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Background: The biological role of miR-31 in vascular smooth muscle cell (VSMC) growth is currently unknown.
Results: rno-miR-31 up-regulated by the extracellular regulated kinase (ERK) could increase VSMC proliferation via LATS2

(large tumor suppressor homolog 2).

Conclusion: ERK/miR-31/LATS2 may represent a novel signaling pathway in VSMC growth.
Significance: The study may provide a new molecular mechanism in vascular disease.

Aberrant growth of vascular smooth muscle cells (VSMCs) is a
major cellular event in the pathogenesis of many proliferative
vascular diseases. Recently, microRNA-31 (miR-31) has been
found to play a critical role in cancer cell proliferation. However,
the biological role of miR-31 in VSMC growth and the mecha-
nisms involved are currently unknown. In the present study, the
expression of rat mature miR-31 (rno-miR-31) was determined
in cultured VSMCs and in rat carotid arteries. We identified that
rno-miR-31 is an abundant miRNA in VSMCs, and its expres-
sion was significantly increased in proliferative VSMCs and in
vascular walls with neointimal growth. The up-regulation of
rno-miR-31 in proliferative VSMCs was inhibited by the inhib-
itor of mitogen-activated protein kinase/extracellular regulated
kinase (MAPK/ERK). By both gain-of-function and loss-of-
function approaches, we demonstrated that rno-miR-31 had a
proproliferative effect on VSMCs. We further identified that
LATS2 (large tumor suppressor homolog 2) is a downstream
target gene product of rno-miR-31 that is involved in rno-miR-
31-mediated effect on VSMC proliferation. The LATS2 as a tar-
get gene protein of rno-miR-31 is verified in vivo in balloon-
injured rat carotid arteries. The results suggest that MAPK/
ERK/miR-31/LATS2 may represent a novel signaling pathway
in VSMC growth. miR-31 is able to enhance VSMC proliferation
via its downstream target gene product, LATS2.

MicroRNAs (miRNAs)? have emerged as a novel class of
endogenous, small, noncoding RNAs that regulate >30% of
genes in a cell (1, 2). Functionally, an individual miRNA is

* This work was supported, in whole or in part, by National Institutes of Health
Grants HL080133 and HL095707 (to C. Z.). This work was also supported by
American Heart Association Grant 09GRNT2250567 (to C. Z.).

"To whom correspondence should be addressed: RNA and Cardiovascular
Research Laboratory, Dept. of Anesthesiology, New Jersey Medical School,
University of Medicine and Dentistry of New Jersey, 185 S. Orange Ave.,
MSB-E548, Newark, NJ 07101. Tel.: 973-972-4510; Fax: 973-972-4172;
E-mail: zhangc3@umdnj.edu.

2The abbreviations used are: miRNA, microRNA; rno-miR-31, rat mature miR-
31; VSMC, vascular smooth muscle cell; PCNA, proliferating cell nuclear
antigen; MOI, multiplicity of infection; qRT-PCR, quantitative RT-PCR; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

DECEMBER 9, 2011+ VOLUME 286+NUMBER 49

important as a transcription factor because it is able to regulate
the expression of its multiple target genes (3). It is therefore not
surprising that miRNAs are involved in the regulation of
approximately all major cellular functions such as cell prolifer-
ation, migration, and apoptosis (4).

Aberrant growth of vascular smooth muscle cells (VSMCs) is
a major cellular event in the pathogenesis of many proliferative
vascular diseases such as atherosclerosis and restenosis after
angioplasty. Recent studies from us and other groups have
identified a group of miRNAs that could control the growth
of VSMCs (5-15). In this respect, miR-21, miR-221/222,
miR-146a, and miR-1 are found to have a proproliferative
effect on VSMCs (5-10). In contrast, an anti-proliferative
effect of miR-143/145, and miR-26a was identified in VSMCs
(11-15). The exciting results from these studies suggest that
miRNAs could be novel therapeutic targets and devices in
controlling the aberrant growth of VSMCs under disease
conditions. However, the roles of many other aberrantly
expressed miRNAs in VSMC growth as well as the mecha-
nisms involved are still unknown.

Encoded by a single genomic locus, miR-31 is a broadly con-
served miRNA expressed in a variety of tissues and cell types
(16). miR-31 expression is up-regulated in many human can-
cers such as colorectal, hepatocellular, lung breast, tongue, and
head-and-neck squamous tumors (17-21). In addition, a recent
study showed that miR-31 is a pleiotropically acting inhibitor of
breast cancer metastasis by targeting multiple genes (22). In our
previous study, our microarray data revealed that rat mature
miR-31 (rno-miR-31) is an abundant miRNA in VSMCs and
arteries (5). However, the biological role of rno-miR-31 in
VSMC biology and vascular disease as well as the mechanisms
involved are currently unknown.

MAPK/ERK is a critical pathway responsible for extracellular
growth stimuli-mediated gene regulation and cell proliferation
(23). In a recent study, MAPK/ERK was found to be able to
regulate miRNA expression such as Let-7 by phosphorylation
of miRNA-generating complex (24). However, the role of
MAPK/ERK in the expression of miR-31 in VSMCs is still
unclear.
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TABLE 1

Primers and oligonucleotides used for RT-PCR, vector construct, or miRNA knockdown

FP, forward primer; RP, reverse primer.

Primer name

Sequence (5'-3")

rno-GAPDH FP
rno-GAPDH RP
rno-PCNA FP
rno-PCNA RP
rno-Lats2 FP
rno-Lats2 RP
rno-miR-31 inhibitor
pri-rno-mir-31 FP
pri-rno-mir-31 RP
U6 FP

U6 RP

rno-miR-31 FP
rno-miR-31 RP
rno-Lats2 3" UTR FP
rno-Lats2 3' UTR RP
rno-Lats2 truncated 3'-UTR RP

aagctcactggcatggectt
cggcatgtcagatccacaac
agggctgaagataatgctgatacc
ctcctgttctgggattccaagttg
ccaacagcaagcacccagag
cgaccgcacctcctaactc
mCmAMGMCmUMAMUMGMCMCMAMGMCMAMUMCMUMUMGMCmCmU
attgccatctttcctgtctga
gaacattcctggtttgtcctag
ctcgcttcggcagcaca
aacgcttcacgaatttgegt
ttgaattctggacactaagggagactgttgc
ttctcgagacctagtcgcagaacccctaca
ttctcgagttgaggaaaccccaaaccagatyg
ttgcggccgectgtgggaaccctgtatgtgacga
ttgcggccgcectectgctcatgcagtactectetete

Encoding a putative serine/threonine kinase, Lats2 (large
tumor suppressor homolog 2) has been identified as a novel
tumor suppressor gene whose mutation accelerates cellular
proliferation and tumorigenic development (25-28). Indeed,
LATS2 is reported to inhibit tumor cell growth by causing G, /S
and/or G,/M cycle arrest (29, 30). At the post-transcriptional
level, LATS2 expression could be regulated by miR-373 in
esophageal cancer (31) and by miR-372/373 in human testicu-
lar germ cell tumors (32). The biological functions of Lats2 and
its post-transcriptional regulation in cardiovascular cells and
cardiovascular diseases is still unexplored.

In the current study, the role of rno-miR-31 in VSMC growth
and its mechanism involved are investigated. We have found
that expression of rno-miR-31 is increased via MAPK/ERK in
proliferative VSMCs. rno-miR-31 enhances VSMC growth via
its target gene protein, LATS2.

EXPERIMENTAL PROCEDURES

Cell Culture—VSMCs were obtained from the aortic media
of male Sprague-Dawley rats (5 weeks old) using an enzymatic
dissociation method as described (5, 6). VSMCs and HEK293
were cultured with DMEM containing 10% FBS, 100 unit/ml
penicillin, and 100 pg/ml streptomycin. VSMCs between pas-
sages 3 and 8 were applied for the experiments.

VSMC Proliferation Assay in Vitro—VSMC proliferation was
determined by cell counting, cell proliferation kit MTT (Roche
Applied Science) and BrdU incorporation assay (5-7). In addi-
tion, in some experiments, the expression of proliferating cell
nuclear antigen (PCNA), a well known cell proliferation marker
(33, 34), was also determined to further determine the cell pro-
liferation of VSMCs. The cells were detached by trypsinization
and resuspended in PBS and then counted under a microscope.
The MTT assay was performed by using a cell proliferation kit
(Roche Applied Science) according to the manufacturer’s pro-
tocol. For BrdU incorporation assay, 10 mm BrdU was added to
the culture medium for incorporation into the DNA of replicat-
ing cells. After 1 h of incubation, cells were fixed, and anti-BrdU
antibody (in situ cell proliferation kit, Roche Applied Science)
was added to each well for 45 min. Finally, the proliferative cells
were detected under a fluorescence microscope.

Generation of Ad-miR-31 and Ad-GFP—The adenoviruses
expressing rat miR-31 (Ad-miR-31) and control viruses
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expressing GFP (Ad-GFP) were generated using the ViraPow-
er™ adenoviral gateway expression system (Invitrogen)
according to the manufacturer’s instructions. Briefly, a frag-
ment containing the rat precursor miR-31 was amplified with
its primers (rno-miR-31 FP and rno-miR-31 RP) from rat
genomic DNA and inserted into pENTR-3C vectors (Invitro-
gen) at EcoRI and Xhol sites. The construct, pPENTR-miR-31
was sequenced to confirm the correct DNA sequences. Via Cre
recombinase, the fragment was excised from the pENTR-
miR-31 donor vector and inserted into the pAd/CMV/V5-
DEST Gateway receptor vector, which was termed pAd-miR-
31. To produce recombinant adenoviruses with Lipofectamine
2000 according to the manufacturer’s protocols (Invitrogen),
the plasmid pAd-miR-31 was digested by Pac and transfected
into low passage HEK293 cells. Adenovirus expressing GFP was
generated as described (7). The resulting adenoviruses (Ad-
miR-31 and Ad-GFP) were further amplified by infection of
HEK293A cells and purified by cesium chloride gradient ultra-
centrifugation. The titers of Ad-miR-31 and Ad-GFP were
determined by using a Adeno-X™ rapid titer kit (Clontech).

Luciferase Assay—The reporter plasmid, a firefly luciferase
reporter construct psiCHECK-2 (Promega) inserted with a
fragment of the 3'-UTR of rat Lats2 mRNA containing the
putative rno-miR-31 binding sequence, was transfected into
HEK293 cells via Lipofectamine 2000 reagent (Invitrogen) with
vehicle, an empty plasmid (pDNR-CMV, 0.2 ug/ml), a plasmid
expressing rno-miR-31 (pmiR-31, 0.2 wg/ml), or a control plas-
mid expressing an unrelated miRNA, rno-miR-221 (pmiR-221,
0.2 ug/ml), following the transfection procedures provided by
Invitrogen. In the truncated control construct, ~400 bp con-
taining the rno-miR-31 binding site was removed from the wild
type 3'-UTR fragment (~950 bp) of Lats2 mRNA. The
sequences for luciferase assay are listed in Table 1. Forty-eight
hours after transfection, cell extract was isolated to measure the
luciferase expression on a scintillation counter by using a Dual-
Luciferase reporter system (Promega).

Oligonucleotide Transfection and Adenovirus Infection in
Cultured VSMCs—Oligonucleotide transfection was per-
formed as described previously (5-7). Briefly, cells were trans-
fected using a transfection reagent (HiPerFect HTS Reagent,
Qiagen) at 24 h after seeding into the wells. Transfection com-
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plexes were prepared according to the manufacturer’s instruc-
tions. For rno-miR-31 knockdown, miR-31 inhibitor, 2’OMe-
miR-31 (the antisense oligonucleotide for miR-31 that is
modified at each nucleotide by an O-methyl moiety at the 2’-ri-
bose position) (Integrated DNA Technologies) was added to
the complexes at final oligonucleotide concentration of 100
nmol/liter. Vehicle and oligonucleotide control (Integrated
DNA Technologies) were used as controls. Lats2 gene knock-
down was performed using siRNA Lats2 (50 nm). The transfec-
tion medium was replaced 4 h post-transfection by the regular
culture medium. Vehicle and scramble controls (Ambion, Inc.)
were applied. For rno-miR-31 over-expression, Ad-miR-31 was
added to the culture medium at 50 multiplicity of infection
(MOI) or indicated MOI. Ad-GFP was used as an adenovirus
control. Forty-eight and 72 h later, the cells were harvested for
RNA or protein isolation, respectively.

RNA Isolation and gqRT-PCR—RNA levels were determined
by qRT-PCR. Briefly, RNAs from VSMCs and rat carotid arter-
ies were isolated with TRIzol (Invitrogen). qRT-PCR for miR-
NAs was performed on cDNA generated from 100 ng of total
RNA using TagMan MicroRNA Reverse Transcription and
TagMan microRNA assays (Applied Biosystems). qRT-PCR for
Lats2 and PCNA was performed on cDNA generated from 200
ng of total RNA using the protocol of a qRT-PCR mRNA detec-
tion kit (Roche Applied Science). Amplification and detection
of specific products were performed with a Roche Lightcycler
480 Detection System. As an internal control, U6 was used for
miRNA template normalization, and GADPH was used for
other template normalizations. The sequences of the primers
are shown in Table 1. Fluorescent signals were normalized to an
internal reference, and the threshold cycle (C,) was set within
the exponential phase of the PCR. The relative gene expression
was calculated by comparing cycle times for each target PCR.
The target PCR C, values were normalized by subtracting the
U6 or GADPH C, value, which provided the AC, value. The
relative expression level between treatments was calculated
using the following equation: relative gene expression =
o~ (ACtsample ~ ACtcontrol)

Western Blotting—Proteins were isolated from cultured
VSMCs, and carotid arteries and protein levels were deter-
mined by Western blot analysis. Briefly, proteins were prepared
with radioimmune precipitation assay lysis buffer and quanti-
fied with BCA protein assay (Pierce). Equal amounts of protein
were subjected to SDS-PAGE. Standard Western blot analysis
was conducted using LATS2 (1:1000 dilution) (Abcam, Inc.),
ERK (1:1000 dilution), pERK (1:1000 dilution) (Cell Signaling),
PCNA monoclonal antibody (1:2000 dilution) (Invitrogen), and
GADPH antibody (1:5000 dilution) (Cell Signaling) was used as
a control.

Rat Carotid Artery Balloon Injury Model—Carotid artery
balloon injury was induced in male Sprague-Dawley rats (230 to
300 g) as described in our previous studies (5-7). Briefly, rats
were anesthetized with ketamine (80 mg/kg)/xylazine (5
mg/kg). Under a dissecting microscope, the right common
carotid artery was exposed through a midline cervical incision.
A 2F Fogarty catheter (Baxter Edwards) was introduced via an
arteriotomy in the external carotid artery, and then the catheter
was advanced to the proximal edge of the omohyoid muscle. To
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FIGURE 1. The expression of rno-miR-31 and pri-rno-mir-31 in cultured
VSMCs. VSMCs were seeded into six-well plates for 24 h at 40~60% confluent
with 10% FBS. The medium was replaced with 0.1% FBS for 24 h, and the cells
were then treated with PDGF (20 ng/ml) or 10% FBS for the indicated times.
A, rno-miR-31 expression in VSMCs treated with PDGF (n = 6). *, p < 0.05
compared with 0 h group. B, pri-rno-mir-31 expression in VSMCs treated with
PDGF (n = 6).*, p < 0.05 compared with 0 h group. C, rno-miR-31 expression
in cultured VSMCs treated with different concentrations of PDGF or 10% FBS
for 24 h (n = 6). *, p < 0.05 compared with that in VSMCs without PDGF and
10% FBS.

produce carotid artery injury, we inflated the balloon with
saline and withdrew it three times from just under the proximal
edge of the omohyoid muscle to the carotid bifurcation. After
injury, the external carotid artery was permanently ligated with
a 6-0 silk suture, and blood flow in the common carotid artery
was restored. All protocols were approved by the Institutional
Animal Care and Use Committee at the University of Medicine
and Dentistry of New Jersey and were consistent with the Guide
for the Care and Use of Laboratory Animals (NIH publication
85-23, revised 1985).

Local Oligonucleotide Delivery into Injured Vascular Walls—
To deliver the rno-miR-31 inhibitor or control oligonucleotide
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FIGURE 2. miR-31 expression in fresh isolated rat aortic VSMCs, endothelial cells, and in rat carotid arteries with or without balloon injury. A, relative
expression of rno-miR-31 in rat VSMCs and endothelial cells (EC) determined by qRT-PCR (n = 6). *, p < 0.05 compared with that in VSMCs. Band C, the rat right
carotid arteries were isolated at 3, 7, 14, and 28 days (d) after angioplasty for rno-miR-31 (B) or pri-rno-mir-31 (C) measurement by qRT-PCR. The uninjured right
carotid arteries were used as the uninjured control group (uninjury) (n = 6).*, p < 0.05 compared with that in uninjured control.

into the injured vascular tissue and to avoid any potential sys-
temic side effects, we applied an established local oligonucleo-
tide delivery model via F-127 pluronic gel as described in our
recent reports with a little modification (5, 6). Briefly, immedi-
ately after balloon injury of the right common carotid artery,
transfection solutions (50 ul 0.2% transfection reagent in
DMEM) was mixed with rno-miR-31 inhibitor or control
oligonucleotides (10 ug) and infused into the ligated segment of
the common carotid artery. Then, 90 ug of these oligonucleo-
tides, preloaded into 200 wl 30% F-127 pluronic gel (Sigma) and
1% transfection reagent at 4 °C, was applied locally to the
adventitia around injured artery segments.

Immunofluorescence of PCNA and Smooth Muscle o-Actin—
Proliferating cells were evaluated in vessel sections by using the
immunofluorescence of PCNA. The freeze (5 um) sections
were incubated with anti-PCNA antibodies (Santa Cruz Bio-
technology) followed by fluorescein-conjugated secondary
antibodies (1:200 dilution, Vector Laboratories). For the stain-
ing of VSMC marker, smooth muscle a-actin, the sections were
incubated with anti-smooth muscle a-actin (1:400 dilution,
Dako) followed by fluorescein conjugated secondary antibodies
(1:200 dilution, Vector Laboratories). Cell nuclear was stained
by DAPI (blue). The fluorescence was observed by Nikon
Eclipse 80i immunofluorescence microscope.

Statistical Analysis—All of the experiments were repeated at
least three times. All data are presented as means = S.E. For
relative gene expression, the mean value of vehicle control
group is defined as 1 or 100%. Two-tailed unpaired Student’s ¢
tests and analysis of variance were used for statistical evaluation
of the data. SPSS statistical analysis program (version 17.0) was
used for data analysis. A p value < 0.05 was considered to be
significant.

RESULTS

rno-miR-31 Is an Abundant miRNA in VSMCs and Its
Expression Is Significantly Increased in Proliferative VSMCs—
In our previous study, we identified that rno-miR-221 and rno-
miR-222 are two abundant miRNAs in VSMCs and vascular
walls (6). Our unpublished microarray data demonstrated that
the expression of rno-miR-31 in VSMCs and rat carotid arteries
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was nearly 2-fold higher than that of rno-miR-221 and rno-
miR-222.% Thus, rno-miR-31 is an abundant miRNA in VSMCs
and vessels. To investigate the potential link between VSMC
growth and rno-miR-31, the expression of rno-miR-31 as well
as its primary transcript, pri-rno-mir-31 was determined in
nonproliferative VSMCs and in proliferative VSMCs induced
by PDGF (20 ng/ml). As shown in Fig. 1, A and B, the expression
of rno-miR-31 and pri-rno-mir-31 in PDGF-treated VSMCs
was significantly higher than that in VSMCs without the treat-
ment of PDGF, which was time-dependent. The dose-depen-
dent response of rno-miR-31 expression to PDGF was also
measured in cultured VSMCs at 24 h after treatment with dif-
ferent concentration of PDGF as shown in Fig. 1C. Moreover,
the expression of rno-miR-31 could also be enhanced in
VSMCs treated with FBS (Fig. 1C). These results demonstrate
that the expression of the abundant rno-miR-31 and pri-rno-
mir-31 is up-regulated in proliferative VSMCs. It should be
noted that there was a delay (12 h) from the expression of pri-
rno-miR-31 transcript (Fig. 1B) to rno-miR-31 (Fig. 14). The
delay time may be related to the processing time of rno-miR-31
by Drosha and Dicer in VSMCs.

rno-miR-31 Is Mainly Expressed in VSMCs of Vascular Walls
and Its Expression Is Up-regulated in Rat Carotid Arteries with
Neointimal Lesion Growth—T o determine the cellular distribu-
tion of rno-miR-31, we isolated VSMCs and endothelial cells,
the two major cell types in normal vessels, from rat arteries. We
found that rno-miR-31 was expressed preferentially in VSMCs,
whereas its expression level in endothelial cells was low (Fig.
2A). In rat carotid arteries with neointimal lesion growth
induced by balloon injury, the expression of rno-miR-31 was
significantly increased (Fig. 2B). To further determine whether
the up-regulated rno-miR-31 was due to its primary transcript
increase, RNA was isolated from uninjured and balloon-injured
arteries for qRT-PCR of pri-rno-mir-31. As displayed in Fig. 2C,
pri-rno-mir-31 was significantly increased in injured vessels,
compared with that in uninjured vessels.

3 X.Liu, Y. Cheng, X. Chen, J. Yang, L. Xu, and C. Zhang, unpublished data.

VOLUME 286+NUMBER 49-DECEMBER 9, 2011



miR-31 in Vascular Smooth Muscle Cell Growth

oc)

A

@ rno-miR-31 Qpri-rno-mir-31

5 -
e — g

pERK .= |

1.00 1.80 1.27 5‘ .
1.00 1.63 1.21 o

£ #
Pr—— = 2 - o=

ERK 3

——— — — * #

Vehicle  PDGF PDGF+PD98059 1'_I'L|
0 -

Vehicle PDGF PDGF+PD98059

FIGURE 3. The effect of MAPK/ERK inhibitor PD98059 on the expression of rno-miR-31 and pri-rno-mir-31. The cultured VSMCs were treated with vehicle
or PD98059 (MAPK/ERK inhibitor) for 1 h and then stimulated with vehicle or PDGF (20 ng/ml) for 30 min in A and 24 hin B. A, phosphorylated ERK (pERK) and
total ERK determined by Western blot. B, the expression of rno-miR-31 and pri-rno-mir-31 in VSMCs determined by gRT-PCR (n = 5).*, p < 0.05 compared with
rno-miR-31 in PDGF group. #, p < 0.05 compared with pri-mir-31 in PDGF group.

A i B .,
5 £
§ 8 § 100 A
- 2
=] =]
26 280 1 %
- 1)
& * &
- - 60 -
E 4 g
g g p
= 540 1
3 >
Z 2 £
= = 20
> W
&
Slm ' :
Vehicle Ad-GFP Ad-miR-31 Ad-miR-31 .
MOl 0 50 10 50 rno-miR-31 o 10 30 100 uM)
Inhibitor
400 1 D
g # o 120
£ 350 1 # H
g | 2 100
S. 300 ;i.
= 250 - =80
1 Lae]
& 200 o - ]
E g 60 %
150 1 &
£ £ 40
2100 - s
&
0 - T T T _—I 0 -
PDGF - + + + A > >
& » & & &
& & & s e & S
o o 5 SO N < R
<« <& 0\‘@ & ‘&3& <& o\,’qg & Q&&

FIGURE 4. Modulation of rno-miR-31 expression in cultured VSMCs and in injured arteries. A, the expression of rno-miR-31 in VSMCs treated with vehicle,
Ad-GFP and Ad-miR-31, atindicated MOI (n = 5).*, p < 0.05 compared with Ad-GFP group. B, knockdown of rno-miR-31 expression by rno-miR-31 inhibitor in
cultured VSMCs (n = 5).*, p < 0.05 compared with 0 nm group. C, knockdown of rno-miR-31 expression by its inhibitor (100 nmol/liter) in VSMCs treated with
PDGF (20 ng/ml) (n = 5).*,p < 0.05 compared with vehicle plus PDGF group. #, p < 0.05 compared with vehicle without PDGF group. D, inhibition of rno-miR-31
by its inhibitor in balloon-injured vascular walls (n = 6). *, p < 0.05 compared with the oligonucleotide control group.

MAPK/ERK Is Related to Up-regulation of rno-miR-31 in  SB203580 (20 wm), INK with SP600125 (20 wm), or PI3K with
Proliferative VSMCs—To determine the role of MAPK in the LY294002 (50 um) had no significant effect on the up-regula-
up-regulation of rno-miR-31 in VSMCs, the specific inhibitors  tion of rno-miR-31 and pri-rno-mir-31 (data not shown).
of the four major types of MAPK were applied in PDGF-stim- Modulating rno-miR-31 Expression in Cultured VSMCs and
ulated VSMCs. PD98059, a selective cell-permeable inhibitor of  in Injured Arteries—To overexpress the expression of rno-
MAPK/ERK, is widely used to inhibit ERK activation and has miR-31in VSMCs, Ad-miR-31 was used. As shown in Fig. 44, at
been shown to inhibit VSMC proliferation in response to PDGF 24 h after infection, rno-miR-31 expression was increased sig-
(35, 36). The efficacy of PD98059 was confirmed by its ability to  nificantly in Ad-miR-31-treated VSMCs compared with that in
abolish PDGF-induced phosphorylation of ERK1/2 (Fig. 34). VSMCs treated with either vehicle or Ad-GFP. For rno-miR-31
Pretreatment of VSMCs with PD98059 (50 um) significantly ~knockdown, VSMCs were cultured in medium containing rno-
inhibited the PDGF-mediated up-regulation of rno-miR-31 miR-31 inhibitor at final oligonucleotide concentrations of 0,
and pri-rno-miR-31 (Fig. 3B). In contrast, inhibition of p38 with 10, 30, and 100 nmol/liter. rno-miR-31 inhibitor decreased the
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at 48 h after culture in DMEM containing 5% FBS (n = 8). %, p < 0.05 compared with oligonucleotide (oligo) control group. Ad-miR-31 (30 MOI) increased cell
proliferation determined by MTT assay (B) and cell number (D) at 48 h after culture with DMEM containing 5% FBS (n = 8). *, p < 0.05 compared with Ad-GFP
group. Shown are representative BrdU-stained cell photomicrographs, their corresponding total cell photomicrographs stained by DAPI, and merged photo-

micrographs (F). G, rno-miR-31 inhibitor decreased cell proliferation stimulated

by PDGF (10 ng/ml) determined by MTT assay (n = 6).*, p < 0.05 compared with

oligonucleotide control group. H, Ad-miR-31 (30 MOI) increased cell proliferation stimulated by PDGF (10 ng/ml) determined by MTT assay (n = 6). *, p < 0.05
compared with Ad-GFP group. /, rno-miR-31 inhibitor decreased the expression of PCNA in cultured VSMCs. J, Ad-miR-31 increased the expression of PCNA in
cultured VSMCs. K, rno-miR-31 inhibitor decreased the expression of PCNA in balloon-injured arteries. L, PCNA-positive VSMCs in balloon-injured arteries

treated with rno-miR-31 inhibitor or control oligonucleotide. Note that green
indicates PCNA; and blue shading indicates the cell nuclei stained by DAPI.

rno-miR-31 expression in a dose-dependent manner (Fig. 4B).
In addition, the expression of rno-miR-31 in PDGF-treated
VSMCs was successfully inhibited by rno-miR-31 inhibitor
(100 nmol/liter) (Fig. 4C). Moreover, the expression of rno-
miR-31 in balloon-injured arteries was down-regulated by local
delivery of rno-miR-31 inhibitor in the injured rat vessels (Fig.
4D) (5, 6).

rno-miR-31 Is a Critical Gene in VSMC Proliferation—Se-
rum-induced VSMC proliferation was inhibited significantly by
the rno-miR-31 inhibitor as determined by MTT assay, cell
counting, and BrdU incorporation assay (Fig. 5, A, C, and E). In
contrast, serum-induced VSMC proliferation was increased by
overexpression of rno-miR-31 via Ad-miR-31 (Fig. 5, Band D).
Representative BrdU-stained cell photomicrographs, their cor-
responding total cell photomicrographs stained by DAPI, and
merged photomicrographs are shown in Fig. 5F. The effect of
rno-miR-31 on the proliferation of VSMCs is not limited to
serum-induced growth. In fact, PDGF-induced VSMC prolifer-
ation is also inhibited by its inhibitor (Fig. 5G) and is increased
by Ad-miR-31 (Fig. 5H). The effect of rno-miR-31 on the pro-
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shading indicates the VSMC marker smooth muscle (SM) a-actin; red shading

liferation of cultured VSMCs is further confirmed by the
expression of a well known cell proliferation marker, PCNA. As
shown in Fig. 5, I and ], the expression of PCNA is decreased in
rno-miR-31 inhibitor-treated cells but is increased by the over-
expression of rno-miR-31.

The expression of rno-miR-31 is increased in balloon-in-
jured rat carotid arteries (Fig. 2B). To test the role of rno-
miR-31 in VSMC proliferation in vivo, the up-regulated rno-
miR-31 was inhibited in the balloon-injured arteries (Fig. 4D).
Asshown in Fig. 5K, the expression of PCNA in balloon-injured
arteries is decreased by rno-miR-31 inhibition. Interestingly,
less PCNA-positive VSMCs in rno-miR-31 inhibitor-treated
vessels at 9 days after balloon injury were found compared
with those in vessels treated with control oligonucleotides.
Representative PCNA-positive cells (red), smooth muscle a-ac-
tin-positive cells (green), their corresponding total cell photo-
micrographs stained by DAPI (blue), and merged photomicro-
graphs are shown in Fig. 5L.

Lats2 Is Direct Target Gene of rno-miR-31—The online soft-
ware TargetScan (version 5.1) predicts that Lats2 has a miR-31
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FIGURE 6. Lats2 is a direct target gene of rno-miR-31. A, Lats2 is one of the miR-31 target genes predicted by TargetScan (version 5.1). The seed sequences
of miR-31 and the Lats2 binding sites were boxed. B, pmiR-31, but not pmiR-221 and pDNR-CMV, increased miR-31 expression in HEK293 cells (n = 6).*, p < 0.05
compared with pDNR-CMV group. C, a luciferase reporter construct, containing the putative miR-31 binding sequence from 3’-UTR of the rat Lats2 gene, was
transfected into HEK293 with vehicle, pDNR-CMV, pmiR-31, or a control plasmid expressing an unrelated miRNA, pmiR-221. The construct without the miR-31
binding sequence was used as the truncated control. pmiR-31, but not pmiR-221 or pDNR-CMV, inhibited luciferase activity. In the truncated control group, the
inhibitory effect of pmiR-31 disappeared (n = 6).*, p < 0.05 compared with pDNR-CMV group. D, rno-miR-31 inhibitor increased LATS2 protein level in VSMCs.
E, Ad-miR-31 decreased LATS2 protein level in VSMCs. F, Lats2 mRNA levels in VSMCs treated with vehicle, Ad-GFP, or Ad-miR-31 (n = 6). *, p < 0.05 compared
with Lats2 in Ad-GFP group. G, rno-miR-31 inhibitor increased LATS2 expression in the injured vascular walls.

binding site in its 3'-UTR (37, 38). The “seed” sequence in technology Information (39), which are shown in Fig. 6A. To
miR-31 (5'-ggcaaga-3') matches the nucleotides 603— 609 from  identify that rno-miR-31 is able to directly bind to Lats2 and
the first nucleotide of the 3'-UTR of the Lats2 mRNA inhibitits expression, a firefly luciferase reporter construct con-
(NM_001107267) retrieved from the National Center of Bio- taining a fragment of the 3’-UTR of rat Lats2 mRNA with the
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FIGURE 7.LATS2 in the proliferation of VSMCs. A, the mRNA level of Lats2 was down-regulated in proliferative VSMCs stimulated with PDGF (20 ng/ml) (n =
6). *, p < 0.05 compared with Lats2 of 0 h group. B, the protein level of LATS2 was decreased in proliferative VSMCs stimulated with PDGF (20 ng/ml).
C, knockdown of Lats2 increased PCNA expression at mRNA level (n = 6).*, p < 0.05 compared with scramble group. #, p < 0.05 compared with scramble group.
D, knockdown of LATS2 increased PCNA expression at protein level. £, knockdown of LATS2 increased the proliferation of VSMCs as determined by MTT assay

(nh = 6).* p < 0.05 compared with scramble group.

putative rno-miR-31 binding sequence was transfected into
HEK293 cells with either vehicle, an empty plasmid (pDNR-
CMV), a plasmid expressing rno-miR-31 (pmiR-31), or a con-
trol plasmid expressing an unrelated miRNA, rno-miR-221
(pmiR-221). As shown in Fig. 6B, pmiR-31, but not pmiR-221 or
pDNR-CMYV, increased miR-31 expression in HEK293 cells.
Consequently, pmiR-31, but not pDNR-CMV or pmiR-221,
inhibited luciferase activity (Fig. 6C). In the truncated control
group, the inhibitory effect of pmiR-31 disappeared (Fig. 6C).
The results suggested that rno-miR-31 was able to bind to Lats2
directly and inhibit its expression.

To confirm that Lats2 is a target gene of rno-miR-31 in cul-
tured VSMCs, both gain-of-function and loss-of-function
approaches were applied. As expected, LATS2 was up-regu-
lated by miR-31 inhibitor (Fig. 6D) and down-regulated by Ad-
miR-31 (Fig. 6E) at the protein level. It is well known that miR-
NAs could regulate their target gene expression via inhibiting
translation and/or promoting degradation of target genes (1, 2).
To determine whether rno-miR-31 could cause the degrada-
tion of its target Lats2, we detected Lats2 mRNA levels in
cultured VSMCs transfected with vehicle, Ad-GFP, or
Ad-miR-31 respectively. Interestingly, overexpression of rno-
miR-31 by Ad-miR-31 decreased the Lats2 mRNA level,
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whereas the vehicle, Ad-GFP, had no effect on the expression of
Lats2 mRNA (Fig. 6F).

To further verify that LATS2 is a target gene protein of rno-
miR-31 in vivo, the expression of rno-miR-31 in balloon-in-
jured rat carotid arteries was inhibited by the rno-miR-31
inhibitor. As shown in Fig. 4D, rno-miR-31 is down-regulated
by its inhibitor. Interestingly, in rno-miR-31 inhibitor-treated
vessels, the expression of LATS2 is up-regulated (Fig. 6G). The
results demonstrated that LATS2 is indeed a target gene pro-
tein of rno-miR-31 in vivo.

LATS2 Is Involved in VSMC Proliferation—Because LATS2 is
atarget gene product of rno-miR-31 and its biological functions
are still unknown in VSMCs, we then determined the effect of
LATS2 on the proliferation of VSMCs. As expected, the expres-
sion of Lats2 is down-regulated at both mRNA and protein
levels in proliferative VSMCs stimulated by PDGF (Fig. 7, A and
B) because the rno-miR-31 is up-regulated in these cells (Fig. 1).
To determine the role of LATS2 in VSMC growth, Lats2 was
knocked down by its siRNA (Lats2 siRNA). Knockdown of the
gene is confirmed at mRNA and protein levels (Fig. 7, Cand D).
Interestingly, down-regulation of LATS2 increased the expres-
sion of PCNA in these cells (Fig. 7, C and D), suggesting that
LATS2 might have an anti-proliferative effect on VSMCs. The
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inhibitory effect of LATS2 on the growth of VSMCs is further
confirmed by the cell proliferation assay determined via MTT
method (Fig. 7E).

DISCUSSION

miR-31 is encoded by a gene on the chromosome 9 in
humans and on the chromosome 5 in rats. The seed sequence of
miR-31 is highly conserved as shown in Fig. 6A. Recent studies
have revealed that miR-31 may play important roles in many
aspects of biology such as cancer development (17-21, 40 —42),
angiogenesis (43, 44), hair cycle control (45), and inflammation
(46). Until now, the biological roles of miR-31 in VSMC biology
are still unknown.

VSMC proliferation-mediated expansion of the neointima is
unifying facet of a variety of proliferative vascular diseases.
Recent studies have revealed that some miRNAs such as miR-
221/222 may have strong biological functions in cell prolifera-
tion, including VSMC proliferation (5-15). Thus, identifying
the miRNAs that may play a role in VSMC functions is a novel
research field in vascular biology. In this study, we found that
rno-miR-31 is an abundant miRNA in VSMCs, and its expres-
sion is significantly increased in proliferative VSMCs and in
vascular walls with neointimal growth.

It is well established that MAPK/ERK is a critical signaling
molecule in communicating the extracellular growth stimuli
such as growth factors into nuclear events and cellular func-
tions such as gene expression regulation and cell proliferation
(23). In this study, the role of MAPK/ERK in the expression of
rno-miR-31 in VSMCs is investigated. The results demon-
strated that the up-regulation of rno-miR-31 in proliferative
VSMCs is partially inhibited by the MAPK/ERK pathway. In
contrast, no significant effect on the expression of rno-miR-31
was found by other kinase inhibitors. Thus, MAPK/ERK is a
critical upstream signaling molecule that is related to the up-
regulation of miR-31 in proliferative VSMCs.

Another aim of this study was to determine the potential role
of rno-miR-31 in VSMC proliferation. We found that VSMC
proliferation is inhibited significantly by knockdown of rno-
miR-31. In contrast, the cell proliferation was increased by
overexpression of rno-miR-31. The results suggested that rno-
miR-31 is a novel gene involved in the growth control of
VSMCs. The cellular effect of rno-miR-31 on VSMCs is con-
sistent with that of lung cancer (40) and head-and-neck squa-
mous cell carcinoma cell lines (21). However, Creihton and co-
workers (47) reported that miR-31 expression could inhibit
proliferation in ovarian cancer cells with a dysfunctional p53
signaling pathway. In cancer, miR-31 also has a strong effect on
cell migration (16, 40, 46). However, no significant effect of
miR-31 on VSMC migration is identified in our study (data not
shown). Thus, the effects of miR-31 on cell proliferation and
migration may be cell type-specific.

miRNAs achieve their cellular functions via their target
genes. The negative correlation between rno-miR-31 expres-
sion and LATS2 expression in PDGF-stimulated VSMCs indi-
cated that Lats2 mRNA could be a potential target gene product
of rno-miR-31 in VSMCs. By both gain-of-function and loss-of-
function approaches, we confirmed that Lats2 was indeed a
target gene mRNA of miR-31 in VSMCs. The discovery is fur-
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FIGURE 8. A model diagram of the role of miR-31 in VSMC growth and its
mechanism. MAPK/ERK is activated in VSMCs stimulated by PDGF. The
increased activation of MAPK/ERK results in the increased expression of miR-
31. The increased miR-31 down-regulates the expression of its target gene
protein, LATS2. The decreased LATS2 increases the PCNA and results in the
increased proliferation of VSMCs.

ther verified in vivo in rat carotid arteries after angioplasty as
the expression of LATS2 protein could be regulated by the rno-
miR-31 inhibitor in the vascular walls. In addition, the biologi-
cal role of LATS2 in VSMC:s is identified for the first time, as
having an inhibitory effect on VSMC proliferation. Other target
genes of miR-31 currently identified in other cells include Lats2
(40), PP2A regulatory subunit B « isoform (Ppp2ra) (40), fac-
tor-inhibiting hypoxia-inducible factor (20), Satb2 (41),
TIAMLI (42), Krt16 (45), Krt17 (45), Dix3 (45), and Egf10 (45).

PCNA is a cell cycle related protein and a widely used marker
of cell proliferation (33, 34, 48, 49). Previous studies have
revealed that PCNA is related to VSMC proliferation and ath-
erosclerotic neointimal growth (33, 34). Moreover, the expres-
sion of PCNA can be regulated by the MAPK/ERK pathway (48,
49). However, the detailed molecular mechanism involved in
ERK-mediated regulation of PCNA is still unclear. In this study,
we identified that rno-miR-31 is a downstream gene of ERK.
Moreover, rno-miR-31 has a strong effect on the expression of
PCNA in VSMCs via its target LATS2 as determined by both
gain-of-function and loss-of-function approaches.

Recent studies have revealed that multiple miRNAs are
related to VSMC proliferation (5-15, 50). For example, miR-
221/222 and miR-21 are proproliferative miRNAs in VSMCs
(5-7). In contrast, miR-143 and miR-145 have an anti-prolifer-
ative effect on VSMCs (11-15). The interactions of these miR-
NAs may be complex; based on our unpublished data, they may
have a synergistic, additive, or antagonistic action.? For exam-
ple, miR-31 and miR-221 have an additive action in VSMC pro-
liferation (data not shown).
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In summary, the present study reveals that rno-miR-31 is an

abundant miRNA in VSMCs. Its expression is significantly
increased in proliferative VSMCs and in vascular walls with
neointimal growth via activation of MAPK/ERK. rno-miR-31 is
able to enhance VSMC proliferation via its downstream target
gene product, LATS2. As demonstrated in the diagram (Fig. 8),
MAPK/ERK/miR-31/LATS2/PCNA may represent a novel sig-
naling pathway in VSMC growth.
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