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Aims Aberrant vascular smooth muscle cell (VSMC) proliferation and migration contribute significantly to the development
of vascular pathologies, such as atherosclerosis and restenosis. MicroRNAs have recently emerged as critical mod-
ulators in cellular processes and the purpose of this study is to identify novel miRNA regulators implicated in
human aortic VSMC proliferation and migration.

Methods
and results

To identify miRNAs that are differentially expressed in human VSMCs, we performed miRNA microarray analysis in
human aortic smooth muscle cells (SMCs) at different time points after platelet-derived growth factor (PDGF) stimu-
lation. Here, we identified microRNA-638 (miR-638) as a transcript that was one of the most significantly down-
regulated in human VSMCs after PDGF stimulation. Furthermore, we confirmed, by Quantitative RT–PCR, that
miR-638 is highly expressed in human VSMCs, and its expression is markedly down-regulated in a dose- and time-
dependent manner upon PDGF treatment. Consistent with a critical role in SMC proliferation, we found that
miR-638 expression was significantly up-regulated in human VSMCs cultured in differentiation medium, a condition
that inhibits SMC proliferation. Furthermore, we identified the orphan nuclear receptor NOR1 as a downstream
target gene product of miR-638 and down-regulation of NOR1 is critical for miR-638-mediated inhibitory effects
on PDGF-induced cyclin D1 expression, cell proliferation, and migration in human aortic SMCs.

Conclusion These results indicate that miR-638 is a key molecule in regulating human VSMC proliferation and migration by tar-
geting the NOR1/cyclin D pathway and suggest that specific modulation of miR-638 in human VSMCs may represent
an attractive approach for the treatment of proliferative vascular diseases.
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1. Introduction
Cardiovascular diseases remain a major cause of death worldwide.
Aberrant vascular smooth muscle cell (VSMC) proliferation and migra-
tion, as induced by vascular injury, have been shown to play a critical
role in the pathogenesis of cardiovascular diseases, including athero-
sclerosis, vein graft failure, post-angioplasty restenosis, and pulmonary
artery hypertension (PAH).1,2 VSMCs are highly specialized cells

committed to regulate blood vessel tone and consequently blood dis-
tribution and pressure.3 Unlike many terminally differentiated cells,
VSMCs can undergo phenotypic switch between quiescent contractile
and proliferative synthetic phenotypes in response to changes in the
local environment.4,5 Under normal circumstances, smooth muscle
cells (SMCs) are maintained in a quiescent and non-migratory state.
However, their proliferation and migration are markedly increased in
response to various growth factors and cytokines, such as
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platelet-derived growth factor-BB (PDGF-BB), fibroblast growth factor,
insulin-like growth factor-1, tumour necrosis factor-alpha (TNF-a), and
interleukin-1.6,7 PDGF-BB, which is released primarily by vascular endo-
thelial cells and platelets at the sites of vascular injury, has been identi-
fied as one of the most potent stimulants for the VSMC proliferation
and migration, through its modulation of several transcription factors
and key molecular signalling pathways.6,8 Indeed, an increased expres-
sion of signalling proteins in the PDGF pathway has been demonstrated
in several cardiovascular disorders, including atherosclerosis, resten-
osis, and PAH.9 Accordingly, inhibition of the PDGF signalling
pathway by using a PDGF receptor kinase inhibitor imatinib has been
shown to effectively reduce the atherosclerotic lesion formation and
PAH development, further highlighting a critical role of the PDGF
pathway in proliferative vascular diseases.9 –11 However, the exact
mechanisms by which PDGF modulates VSMC proliferation and migra-
tion are not completely understood. Thus, the identification of novel
molecular mechanisms, particularly, novel inhibitors controlling the
PGDF-BB-dependent VSMC proliferation and migration, is of consider-
able scientific and therapeutic interest.

MicroRNAs (miRNAs) are a class of endogenous and small
(20–25 nt) non-coding RNAs that negatively regulate gene expression
through binding to the 3′ untranslated region (UTR) of mRNA tran-
scripts to induce mRNA degradation or translational inhibition of
target mRNAs.12 Thus far, .1000 human miRNAs have been identi-
fied and they are thought to regulate up to 60% of gene transcripts,
hence, having broad implications in the regulation of a wide range
of biological activities, including cell growth, apoptosis, and differenti-
ation. Recently, multiple lines of evidence suggest that miRNAs play
pivotal roles in the control of VSMC function and the response of
the vascular injury through targeting transcriptional factors or key sig-
nalling molecules in SMC proliferation and migration.13,14 Indeed, a
group of miRNAs, including miR-143/145, miR-221/222, miR-24,
miR-26a, miR-1, miR-146a, and miR-21, has been identified to modu-
late VSMC differentiation, phenotypic switch, and neointimal forma-
tion following vascular injury.15–22 Among these, miR-221/222,
miR-21, miR-24, and miR-1 were found to be up-regulated in re-
sponse to either vascular injury or PDGF treatment and exert pro-
proliferative effects on VSMCs.17– 19,21 miR-143/145 is a highly
enriched miRNA in VSMCs that has been extensively studied in the
field of VSMC biology. The expression of miR-143/145 is markedly
down-regulated in response to both vascular injury and PDGF treat-
ment,15,16,23 and restoration of its expression attenuates the neointi-
mal growth in the rat carotid artery after balloon injury.15 However,
other studies in mice with either single deletion or the double dele-
tion of miR-143/145 did not increase neointimal formation after
carotid artery ligation,24 suggesting species-specific differences in
miRNA expression are important in the regulation of VSMC biology
as well as the development of vascular diseases. Furthermore, dele-
tion of Dicer, the rate-limiting enzyme in miRNA synthesis, resulted
in an impaired SMC contractility and proliferation, further indicating
essential roles of miRNAs in VSMC biology.25

Thus far, our knowledge of role of miRNAs in the regulation of
VSMC function was largely based on studies using rodent models of
vascular injury, and those that specifically regulate human VSMC func-
tion are less explored. Therefore, in this study, we performed miRNA
microarray analysis to identify the miRNAs involved in regulating
human aortic SMC proliferation. We, for the first time, demonstrated
that miR-638, which is abundantly expressed in human aortic SMCs,
was significantly down-regulated in proliferative VSMCs. Furthermore,

we found that miR-638 inhibits human VSMC proliferation and migra-
tion via directly targeting orphan nuclear receptor NOR1, which is a
critical regulator implicated in proliferative vascular diseases.26

2. Methods

2.1 Cell culture
Human aortic SMCs were purchased from Lonza and cultured as previ-
ously described.27

2.2 Microarray analysis of miRNA expression
RNAs obtained from human aortic SMCs treated with PDGF-BB
(20 ng/mL) at 0, 3, 6, and 24 h were subjected to the MicroRNA Micro-
array Service (LC Sciences, Houston, TX, USA).28

2.3 PCR analysis, RNA analysis by quantitative
RT–PCR
PCR analysis for miR-638 was performed using the primers (forward:
GAG AGG ATC CTG CCG CAG ATC GCT G; reverse: GAG TAA
GCT TCA GGG AGT CCT CTG CC). miRNAs and mRNAs were iso-
lated with the miRNeasy Mini Kit (Qiagen) and the RNeasy kit
(Qiagen). Quantitative RT–PCR (qRT–PCR) for miRNA was performed
using the miRCURY LNATM Universal cDNA Synthesis and SYBRw Green
Master Mix Kit (Exqion) as described.29 qRT–PCR for NOR1, Nurr1, and
Nur77 were performed using the HotStart-ITw SYBRw Green qPCR
Master Mix with UDG (2X) (USB Corporation). Primer sequences for
human NOR1, Nurr1, Nur77, and 18S are presented in the Supplemen-
tary material online, Table 1.

2.4 Oligonucleotide transfection
miR-638 overexpression and miR-638 knockdown in cultured VSMCs
were performed as described in the Supplementary material online, Mate-
rials and Methods.

2.5 Luciferase reporter assay
The SwitchGear GoClone reporter containing 3′-UTR of NR4A3 variant1
(3150 bp) was cotransfected with either vehicle control, miR-638 mimic,
anti-miR-638 or a non-targeting control miRNA into HEK293 cells follow-
ing the procedure provided by Switchgear Genomics. Forty-eight hours
after transfection, luciferase activity was determined.

2.6 Construction of adenovirus
The adenovirus expressing miR-638 (Ad-miR-638) was made using
RAPAdw Universal Adenoviral Expression System (Cell Biolabs, Inc.).
Adenoviruses harbouring wild-type NOR1 (Ad-NOR1) and GFP
(Ad-GFP) were made using AdMax (Microbix) as previously described.30

2.7 Western blot
Western blot analysis was performed using proliferating cell nuclear
antigen (PCNA), Cyclin D1, a-tubulin, NOR1, and GAPDH antibodies
as previously described.30

2.8 VSMC migration and proliferation and
assays
Cell migration was performed by the SMC scratch wound assay as previ-
ously described.31 VSMC proliferation was determined by cell counting
and MTT assay using the Vybrantw MTT Cell Proliferation Assay Kit
(InvitrogenTM).32

2.9 Cell cycle analysis by flow cytometry
Cells were fixed with 70% ethanol at 48C overnight, treated with RNaseA
in PBS, stained with propidium iodide (Sigma, St Louis, MO, USA), and
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subjected to flow cytometric DNA content analysis using FACSCalibur
(Beckman Coulter, Co., USA). The percentages of cells in G1, S, and
G2/M phases were analysed.19

2.10 Immunofluorescent detection
of miRNA-638 in human aortic SMCs
miR-638 expression and localization was performed using the Immuno-
fluorescence method as described.15

2.11 Statistics
All data were expressed as mean+ standard deviation. Data were ana-
lysed for statistical significance by Student’s t-test or ANOVA using the
SPSS software (version 18.0). A P-value ,0.05 is considered statistically
significant.

3. Results

3.1 miRNA expression in PDGF-stimulated
human aortic SMCs
To identify the miRNAs important in the regulation of human VSMC
proliferation, we performed miRNA microarray in human aortic
SMCs at 0, 3, 6, and 24 h after PDGF-BB stimulation. Overall,
among the 470-arrayed miRNAs, 25 miRNAs were found to be differ-
entially expressed in human aortic SMCs during at least two time
points after PDGF-BB stimulation. Seventeen miRNAs were
up-regulated and eight miRNAs were down-regulated in response
to PDGF stimulation (Table 1). In agreement with previously published
studies,17,18,20 miR-221/222 and miR-24 were found to be significantly
up-regulated in response to PDGF treatment. Among the eight
miRNAs that were down-regulated by PDGF-BB stimulation, miR-638
was found to be highly enriched in human SMCs, and its expression
was markedly down-regulated, in a time-dependent manner, in re-
sponse to PDGF-BB stimulation (Table 1). Thus, these findings
suggest that miR-638 may be a critical regulator for VSMC proliferation.

3.2 miR-638 is down-regulated in
proliferating VSMCs
To further confirm the expression of miR-638 in proliferating VSMCs,
qRT–PCR was performed in human aortic SMCs stimulated by either
PDGF-BB (20 ng/mL) or 5% serum at different time points. As shown
in Figure 1A, miR-638 was substantially down-regulated in response to
PDGF-BB treatment. In fact, 24 h after PDGF-BB stimulation,
miR-638 expression was down-regulated by �70%, which is consistent
with changes seen in our microarray data. In addition, PDGF-BB stimu-
lation significantly down-regulated the miR-638 expression in a dose-
dependent manner, with an IC50 of �10 ng/mL (Figure 1B). PD98059,
a selective MAPK/ERK1/2 inhibitor, prevented PDGF-induced down-
regulation of miR-638 (Figure 1C), while inhibition of phosphatidylinosi-
tide 3-kinase with LY294002 had no effect on miR-638 expression, sug-
gesting the MAPK/ERK1/2 pathway is involved in the regulation of
miR-638 by PDGF-BB. Immunofluorescent staining indicated that
miR-638 is primarily expressed in the cytoplasm of quiescent SMCs
and down-regulated in proliferating cells (Figure 1D). To further test
whether down-regulation of miR-638 was specific to PDGF-BB,
human aortic SMCs were treated with 5% FBS. Similarly, as shown in
Figure 1E, miR-638 was sharply down-regulated in response to FBS,
with a maximal down-regulation of �80% at 3 h. In contrast, miR-638
was markedly up-regulated (Figure 1F), when VSMCs were cultured in

smooth muscle differentiation medium, a condition that has been
shown to inhibit SMC growth.33,34 In pulmonary artery SMCs,
miR-638 expression was also down-regulated by PDGF-BB stimulation
(see Supplementary material online, Figure 1). Taken together, these
findings indicate an inverse relationship between miR-638 expression
and VSMC proliferation.

3.3 miR-638 inhibits VSMC proliferation
To examine the functional role of miR-638 in VSMCs, we sought to de-
termine whether restoration of miR-638 could affect PDGF-BB-
induced SMC proliferation. To this end, we constructed an adenovirus
vector expressing miR-638 and showed that the transduction of human
aortic SMCs with increasing multiplicity of infections (MOIs) of
Ad-miR-638 significantly increased its expression in SMCs (Figure 2A).
Furthermore, we showed that PDGF-BB-induced SMC proliferation,
as determined by both MTT assays and cell counting, was effectively
inhibited through a range of 10–100 MOIs (Figure 2B and C ). The
effect of miR-638 on VSMC proliferation was further confirmed by
the expression of a well-known cell proliferation marker, PCNA. As
shown in Figure 2D and E, PDGF-BB stimulation significantly increased
the expression of PCNA, which was substantially attenuated in
Ad-miR-638 transduced cells. Interestingly, loss of function studies
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Table 1 miRNA expression in human aortic smooth
muscle cell after PDGF-BB treatment

Fold change Signal intensity

Hour 0 3 6 24 Baseline

Down-regulated

hsa-miR-663 1 0.62 0.23 0.15 5552

hsa-miR-638 1 0.60 0.40 0.19 35 390

hsa-miR-612 1 — 0.07 0.20 664

hsa-miR-103 1 0.66 — 0.64 5408

hsa-miR-107 1 0.70 — 0.65 4937

hsa-miR-191 1 0.73 1.3 0.74 7213

hsa-miR-181a 1 0.81 — 0.74 5564

hsa-miR-214 1 0.78 — 0.74 16 249

Up-regulated

hsa-miR-368 1 1.68 — 4.32 782

hsa-miR-376a 1 2.43 — 3.84 262

hsa-miR-132 1 2.33 — 2.10 668

hsa-miR-29b 1 1.99 — 2.25 535

hsa-miR-30b 1 1.52 — 1.95 1962

hsa-miR-98 1 1.52 — 1.91 3321

hsa-miR-23b 1 1.18 — 1.37 27 680

hsa-miR-15a 1 1.87 — 1.88 724

hsa-miR-146b 1 1.99 — 1.79 1544

hsa-miR-27a 1 1.23 — 1.43 14 681

hsa-miR-222 1 — 1.60 1.43 11 173

hsa-miR-23a 1 1.16 1.10 1.40 28 461

hsa-miR-221 1 — 1.23 1.25 11 195

hsa-miR-320 1 1.68 1.25 5901

hsa-miR-125b 1 1.09 1.09 1.19 31 358

hsa-miR-199a 1 — 1.09 1.16 2375

hsa-miR-24 1 — 1.14 1.15 16 035
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showed that down-regulation of miR-638 by anti-miR-638 had no effect
on basal SMC proliferation, but significantly enhanced the low dose
PDGF-BB (2 ng/mL)-induced SMC growth (Figure 2F and G).

Cyclin D1 is a critical regulator for VSMC migration and prolifer-
ation.5,35 As determined by western blot analysis, overexpression of
miR-638 decreased both basal and PDGF-BB-induced cyclin D1 ex-
pression in human aortic VSMCs (Figure 2D and E). Accordingly,
flow cytometry analysis revealed that miR-638 significantly decreased
PDGF-BB-induced cell numbers in the S phase (Table 2). Together,
these results suggest that miR-638 inhibits PDGF-BB-induced VSMC
proliferation by attenuating the cell cycle progression from the G0/
G1 phase into the S phase.

3.4 miR-638 is implicated in VSMC
migration
VSMC migration is also thought to contribute significantly to the de-
velopment of cardiovascular diseases, including atherosclerosis and
post-angioplasty restenosis.1,2 To determine whether miR-638 is
also involved in VSMC migration, gain- and loss-of-function studies
were performed. As shown in Figure 3A and B, restoration of
miR-638 effectively inhibited both basal and PDGF-BB-induced SMC

migration, as determined by scratch wound assays. Moreover, down-
regulation of miR-638 by anti-miR-638 markedly enhanced both basal
and PDGF-BB-induced VSMC migration (Figure 3C and D). Together,
these data suggested that miR-638 regulates not only VSMC prolifer-
ation, but also cell migration.

3.5 NOR1 is a direct target of miR-638
NOR1 was a potential miR-638 target according to its mRNA 3′-UTR
complementary to miR-638 by searching for Targetscan database.
Indeed, NOR1, together with Nur77 and Nurr1, constitute the
orphan nuclear receptor NR4A family and play critical roles in
VSMCs.36,37 As shown in Figure 4A, human NOR1 mRNA has a poten-
tial miR-638 binding site in its 3′-UTR. To determine whether
miR-638 directly binds to the 3′-UTR sequence of human NOR1
mRNA and affects its expression, the 3′-UTR sequence of NOR1 con-
taining the putative binding site of miR-638 was cloned into
pLightSwitch_3′-UTR RenSP-luciferase reporter vector. The con-
structed vector was then cotransfected with either the miR-638
plasmid or non-targeting control plasmid into HEK293 cells. As
shown in Figure 4B, the luciferase activity was inhibited by the trans-
fection of cells with the miR-638 plasmid, but not by the non-targeting

Figure 1 miR-638 is down-regulated in proliferating VSMCs. Human aortic VSMCs seeded in 6-well plates were starved with 0.5% FBS for 48 h, and
then stimulated with either PDGF-BB (20 ng/mL) or 5% FBS. (A) PDGF-BB caused a time-dependent decrease in miR-638 expression in human aortic
VSMCs, as demonstrated by qRT–PCR (n ¼ 4). *P , 0.05 compared with 0 h group. (B) PDGF-BB caused a dose-dependent decrease in miR-638
expression in human aortic VSMCs at 24 h after treatment, as demonstrated by qRT–PCR (n ¼ 4). *P , 0.05 compared with that in VSMCs
without PDGF-BB. (C) Starved SMCs were pre-treated with either vehicle or PD98059 (50 mM) and then stimulated with PDGF-BB (20 ng/mL)
for 24 h. The expression of miR-638 was determined by qRT–PCR (n ¼ 4). (D) Immunofluorescent detection of microRNA-638 (green colour)
in human aortic smooth muscle cells, blue colour is the cell nuclear staining by DAPI. (E) Serum (5%) caused a time-dependent decrease in
miR-638 expression in human aortic VSMCs, as demonstrated by qRT–PCR (n ¼ 4). *P , 0.05 compared with that without 5% FBS treatment.
(F) qRT–PCR results showed that miR-638 was significantly up-regulated in SMC differentiation medium-treated human aortic SMCs for the indicated
times (n ¼ 4). *P , 0.05 compared with 0 h group.
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control plasmid, whereas transfection of anti-miR-638 increased the
luciferase activity. Furthermore, the mutation of the miR-638
binding site in the 3′-UTR of NOR1 caused a complete loss of inhibi-
tory effects of miR-638 on the luciferase activity (Figure 4B). To
further verify that NOR1 is a functional target gene of miR-638 in
human VSMCs, we transfected VSMCs with either a miRNA negative

control or a miR-638 mimic (30 nmol) and the levels of NOR1 ex-
pression were determined by both qRT–PCR (Figure 4C) and
western blot (Figure 4D and E). Consistent with previously reported
studies,37 PDGF-BB significantly increased both NOR1 mRNA and
protein levels in VSMCs, while miR-638 overexpression markedly
inhibited both basal and PDGF-induced expression of NOR1

Figure 2 Role of miR-638 in VSMC proliferation. (A) Human aortic SMCs were transduced with Ad-miR-638 or Ad-GFP at the indicated MOI.
Seventy-two hours after transduction, total RNA was extracted and detected by qRT–PCR. Ad-miR-638 increased miR-638 levels in a dose-
dependent manner. *P , 0.05 compared with control (CTRL) (n ¼ 4). (B) Human aortic SMCs were transduced with Ad-miR-638 (100 MOI) or
Ad-GFP (100 MOI). Starved VSMCs were stimulated with or without PDGF-BB (20 ng/mL) for 24 h. Ad-miR-638 significantly decreased
PDGF-BB-induced human aortic VSMCs proliferation, determined by MTT proliferation assay (n ¼ 6). *P , 0.05 compared with CTRL in base
group. #P , 0.05 compared with CTRL with PDGF-BB for 24 h. (C) Ad-miR-638 reduced PDGF-BB-induced VSMC proliferation in vitro as measured
by cell counts (n ¼ 6). *P , 0.05 compared with Ad-GFP/PDGF-BB at 24, 48, and 72 h. (D) Serum-deprived SMCs transduced with Ad-miR-638
(100 MOI) or Ad-GFP (100 MOI) were stimulated with PDGF-BB (20 ng/mL) for 24 h and analysed for PCNA and CyclinD1 protein levels by
western blot. (E) Densitometric analysis of CyclinD1 and PCNA protein levels as determined by western blot (n ¼ 4). (F ) Human aortic VSMCs
were transfected with control miR mimics, miR-638 mimics, or miR-638 inhibitors, respectively, and subjected to qRT–PCR analysis of the
miR-638 level (n ¼ 4). (G) Anti-miR-638 (100 nM) significantly increased human aortic VSMCs proliferation stimulated by PDGF-BB (2 ng/mL), deter-
mined by the MTT proliferation assay (n ¼ 6).
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Table 2 Effect of miR-638 on cell cycle distribution as analysed by flow cytometry

PDGF-BB 2 2 1 1

Cell cycle Ad-GFP Ad-miR-638 Ad-GFP Ad-miR-638

G0/G1 66.3+1.5% 72.8+2.6% 65.3+0.6% 73.7+0.7%

S 18.5+1.4% 14.0+1.3%* 29.1+1.7%* 20.8+0.8%**

G2/M 15.2+1.5% 13.2+2.1% 5.6+1.6% 5.5+1.4%

*P , 0.05 vs. Ad-GFP without PDGF-BB treatment.
**P , 0.05 vs. Ad-GFP with PDGF-BB treatment.
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Figure 3 The role of miR-638 in VSMC migration. (A) Smooth muscle cell scratch wound assay. After transduction with Ad-miR-638 (100 MOI) or
Ad-GFP (100 MOI) for 12 h, serum-deprived SMCs were subjected to injury by scraping and then stimulated with or without PDGF-BB (20 ng/mL)
for 24 h. Migrated cells were quantitated using Image J software program and the result was shown in (B). (C) After transfected with anti-miR-638
(100 nM) or negative control oligos (100 nM), SMCs were subjected to injury by scraping and then stimulated with or without PDGF-BB (20ng/mL)
for 24 h. Migrated cells were quantitated using Image J software program, and the result was shown in (D). The data are means + standard deviation
of the number of migrated cells from three independent experiments.

Figure 4 Identification of NOR1 as a target of miR-638 in human VSMCs. (A) Schematic of the miR-638 putative binding site in human NOR1
3′-UTR and alignment of wild-type miR-638 and mutated NOR1 3′ UTR binding site of miR-638. The four mutated nucleotides are underlined.
(B) HEK293 cells were cotransfected with the luciferase reporter carrying WT-NOR1 3′-UTR or mutated NOR1 3′-UTR, together with plasmid
bearing miR-638 or non-targeting control or anti-miR-638. Forty-eight hours after transfection, renilla luciferase activities were measured. (C),
VSMCs were transfected with miR-638 mimic or control miR mimic for 24 h and then serum-deprived for 48 h, NOR1 mRNA was measured by
qRT–PCR in human aortic VSMCs 3 h after stimulation with or without PDGF-BB (20 ng/mL). (D) Effects of miR-638 overexpression on NOR1
protein expression 6 h after PDGF stimulation. (E) Densitometric analysis of NOR1 protein levels as determined by western blot.
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expression (Figure 4C–E). Importantly, the expression of two other
NR4A members, Nur77 and Nurr1, was not significantly affected in
human VSMCs after PDGF stimulation (data not shown). Collectively,
these results suggested that miR-638 selectively binds to the 3′-UTR
of human NOR1 mRNA and inhibits its expression in human VSMCs.

To further substantiate the functional significance of NOR1 in the
miR-638-induced action on VSMCs, we determined whether NOR1
expression was able to partially rescue the inhibitory effects of
miR-638 on VSMC proliferation and migration in response to
PDGF-BB. As shown in Figure 5A, transduction of the cells with
Ad-NOR1 significantly increased the expression of NOR1 in human
VSMCs. In line with previously published data,36,37 overexpression
of NOR1 markedly augmented the PDGF-BB stimulated both SMC
proliferation, as determined by MTT assays (Figure 5B), and migration,
as determined by scratch wound assays (Figure 5C and D). In addition,
the inhibitory effects of miR-638 on PDGF-BB-induced SMC prolifer-
ation and migration were partially rescued. Taken together, these
results demonstrated that miR-638 inhibits VSMC proliferation and
migration, at least in part, via directly targeting the orphan nuclear re-
ceptor NOR1.

4. Discussion
Despite recent progress in our understanding of the role of miRNAs in
VSMC biology,14 the molecular mechanism(s) underlying SMC
proliferation, migration, and proliferative vascular disease still remains
elusive. This study identified miR-638 as a novel regulator for human
VSMC proliferation and migration. We demonstrated that miR-638 is
significantly down-regulated in human proliferative VSMCs and

restoration of miR-638 markedly inhibited the PDGF-BB-induced
SMC proliferation by arresting the cells in the S phase. In addition,
miR-638 also suppressed the PDGF-BB-induced SMC migration. Fur-
thermore, down-regulation of miR-638 by anti-miR-638 significantly
accelerated the VSMC proliferation and migration in response to
PDGF-BB stimulation. Thus, our study provides cognate evidence impli-
cating miR-638 as a novel key regulator in human VSMC biology.

miR-638 is expressed in human and non-human primates. Recent
studies have revealed that miR-638 was down-regulated in human
gastric cancer, colorectal cancer, and acute leukaemia, suggesting that
it may be associated with cancer cell proliferation and tumour inva-
sion.38 –40 In addition, miR-638 has been recently implicated in the
pathogenesis of lupus nephritis 41 and may function as a predictor of
early virological response to interferon treatment in chronic hepatitis
B patients.42 However, the role of miR-638 in VSMCs and proliferative
vascular diseases remains completely unknown. In the present study, we
found that miR-638 is highly enriched in human aortic SMCs and its ex-
pression is nearly two to three-fold higher than that of miR-221/222 and
miR-24, which have been previously shown to play critical roles in regu-
lating VSMC phenotype and growth.17,18,20 In contrast to miR-221/222
and miR-24, which are modestly up-regulated by PDGF-BB stimulation
in our study, miR-638 is substantially down-regulated at all tested time
points upon PDGF-BB treatment. miR143/145, which was previously
found to be down-regulated in the rodent models of vascular injury
as well as in rat VSMCs after PDGF treatment,15 did not emerge as a dif-
ferentially expressed miRNA in human aortic VSMCs in this study. This
discrepancy suggests that the role of miRNAs in regulating VSMC func-
tion is species specific and their responses to the external stimuli are
likely different.

Figure 5 Role of NOR1 in miR-638-mediated inhibitory effects on VSMC proliferation and migration. (A) NOR1 expression was determined by
western blot analysis in VSMCs 48 h after transduction with Ad-NOR1 (100 MOI). (B) Human aortic VSMCs were transduced with either
Ad-GFP, Ad-miR-638 or Ad-miR-638 plus Ad-GFP with a total MOI of 200. Serum-deprived VSMCs were stimulated with or without PDGF-BB
(20 ng/mL) for 24 h, and cell proliferation was measured by the MTT assay (n ¼ 6). *P , 0.05 compared with Ad-GFP with PDGF-BB. #P , 0.05 com-
pared with Ad-miR-638 plus PDGF-BB. (C) VSMCs were transduced with adenoviruses as indicated earlier, 48 h after transduction, VSMCs were
starved and cell migration was measured after PDGF stimulation for 24 h by the scratch wound assay. Migrated cells were quantitated and the
results were shown in (D). The data are means + standard deviation of the number of migrated cells from three independent experiments.
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Mechanistically, our study identified NOR1 as a direct target of
miR-638 in human VSMCs. NOR1 belongs to the nuclear receptor
4A (NR4A) family and the members of this family, including Nur77,
Nurr1, and NOR1, play essential roles in VSMC biology and vascular
diseases.26,43 In cultured SMCs, NOR1 expression is induced by mul-
tiple stimuli, such as serum, PDGF-BB, LDL, and thrombin.36,37,44 In
addition, NOR1 has been shown to be highly expressed in human ath-
erosclerotic lesions, as well as in porcine balloon-injured vessels.36,37

PDGF-induced NOR1 expression mainly occurs at the transcriptional
levels, via activating the transcriptional factor CREB and subsequently
increasing its binding to the CREB-response elements located in the
promoter region of NOR1.37 Thus far, the regulation of NOR1 ex-
pression by miRNAs has not yet been described. In this study, we
demonstrated that miR-638 directly binds to the 3′-UTR of human
NOR1 mRNA and down-regulates its expression. Furthermore, over-
expression of miR-638 in human VSMCs markedly inhibited both
basal and PDGF-BB-induced NOR1 expression; therefore, implicating
miR-638 as a novel post-transcriptional regulator involved in the regu-
lation of NOR1 in VSMCs. Interestingly, miR-145 is predicted to
target the site located at position 849–855 of NOR-1 3′-UTR,
whether miR-638 and miR-145 have synergistic effects in regulating
VSMC function warrants further investigation.

Recently, NOR1 has been shown to exert pro-proliferative in
VSMCs.36,37 Knockdown of NOR1 expression with anti-sense oligonu-
cleotides in cultured SMCs has been shown to reduce SMC prolifer-
ation and migration.36,37,45 In NOR1 knockout SMCs, PDGF-induced
proliferation and migration is almost completely inhibited, which coin-
cides with strong reduction in cyclin D1 and D2 expression.45 Indeed,
sequence analysis of the cyclin D1 promoter identified a functional
NGFI-B response element in human (21061 bp) and in mouse
(22197 bp),37 which may contribute to the regulation of cyclin D1
by NOR1 in VSMCs. Consistent with these studies, we demonstrated
that both NOR1 and cyclin D1 expression are substantially inhibited
by miR-638. Accordingly, PDGF-induced SMC proliferation and migra-
tion were also inhibited by miR-638, further highlighting the essential
roles of the NOR1/cyclin D1 pathway in VSMCs. Importantly, similar
to the studies performed in cultured SMCs, vascular lesion formation
in response to wire injury is reduced in NOR1 knockout mice.45

Since miR-638 exists only in human and non-human primates, and its
targeting sequence in the 3′-UTR of human NOR1 mRNA is not con-
served among different species, further testing its functional significance
by using small animal models of vascular injury is not possible. Never-
theless, it is necessary to investigate the clinical relevance of miR-638
in human proliferative vascular diseases, such as atherosclerosis and
restenosis.

In summary, the present study identified miR-638 as a novel regu-
lator in human VSMCs by targeting, at least in part, the NOR1/cyclin
D pathway. miR-638 expression was substantially down-regulated in
proliferative human VSMCs and restoration of its expression markedly
inhibited both SMC proliferation and migration in response to PDGF
stimulation. Interestingly, we also found that overexpression of
miR-638 markedly increased the expression of VSMC differentiation
markers, such as SM22a, SM a-actin, and calponin (see Supplemen-
tary material online, Figure 2), suggesting that miR-638 may also play
a critical role in SMC differentiation. In this regard, our study provides
significant novel insight into the molecular mechanisms associated
with VSMC proliferation and migration, and suggests a potential thera-
peutic target for preventing and treating human vascular diseases,
such as atherosclerosis and restenosis.

Supplementary material
Supplementary material is available at Cardiovascular Research online.
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