMCs were
seeded into 96-well plates (2x10° cells/well),
and cell proliferation was documented every 24
h for 4 days. The absorbance of each plate was
read at 490 nm using a plate reader (Thermo
Scientific, Watertown, USA).

Colony formation assay

Cells were transfected with 50 nM of miR-21
inhibitor, miR-21 mimic or negative control, and
cultured in media containing 10% fetal bovine
serum. After incubation for 15 days, cells were
fixed with methanol and stained with 0.1% crys-
tal violet. Visible colonies were manually count-
ed. Triplicate wells were measured for each

group.
Migration and invasion assay

The cells were transfected with miR-21 inhibi-
tor, miR-21 mimic or negative control. For tran-
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Figure 1. Vascular smooth muscle cell growth in control, miR-21 and miR-21 in-
hibitor groups. A. Proliferation curve of cells stably transfected with miR-21 mim-
ics, miR-21 inhibitor or control mimics. B. Colony formation of cells transfected
with miR-21 mimics, miR-21 inhibitor or control mimics.

swell migration assay, 1x10° cells were seeded
into the top chamber containing a non-coated
membrane. For transwell invasion assay, 3x10°
cells were seeded into the top chamber con-
taining a Matrigel-coated membrane. Transwell
assay was performed using a 24-well cell tran-
swell assay kit (Cell Application, San Diego, CA,
USA) according to the manufacturer’s manual.

Luciferase reporter assay

The cells were cultured in 6-well plates, and
then transfected with 1 yg pMIR/activator pro-
tein (AP)-1 vector or pMIR/AP-1/mut vector con-
taining firefly luciferase along with 0.05 pg pRL-
TK vector (Promega, USA) containing Renilla
luciferase and 50 nM miR-21 inhibitor or nega-
tive control. The cells were transfected in 24-
well plates with wild-type or mutant reporter
plasmids using Lipofectamine 2000. After tran-
sfection for 6 h, cells were transfected again
with miR-21 inhibitor or negative control. Luci-
ferase activity was measured using the dual
luciferase assay system (Promega, USA) after
36 h incubation.
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miR-21 inhibitor

DNase | to remove any ge-
nomic DNA contamination,
the mRNAs were reverse-
transcribed into cDNAs for
gRT-PCR analysis as desc-
ribed previously [32].

Western blotting

Western blotting was per-
formed as previously desc-

miR-21 ribed [33]. Total protein

was extracted from cells
transfected with miR-21
and negative control. The
lysates were separated by
10% sodium dodecyl sul-
fate-polyacrylamide  gels
after protein quantification using bicinchoninic
acid kit (Bioteke, Beijing, China), followed by
transfer to polyvinylidene difluoride (PVDF)
membranes (Invitrogen, CA, USA), which was
blocked for 1 h with blocking solution (Invi-
trogen, CA, USA) at room temperature with agi-
tation and incubated with the primary antibody
at 4°C for 12 h. After being blocked with 5%
non-fat milk in Tris Buffered Saline with Tween
20 at 37°C for 1 h, the membrane was incu-
bated with the primary antibodies for AP-1 (dilu-
tion factor 1:500) B-actin (1:500) was used as
the internal reference. After incubation by 5%
non-fat milk in Tris Buffered Saline with Tween
20 at 4°C overnight, the membrane was wa-
shed for 3 times of 10 min. After washing with
wash solution for 3 times, the PVDF membrane
was incubated with secondary antibodies
(Invitrogen, CA, USA) at room temperature for 1
h. The blots were visualized using the electro-
chemiluminescence detection system.

Statistical analysis

All statistical analyses were performed and all
graphs were plotted using SPSS 17.0 software
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Figure 2. Effect of miR-21 on VSMC migration, invasion and wound repair. A. Migration and invasion of VSMCs trans-
fected with miR-21 mimics, miR-21 inhibitor or control mimics. Transwell assay was performed. Data are means +
SD. **, P < 0.01 compared with control. B. Wound repair of VSMCs transfected with miR-21 mimics, miR-21 inhibi-
tor or control mimics after 12 or 24 h. Data are means £ SD. **, P < 0.01 compared with control.
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Figure 3. Effect of miR-21 on a-SMA expression in VSMCs transfected with miR-21 mimics, miR-21 inhibitor or con-
trol mimics. A. The level of -SMA mRNA determined using gRT-PCR. B. a-SMA protein expression measured using
Western blotting. C. Quantification of a-SMA protein expression. Data are means * SD. **, P < 0.01 compared with

control.

(Chicago, IL, USA). Two-tailed student’s t-test
was used. All experiments were repeated for
three independent times, and P < 0.05 was
considered statistically significant.

Results

Low expression of miR-21 significantly inhibits
VSMC growth

To test whether low expression of miR-21 in
VSMCs affects cell growth, MTT assay was

510

used to investigate cell proliferation. The re-
sults showed that cells transfected with miR-21
inhibitor grew more slowly than the control
group while cells treated with miR-21 grew fast-
er than control (Figure 1A). Collony formation
results showed that cells transfected with miR-
21 inhibitor had lower level of proliferation com-
pared with those treated with control or miR-21
(Figure 1B). These data suggested that low
expression of miR-21 inhibited VSMCs growth
in vitro.
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Figure 4. Effect of miR-21 on AP-1 expression in VSMCs transfected with miR-21 mimics, miR-21 inhibitor or control
mimics. A. The level of AP-1 mRNA determined using qRT-PCR. B. AP-1 protein expression measured using Western
blotting. C. Quantification of AP-1 protein expression. Data are means + SD. **, P < 0.01 compared with control.
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Figure 5. Relative luciferase activity in the detection
of miR-21 binding to 3’-UTR of AP-1 mRNA in VSMCs.
The miR-21 reporter plasmid was transfected into
VSMCs together with AP-1 or negative control. **, P
< 0.01 compared with control in PGL3-AP-1-wt.

Low expression of miR-21 significantly inhibits
the migration and invasion of VSMCs

To investigate the effects of down-regulated
miR-21 on cell migration and invasion, we con-
ducted cell migration and invasion assays
using VSMCs transfected by 50 nM miR-21 in
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the presence of miR-21 inhibitor or negative
control. The result showed that cells treated
with miR-21 inhibitor showed lower levels of
migration and invasion compared with those
treated with control or miR-21 (Figure 2A).
Wound healing assay showed that lower levels
of wound repair were observed in cells treated
with miR-21 inhibitor for 12 h or 24 h (Figure
2B). These data indicated that down-regulated
expression of miR-21 significantly inhibited the
migration and invasion of VSMCs.

Low expression of miR-21 significantly de-
creases a-SMA mRNA and protein levels in
VSMCs

To test whether the miR-21 affects a-SMA
mRNA or protein expression, gRT-PCR and Wes-
tern blotting were performed. gRT-PCR analysis
revealed that miR-21 increased a-SMA mRNA
level by 43.00% compared with control (P <
0.01). By contrast, miR-21 inhibitor decreased
a-SMA mRNA level by 58.00% compared with
control (P < 0.01) (Figure 3A). Western blotting
analysis revealed that miR-21 enhanced a-SMA
protein expression by 55.00% compared with
control (P < 0.01). By contrast, miR-21 inhi-
bitor decreased o-SMA protein expression by
28.00% compared with control (P < 0.01)
(Figure 3B and 3C). These data demonstrated
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Figure 7. The a-SMA expression in the presence of transient AP-1 ex-
pression. VSMCs were transfected with the PDGF, control mimics, miR-
21 mimics, miR-21+PDGF-BB, miR-21+AP-1, or miR-21+AP-1+PDGF-
BB. A. The relative level of a-SMA mRNA determined using qRT-PCR.
B. The a-SMA protein expression measured using Western blotting. C.
Quantification of a-SMA protein expression. Data are means + SD. **,
P < 0.01 compared with control.

that low expression of miR-21 decreased «-
SMA mRNA and protein levels in VSMCs.

trol mimics were analyzed using
gRT-PCR and Western blotting. qRT-
PCR analysis revealed that miR-21
mimics increased AP-1 mRNA level
by 54.00% compared with control
(P < 0.01). By contrast, miR-21
inhibitor decreased AP-1 mRNA
level by 47.00% compared with con-
trol (P < 0.01) (Figure 4A). Western
blotting analysis revealed that miR-
21 mimics increased AP-1 protein
expression by 45.00% compared
with control (P < 0.01). By contrast,
miR-21 inhibitor decreased AP-1
protein expression by 39.00% com-
pared with control (P < 0.01) (Figure
4B and 4C). These results suggest-
ed that low expression of miR-21
decreased AP-1 mRNA and protein
levels in VSMCs.

miR-21 modulates AP-1 expression
by directly targeting 3"-UTR of AP-1
mMRNA

To understand how miR-21 exerts
its effect in VSMCs, we searched for
its potential target genes. Among
these genes, AP-1 plays a crucial
role in the signaling pathway that
regulates VSMC proliferation, apop-
tosis and migration. To experimen-
tally test whether AP-1 is a target
gene of miR-21 in VSMCs, wt or
mutant reporter plasmids was co-
transfected into VSMCs along with
miR-21 or control. miR-21 signifi-
cantly decreased the activity when
co-transfected with the wt reporter
plasmid compared with control
(0.64 + 0.06 vs 1.73 + 0.09, P <
0.01) (Figure 5). Meanwhile, when
miR-21 and control were transfect-
ed with the mutant reporter plas-
mid, there was no significant differ-

ence in relative luciferase activity between the
two groups (1.78 + 0.12 vs 1.69 + 0.14, P >

0.05) (Figure 5). These data indicated that miR-

Low expression of miR-21 significantly de-
creases AP-1 mRNA and protein levels in
VSMCs

21 modulated AP-1 expression by directly tar-
geting 3’-UTR of AP-1 mRNA.

miR-21 inhibits cell proliferation stimulated by

. . . PDGF
To investigate the effect of miR-21 on AP-1

mRNA and protein levels, VSMCs transfected
with miR-21 mimics, miR-21 inhibitor and con-
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In order to investigate the effect of miR-21 on
cell proliferation stimulated by PDGF, VSMCs

Am J Transl Res 2014;6(5):507-516
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transfected with miR-21 mimics was analyzed
using MTT assay. miR-21 inhibited cell prolifer-
ation stimulated by PDGF by 47.59% compared
with miR-21 alone (76 + 7 vs 145 + 14, P <
0.01). Meanwhile, co-transfection with miR-21
and AP-1 inhibited cell proliferation stimulated
by PDGF by 34.55% (36 + 5vs 55 + 4, P < 0.05)
(Figure 6). These results suggested that the
miR-21 responsible for cell proliferation indu-
ced by PDGF.

Cell proliferation stimulated by PDGF inhib-
its the levels of a-SMA mRNA and protein in
VSMCs

In order to test whether the effect of miR-21 on
o-SMA is related to cell proliferation stimulated
by PDGF, miR-21 was co-transfected with AP-1
in VSMCs. The results showed that a-SMA
MRNA level in the presence of miR-21 and
PDGF was decreased by 51.85% compared
with that in miR-21 alone or PDGF alone (P <
0.01), with similar result being found that
a-SMA protein expression in the presence of
miR-21 and PDGF was significantly decreased
by 48.59% compared with miR-21 alone or
PDGF alone (P < 0.01). Meanwhile, the results
showed that a-SMA mRNA levels in the pres-
ence of miR-21, AP-1 and PDGF were decreased
by 53.70% compared with that in the presence
of miR-21 and PDGF (P < 0.01) (Figure 7A).
Similarly, a-SMA protein expression in the pres-
ence of miR-21, AP-1and PDGF was significant-
ly decreased by 65.63% compared with that in
the presence of miR-21 and PDGF (P < 0.01)
(Figure 7B). These data demonstrated that cell
proliferation stimulated by PDGF inhibited the
levels of a-SMA mRNA and protein in VSMCs.

Discussion

VSMC differentiation is an essential compo-
nent of vascular development [33]. There is
clear evidence that alterations in the differen-
tiation state of the VSMCs play critical roles in
the pathogenesis of atherosclerosis and inti-
mal hyperplasia. miR-21 is well known in all
kinds of cancer cells [34, 35]. However, little is
known about miR-21 expression and function
in VSMCs. One of the best ways to understand
miRNA function is the elucidation of functional
targets, which usually involves analysis of
changes in target proteins following either gain
or loss of function of the specific miRNA. In this
study, three major findings were described.

513

First, we showed that low expression of miR-21
significantly inhibited VSMC growth, invasion
and migration in vitro. Next, we showed that low
expression of miR-21 descreased AP-1 and
o-SMA expression at both mRNA and protein
levels in VSMCs, and that AP-1 was a direct tar-
get of miR-21. Finally, we demonstrated that
the effect of miR-21 on AP-1 was related to
VSMC proliferation stimulated by PDGF. These
results suggested that reduced miR-21-mediat-
ed suppression of AP-1 inhibited neovascula-
rization.

It has been reported that miRNAs are impor-
tant players involved in carcinogenesis. How-
ever, there is no report indicating the alteration
of AP-1 expression in VSMCs. The results re-
vealed that low expression of miR-21 inhibited
VSMC proliferation, invasion and migration,
which might be due in part to the negative regu-
lation of AP-1 by miR-21.. It has been shown that
transcription factors and miRNAs are two large
families of trans-acting gene regulators in
multi-cellular genomes with extensive interac-
tions on gene regulation [37, 38]. This dynamic
interactive mechanism of gene regulation by
transcription factors and miRNAs has been
supported by a few recent studies [39-41]. Our
results showed that low expression of miR-21
decreased the expression of AP-1 at both
mRNA and protein levels. Furthermore, lucifer-
ase reporter assay found that AP-1 mRNA was
the direct target of the miR-21. This suggests
that low expression of miR-21 might affect its
targets to generate diverse functions.

PDGF was identified as one of the most potent
factors involved in angiogenesis [42, 43].
Recently, it has been proposed that growth fac-
tor signals regulate the expression of miRNA
transcriptionally and/or post-transcriptionally
and hence, modulating VSMC differentiation
and proliferation [44, 45]. In this study, we
found that the low expression of miR-21 inhib-
ited VSMC proliferation stimulated by PDGF.
More recently, some data showed that miRNAs
could affect cell proliferation by targeting tran-
scription factors in cancer or diabetic cells [46,
47]. Meanwhile, our previous work provided fur-
ther evidence that miRNA could regulate endo-
thelial cell proliferation via inhibiting signal
transducer and activator of transcription 3 sig-
naling pathway or transcription factor specifici-
ty protein 1 [48, 49]. In this study, we further
demonstrated that low expression of miR-21

Am J Transl Res 2014;6(5):507-516
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suppressed a-SMA expression and decreased
AP-1 expression in human VSMCs. These data
suggested that miR-21 and AP-1 regulated
a-SMA expression and VSMC proliferation.

In summary, we demonstrated that the down-
regulation of miR-21 had a functional role in
VSMC proliferation and migration via the post-
transcriptional suppression/down-regulation of
the unique miR-21 target, AP-1. Based on our
findings, we speculate that miR-21 regulation of
AP-1 will contribute to a better understanding
of the molecular mechanisms involved in VSMC
proliferation and vascular remodeling in cardio-
vascular disease, as well as the development of
new therapies for vascular diseases.
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