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Our aim was to identify new microRNAs (miRNAs) implicated in pathological vascular smooth muscle cells (VSMCs)

proliferation and characterize their mechanism of action.

and results

MicroRNAs microarray and qRT—PCR results lead us to focus on miR-424 or its rat ortholog miR-322 (miR-424/
322). In vitro mir-424/322 level was decreased shortly after the induction of proliferation and increased in a time-de-
pendent manner later on. In vivo its expression increased in the rat carotid artery from Day 4 up to Day 30 after
injury. miR-424/322 overexpression in vitro inhibited proliferation and migration without affecting apoptosis and pre-
vented VSMC dedifferentiation. Furthermore, miR-424/322 overexpression resulted in decreased expression of its
predicted targets: cyclin D1 and Ca*"-regulating proteins calumenin and stromal-interacting molecule 1 (STIM1).
Using reporter luciferase assays, we confirmed that cyclin D1 and calumenin mRNAs were direct targets of miR-
322, whereas miR-322 effect on STIM1 was indirect. Nevertheless, consistent with the decreased STIM1 level, the
store-operated Ca*" entry was reduced. We hypothesized that miR-424/322 could be a negative regulator of pro-
liferation overridden in pathological situations. Thus, we overexpressed miR-424/322 in injured rat carotid arteries

using an adenovirus, and demonstrated a protective effect against restenosis.

Our results demonstrate that miR-424/322 is up-regulated after vascular injury. This is likely an adaptive response to

counteract proliferation, although this mechanism is overwhelmed in pathological situations such as injury-induced

restenosis.

Keywords

1. Introduction

MicroRNAs (miRNAs) are endogenous 18—24 nucleotides long non-
coding RNAs with emerging roles in mammals. They are implicated in
gene silencing by targeting mMRNAs with complementary sequences in
their 3’ untranslated regions (UTR). This post-transcriptional regula-
tion of gene expression is conserved among species ranging from
plants to mammals and miRNAs appear to be an important way of
regulation in many physiological and pathological functions.”

About 1500 different miRNAs are predicted in humans and could
regulate >30% of all genes. These miRNAs associate with a
complex of proteins called RNA-induced silencing complex (RISC)
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and with targets mRNAs, which lead to the inhibition of translation
either by degradation of mRNAs (if the miRNA and the 3'UTR
target site are fully complementary) or by dissociation of the transla-
tional complex. It has been shown that nucleotides 2—8 of the
miRNA, called ‘seed sequence’, are essential and sufficient to
promote translation inhibition of a target mRNA. Based on comple-
mentary miRNA-mRNA sequence and its evolutionary conservation,
several algorithms have been developed to predict genes regulated by
specific miRNAs. Bioinformatics and basic studies have revealed that a
single miRNA can regulate many genes and that one gene can be
modulated by different miRNAs.> Despite this complexity of regula-
tion, it appears that many miRNAs are probably responsible for
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subtle changes of expression allowing for fine regulations of physio-
logical functions. Nonetheless, this can sometimes have major conse-
quences; for instance, when a miRNA targets several mRNAs in a
common biological pathway or when many miRNAs act cooperatively
and additively on a target gene.’

Recent studies have identified miRNAs that play important roles in
vascular pathophysiology.>~* In particular, miR-143 and miR-145 were
shown to be critical modulators of the vascular smooth muscle cells
(VSMC) phenotype, since their expression is sufficient to induce dif-
ferentiation and repress VSMC proliferation.®” Other important
miRNAs implicated in modulating vascular phenotypes are: (i) anti-
proliferative  miR-12 miR-133°, and miR-195" and (i) pro-
proliferative miR-21,"" miR-221/miR-222,"* and miR-146a."

It is likely that many other miRNAs are involved in the regulation of
vascular phenotype. Our goal was to identify new miRNAs differen-
tially expressed between proliferative and quiescent VSMC. We
focused on miR-424, ortholog of rat miR-322, which was deregulated
in the human mammary artery and rat aortic VSMC. We hypothesized
that it was an adaptive mechanism to counteract proliferation. We
looked at miR-424/322 predicted targets, in particular, at proteins
involved in Ca*" signalling, as alteration of Ca>* signalling is a mech-
anism well-known to induce VSMC proliferation (for review, see
Marchand et al.") and on cell-cycle regulator proteins. We investi-
gated the role of this miRNA in VSMC phenotype both in vitro and
in vivo in @ model of injury of the carotid artery in the rat.

2. Methods

For expanded methods, see supplementary material online.

2.1 Human mammary artery SMC and rat
VSMC culture and treatment

Waste fragments of internal mammary arteries were obtained from
patients undergoing coronary artery bypass surgery at the Cardiology In-
stitute of Hopital Pitié-Salpétriere, Paris, France, after patient consent in
accordance with French legislation (L.1211-3-9) and with the principles
outlined in the Declaration of Helsinki. Mammary artery segments were
dissected and VSMC were isolated using a protocol previously described
for rat aortic VSMC."® Alternatively, rat VSMC were prepared using aortas
from 6-week-old rats. Adult male Wistar rats (Janvier, France) were
treated in accordance with our institutional guidelines (Ministére de 'Agri-
culture, France; authorization 75—1090) and with the Directive 2010/63/
EU of the European Parliament. At the time of sacrifice, rats were admi-
nistered with a sodium pentobarbital (Ceva, Santé Animale, France) ip
overdose (200 mg/kg). When the animals were completely non-
responsive to toe pinching, a thoracotomy was performed, the heart
was removed and aortas were retrieved. Cells were used at passages
2—6. To keep VSMC in a quiescent state, cells were maintained at least
2 days in serum-free (rat cells) or 0.1%-serum medium (human cells),
which was changed every day.

2.2 Global miRNA expression profile between
quiescent and serum-induced proliferative
VSMCs

MicroRNAs microarrays (version 9.2 of Ambion® mirVana miRNA
Bioarrays including 471 human probes and 238 rat probes) were used
to compare the miRNAs expression profile between proliferative and qui-
escent human VSMC. Eight miRNAs with fold change >1.3 were verified
by qRT—PCR (Supplementary material online, Table S7).

2.3 Proliferation of VSMCs

Rat aortic VSMC were retro-transfected either with 30 nmol/L Pre-miR""
miRNA Precursor for miR-322 (Pre-322) or Pre-miR"" Negative control
(Pre-Neg) (Life Technologies, Villebon sur Yvette, France) with Lipofecta-
mine 2000 transfection reagent (Life Technologies) in 96-well plates
according to the manufacturer’s recommendations. Cells were cultured
for 2 days in serum-free Dulbecco’s Modified Eagle Medium. Then, 10%
fetal bovine serum (FBS) or 0% FBS-medium was added for 24 h and
Bromodeoxy-Uridine (BrdU) for the last 16 h. A colorimetric BrdU cell
proliferation assay was performed, as recommended by the manufacturer
(Roche Diagnostics, Meylan, France).

2.4 Migration

Confluent cell monolayer was wounded by scrapping with a 200 L
pipette tip and cell migration was stimulated with 10%-FBS medium,
while proliferation was blocked by incubation with 40 wmol/L mitomycin C
(Sigma-Aldrich). The distance of wound closure was photographed and
measured over a 24 h period, using the Metamorph software (Roper
Scientific, Evry, France).

2.5 Apoptosis

Apoptosis was determined using the NucView 488 Caspase-3 Assay kit
for live cells (VWR International, Fontenay-sous-bois, France) according
to the manufacturer’s instructions.

2.6 RNA isolation

Total RNA including miRNAs from cultured VSMC was isolated with the
mirVana miRNA isolation kit (Life technologies) and total RNA from rat
carotid arteries using the RNeasy Mini kit from Qiagen (Courtaboeuf,
France) according to the manufacturer’s instructions.

2.7 RT-PCR

Total RNA reverse transcriptase-PCR analysis was performed using the
Absolute QPCR SYBR green mix (ABgene, Courtaboeuf, France) on an
MX3005P QPCR system (Stratagene, Agilent Technologies, Massy,
France). The list of primers is included in Supplementary material
online, Table S2. Transcript levels were normalized to the RPL32
mRNA. MicroRNA-specific RT—PCR was performed using specific
Tagman miRNA assays (Life technologies) and normalized either to
small RNA RNU6B (U6) probe for human samples or rat-specific U87.
The relative transcript level between two samples was calculated using
the 24T method.

2.8 Protein preparation and western blot

Protein extracts were prepared using the Promokine Mammalian Whole
Cell Extraction kit (PromoCell GMBH, Heidelberg, Germany) and phos-
phatase inhibitors (Sigma-Aldrich, Saint-Quentin Fallavier, France). The
following antibodies were used: rabbit polyclonal antibody to GAPDH
(ab9485, 1/2500, Abcam, Paris, France), anti-cyclin D1 (556470, 1/1000,
BD Biosciences, Le Pont de Claix, France), and anti-stromal-interacting
molecule 1 (STIM1) c-terminal (S6197,1/1000, Sigma-Aldrich); rabbit
anti-calumenin (1/500) was a generous gift of Dr Kim Do.'® Densitometric
analysis was performed with NIH Image/Image), and the expression level
of the various proteins was normalized to GAPDH.

2.9 Luciferase reporter constructs and miRNA
target validation by luciferase assay

PsiCHECK-2 vector (Promega, Charbonnieres, France) containing both
Firefly and Renilla luciferase genes was used to introduce 3'UTR sequence
immediately downstream the stop codon of the Renilla luciferase gene.
Various constructs of cyclin D1, calumenin, and STIM1 3'UTR (see oligo-
nucleotides list in Supplementary material online, Table S3) surrounding
the predicted miRNA binding sites were inserted. After 48 h of
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incubation, Firefly and Renilla luciferase activities were sequentially mea-
sured using the Dual-Glo Luciferase Assay system (Promega) as
recommended.

2.10 Ca’" transients measurements

Pre-322 or Pre-Neg (30 nmol/L final) was transfected in rat VSMC by
Amaxa nucleofector using D-033 program. Three days post-transfection
cells were loaded with 6 pumol/L FURA-2AM (Life Technologies) and
store-operated Ca®" entry (SOCE) was measured using the standard
‘Ca*" off/Ca*" on’ protocol."”

2.11 Generation of adenovirus vectors
overexpressing miR-322

A miR-322 precursor DNA consisting of the mature miRNA with flanking
sequences (400 bp upstream and 250 bp downstream miR-322) was
PCR-amplified from rat genomic DNA. AdCMV-miR-322 efficiency was
tested on VSMC and showed a strong overexpression (20—50-fold) of
mature miR-322. An adenovirus control encoding beta-galactosidase
under the cytomegalovirus (CMV) promoter (AdCMV-Bgal) was similarly
generated.

2.12 In vivo experiments

Rat carotid artery injury, adenoviral infection, sacrifice, and tissue collec-
tion were performed as previously described.'® Adult male Wistar rats
(Janvier, France) weighing 350—400 g were anaesthetized with sodium
pentobarbital (50 mg/kg, one ip injection) and simultaneously received
Meloxicam (1.5 mg/kg, one subcutaneous injection). Anaesthesia was
monitored by periodic observation of respiration and pain response.
The left external carotid artery from adult male Wistar rats was injured
and infected using 1 x 10" pfu. of AdCMV-miR-322 or AdCMV-Bgal
diluted to a total volume of 100 pwL in physiological serum. After
surgery, the animals received furosemide (5 mg/kg, ip). All surgical proce-
dures have been approved (Ministére de I'Agriculture, France, authoriza-
tion for surgery C-75-665-R). Animals were sacrificed at 14 days
(as described in rat VSMC culture paragraph) and carotid arteries were
included in cryomatrix. Haematoxylin—eosin staining was performed on
cross-sections.

2.13 MicroRNA in situ hybridization

Fluorescent in situ hybridizations of miR-322 were performed on 5 um
cryomatrix embedded arterial sections according to Exiqon’s protocol
and recommendations for miRcury LNA"" miRNA ISH (Exigon, Vedbaek,
Denmark) and Tyramide Signal Amplification (TSA)TM Plus Fluorescence
system (Perkin-Elmer, Waltham, USA). MiR-322 (39520-15, Exiqon) 5
and 3'-DIG-labelled LNA mercury probes were used at 100 nM. An
anti-digoxigenin-POD antibody (Roche Diagnostics) was added at 1/400
for 1 h at room temperature. Signal was then amplified with a TSA plus
Cy3 substrate (Perkin-Elmer).

2.14 Confocal microscopy

Immunohistochemistry was performed on methanol-fixed and 0.1%
Triton-PBS-permeabilized sections according to a standard protocol.
The following antibodies were used: anti-cyclin D1 (Ab7958 (Abcam),
1/50) and anti-STIM1 c-terminal (56197, 1/1000, Sigma-Aldrich). Proteins
were visualized using secondary antibodies conjugated to Alexa 594 (Life
technologies). Sections were examined with a Leica TCS4D confocal
scanning laser microscope using a Plan Apochromat 40 x objective (NA
1.40, oil immersion). All settings were kept constant to allow comparison.

2.15 Statistical analysis

Data are expressed as means + SEM. Experiments with two groups were
analysed with the non-parametric Mann—Whitney test or two-sample

t-test when indicated. Time course experiments were analysed with Krus-
kall-Wallis corrected by the Conover—Imam test. When P-values were
below 0.05, differences were considered significant.

3. Results

3.1 Identification of miR-424/322 as a new
miRNA modulated during VSMC
proliferation

The quiescent-differentiated/proliferative-dedifferentiated status of
primary human and rat VSMC was confirmed by RT—PCR using the
differentiation markers genes calponin (CNN1), smooth muscle
myosin heavy chain (MYH11), and smooth muscle alpha actin 2
(ACTA2). They were significantly down-regulated in proliferative
cells (Supplementary material online, Figure ST).

Using miRNAs microarray, we compared the expression of
miRNAs in quiescent vs. 24 h serum-induced proliferative VSMC. A
panel of MiRNAs the expression of which was differentially expressed
by at least 30% was identified. These differences were verified by
gRT—PCR in human and rat VSMC (Supplementary material online,
Table S7). Among them, modulations of the expression of miR-143
(x0.59) and miR-221 (x 1.75) had already been described in vascular
proliferative pathologies, which validated our experiments. Interest-
ingly, miR-424 and miR-143 were lower in proliferative VSMC than
in quiescent VSMC (x0.53) (Figure 1A). In rats, the ortholog of
human miR-424, miR-322, which displays only one nucleotide differ-
ence A—G at the 3’ end of its sequence (Supplementary material
online, Figure S1C), was similarly decreased 24 h after serum-induced
proliferation (Figure 1B). We further checked the kinetic of expression
of miR-424/322 in vitro after serum-induced proliferation. In human
VSMC (Figure 1C) as well as in rat VSMC (Figure 1D), miR-424/322 ex-
pression was first decreased after 24 h, but then up-regulated at 72 h
while miR-143 expression remained low throughout. In vivo miR-322
expression was also increased in rat carotid arteries after balloon
injury (Figure 1E) after 4 days and stayed up-regulated for at least
30 days post-angioplasty. On the contrary, miR-143 expression was
strongly down-regulated at the early-stage post-angioplasty and was
maintained low up to 30 days. MiR-503, which is expressed in
cluster with miR-424/322 was also up-regulated at Day 4 and Day
14 post-angioplasty, whereas miR-16, which share the same seed se-
quence, was unchanged (see Supplementary material online, Figure
$2). In contrast to miR-424/322 expression, which was decreased
after 24 h serum stimulation in vitro and only raised after 4 days post-
angioplasty in vivo, cyclin D1 mRNA was already up-regulated 24 h
after proliferation stimulation or angioplasty (see Supplementary ma-
terial online, Figure S3). Despite miR-322 up-regulation later on, cyclin
D1 mRNA stayed increased up to 30 days post-angioplasty. We
hypothesized that the increase in miR-424/322 could represent a
new mechanism to limit proliferation, although not sufficient to com-
pletely block vascular proliferation.

3.2 miR-424/322 inhibits proliferation
and migration, has no effect on apoptosis
and induces redifferentiation of VSMC

To test the effect of miR-322 overexpression on VSMC proliferation,
rat aortic VSMC were transfected with Pre-322 or a negative control
Pre-miR (Pre-Neg). Cells were serum starved for 2 days and then
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Figure 1 miR-424/322 is a new miRNA modulated during VSMC proliferation. miR-143, miR-221, and miR-424 quantification in proliferative human
VSMC (n =5) (A) or rat VSMC (n = 5) (B) compared with quiescent VSMC (**P < 0.01). Time course of miR-143 and miR-424 expression in cul-
tured human VSMC (n = 3) (C) and rat VSMC (n = 4) (D) upon serum induction compared with quiescent VSMC. Cells were serum starved for 48 h
then proliferation was induced by serum for 24—72 h (*P < 0.05; **P < 0.01). (E) Time course of miR-143 and miR-322 expression after balloon
injury of the rat left carotid artery compared with the level in the right non-injured carotid artery. Rats were sacrificed at 1, 2, 4, 7, 14, and 30
days post-angioplasty (n = 6 in each group except for 30 days group, n =4) (**P < 0.01; ***P < 0.0001).

proliferation was stimulated by serum. In cells overexpressing
miR-322, proliferation was reduced by 30% when compared with
Pre-Neg-transfected cells (Figure 2A). On the contrary, using
anti-miR molecules (100 nM, Life technologies), we observed a 60%
decrease in miR-322 expression compared with cells transfected
with anti-Neg (negative control) 72 h post-transfection (Supplemen-
tary material online, Figure S4A). This decrease was associated with
a significant (4-15%) increase in proliferation (Supplementary material
online, Figure $4B). Similarly, migration was significantly decreased
when miR-322 was overexpressed, as determined by a wound assay
on confluent cells (Figure 2B). Furthermore, miR-322 overexpression
led to a significant increase in the expression of differentiation
markers such as ACTA2, CNN1, and MYH11 (Figure 2C). Apoptosis
was not affected by miR-322 overexpression (Figure 2D and Supple-
mentary material online, Figure S5).

3.3 miR-424/322 inhibits STIM1, calumenin,
and cyclin D1 gene expression

Potential miR-424/322 targets were identified using the algorithms
Targetscan (http:/www.targetscan.org), MicroCosm Targets (http:/
www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5/), and PicTar
(http://pictar.mdc-berlin.de/). Among miR-424/322 targets, were found
pro-proliferative cyclin D1 (CCND1 gene) and Ca>-regulating pro-
teins calumenin (calu), known to interact with and inhibit SERCA2a
activity'® and stromal interaction protein 1 (STIM1) known to inhibit
VSMC proliferation'® 2" (Supplementary material online, Figure S5).
Cyclin D1 has previously been described as a miR-424 direct target
in other tissues.**?

Overexpressing miR-322 in rat VSMC led to a decrease in STIM1,
calumenin and cyclin D1 protein levels after 72 h (Figure 3A), but only
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Figure 2 miR-322 inhibits VSMC proliferation (A) and migration (B) and promotes VSMC differentiation (C) without affecting apoptosis (D).
(A) Measurement of BrDU incorporation in rat VSMC transfected with Pre-322 or Pre-Neg (control). Results are expressed as a percentage of
Pre-Neg + 10% FBS (n=5; **P < 0.01). (B) VSMC were transfected or not with Pre-Neg or Pre-322 for 72 h and migration was stimulated by
10% serum for 24 h while proliferation was blocked with 40 wmol/L mitomycin (C). Wound scrap were performed and migration measured after
24 h using the Metamorph software (n = 4; *P < 0.05). (C) mRNA levels of differentiation markers ACTA2, CNN1, and MYH11 in rat VSMC
after 48 h of Pre-322 or Pre-Neg overexpression (n = 5; **P < 0.01). (D) VSMC transfected with Pre-Neg or Pre-322 for 72 h and cultured in O
or 10% serum for 24 h were incubated 30 min with NucView 488 caspase-3 substrate. Each experiment was performed in triplicate. Apoptotic
nuclei, which showed a strong green fluorescence, and total cells were counted on similar areas for each condition. The number of apoptotic

cells for 1000 cells are presented (n = 3; *, P < 0.05).

the cyclin D1 mRNA level was decreased (Figure 3B). Alternatively,
decreasing miR-322 resulted in an overexpression of calumenin and
cyclin D1 protein expression but no change in the STIM1 protein
level (Figure 3C). A slower rate of synthesis of STIM1 expression,
which is a membrane protein, may explain this result. We then per-
formed luciferase assays by adding various 3'UTR constructs to luci-
ferase gene to determine whether cyclin D1, calumenin, and STIM1
mRNA were directly targeted by miR-322. Two close and highly con-
served miR-424/322 recognition target sites (see Supplementary
material online, Figure S6A) are present in the cyclin D1 3’UTR. Frag-
ments including either site 1 or site 2 or both sites have been inserted
in a luciferase reporter vector downstream the Renilla luciferase.
Interestingly, an overexpression of miR-322 was unable to decrease
Renilla luciferase activity when either site was present alone but a
strong inhibitory effect (—65%) was observed when both sites
were present in the 3'UTR (Figure 4A). Moreover, this inhibitory
effect was specific for miR-322, since miR-143 failed to affect the luci-
ferase activity.

The region surrounding the miR-424/322 recognition target site
(1138—1144) in the calumenin 3’'UTR and a long 630 bp-fragment
of this 3’'UTR were also tested for direct binding, since secondary
structures could occur in the 3’UTR that either prevent or facilitate

accessibility of the miRNA on its target sequence. With both
constructs, an overexpression of miR-322 but not of miR-143 signifi-
cantly decreased luciferase activity (Figure 4B). Moreover, constructs
with mutation of miR-322 seed sequence-binding site (TGCTGCT —
TCGACGA, see Supplementary material online, Table S3) abolished
miR-322 inhibitory effect on luciferase activity, thus, indicating that
calumenin is a direct target of miR-322. Similar experiments were per-
formed with a vector containing 1300 bp of the STIM1 3'UTR that
includes miR-424/322 recognition target site (226—232). However,
no inhibitory effect on luciferase activity was observed with this
reporter construct when miR-322 was overexpressed (Figure 4C),
indicating that STIM1 protein inhibition by miR-322 was not due to
a direct interaction between STIM1 mRNA and miR-322.

3.4 miR-424/322 inhibits SOCE

As miR-322 inhibited the expression of Ca*" regulating proteins
calumenin and STIM1, Ca®* measurements were performed in rat
VSMC to determine whether Ca®" release from the endoplasmic
reticulum induced by passive store depletion using the SERCA
pump inhibitor thapsigargin or the subsequent activation of SOCE
upon store depletion could be affected by miR-322 overexpression.
Using a standard Ca®" off/Ca*™ on the protocol,’” we showed that
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Figure 3 miR-424/322 predicted targets cyclin D1, calumenin and STIM1 are regulated by miR-322. (A) Rat VSMC were transfected with the nega-
tive control Pre-Neg (Neg) or with Pre-322 (miR-322) for 72 h. Representative western blots showing the expression of STIM1, calumenin (calu),
cyclin D1, and GAPDH used as loading control. Quantification of the western blot: the level of each protein was normalized to GAPDH and presented
as a percentage of the value observed in cells transfected with Pre-Neg (n = 5; **P < 0.01). (B) mRNA levels, relative to RPL32 mRNA, expressed as
the percentage of the value observed in cells transfected with Pre-Neg (n = 5; **, P < 0.01). (C) Rat VSMC were transfected with anti-Neg (negative
control, A-Neg) or anti-322 (anti-miR-322, A-322). Representative western blots showing expression of STIM1, calu, cyclin D1, and GAPDH used as a
loading control. Quantification of the western blot: the level of each protein was normalized to GAPDH and presented as a percentage of the value

observed in anti-Neg-transfected cells (n = 5; **P < 0.01).

miR-322 overexpression in rat VSMC inhibited significantly SOCE
upon Ca*" restoration to the extracellular medium (~40% inhibition)
when compared with Pre-Neg-transfected cells, (Figure 5A and B),
consistent with the decrease in the STIM1 protein level which is
caused by miR-322 overexpression. In addition, we also observed a
modest decrease in Ca®" released by thapsigargin (Figure 5C).

3.5 miR-424/322 overexpression limits
restenosis after balloon angioplasty
of the rat carotid artery

In light with our in vitro results that pointed towards an anti-
proliferative role of miR-424/322, and our in vivo results which
showed delayed miR-322 increase after balloon angioplasty
(Figure 1E), we hypothesized that an early and potent increase in
miR-322 in vessels could prevent VSMC proliferation and neointima
formation after balloon angioplasty. We produced an adenovirus

with a CMV promoter that unabled a strong overexpression of
miR-322 in VSMC. Our in vitro results using this AdCMV-miR-322
on VSMC (MOI of 200) showed a 30-fold overexpression 3 days
after infection, which correlated with a decrease by 30% of cyclin
D1 mRNA level (Supplementary material online, Figure S7A). More-
over, miR-322 overexpression was stable as we observed the same
level of up-regulation after 6 days (x 34+1.8, n=2). The virus
expressed a sequence specific to miR-322 which did not encode
miR-503. Immediately after angioplasty of the left carotid artery,
rats were infected either with AdCMV-miR-322 or with a control
adenovirus encoding the beta-galactosidase gene (AdCMV-Bgal).
The Ad-CMV virus allows a rapid (from Days 2 or 3) and strong
(>30x) overexpression of the transgene (Lompré et al., under revi-
sion). Fourteen days after angioplasty and infection, carotids were
removed. Infection of left carotids by AACMV-miR-322 was verified
by PCR (data not shown). MiR-322 expression in the injured carotids
was still two times higher in AJCMV-miR-322 animals than in
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Figure 4 miR-424/322 directly targets cyclin D1 and calumenin 3'UTR but not STIM1 3'UTR. Luciferase assays were performed 48 h after
co-transfection of psiCheck2 vector encoding Renilla luciferase with various 3'UTR constructs and Pre-322 or Pre-Neg. Renilla luciferase activity
was quantified and normalized to Firefly luciferase activity. The Renilla/Firefly ratio is expressed as a percentage of the value observed in cells trans-
fected with Pre-Neg. (A) Cyclin D1 3’UTR constructs corresponding to miR-322-binding site 1 (CD1 site 1), site 2 (CD1 site 2), or including both sites
were tested (CD1 sites 142) (n = 5; **P < 0.01). (B) Calumenin 3'UTR region surrounding miR-322-binding site (calu site) or a large 630 bp region of
calumenin 3'UTR including miR-322-binding site (630 bp 3’UTR calu) were tested as well as the same constructs with mutations in the sequence
complementary to miR-322 seed sequence (site mut) (n=5; **P < 0.01). (C) A construct with 1300 bp of STIM1 3'UTR including miR-322

binding site was tested (n = 5).

AdCMV-Bgal animals (Supplementary material online, Figure S7B).
Interestingly, there was a smaller neointima (sometimes barely
visible) in  AdCMV-miR-322 infected carotids compared with
AdCMV-Bgal infected ones (Figure 6A). Morphometric analysis
showed no difference in the media size between AdCMV-miR-322
and AdCMV-Bgal infected carotids, but the size of the neointima
and the neointima/media ratio were significantly reduced in
AdCMV-miR-322 animals (Figure 6B). Therefore, miR-322 overexpres-
sion immediately after balloon injury was able to limit VSMC prolifer-
ation in vivo. Furthermore, in agreement with an inhibitory effect on
proliferation, cyclin D1 was almost absent from AdCMV-miR-322
infected carotids compared with AdCMV-Bgal infected ones (Supple-
mentary material online, Figure S8A). STIM1 was found expressed in
the media and the neointima with as a stronger pattern in the neoin-
tima as previously reported.'® However, we could not detect any dif-
ference in the level of STIM1 in AACMV-BGal and AdCMV-miR-322
infected carotids at the cellular level possibly due to the limitation

of the technique. Nevertheless, as the neointima was thinner in
AdCMV-miR-322 infected carotids, the global STIM1 expression
was reduced (Supplementary material online, Figure S8A).

Finally, miR-322 gene transfer was assessed by in situ hybridization,
which showed a stronger expression of miR-322 in the left injured
carotid of AdCMV-miR-322 animals compared with the uninjured
right carotid (Figure 6C). As expected, miR-322 was found expressed
in the media, in particular, in the internal layers indicating that miR-322
was present at basal state and overexpressed in VSMC, whereas U6, a
small nucleolar RNA was found more ubiquitously expressed (Supple-
mentary material online, Figure S8B).

4. Discussion

Recent studies have highlighted the role of miRNAs in vascular tissues
and how deregulation of their expression can contribute to prolifera-
tive diseases such as atherosclerosis and restenosis.>~> In this study,
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Figure 5 miR-424/322 inhibits thapsigargin-induced SOCE in VSMC. Pre-Neg or Pre-322 were transfected in rat VSMC by Amaxa nucleofector
using D-033 program. Three days post-transfection, cells were loaded with 6 uM FURA-2AM and SOCE was measured using standard ‘Ca*" off/
Ca®" on’ protocol. (A) Representative traces from Pre-Neg and Pre-miR-322 transfected cells; n = number of cells imaged. (B) Bar graphs depicting
thapsigargin-mediated SOCE data obtained from two separate transfections. n = number of coverslips and total number of cells imaged per condition
(**P < 0.01). (C) Bar graphs depicting thapsigargin-mediated Ca®>" release obtained from two separate transfections. n = number of coverslips and

total number of cells imaged per condition (*P < 0.05).

we have demonstrated that miR-424/322 is a novel regulator of VSMC
proliferation, which acts by modulating Ca** regulating proteins such
as calumenin and STIM1 and by targeting cyclin D1. First, we identified
miR-424/322 as a miRNA induced during VSMC proliferation in vitro
and in vivo. We showed that miR-424/322 stays up in the carotid
artery for at least 30 days after the injury and is highly expressed
when the remodelling of the tissue occurs. In addition, we demon-
strated that increasing the level of miR-424/322 prevents VSMC
proliferation in vitro and injury-induced remodelling in vivo. This mech-
anism of action is different from what was previously shown for
deregulated vascular miRNAs. MiR-145,* miR-133,” and miR-195"°
are highly expressed in quiescent VSMC and down-regulated when
cells proliferate. Overexpressing these miRNAs inhibits proliferation
indicating that the down-regulation was a pathological response to
proliferation. On the contrary, previous miRNAs up-regulated in the
balloon-injured carotid artery model of restenosis such as miR-21,""
miR-221/222,"* and miR-146a"> were thought to participate to neoin-
timal hyperplasia as neointima formation was prevented by inhibiting
these up-regulations using antagomiRs. In this study, we show that
another miRNA, miR424/322, is up-regulated in proliferative VSMC
and after vascular injury, but interestingly, it has an anti-proliferative
and anti-dedifferentiation effect. Thus, miR-424/322 up-regulation
could be considered as an adaptive response to counteract
proliferation.

In agreement with our results showing that miR-322 is induced
during proliferation, miR-322 expression was also increased in
another vascular proliferative disease, pulmonary hypertension: its ex-
pression was induced in the rat by hypoxia or monocrotalin treat-
ment. However, in these experiments, the increased miR-424/322
expression was transient: it was up-regulated after 7 days but returned
to the basal level after 21 days.”

The mechanism leading to the induction of miR-424 during VSMC
proliferation is not known. The mir-424/322 promoter was first
studied by Rosa et al.,”® which focused on a haematopoietic transcrip-
tion factor and identified a PU.1 binding site (at position

—1681/—1671) responsible, at least in part, for miR-424/322 induc-
tion during monocyte/macrophage differentiation. Ghosh et al.*’
also concluded that PU.1 was responsible for miR-424 induction by
hypoxia in endothelial (HUVEC) cells. However, using a computation-
al analysis approach, Schmeier et al.?® identified other transcription
factors implicated in miR-424 regulation in monocytes/macrophages;
in particular, they showed that in addition to PU.1, ELK1, USF2,
CEBPB, and HOXA4 were likely to be responsible for regulating
the expression of miR-424.

In VSMC PU.1 and HOXA4 transcription factors seem not
expressed but ELK1, USF2, and CEBPB are present and could be
implicated in miR-424/322 regulation upon proliferation. We analysed
miR-424/322 human and rat promoters using Matlnspector (www.
genomatix.de). Various predicted binding sites were also found for
CREB, p53, and NFAT on the region covering 1.6 kb upstream of a
pre-miR-424 sequence. In particular, the predicted binding sites for
p53 (—1326/—1303) and for NFAT (—1444/—1425) are well con-
served between humans and rats and could affect miR-424/322
levels, as their expression and activity are modulated during VSMC
proliferation. Kim et al* demonstrate that, in pulmonary endothelial
cells, apelin regulates the expression of miR-424/503. However, the
link between apelin signalling and miR-424/503 was not clarified and
this effect seemed not similar in VSMC (from our experiments, data
not shown). More experiments are needed to decipher which tran-
scription factors are responsible for miR-424/322 regulation during
VSMC proliferation.

Among the multiple predicted targets of miR-424/322 were cell-
cycle regulator cyclin D1 and calcium-handling proteins such as calum-
enin and STIM1. STIM1 is now well established as a Ca®" sensor in the
endoplasmic reticulum, which upon Ca*" depletion activates SOCE,
an event of major importance in VSMC proliferation. We and
others have previously shown that inhibiting STIM1 using shRNA pre-
vented VSMC proliferation and in vivo vascular remodelling induced in
the rat by balloon injury of the carotid arter'y.w’21 Our data indicate
that miR-424/322 effectively decreases STIM1 protein expression but
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Figure 6 miR-424/322 overexpression limits neointima formation after angioplasty of the rat carotid artery. Angioplasty followed by infection with
AdCMV-BGal or AACMV-miR-322 was performed on rat left carotid arteries. Rats were sacrificed 14 days after injury. (A) Representative haematoxy-
lin—eosin staining (left images, scale bar, 100 wm; right images, scale bar, 50 um) and (B) morphometric analysis of rat carotid cross-sections. Graphs
represent mean + SEM of media area, intima area, and intima/media areas ratio (n = 5 for Ad CMV-Bgal, n = 6 for AACMV-miR-322 (*P < 0.05). (C)
In situ hybridization of miR-322 in right uninjured carotid and in left carotid 14 days post-injury and infection with AdmiR-322. miR-322 was detected
using 40 nM 5'—3'DIG-labelled Probe hybridized at 47°C and TSA plus Cy3 substrate. Representative images showing miR-322 (red), green autofluor-
escence of the elastic lamina (green), and cell nuclei (DAPI, blue). Media (m), neointima (ni), and adventitia (ad) are indicated (scale bars: 50 pM).

that miR-424/322 does not bind to the 3’UTR of STIM1. This indirect
regulation may explain the absence of STIM1 protein increase when
miR-322 was decreased in our experiments, as the dynamic of regu-
lation should take more time than miR-322 direct targets. It remains
unclear whether this indirect effect is a specific effect of miR-424/
322 on STIM1 expression or the consequence of a global redifferen-
tiation of VSMC as miR-322 also induces the expression of VSMC dif-
ferentiation markers. It could also be due to an increased degradation
of the protein by the proteasome. Indeed, a study by Zhang et al.*°
has shown similarly that STIM1 protein, but not mRNAs was
decreased by retinoic acids in rat mesangial cell. An inhibitor of the
26S proteasome abolished the retinoic acids effects. Whether a
similar increase in the proteasome activity is induced by miR-424/

322 remains to be determined. Regardless, the effect on STIM1ex-
pression is in agreement with the reduction in SOCE observed in
miR-424/322-overexpressing cells.

Calumenin is a Ca*"-binding protein localized in the endoplasmic
reticulum as well as the Golgi complex and can be secreted. Recent
publications have shown that calumenin is a regulator of SERCA2a,
able to inhibit its activity in cardiac myocytes.’® It is also involved in
pathological activities such as malignant cell transformation.®’*?
Here, we showed that calumenin is a real target of miR-424/322,
which is able to bind to calumenin 3’'UTR and inhibit calumenin
protein expression. This decrease could improve SERCA2a activity
and allow a better Ca** cycling in VSMC. However, in our experi-
ments, the SR Ca®' content (released by thapsigargin) is only
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marginally affected by mir-424/322 overexpression. This is in agree-
ment with a previous study showing that silencing calumenin does
not alter the caffeine-evoked Ca*" transients in HL-1 cells."

Cyclin D1 is also a very important downstream target of miR-424/
322: as it controls the cell-cycle entry, its level has to be finely regu-
lated. Cyclin D1 was previously shown as a direct target of miR-424 in
HepG2 cells and myoblasts.**** We showed that the presence of the
two 3’'UTR-binding sites of cyclin D1 mRNA is essential to obtain the
inhibition of protein expression by miR-424/322, whereas in a previ-
ous study the authors concluded that only site 2 was necessary for the
inhibitory effect on cyclin D1.2 The discrepancy may reside in the dif-
ference in the cell type used and/or the fact that site 2 alone was not
tested in this previous set of experiments. It is also possible that a sec-
ondary structure of cyclin D1 mRNA is necessary to allow a good fix-
ation of miR-424/322 to its binding sites.

Although we focused our attention on cyclin D1, we cannot
exclude that some of the effects of miR-322 overexpression on
VSMC proliferation could also be due to other targets. Indeed,
miR-424/322 is a member of miR-15/107 family (miR-15a, 15b, 16,
103, 107, 195, 424, 497, 503)*® also known as miR-16 family,”?
which share similar seed sequences and common targets implicated
in cell-cycle regulation. These miRNAs induce G1 cell-cycle arrest
by regulating multiple downstream effectors of cell-cycle including
cyclin D1, cyclin E1, cyclin-dependent kinase 6, and cell division
cycle homologue 25a (Cdc25a). MiR-195 has just been shown to
reduce VSMC proliferation by targeting Cdc42, cyclin D1, and fibro-
blast growth factor 1 and to limit neointimal formation when overex-
pressed using an adenovirus in balloon-injured carotid arteries.'®
Interestingly, miR-503, which is the only miRNA of this family also
found in a cluster with miR-424/322, was also up-regulated during re-
stenosis although its expression was much lower (mean Ct of
miR-322 = 26, mean Ct of miR-503 = 31), whereas miR-16 expres-
sion was unchanged. The transcription(s) factor(s) implicated
remained to be identified.

Other studies have emphasized a similar negative feedback loop
between miRNAs and a cell-cycle regulator: this is the case for
miR-146a and Kruppel-like factor 4 during VSMC proliferation’® and
for cyclin D1/miR-17/20 in breast cancer cell proliferation.* The
negative effect of miR-424/322 on cyclin D1 could allow fine
control of cell-cycle under physiological conditions but may be over-
whelmed in pathological situations such as restenosis. In addition to its
role in proliferation, miR-322 also leads to the re-expression of VSMC
differentiation markers. A similar role was also demonstrated in other
tissues: miR-424 was up-regulated and necessary for monocyte/
macrophage differentiation®® and miR-424/322 and miR-503 were
induced during skeletal muscle differentiation (myogenesis) to
promote cell-cycle quiescence and differentiation by down-regulating
Cdc25a.>* Interestingly, miR-424 was also induced in endothelial cells
by vascular endothelial growth factor (VEGF)/basic fibroblast growth
factor, and inhibited the downstream components of pro-angiogenic
pathways involving VEGF receptor 2 and FGF receptor 1. Overexpres-
sion of miR-424 in endothelial cells reduced proliferation, migration,
and cord formation.*® Furthermore, the recent study by Kim et al.*’
is also in favour of an anti-proliferative effect of miR-424 in pulmonary
endothelial cells, mediated by a regulation of its targets FGF2 and
FGFR1. Altogether, these results suggest that miR-424 is an important
regulator of both VSMC and endothelial cells functions, which is
up-regulated under proliferation/stress signals to prevent/limit vascu-
lar dysfunction.

In summary, we identified an anti-proliferative and pro-
differentiation role for miR-424/322 in the vasculature. MiR-424/322
is likely induced as a signal to counteract proliferation but the level
of induction is clearly not sufficient to completely block cell-cycle
progression in a pathological situation such as injury-induced resten-
osis. Nevertheless, early and ample introduction of miR-424/322 in
vivo in balloon-injured vessels greatly reduces neointima formation
in a rat model of restenosis. Thus, miR-424/322 could prove to be
a useful therapeutic tool to inhibit VSMC dedifferentiation during vas-
cular occlusive disease.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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