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MicroRNA-302a promotes neointimal formation following
carotid artery injury in mice by targeting PHLPP2 thus

increasing Akt signaling

Ying-ying Liu', Xiu Liu', Jia-guo Zhou' and Si-jia Liang'

The excessive proliferation and migration of smooth muscle cells (SMCs) play an important role in restenosis following
percutaneous coronary interventions. MicroRNAs are able to target various genes and involved in the regulation of diverse cellular
processes including cell growth and proliferation. In this study we investigated whether and how MicroRNAs regulated vascular
SMC proliferation and vascular remodeling following carotid artery injury in mice. We showed that carotid artery injury-induced
neointimal formation was remarkably ameliorated in microRNA (miR)-302 heterozygous mice and SMC-specific miR-302 knockout
mice. In contrast, delivery of miR-302a adenovirus to the injured carotid artery enhanced neointimal formation. Upregulation of
miR-302a enhanced the proliferation and migration of mouse aorta SMC (MASMC) in vitro by promoting cell cycle transition,
whereas miR-302a inhibition caused the opposite results. Moreover, miR-302a promoted Akt activation by corporately decreasing
Akt expression and increasing Akt phosphorylation in MASMCs. Application of the Akt inhibitor GSK690693 (5 pmol/L) counteracted
the functions of miR-302a in promoting MASMC proliferation and migration. We further revealed that miR-302a directly targeted at
the 3’ untranslated region of PH domain and leucine rich repeat protein phosphatase 2 (PHLPP2) and negatively regulated PHLPP2
expression. Restoration of PHLPP2 abrogated the effects of miR-302a on Akt activation and MASMC motility. Furthermore,
knockdown of PHLPP2 largely abolished the inhibition of neointimal formation that was observed in miR-302 heterozygous mice.
Our data demonstrate that miR-302a exacerbates SMC proliferation and restenosis through increasing Akt signaling by targeting

PHLPP2.
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INTRODUCTION
Vessel narrowing can contribute to various vascular diseases, such
as stroke, hypertension, and heart attack [1]. Percutaneous
coronary interventions (e.g., balloon angioplasty or stenting) are
considered the first-choice treatment for acute coronary syn-
dromes [2]. Unfortunately, patients face an increased risk of
restenosis after surgery, leading to repeated interventions and a
substantial economic burden [3]. Even though the application of
bare-metal stents decreases the risk of restenosis to 20%-30% [3],
the outcomes seem to still be unsatisfactory. Excessive smooth
muscle cell (SMC) proliferation, migration and invasion are
considered important contributors to restenosis, which together
lead to neointimal hyperplasia [4, 5]. Therefore, inhibition of SMC
hyperplasia is an important therapeutic approach for restenosis.
MicroRNAs (miRNAs) are a family of endogenous noncoding
small RNAs consisting of 18-22 nucleotides that can regulate
gene expression at the posttranscriptional level by pairing with
imperfect complementary target sites in the 3’ untranslated
region (3’UTR) of their target mRNAs [6, 7]. MiR-302 was initially
identified in human embryonic stem cells and is critical for
embryonic development, since mice deficient for miR-302 have
a fully penetrant late embryonic lethal phenotype [8-10]. MiR-

302a belongs to the miR-302 family, which includes miR-302a,
miR-302b, miR-302¢c, miR-302d, and miR-367 [9]. These miR-
NAs are encoded by the miR-302-367 cluster located in the
4925 locus of human chromosome 4 [9]. Previous studies have
suggested that in addition to regulating embryonic develop-
ment, miR-302a functions as a tumor suppressor by inhibiting
Akt-dependent cell proliferation in different cancer cells,
indicating that miR-302a may negatively regulate Akt activation
[11-13]. Moreover, in a study by Li and colleagues, miR-302a
affected Akt activation in neurons by silencing phosphate and
tension homology (PTEN) [14]. Given the importance of Akt in
regulating cell proliferation [5, 15], we speculated that miR-
302a is involved in Akt-mediated vascular SMC (VSMCQ)
proliferation and restenosis. In the present study, we demon-
strate that miR-302a accelerates VSMC proliferation and
subsequent neointimal formation by activating Akt signaling.

MATERIALS AND METHODS

MiR-302 heterozygous mice

MiR-302 heterozygous mice (miR-3027/") were generated on the
C57BL/6 background at Nanjing Model Animal Research Center
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using the CRISPR/Cas9 gene targeting method. Linearized Cas9-
encoding vector and sgRNA mRNA were microinjected into the
cytoplasm of thezygote, which was transferred into the oviduc-
tal ampullae of female mice. The genotyping of mice was
performed by PCR on tail DNA using specific primers (Fig. S1a
and Table S1).

MiR-302 conditional knockout mice

Mice with SMC-specific deletion of miR-302 (miR-302°M) were
established using Cre/loxP recombination. The miR-3021°/flox
allele was generated by flanking the 5 miRNAs (miR-302a, miR-
302b, miR-302¢, miR-302d, and miR-367) in this cluster with loxP
sites in embryonic stem cells. SM22a-Cre transgenic mice were
obtained from the Jackson Laboratory (Bar Harbor, ME) and then
backcrossed to a C57BL/6 genetic background for at least nine
generations. The genotyping strategy is shown in Fig. S2a, b, and
the primers are listed in Table S1. All animal procedures were
performed in accordance with the Institutional Animal Care and
Use Committee at Sun Yat-Sen University.

Carotid artery injury model

For all surgical procedures, 8-week-old male mice were anesthetized
by intraperitoneal injection with pentobarbital sodium (50 mg/kg).
Surgery was carried out using a dissecting microscope (SMZ-800,
Nikon, Tokyo, Japan). A guide wire (0.38 mm in diameter) was
inserted into the left common carotid artery and slid 3 times. The
miR-302a adenovirus (Ad-miR-302a) was generated by cloning the
stem-loop sequence of mmu-miR-302a into the pAdTrack-CMV viral
shuttle vector. Ad-lacZ was used as a negative control. Recombinant
adenovirus harboring leucine rich repeat protein phosphatase 2
(PHLPP2) shRNA (Ad-shPHLPP2) was synthesized by Ubigene
(Guangzhou, China). The adenovirus (1.0 x 10'" PFU) was delivered
to the injured artery and incubated for 30 min. The carotid arteries
were collected for various times as indicated.

Quantitative real-time PCR (qRT-PCR)

Two micrograms of RNA isolated from mouse aorta SMCs
(MASMCs) using TRIzol reagent were reverse-transcribed with a
PrimeScript RT reagent kit (Bio-Rad Laboratories, Hercules, CA) as
previously described [16, 17]. Real-time PCR was amplified on a
MyiQ Single Color Real-time PCR Detection System (Bio-Rad
Laboratories) using SYBR Green PCR Master Mix (Invitrogen,
Carlsbad, CA). To detect miRNA expression, reverse transcription
was performed using the TagMan® MicroRNA Reverse Transcrip-
tion Kit (Applied Biosystems, Carlsbad, CA), and PCRs were
conducted using the TagMan® MicroRNA Assay Kit (Applied
Biosystems). The sequence-specific primers were as follows:
PHLPP2 forward: 5-GGGAGCACTTGGCTGTTACT-3/, reverse: 5'-
GGGAGTACTTGCCCAACCTC-3’; 18S rRNA forward: 5-GCAATTAT
TCCCCATGAACG-3’, reverse: 5-GGCCTCACTAAACCATCCAA-3/;
miR-302a forward: 5-AATAAGTGCTTCCATGTTTTGGTGA-3/; and
U6 forward:5'-ATTGGAACGATACAGAG-3/, reverse: 5'-GGAACGCTT-
CACGAATTTG-3'. The fold change in gene expression was
calculated using the 27287 method, with 185 rRNA or U6 as an
internal control.

Morphometry

After euthanasia, the injured segment of the common carotid
artery was dissected from the surrounding tissue, fixed in 10%
formalin, dehydrated in 30% sucrose solution each for 24h,
and finally embedded longitudinally in OCT. Samples were cut
into 8-pm longitudinal sections to assess intimal lesion size by
hematoxylin-eosin (HE) staining. The external plastic layer (EPL)
area, the internal plastic layer (IPL) area, and the luminal area were
measured with ImageJ (version 1.44, NIH, Bethesda, MD). The
intimal/medial ratio was calculated as follows: Intimal thickness =
(IPL area/m)"?(luminal area/m)"’%; medial thickness = (EPL area/
m"2-(IPL area/m)"2.
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Western blotting analysis

Western blotting was performed as described previously
[7, 16, 17]. Protein was extracted from MASMCs using protein
lysis buffer (Beyotime, Shanghai, China) and separated using 10%
SDS-PAGE gels. Primary antibodies against the following antigens
were used: Akt (#4691S), p-Akt (Ser473) (#4060S), cyclin E1
(#20808), CDK2 (#2546), p27(#3686S), PTEN (#91885S), PDKI1
(#5662S), MMP9 (#13667S), MMP2 (#40994S), p85 (#4228S), p110
(#5405S), P-actin  (#3700S), GAPDH (#5174S) (Cell Signaling
Technology, Danvers, MA); PCNA (ab29), PHLPP2 (ab71973)
(Abcam, Cambridge, MA); and p21(05-345) (Millipore, Billerica,
MA). After incubation with horseradish peroxidase (HRP)-linked
anti-mouse 1gG (#7076) or HRP-linked anti-rabbit IgG (#7074) (Cell
Signaling Technology) for 1 h, blots were visualized with an ECL kit
and quantified with ImageJ software.

Immunohistochemistry

The sections of carotid arteries were treated with 3% H,O, in
phosphate-buffered saline (PBS) for 10 min to inhibit intrinsic
peroxidase activity and then incubated with 5% blocking solution
for 1 h to prevent nonspecific antibody binding. Antigen retrieval
for cross sections was performed with citrate buffer (pH 6.0). The
sections were incubated with an antibody against Ki67 (ab15580,
Abcam) overnight at 4°C. After rinsing in PBS, sections were
incubated with anti-rabbit IgG for 20 min at room temperature,
followed by DAB and hematoxylin staining.

Cell culture and treatment

Primary MASMCs were isolated from the aortas of male C57BL/6
mice (4-6 weeks) as described previously [5]. Briefly, the mice were
deeply anesthetized with intraperitoneal injection of pentobarbital
sodium. The aortas were cut up with scissors and then cultured in 5
mL Dulbecco’s modified Eagle's medium (DMEM) containing 10%
fetal bovine serum (FBS) and 1% penicillin-streptomycin (Gibco,
Waltham, MA). Cultures were maintained at 37°C in a humidified
incubator in a 95% O, plus 5% CO, atmosphere.

Cell transfection

MiR-302a mimics, mimics negative control, miR-302a inhibitor,
inhibitor negative control, PTEN siRNA, and scramble RNA were
obtained from GenePharma (Shanghai, China). PTEN and PHLPP2
plasmids were constructed with a full-length cDNA fragment of
the mouse PTEN gene and PHLPP2 gene, respectively, which were
PCR-amplified from MASMC RNA and then cloned into the pCMV
vector using EcoRl and BamH| restriction enzymes. All of the
reagents were transfected into MASMCs using Hiperfect transfec-
tion reagent (Qiagen, Valencia, CA) according to the manufac-
turer’s instructions.

Cell viability assay

Cell viability was measured by the Cell Counting Kit-8 (CCK-8,
Dojindo Molecular Technologies, Rockville, MD) assay. MASMCs were
cultured in 96-well culture plates (1 x 10° cells/well) and transfected
with miR-302a mimics, miR-302a inhibitor, or their corresponding
controls for 24 h. Afterwards, cells were treated with or without 20
ng/mL recombinant mouse platelet-derived growth factor-BB
(PDGF-BB) (Sigma, St. Louis, MO) for 24h or cultured in DMEM
supplemented with or without 10% FBS for 24 h. CCK-8 solution (10
pL) was added to each well for another 2 h. The absorbance was
detected at 450 nm by a microplate reader (Bio-Tek, Winooski, VT).

BrdU incorporation

MASMC proliferation was measured based on the incorporation of
BrdU as previously described [5]. Cells were treated with 10 mmol/L
BrdU (Sigma) for 4 h prior to incubation with BrdU antibody (B2531)
(Sigma) for 1h at room temperature. Afterwards, the cells were
treated with HRP-linked anti-mouse IgG for 1 h. Then, 100 uL of
3,3,5,5'-tetramethylbenzidine (100 mmol/L) was added as the
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Lack of miR-302 inhibits neointimal formation induced by carotid artery injury. a, b Twenty-one days after carotid artery injury, HE

staining was performed to observe the intima and media thickness of carotid arteries from wild-type (WT) mice or miR-302 heterozygous
(miR-302"/7) mice (a) or in mice infected with lacZ adenovirus (Ad-lacZ) or miR-302a adenovirus (Ad-miR-302a) (b). Scale bar, 50 pm. The ratio
of intima thickness to media thickness (intimal/medial) was quantified. *P < 0.05 vs. WT or Ad-lacZ, n = 6/group. ¢ PCNA expression in the
carotid arteries from wild-type mice or miR-302"/~ mice after carotid artery injury. n = 6/group. d Immunohistochemical staining of Ki67 in
carotid arteries. The arrows indicate Ki67-positive cells. Scale bar, 20 pm. n = 8/group. e HE staining revealed that SMC-specific knockout of
miR-302 (MiR-302°M*®) ameliorated neointimal formation and decreased the ratio of intimal thickness to medial thickness. Scale bar, 50 pm.

*P < 0.05 vs. miR-3021% 1 — 7/group.

substrate for horseradish peroxidase. The incorporation was
measured at 450 and 540 nm on a microplate reader (Bio-Tek).

Flow cytometry for cell cycle analysis

MASMCs were collected by trypsin digestion and centrifugation at
200 x g for 5min at 4°C. The pellets were washed with ice-cold
PBS and fixed in 70% ethanol for 24 h. Samples were then stained
with staining buffer (PBS containing 50 pg/mL propidium
iodide, 10 pg/mL RNase A, 0.1% sodium citrate, and 0.1% Triton
X-100). DNA content was analyzed by flow cytometry (EPICS XL,
Beckman Coulter, Miami, FL) to determine the fraction of cells in
each phase of the cell cycle.

In vitro migration assay using scratch assay and Transwell
chambers

MASMCs were cultured in 35-mm culture plates and then
transfected with miR-302a mimics, miR-302a inhibitor, or the corre-
sponding negative control. After 24 h, the cells were digested with
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trypsin and cultured in Culture-Insert 2 Well in p-Dish 35 mm (IBIDI,
Martinsried, Germany) in the presence of PDGF-BB for 24 h. The
wound widths were measured using ImageJ software. Cell migration
is presented as a percentage of the initial wound distance.
For the Transwell assay, after the above treatment, cells were
cultured in the upper chamber of the Transwell Assay Component
(Corning Incorporated, Corning, NY) with 0.5% FBS. The lower
chamber contained medium with 10% FBS. Forty-eight hours later,
the cells in the lower chamber were fixed with 4% paraformalde-
hyde and stained with crystal violet. The images were obtained with
a light microscope and quantified using ImageJ software.

Akt kinase activity assay

Cell lysates were subjected to immunoprecipitation using Akt
antibody and protein G PLUS-Agarose (sc-2002, Santa Cruz
Biotechnology, Santa Cruz, CA). The immunoprecipitated Akt
was used to evaluate Akt kinase activity using a K-Lisa Akt activity
kit (Millipore) according to the manufacturer’s instructions. The
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Fig. 2 MiR-302a potentiates PDGF-BB-induced MASMC proliferation and migration. a, b MASMCs were transfected with miR-302a mimics
(302a-m, 50 nmol/L), mimics negative control (NC-m) (50 nmol/L) (a), miR-302a inhibitor (302a-i) (50 nmol/L), or inhibitor negative control (NC-
i) (50 nmol/L) (b) for 24 h followed by PDGF-BB (20 ng/mL) treatment for 24 h. Cell proliferation was assessed by BrdU incorporation. ¢, d The
percentages of cells in the G0/G1, S and G2/M phases of the cell cycle were analyzed. *P < 0.05 vs. control, *P < 0.05 vs. PDGF-BB, n = 8.
e Representative images of the scratch assay. Scale bar, 200 pm. f The quantification results for the wound closure assay. g, h Transwell analysis
was performed. Representative images are shown. Scale bar, 100 pm. *P < 0.05 vs. PDGF-BB, n = 6.

kinase activity was normalized to the Akt level in the immuno-
precipitates determined by Western blotting.

PHLPP2 activity

Cell lysates were incubated with PHLPP2 antibody and protein G
PLUS-Agarose overnight at 4 °C. Thereafter, the PHLPP2 immuno-
precipitates were incubated with 5 mmol/L phosphatase substrate
para-nitrophenyl phosphate (pNPP) in PBS at 30°C. The absor-
bance was read at 405 nm using a microplate reader (Bio-Tek). The
concentration of the product p-nitrophenol (pNP), which reflects
the PHLPP2 activity, was determined by establishing a calibration
curve from the plotted absorbance values corresponding to
known concentrations of pNP. PHLPP2 activity was normalized to
the protein content of immunoprecipitates.

Luciferase reporter assays

The full-length 3'UTR of mouse PHLPP2 was cloned into the
psiCHECK-2 luciferase reporter vector (Promega,Madison, WI) at
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the Xhol and Notl sites. Mutants of the PHLPP2 3’UTR were
constructed from the wild-type PHLPP2 3’UTR by site-directed
mutagenesis. HEK293 cells were transfected with miR-302a
mimics or mimics negative control and a luciferase reporter
vector containing the wild-type or mutant 3'UTR of PHLPP2
using Hiperfect transfection reagent. Forty-eight hours later,
firefly and Renilla luciferase activities were measured using
the Dual-Glo Luciferase Assay System (Promega) and a micro-
plate reader (TECAN Group Ltd, Mannedorf, Switzerland). The
Renilla luciferase activity was normalized to the firefly luciferase
activity.

Statistical analysis

All data are represented as the mean + standard error. Statistical
significance was tested by Student'’s t-test or one-way analysis of
variance, followed by Duncan’s multiple range tests. Statistical
analysis was performed by SPSS 18.0 software (SPSS Inc., Chicago,
IL). P<0.05 was considered statistically significant.
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RESULTS

Inhibition of miR-302 represses neointimal formation after carotid
artery injury

Given the embryonic lethality in miR-302 homozygous mice [10], we
generated adult miR-302 heterozygous mice and established a
carotid artery injury model to investigate the role of miR-302
inneointimal formation (Fig. S1a—c). Carotid arteries were harvested
following balloon angioplasty, and the intimal thickness to medial
thickness ratio was measured. HE staining showed that neointimal
formation gradually increased over the 21 days after injury (Fig. S1d).
On day 21, knockdown of miR-302 significantly decreased intimal
hyperplasia compared with that in wild-type mice, as demonstrated
by the decreased ratio of intimal thickness to medial thickness
(Fig. 1a). In contrast, upregulation of miR-302a by delivery of Ad-miR-
302a in the carotid artery markedly increased the neointimal
thickness compared with the Ad-lacZ control (Fig. 1b). Additionally,
the expression levels of the cell proliferation markers PCNA and Ki67
were higher in carotid arteries from wild-type mice than in those
from miR-302"~ mice. However, upregulation of miR-302a increased
Ki67 levels in the carotid artery compared with that in the negative
control group (Fig. 1¢, d), indicating that miR-302a promotes
neointimal formation and may be associated with VSMC hyperplasia.

To support this notion, we further generated SMC-specific miR-302
knockout mice (Fig. S2a—-c). Similar to the results in miR-302"~ mice,
miR-302 deficiency in SMCs markedly attenuated carotid artery
injury-induced increases in neointimal thickness (Fig. 1e).

Overexpression of miR-302 promotes MASMC proliferation and
migration

To determine whether the effects of miR-302 on neointimal
formation were due to the regulation of VSMC proliferation,
MASMC growth and motility were examined. CCK-8 assay and
BrdU incorporation showed that miR-302a overexpression
enhanced PDGF-BB-induced cell viability and proliferation (Fig. 2a
and Fig. S3a, b). Similar results were observed after serum
stimulation (Fig. S3¢, d). However, miR-302a knockdown inhibited
PDGF-BB- or serum-induced increases in cell viability (Fig. 2b and
Fig. S3e-h). Flow cytometric cell cycle analysis revealed that PDGF-
BB-induced cell cycle progression was significantly accelerated by
miR-302a  overexpression. In  miR-302a  mimics-treated
MASMCs after PDGF-BB treatment, 47.8%, 39.4%, and 13.9% of
the cell population was in Go/G; phase, S phase, and G,/M phase,
respectively, compared with 54.2%, 30.1%, and 15.5% of control
cells, indicating that miR-302a enhances cell entrance into S phase
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Fig. 3 MiR-302a regulates MASMC proliferation dependent on Akt signaling. a—-d MASMCs were transfected with miR-302a mimics or
mimics negative control for 24 h and then treated with recombinant PDGF-BB for another 1 h. The level of Akt (a) and p-Akt (b), the ratio of p-
Akt to Akt (c), and Akt activity (d) were measured. e-h Akt (e) and p-Akt (f) levels, p-Akt/Akt ratio (g), and Akt activity (h) in cells transfected
with miR-302a inhibitor or inhibitor negative control for 24 h followed by PDGF-BB treatment for 1 h. *P < 0.05 vs. control, *P < 0.05 vs. PDGF-
BB, n = 6. i After transfection with miR-302a mimics for 24 h, the cells were treated with GSK690693 (5 pmol/L) or 0.1% DMSO (vehicle) for
another 24 h in the presence of PDGF-BB. Cell proliferation was examined by BrdU incorporation. j Representative images ofthe scratch assay.
Scale bar, 200 pm. k The quantification results for the wound closure assay. *P < 0.05 vs. PDGF-BB, *P < 0.05 vs. PDGF-BB + 302a-m, n = 7.
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3’UTR mutations as indicated (i) were cotransfected along with miR-302a mimics or inhibitor in HEK293 cells for the luciferase activity assay.

*P < 0.05 vs. NC-m or NC-i, n=6.

(Fig. 2¢). In contrast, inhibition of miR-302a markedly suppressed
cell cycle progression (Fig. 2d). To understand the molecular
mechanism by which miR-302a enhances cell cycle progression,
we analyzed the expression of the cell cycle-related proteins cyclin
E1, CDK2, p21, and p27 in MASMCs. Overexpressing miR-302a
enhanced the PDGF-BB-induced increase in cyclin E1 and CDK2
expression but suppressed p21 and p27 expression (Fig. S4a-d).
MiR-302a inhibition showed the opposite results (Fig. S4e-h).
Additionally, transfection of miR-302a mimics significantly poten-
tiated the migratory capacity of MASMCs, whereas inhibition of
miR-302a retarded wound closure, which lowered cell motility
(Fig. 2e, f). The Transwell assay, an alternative assay for
determining cell movement, revealed that overexpression of
miR-302a increased the migratory ability of MASMCs (Fig. 2g). In
contrast, miR-302a knockdown was associated with inhibited cell
migration (Fig. 2h). We next examined the effect of miR-302a on
matrix metalloproteinases (MMPs), a group of proteases that
cleaves extracellular matrix structural proteins and subsequently
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regulates the migratory activity of SMCs [18]. PDGF-BB signifi-
cantly increased MMP2 and MMP9 expression, and this increase
was further enhanced by miR-302a overexpression but inhibited
by miR-302a downregulation (Fig. S5a-d).

MiR-302a potentiates MASMC proliferation by increasing Akt
activity

Considering the possible role of miR-302 in Akt signaling activation
and the capacity of Akt to regulate cell growth [11-15], we explored
the possibility that miR-302a promotes VSMC proliferation by
regulating Akt activation. Consistent with previous studies [11, 13],
Western blotting showed that upregulation of miR-302a significantly
decreased Akt expression in MASMCs in the absence or presence of
PDGF-BB (Fig. 3a). In contrast, PDGF-BB-induced phosphorylation of
Akt was markedly potentiated by the miR-302a mimics (Fig. 3b). The
ratio of p-Akt/Akt, which reflects Akt activation, was increased in
miR-302a mimics-treated cells (Fig. 3c). This was further supported
by the kinase assay in which miR-302a overexpression increased Akt
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Fig. 5 Restoration of PHLPP2 or PTEN expression attenuates the effects of miR-302a on Akt activation, MASMC proliferation, and
migration. a-c The cells were cotransfected with miR-302a mimics and pCMV vector (vehicle), PTEN plasmid, or PHLPP2 plasmid for 24 h and
then treated with PDGF-BB for another 1 h. Representative Western blotting images for p-Akt and Akt are shown (a). The ratio of p-Akt to Akt
(b) and Akt activity (c) were measured. d, e Cell viability (d) and cell cycle (e) analyses after PDGF-BB treatment for 24 h. f, g Cell migratory
capacity was examined by the scratch assay (f) and Transwell analysis (g). Scale bar, 200 um for the scratch assay and 100 pm for the Transwell
analysis. *P < 0.05 vs. PDGF-BB, *P < 0.05 vs. PDGF-BB + 302a-m, n = 6.
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activity (Fig. 3d). Moreover, inhibition of miR-302a increased Akt
expression, but attenuated PDGF-BB-induced the increase in Akt
phosphorylation and activity (Fig. 3e-h). To further confirm whether
Akt activity is required for the regulatory function of miR-302a in
VSMC proliferation, cells were treated with miR-302a mimics and
the Akt inhibitor GSK690693 in the presence of PDGF-BB. Compared
with miR-302a mimics-treated MASMGs, treatment with GSK690693
inhibited cell proliferation and migration, which was potentiated by
miR-302a upregulation (Fig. 3i-k). These results suggest that miR-
302a regulates VSMC proliferation dependent on Akt signaling.

MiR-302a regulates the Akt signaling pathway at least by targeting
PHLPP2

To investigate the mechanisms by which miR-302a regulates Akt
activation, we initially tested the levels of p85 and p110, upstream
of Akt. The results showed that neither miR-302a upregulation nor
downregulation affected p85 or p110 levels (Fig. S6a-d). A
previous study reported that miR-302a could target PTEN to
activate Akt by increasing Akt phosphorylation [14]. Consistent
with this study, miR-302a overexpression in MASMCs decreased
PTEN expression, while suppression of miR-302a increased PTEN
expression (Fig. Sée, f). However, it is worth noting that knock-
down of PTEN only partially reversed the inhibitory effect of miR-
302a knockdown on Akt phosphorylation and activity (Fig. 4a—c
and Fig. S7), indicating that PTEN could not fully account for the
effect of miR-302a on Akt activation. We identified three miR-302a
seed target regions in the PHLPP2 mRNA 3’UTR using computa-
tional miRNA target prediction algorithms (Fig. S8). PHLPP2, a
member of the PHLPP family, is a protein phosphatase that
dephosphorylates Akt at the serine 473 residue to attenuate Akt
signaling activation, thereby inhibiting cell proliferation [19, 20].
Western blotting and gPCR showed that PHLPP2 expression in
MASMCs was inhibited by miR-302a overexpression but increased
by miR-302a inhibition (Fig. 4d—f). PHLPP2 activity measurements
revealed a similar tendency and indicated that miR-302a also
reduced PHLPP2 activity (Fig. 4g). Furthermore, miR-302a upre-
gulation decreased, whereas miR-302a downregulation elevated,
the luciferase activity of the PHLPP2 3'UTR, as determined by the
dual-luciferase reporter assay (Fig. 4h). Although miR-302a

miR-302*-
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a
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PHLPP2 ——-_——-_._.|
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overexpression had no significant effects on the luciferase activity
of PHLPP2 3’UTR mutants in which each single target site was
mutated, the luciferase activity did not reach the level seen in the
mimics negative control group. Nevertheless, when the three
target sites were all mutated, the inhibitory effect of miR-302a on
luciferase activity was completely abrogated, indicating that miR-
302a targets PHLPP2 via three seed target regions (Fig. 4i).

Restoration of PHLPP2 expression inhibits the effects of miR-302a
on Akt activation and MASMC motility

Next, we investigated whether the presence of PHLPP2 is required
for miR-302a-mediated increase in MASMC proliferation by cotrans-
fecting MASMCs with miR-302a mimics and a PHLPP2 expression
plasmid. Overexpression of PHLPP2 or PTEN markedly attenuated
the promoting effects of miR-302a on Akt phosphorylation and
activity, and a combination of both exhibited a clear synergistic
effect (Fig. 5a-c, and Fig. S9a, b). Moreover, the miR-302a-mediated
enhancement of cell viability and cell cycle progression were
inhibited by transfection with the PHLPP2 or PTEN plasmid. Similarly,
stronger inhibitory effects were observed in the combination group
(Fig. 5d, e). Additionally, the miR-302a-dependent promotion of cell
motility was also partially attenuated in PHLPP2- or PTEN-
overexpressing cells, whereas the combination of both completely
offset the effects of miR-302a (Fig. 5f, g). Importantly, the inhibitory
effects of overexpressing PHLPP2 on Akt activation and subsequent
MASMC proliferation and motility were more pronounced than
those of overexpressing PTEN, indicating that PHLPP2 may be more
indispensable than PTEN for miR-302a function in MASMGs.

PHLPP2 is essential for the function of miR-302 in neointimal
formation

To further evaluate the requirement of PHLPP2 during miR-302-
regulated restenosis in vivo, Ad-shPHLPP2 was administered to miR-
302"~ mice. As expected, increased expression of PHLPP2 was
observed in carotid arteries from miR-302™~ mice compared with
those from wild-type mice. The inhibitory effect of Ad-shPHLPP2 was
confirmed by the reduced expression of PHLPP2 (Fig. 6a). Impor-
tantly, Ad-shPHLPP2 infection largely abolished the inhibition of
neointimal formation that was observed in miR-302'~ mice (Fig. 6b).
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Fig. 6 MiR-302 knockdown ameliorates neointimal formation in a PHLPP2-dependent manner. a Wild-type mice and miR-30
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were subjected to carotid artery injury. The PHLPP2 shRNA adenovirus (Ad-shP2) (1.0 x 10" PFU) or Ad-lacZ (1.0 x 10'" PFU) was delivered to
the injured arteries and incubated for 30 min. Twenty-one days after carotid artery injury, the carotid arteries were harvested for PHLPP2
protein expression determination. b HE staining was performed to observe the intima and media thickness of the carotid arteries of each
group. Scale bar, 50 pm. The ratio of intima thickness to media thickness (intimal/medial) was quantified. ¢ Western blotting analysis of PCNA
expression in carotid arteries. *P < 0.05 vs. WT, P < 0.05 vs. miR-302*/~, n = 6/group.
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Moreover, the reduced PCNA expression in miR-302"~ mice was

almost completely reversed by the knockdown of PHLPP2 (Fig. 6¢).
Therefore, the inhibitory effects of miR-302 knockdown on
neointimal formation are largely dependent on the elevation of
PHLPP2 expression.

DISCUSSION

To our knowledge, the present study is the first to show that miR-
302a is involved in VSMC proliferation and vascular remodeling.
The central findings of our work are summarized as follows. (1)
Specific knockout of miR-302 in SMCs ameliorates neointimal
formation. (2) miR-302a facilitates cell cycle progression and
enhances VSMC proliferation and migration. (3) miR-302a
decreases Akt protein expression while increasing Akt phosphor-
ylation, leading to Akt activation. (4) miR-302a directly targets the
3'UTR of PHLPP2 and negatively regulates its expression.

It has been suggested that approximately 30%~60% of the
protein-coding genes in humans are regulated by microRNAs
[9, 21], indicating that miRNAs are widely involved in biological
processes. Importantly, recent studies have shown that miRNAs
are involved in regulating SMC proliferation and migration. For
example, miR-9 targets PDGF receptor (PDGFR) and decreases its
expression, leading to impairment of PDGF-PDGFR axis activation
and subsequent SMC proliferation [22]. Moreover, miR-16
attenuates SMC proliferation and migration by inhibiting MAPK
signaling through directly targeting of the cyclin D1 3'UTR [23]. In
addition, miR-17/20 promotes pulmonary arterial SMC prolifera-
tion by regulating PHD2/HIF1 [24]. These findings indicate that
miRNAs may be key therapeutic targets for the treatment of
restenosis. Previous studies have implied that miR-302 could be a
cancer therapeutic target due to its key role in regulating cancer
cell proliferation and death [13, 21, 25]. Importantly, recent studies
have also indicated the potential role of miR-302 in cardiac
functions, such as cardiomyocyte proliferation, differentiation and
death, and heart hypertrophy [26-29]. However, little is known
about the regulatory role of miR-302 in vascular cell proliferation.
In this study, we demonstrated that global knockdown or SMC-
specific knockout of miR-302 ameliorated neointimal formation by
inhibiting VSMC hyperplasia. The results were supported by the
in vitro experiments, showing that miR-302a overexpression
enhanced MASMC proliferation and migration, while inhibition
of miR-302a was associated with inhibited MASMC proliferation
and migration.

Akt signaling activation plays an important role in regulating cell
growth, proliferation, migration, and survival [15]. Lack of Akt has
been shown to inhibit VSMC proliferation and migration [15, 30].
Although miR-302 is involved in the regulation of Akt expression or
activation [11-14], the precise function of miR-302a remains unclear
and even controversial. Previous studies have shown that Akt is a
potential target of miR-302, which is the mechanism underlying the
inhibitory effect of miR-302 on cancer cell proliferation [11-13].
However, Li et al. showed that miR-302 activated Akt signaling by
targeting PTEN in neuronal cells [14]. Presumably, this inconsistency
may be due to the different roles of miR-302a in different cell types.
Interestingly, in this study we demonstrated that miR-302a not only
inhibited Akt protein expression but also potentiated Akt phosphor-
ylation in VSMCs, resulting in Akt activation. These findings indicate
that the effects of miR-302a on VSMC proliferation may be associated
with increased Akt activation. Indeed, we further found that
pharmacological inhibition of Akt almost completely reversed the
promoting effects of miR-302a on VSMC proliferation and migration.

Mechanistically, our results showed that miR-302a decreased
PTEN expression in MASMCs, which was consistent with a previous
study [14]. Notably, in addition to the suppression of PTEN, we
found that the promoting effect of miR-302a on Akt activation
may be also mediated by targeting PHLPP2. PHLPP2 is a protein
phosphatase that specifically dephosphorylates Akt at the serine
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473 residue and blocks Akt downstream signaling [19]. Consider-
ing the known oncogenic role of Akt, pharmacologic PHLPP2
activators have thus been the subject of considerable research
due to the therapeutic potential of PHLPP2 in neoplastic diseases
[20, 31]. Until now, a few miRNAs have been identified to target
PHLPP2, such as miR-25 and miR-493, leading to a suppression of
cell proliferation [32, 33], indicating that these miRNAs are key
regulators of PHLPP2 that can regulate Akt-dependent prolifera-
tion. Here, we demonstrated for the first time that PHLPP2 is a
novel target of miR-302a, as demonstrated by the luciferase
reporter assay. MiR-302a decreased PHLPP2 expression by binding
to its 3’UTR, whereas inhibition of miR-302a was associated with
increased PHLPP2 expression. More importantly, functional rescue
experiments further suggested that PHLPP2 is a more crucial
target that required for the miR-302a-mediated VSMC proliferation
than PTEN, a well-known negative regulator of Akt.

In conclusion, we demonstrated that miR-302a potentiates VSMC
hyperplasia and subsequent neointimal formation by Akt activa-
tion via targeting its phosphatase PHLPP2, suggesting that inhibition
of miR-302a may be a novel strategy for restenosis treatment.
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