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Abstract
MicroRNAs comprise a novel class of endogenous, small, noncoding RNAs that negatively regulate
gene expression. Functionally, an individual miRNA is as important as a transcription factor because
it is able to regulate the expression of its multiple target genes. Recently, miR-221 and miR-222 have
been found to play a critical role in cancer cell proliferation. However, their roles in vascular smooth
muscle cell (VSMC) biology are currently unknown. In the current study, the time course changes
and cellular distribution of miR-221 and miR-222 expression were identified in rat carotid arteries
after angioplasty, in which their expression was upregulated and localized in VSMCs in the injured
vascular walls. In cultured VSMCs, miR-221 and miR-222 expression was increased by growth
stimulators. Knockdown of miR-221 and miR-222 resulted in decreased VSMC proliferation in
vitro. Using both gain-of-function and loss-of-function approaches, we found that p27(Kip1) and
p57(Kip2) were two target genes that were involved in miR-221 and miR-222-mediated effect on
VSMC growth. Finally, knockdown of miR-221 and miR-222 in rat carotid arteries suppressed
VSMC proliferation in vivo and neointimal lesion formation after angioplasty. The results indicate
that miR-221 and miR-222 are novel regulators for VSMC proliferation and neointimal hyperplasia.
These findings may also represent promising therapeutic targets in proliferative vascular diseases.
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Introduction
Recently, the most significant breakthrough regarding gene expression regulation has been the
discovery of microRNAs (miRNAs) (1). miRNAs comprise a novel class of endogenous, small,
non-coding RNAs that negatively regulate gene expression via degradation or translational
inhibition of their target mRNAs (1–5). More importantly, one miRNA is able to regulate the
expression of multiple genes because it can bind to its mRNA targets as either an imperfect or
perfect complementarity. Thus, one miRNA is as functionally important as a transcription
factor (6). Over 700 miRNAs have been identified and sequenced in humans (7), and the
estimated number of miRNA genes is as high as 1000 in the human genome (8). As a group,
miRNAs may directly regulate at least 30% of the genes in the human genome (9). It is not
surprising that miRNAs are involved in the regulation of almost all major cellular functions,

#Correspondence to: Chunxiang Zhang M.D., Ph.D., RNA and Cardiovascular Research Laboratory, Department of Anesthesiology,
New Jersey Medical School, University of Medicine and Dentistry of New Jersey, 185 South Orange Avenue, MSB-E548, Newark, NJ
07101. Tel: 973-972-4510; Fax: 973-972-4172; zhangc3@umdnj.edu.
*These authors contributed equally to this work.
Disclosures: None

NIH Public Access
Author Manuscript
Circ Res. Author manuscript; available in PMC 2010 February 27.

Published in final edited form as:
Circ Res. 2009 February 27; 104(4): 476–487. doi:10.1161/CIRCRESAHA.108.185363.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



such as cell differentiation, proliferation/growth, mobility and apoptosis (1). For that reason,
miRNAs could be the pivotal regulators in normal development, physiology, as well as disease
development including cancer and cardiovascular disease (10–13).

The biological function of an individual miRNA is cell specific. One miRNA may have
different cellular effects on different cells. For example, miR-21 has an anti-apoptotic effect
on glioblastoma cells, but increases Hela cell apoptosis (14,15). Recent studies have revealed
that miR-221 and miR-222 are upregulated in cancer cells (16–21). Both miR-221 and miR-222
have a pro-proliferative effect on cancer cells (16–21). It is well established that aberrant
proliferation of vascular smooth muscle cells (VSMCs) is a key cellular event in the
pathogenesis of a variety of proliferative vascular diseases (22). In our recent study, we have
demonstrated via microarray analysis that miR-221 and miR-222 are upregulated in vascular
walls with neointimal lesion formation (23). However, their roles in VSMC biology are
currently unknown. The objective of the current study is to establish the roles miR-221 and
miR-222 in VSMC growth and neointimal formation and their molecular mechanisms using
both cultured VSMCs in vitro and balloon-injured rat carotid arteries in vivo.

Materials and Methods
An expanded Materials and Methods section is provided in the online data supplement at
http://circres.ahajournals.org.

Rat carotid artery balloon injury model
Carotid artery balloon injury was induced in male Sprague-Dawley rats (250 to 300 g) as
described (23).

Local oligo delivery into the injured vascular walls
miR-221 and miR-222 were downregulated in the balloon-injured rat carotid artery via
miR-222 and miR-221 inhibitor (2'OMe-miR-222) using an established local oligo delivery
model with little modification (23).

Morphometric analysis for neointimal lesion formation
Morphometric analysis was performed in carotid artery sections stained with Masson's
trichrome staining as described (23).

Immunofluorescence of proliferating cell nuclear antigen (PCAN) and smooth muscle (SM)
α-actin

Proliferating cells were evaluated in vessel sections by using the immunofluorescence of
PCAN. SM α-actin was detected by immunofluorescence.

Cell culture
VSMCs and endothelial cells were obtained from rat aortas (23).

Oligo transfection, miR-221 and miR-222 knockdown, miR-221 and miR-222 overexpression,
and p27(Kip1) and p57(Kip2) gene knockdown in cultured VSMCs

Oligo transfection, miR-221 and miR-222 knockdown, miR-221 and miR-222 overexpression,
and p27(Kip1) and p57(Kip2) gene knockdown in cultured VSMCs were performed as
described in the expanded Materials and Methods.
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VSMC Proliferation in vitro
VSMC proliferation in vitro was determined by cell counting and bromodeoxyuridine (BrdU)
incorporation assay (23).

RNA levels were determined by qRT-PCR
miRNAs and mRNAs were determined by qRT-PCR as described (23). The sequences of the
primers used are shown in online Table I.

Detection of miR-221 and miR-222 in vessel sections by fluorescence in situ hybridization
In situ hybridizations (ISH) of miR-221 and miR-222 and Co-immunofluorescence with the
smooth muscle marker SM α-actin were performed in 10-µm vessel sections (24,25).

Western blot analysis
Proteins were isolated from cultured VSMCs and carotid arteries and protein levels were
determined by western blot analysis.

Construction of the adenoviruses
The adenoviruses expressing miR-221 (Ad-miR-221) or miR-222 (Ad-miR-222), and control
viruses expressing GFP (Ad-GFP), miR-31 (Ad-miR-31) or miR-145 (Ad-miR-145) were
generated using the Adeno-X™ Expression Systems 2 kit (Clontech, CA) according to the
manufacturer’s protocols.

Luciferase assay
A construct in which a fragment of the 3’-UTR of p27(kip1) or p57(kip2) mRNA containing
the putative or mutated miR-221 and miR-222 binding sequence was used.

Results
The expression of miR-221 and miR-222 are increased in vascular walls with neointimal
lesion formation after angioplasty

In the current study, the upregulation of miR-221 and miR-222 was verified by qRT-PCR and
the time course expression changes of both miRNAs in carotid arteries after angioplasty were
displayed in Fig. 1A. Undoubtedly, both miR-221 and miR-222 were upregulated in the
balloon-injured arteries. To further confirm the upregulation of miR-221 and miR-222 was
unique for injured arteries, we also measured the expression of several miRNAs that did not
change based on the microarray data. We found via qRT-PCR that the expression some
miRNAs such as miR-152, miR-181C and miR-142 did not change after balloon-injury (Online
Figure I).

Both miR-221 and miR-222 are localized in VSMCs of the vascular wall
To determine the distribution of miR-221 and miR-222 expression in the vascular wall, in situ
hybridization was performed on the rat carotid arteries. Vessel structure was demonstrated via
Masson's trichrome staining in frozen sections of balloon-injured rat carotid arteries as shown
in Fig. 1B. In situ hybridization of miR-221 (Fig. 1F) and miR-222 (Fig. 1G) showed that it
was expressed in the vessel media and neointima where VSMCs were localized. To confirm
that VSMC contained miR-221 and miR-222, co-immunofluorescence with the smooth muscle
marker SM α-actin was performed. As expected, SM α-actin was observed in VSMCs that
were located in the media and neointima (Fig. 1E–G). In addition, both miR-221 (Fig. 1F) and
miR-222 (Fig. 1G) were clearly co-localized with VSMCs. In contrast, there was no miR-221
and miR-222 expression in 3 control sections: negative control (Fig. 1C, no SM α-actin
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antibody, no miRNA probe), scrambled probe control 1 (Fig. 1D, no SM α-actin antibody, but
had scrambled miRNA probe), and scrambled probe control 2 (Fig. 1E, had SM α-actin
antibody and scrambled miRNA probe).

It should be noted that we performed in situ staining in balloon-injured vessel sections, in which
endothelial cells were removed by balloon-catheter during the injury. To further confirm the
cellular distribution, we had also determined the levels of miR-221 and miR-222 in isolated
rat aortic VSMCs and endothelial cells using qRT-PCT. As shown in online Figure II, miR-221
and miR-222 were also expressed in endothelial cells, even though the expression levels were
a little lower than those in VSMCs.

The expression of miR-221 and miR-222 are increased in proliferative VSMCs stimulated by
either platelet-derived growth factor (PDGF) or serum

To investigate the potential link between miR-221, miR-222 and the VSMC proliferation, the
expression of miR-221 and miR-222 was determined in non-proliferative VSMCs and in
proliferative VSMCs stimulated by either PDGF-BB ( 20 ng/ml) or 10% serum. As shown in
Fig. 2A & 2B, the expression of miR-221 and miR-222 in both PDGF-BB and serum-treated
VSMCs was significantly higher than that in vehicle-treated VSMCs, which was time
dependent. The dose-dependent response in miR-221 and miR-222 expression to PDGF was
measured in cultured VSMCs after 48h treatment with different concentrations of PDGF and
the result was shown in Fig. 2C. These results demonstrated that the expression of miR-221
and miR-222 was upregulated in proliferating VSMCs.

Knocking down of miR-221 and miR-222 inhibits proliferation of cultured VSMCs
To further determine the potential roles of miR-221 and miR-222 in VSMC proliferation, we
applied antisense oligonucleotide-mediated miRNA depletion to knock down the miR-221 and
miR-222. After 48 h treatment, miR-221 inhibitor (2'OMe-miR-221) inhibited miR-221
expression but had no effect on miR-222 expression (Fig. 3A). However, miR-222 inhibitor
(2'OMe-miR-222) inhibited the expression of both miR-221 and miR-222 (Fig. 3A). Addition
of both miR-221 and miR-222 inhibitors could not give additional inhibition on the expression
of miR-221 and miR-222 compared with 2'OMe-miR-222 only, although the reason was
unclear (Fig. 3A). We therefore used 2'OMe-miR-222 as the inhibitor for both miR-221 and
miR-222.

In subsequent experiments, we determined the effect of 2'OMe-miR-222 on VSMC
proliferation by using two different methods: cell counting and BrdU incorporation assay as
described (23). Consistent with the levels of miR-221 and 222 in Fig. 3A, 2'OMe-miR-222
significantly decreased cell numbers and BrdU incorporation at 48 h after culture with DMEM
containing 10% FBS (Fig. 3B and 3C). Representative BrdU-stained cell photomicrographs
(top panel), their corresponding total cell photomicrographs stained by DAPI (medial panel)
and merged photomicrographs (bottom panel) were shown in Fig. 3D. As we found that
miR-221 inhibitor, 2'OMe-miR-221 could only inhibit miR-221, we determined the effect of
miR-221 inhibition on VSMC proliferation. We found that miR-221 inhibition also inhibited
VSMC proliferation. However, the inhibitory effect on VSMC proliferation is smaller than
that in both miR-221 and miR-222-inhibited cells via 2'OMe-miR-222 (online Figure III). The
results indicated that both miR-2221 and miR-222 had a pro-proliferative effect on cultured
VSMCs. In contrast, control oligo had no effect on VSMC proliferation.

p27(Kip1) and p57(Kip2) are target genes of miR-221 and miR-222 in VSMCs
Computational analysis from previous studies have suggested that p27(Kip1) and p57(Kip2)
are two potential target genes of miR-221 and miR-222 (16–21). Online Figure IV shows that
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both p27(Kip1) and p57(Kip2) have miR-221 and miR-222 binding sites in their 3'-untranslated
region (3'-UTR).

If p27(Kip1) and p57(Kip2) are the target genes of miR-221 and miR-222, their expression
should be downregulated in proliferative VSMCs because both miR-221 and miR-222 are
upregulated in these cells. Indeed, as shown in Fig. 4A (top panel), both p27(Kip1) and p57
(Kip2) were downregulated in proliferative VSMCs stimulated by PDGF-BB (20 ng/ml).
Quantification of p27(Kip1) and p57(Kip2) protein levels was shown in Fig. 4A (bottom panel).

To verify that p27(Kip1) and p57(Kip2) are the target genes of miR-221 and miR-222, both
gain-of-function and loss-of-function approaches were applied. As shown in Fig. 4, 2'OMe-
miR-222 decreased (Fig. 4B), whereas Ad-miR-221 and Ad-miR-222 increased (Fig. 4C) the
expression of miR-221 and miR-222 in cultured VSMCs. In contrast, unrelated adenovirus
control, Ad-miR-31 had no effect on the expression of miR-221 and miR-222 (Fig. 4C). As
expected, p27(Kip1) and p57(Kip2) were upregulated by 2'OMe-miR-222 (Fig. 4D) and were
downregulated by Ad-miR-221 or Ad-miR-222, but not by unrelated adenovirus, Ad-miR-31
(Fig. 4E) at protein levels. Furthermore, overexpression of miR-221 or miR-222 by Ad-
miR-221 or Ad-miR-222 decreased p27(Kip1) mRNA level, but had no effect on p57(Kip2)
mRNA level (Fig. 4F).

To further confirm that miR-221 and miR-222 are able to directly bind to p27(Kip1) and p57
(Kip2) and inhibit their expression, a construct in which a fragment of the 3’-UTR of either
p27(Kip1) or p57(Kip2) mRNA containing the putative miR-221 and miR-222 binding
sequences was cloned into a firefly luciferase reporter construct and transfected into HEK 293
cells with either vehicle, an empty plasmid (pDNR-CMV), a plasmid expressing miR-221
(pmiR-221), miR-222 (pmiR-222), or a control plasmid expressing an unrelated miRNA,
miR-145 (pmiR-145), following the transfection procedures provided by Invitrogen. The
constructs with mutated fragment of the 3’-UTR of either p27(Kip1) or p57(Kip2) mRNA
without the putative miR-221 and miR-222 binding sequences were used as mutated controls.
As expected, pmiR-221 and miR-222, but not pmiR-145 and pDNR-CMV, increased miR-221
or miR-222 expression in HEK 293 cells (Fig. 5A). Consequently, pmiR-221 and pmiR-222,
but not pDNR-CMV or pmiR-145 inhibited luciferase activity (Fig. 5B). In the mutated control
groups, the inhibitory effect of pmiR-221 and miR-222 was disappear (Fig. 5B). The results
suggested that miR-221 and miR-222 were able to bind to p27(Kip1) and p57(Kip2) directly
and inhibit their expression.

p27(Kip1) and p57(Kip2) are involved in miR-221 and miR-222-mediated effect on VSMC
proliferation

As shown in Fig. 6A and 6B, both p27(Kip1) and p57(Kip2) were depleted by their siRNAs.
We next determined the involvement of p27(Kip1) and p57(Kip2) in 2'OMe-miR-222 induced
inhibitory effect on proliferation. In this experiment, We defined that the relative inhibition of
cells without 2'OMe-miR-222 as 0%, while in 2'OMe-miR-222 plus vehicle-treated cells as
100% inhibition. As shown in Fig. 6C, in the target gene-depleted VSMCs, 2'OMe-miR-222-
induced inhibitory effect on proliferation was decreased compared with that in VSMCs without
target gene depletion. The results suggested that p27(Kip1) and p57(Kip2) were functional
target genes of miR-221 and miR-222 that were involved in miR-221 and miR-222-mediated
effect on VSMC proliferation.

p27(Kip1) and p57(Kip2) are target genes of miR-221 and miR-222 in vascular walls after
angioplasty

As shown in Fig. 7A, both p27(Kip1) and p57(Kip2) were down regulated in balloon-injured
rat carotid arteries. The negative relationship with the expression of miR-221 and miR-222
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indicated that p27(Kip1) and p57(Kip2) could be miR-221 and miR-222 target genes in vivo.
To further verify this, the expression of miR-221 and miR-222 in balloon-injured rat carotid
arteries was modulated by their inhibitor, 2'OMe-miR-222. As shown in Fig. 7B, miR-221 and
miR-222 were downregulated by 2'OMe-miR-222. Interestingly, in 2'OMe-miR-222-treated
vessels, expression of p27(Kip1) and p57(Kip2) was upregulated (Fig. 7C). The results
demonstrated that p27(Kip1) and p57(Kip2) were target genes of miR-221 and miR-222 in
vivo.

Downregulation of miR-221 and miR-222 decreases cell proliferation and neointima
formation in rat carotid artery after angioplasty

To determine the effects of miR-221 and miR-222 on VSMC proliferation and neointimal
growth in vivo, the carotid arteries were isolated 14 days after balloon-injury. Representative
immunofluorescence of PCAN and its negative control was shown in Fig. 8A. Compared with
vehicle-treated vessel, fewer cells were proliferating in the injured vascular walls treated with
2'OMe-miR-222 (Fig. 8B). Furthermore, downregulation of the miR-221 and miR-222 resulted
in nearly 40% decrease in neointima formation after angioplasty (Fig.8C). Representative
Masson's trichrome stained photomicrographs of rat carotid arteries from different groups were
shown in Fig. 8D.

Discussion
miR-221 and miR-222 are encoded by a gene cluster on the X chromosome. They share the
same seed and appear to have identical target genes and similar functions. Recent studies have
revealed that miR-221 and miR-222 are overexpressed in several types of cancers, in which
they are related to cancer cell proliferation (16–21). VSMC proliferation-mediated expansion
of the neointima is a unifying facet of a variety of proliferative vascular diseases such as
atherosclerosis, restenosis after angioplasty or bypass, diabetic vascular complication and
transplantation arteriopathy. In our recent report, we have identified that miR-221 and miR-222
are two abundant miRNAs in the vascular wall, in which miR-221 is ranked at top 39 and
miR-222 is ranked at top 50 among the 140 detected mature miRNAs (23). Interestingly,
miR-221 and miR-222 are significantly upregulated in the vascular walls with neointimal lesion
formation as determined by microarray analysis (23). However, the roles of miR-221 and
miR-222 in VSMC proliferation and proliferative vascular disease are currently unknown.

In the current study, the upregulation of miR-221 and miR-222 is further verified by qRT-PCR.
We have found that the increase in their expression is larger than that determined by microarray
analysis. We think the different method of miRNA quantification could be the major reason
for it. This opinion is also supported by a recent report from Miller et al (26). They have found
that there is about a 2-fold increase in miR-221 and miR-222 expression in tamoxifen-resistant
MCF cells compared with that in tamoxifen-sensitive MCF cells by microarray analysis.
However, by qRT-PCR analysis, they have demonstrated that there is an over 10-fold increase
in miR-221 and miR-222 expression in tamoxifen-resistant cells. qRT-PCR might be better
than microarray when we quantify a specific miRNA. Another important reason is that the
samples for microarray analysis and for qRT-PCR are from different group of rats. In addition,
the rats used for macroarray data are older (≈320g) than these used for qRT-PCR (≈250g). The
age might also be a potential reason for the difference. The effect of age on miRNA expression
is also supported by recent reports. For example, miR-21 expression is significantly increased
in neonatal rat cardiac myocytes compared with that in adult rat cardiac myocytes (27).

Another finding regarding miR-221 and miR-222 expression is that the extent of miR-221 and
miR-222 upregulation in vivo in balloon-injured rat arteries is larger than that in vitro in cultured
VSMCs stimulated with either PDGF or serum. The result indicates that there are multiple
stimuli in vivo that could synergistically determine the up-regulation of miRNAs.
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It is well established that tissue and cell-specific expression is one important characteristic of
miRNA expression. One miRNA may be highly expressed in one type of cell, but has no or
low expression in another type of cell. To investigate the role of miR-221 and miR-222 in
VSMC biology, we initially determined their cellular distribution in the vascular walls to see
if they were located in VSMCs. The results from in situ hybridization clearly showed that both
miR-221 and miR-222 were localized in VSMCs of the injured vascular wall.

Cellular functions of a miRNA are cell-type specific. For example, miR-21 has an anti-
apoptotic function in glioblastoma cell and VSMCs (14,15,23), but has no such a function in
HeLa cells (15). In cultured cells, we found for the first time that miR-221 and miR-222 have
a pro-proliferative effect on VSMCs. The cellular effect of miR-221 and miR-222 on VSMCs
is consistent with that on cancer cells.

One surprising result from the study is that the inhibitor against miR-222 also suppresses
miR-221 expression. To further confirm that the 2'OMe-miR-222-mediated inhibition is
miR-221 and miR-222 specific, we have determined the effect of the miRNA inhibitor on other
unrelated miRNAs such as miR-24 and miR-146. No inhibitory effect has been found on these
unrelated miRNAs (online Figure V). Although the reason that 2'OMe-miR-222 can inhibit
both miR-221 and miR-222 is not clear, we think the similarity of the sequence might explain
the finding.

miRNAs have multiple mRNA targets that are responsible for miRNA-mediated biological
functions. First, based on the pro-proliferative effect of miR-221 and miR-222 on VSMCs, we
hypothesize that their target gene(s) might have negative effect on cell growth. p27(Kip1) and
p57(Kip2) are tumor suppressors and cell cycle inhibitors (21) and might be the target genes
of miR-221 and miR-222 based on recent cancer cell studies (16–21). Computational analysis
for miRNA target prediction demonstrates that p27(Kip1) and p57(Kip2) have binding sites
for both miR-221 and miR-222. The direct binding and inhibitory functions of miR-221 and
miR-222 on p27(Kip1) and p57(Kip2) are validated in HEK 293 cells using luciferase
constructs, in which the 3’-UTR fragments of these target gene mRNAs are included. To further
confirm that p27(Kip1) and p57(Kip2) are target genes of miR-221 and miR-222 in VSMCs,
both gain-of-function and loss-of-function approaches are applied. We have confirmed that
both genes are targets of miR-221 and miR-222 in our experimental cells. Furthermore, both
p27(Kip1) and p57(Kip2) are involved in miR-221 and miR-222-mediated effect on VSMC
proliferation as the decreased inhibitory effect on VSMC proliferation is found in these gene
deficient VSMCs. However, miR-221 and miR-222-mediated effect on cell proliferation is
only partially inhibited in both p27(Kip1) and p57(Kip2) depleted cells, suggesting that other
unidentified gene targets should be determined to completely understand their molecular
mechanisms.

miRNA binds to complementary sites in the mRNA target to negatively regulate gene
expression via degradation or translational inhibition of their target mRNAs. To further
understand the detailed mechanisms of miR-221 and miR-222-mediated regulatory effect on
expression of p27(Kip1) and p57(Kip2), the expression of the two target genes at mRNA level
is determined. We have found that overexpression of miR-221 or miR-222 decreases p27(Kip1)
mRNA level, but has no effect on p57(Kip2) mRNA level. Recent studies have revealed that
degradation of the target gene mRNA is binding site dependent (28). Target gene mRNA with
multiple binding sites even with partial complementarity is easy to be depredated (28). Our
results match the results from computational analysis in which p27(Kip1) has 4 binding sites
with partial complementarity, whereas p57(Kip2) has only one binding site with partial
complementarity, for both miR-221 and miR-222 at their 3’ UTR.
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In addition to the effect of miR-221 and miR-222 on p27(Kip1) and p57(Kip2) expression,
other miRNAs may be also involved in the regulation of p27(Kip1) and p57(Kip2) expression
in injured arteries via indirect mechanisms. For example, in our previous study we have found
that balloon-injury of injury is able to cause an increase in miR-21 expression and that PTEN
is one of the targets of miR-21 (23). PTEN is reported to be able to reduce the ubiquitinization
of p27 (29), so it could be possible that the reduced PTEN levels could cause a reduction of
p27 levels.

VSMC proliferation is the critical cellular event in vascular neointimal lesion formation and
p27(Kip1) and p57(Kip2) are negative regulators for VSMC proliferation in vivo (30,31). In
the current study, we have demonstrated that p27(Kip1) and p57(Kip2) are two gene targets
of miR-221 and miR-222 in rat carotid artery in vivo. Finally, downregulation of the
overexpressed miR-221 and miR-222 significantly decreases VSMC proliferation and
neointimal lesion formation in rat carotid arteries after angioplasty.

Neointimal formation does not only rely on VSMCs but also is related to re-endothelialization
and inflammation. Our result demonstrated miR-221 and miR-222 are expressed in both
VSMCs and endothelial cells, which is consistent with other recent studies showing that
miR-221 and miR-222 are also expressed in endothelial cells and hematopoietic cells (32,33).
miR-221 and miR-222 are found to be able to inhibit endothelial cell migration (33). Thus, the
biological effects of miR-221 and miR-222 on endothelial cells may be also involved in
miR-221 and miR-222-mediated effect on vascular neointimal growth. Currently, the role of
hematopoietic cells in miR-221 and miR-222–mediated vascular effect is unclear and needs to
be investigated in future studies.

In summary, the current study reveals that the non-coding small miRNAs, miR-221 and
miR-222 are novel regulators of VSMC proliferation and vascular neointimal lesion formation
via their target genes p27(Kip1) and p57(Kip2). These novel findings may have extensive
implications for the therapy of a variety of proliferative vascular diseases.
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Fig. 1. Expression and distribution of miR-221 and miR-222 in balloon-injured rat carotid arteries
(A). The time course changes of miR-221 and miR-222 expression determined by qRT-PCR.
Note: n=6; *P<0.05 compared with uninjured control. (B). Representative Masson's trichrome
staining. (C) Negative control (no SM α-actin antibody, no miRNA probe) for In situ
hybridization and immunofluorescence. (D) Scrambled probe control 1 (no SM α-actin
antibody, but had scrambled miRNA probe). (E) Scrambled probe control 2 (had SM α-actin
antibody and scrambled miRNA probe). (F) In situ hybridization of miR-221 (dot green color),
immunofluorescence of smooth muscle cell marker SM α–actin (red color) and cell nuclear
staining by DAPI (blue color). (G) In situ hybridization of miR-222 (dot green color),
immunofluorescence of smooth muscle cell marker SM α–actin (red color) and cell nuclear
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staining by DAPI (blue color). Note: Autofluorescence in the elastic laminae is demonstrated
as green color, but is not dot green (C–G).

Liu et al. Page 12

Circ Res. Author manuscript; available in PMC 2010 February 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. The effect of platelet-derived growth factor (PDGF) and serum on the expression of miR-221
and miR-222 in cultured rat VSMCs
(A) PDGF-BB (20 ng/ml) caused a time-dependent increase in miR-221 and miR-222
expression as demonstrated by qRT-PCR. (B) Serum (10%) caused a time-dependent increase
in miR-221 and miR-222 expression as demonstrated by qRT-PCR. (C) PDGF-BB caused a
dose-dependent increase in miR-221 and miR-222 expression in cultured VSMCs at 48 h after
treatment. Note: n=6; *P<0.05 compared with 0 h groups in Fig. 2A & B, and with vehicle
control (0) in Fig. 2C.
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Fig. 3. The effect of miR-221 and miR-222 inhibitor on VSMC proliferation in vitro
(A) Knocking down of miR-221 and miR-222 expression by their inhibitors, 2'OMe-miR-221
(100 nM), 2'OMe-miR-222 (100 nM), and 2'OMe-miR-221 plus 2'OMe-miR-222 (100 nM).
(B) 2'OMe-miR-222 (100 nM) decreased cell numbers and (C) BrdU incorporation at 48 h
after culture with DMEM containing 10% FBS. (D) Representative BrdU-stained cell
photomicrographs (top panel), their corresponding total cell photomicrographs stained by
DAPI (medial panel) and merged photomicrographs (bottom panel). Note: n=8; *P<0.05
compared with vehicle control.
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Fig. 4. p27(Kip1) and p57(Kip2) are target genes of miR-221 and miR-222 in cultured VSMCs
(A) p27(Kip1) and p57(Kip2) were downregulated in proliferative VSMCs stimulated with
PDGF-BB (20 ng/ml). Note: Top panel was the representative western blot and bottom panel
was the quantification of p27(Kip1) and p57(Kip2) protein. n=3; *P<0.05 compared with 0 h
group. (B) Treatment with 2'OMe-miR-222 for 48 h decreased the expression of miR-221 and
miR-222 in cultured VSMCs. In contrast, control oligo or unrelated miRNA inhibitor had no
effect on miR-221 and miR-222 expression. Note: n=3; *P<0.05 compared with vehicle group.
(C) Ad-miR-221 and Ad-miR-222 increased the expression of miR-221 and miR-222 in
cultured VSMCs. In contrast, control adenovirus, Ad-GFP or unrelated adenovirus control,
Ad-miR-31 had no effect on the expression of miR-221 and miR-222. Note: n=6; *P<0.05
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compared with vehicle (blank) group. (D) p27(Kip1) and p57(Kip2) protein levels were
upregulated by 2'OMe-miR-222. Note: Top panel was the representative western blot and
bottom panel was the quantification of p27(Kip1) and p57(Kip2) protein. n=3; *P<0.05
compared with vehicle group. (E) p27(Kip1) and p57(Kip2) protein levels were down regulated
by Ad-miR-221 or Ad-miR-222. Note: Top panel was the representative western blot and
bottom panel was the quantification of p27(Kip1) and p57(Kip2) protein. Note: n=3; *P<0.05
compared with vehicle (blank) group. (F). The effects of miR-221 or miR-222 overexpression
by Ad-miR-221 or Ad-miR-222 on mRNA expression of p27(Kip1) and p57(Kip2). Note: n=3;
*P<0.05 compared with vehicle (blank) group.

Liu et al. Page 16

Circ Res. Author manuscript; available in PMC 2010 February 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5. miR-221 and miR-222 are able to directly bind to p27(Kip1) and p57(Kip2) and inhibit their
expression in HEK 293 cells
A construct in which a fragment of the 3’-UTR of either p27(Kip1) or p57(Kip2) mRNA
containing the putative miR-221 and miR-222 binding sequences was cloned into a firefly
luciferase reporter construct and transfected into HEK 293 cells with either vehicle (vehicle),
an empty plasmid (pDNR-CMV), a plasmid expressing miR-221 (pmiR-221), miR-222
(pmiR-222), or a control plasmid expressing an unrelated miRNA, miR-145 (pmiR-145). The
constructs with mutated fragment of the 3’-UTR of either p27(Kip1) or p57(Kip2) mRNA
without the putative miR-221 and miR-222 binding sequences were used as mutated controls.
(A) pmiR-221 and pmiR-222, but not pmiR-145 and pDNR-CMV, increased miR-221 or
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miR-222 expression in HEK 293 cells. (B) pmiR-221 and pmiR-222, but not pDNR-CMV or
pmiR-145 inhibited luciferase activity. In the mutated control groups, the inhibitory effect of
pmiR-221 and pmiR-222 was disappear. Note; N=5; *P<0.05 compared with vehicle control.
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Fig. 6. miR-221 and miR-222-mediated effect on VSMC proliferation is decreased in p27(Kip1)
and p57(Kip2) deficient cells
(A) Representative western blot of p27(Kip1) and p57(Kip2) protein. (B) p27(Kip1) and p57
(Kip2) expression at protein level was depleted by their siRNAs (25 nM). Note: n=6; *P<0.05
compared with vehicle control. (C) miR-221 and miR-222 inhibitor, 2'OMe-miR-222-
mediated inhibitory effect on VSMC proliferation was decreased in p27(Kip1) and p57(Kip2)
depleted cells. Note: The relative inhibition of cells without 2'OMe-miR-222 was defined as
0%, while in 2'OMe-miR-222 plus vehicle-treated cells was defined as 100% inhibition. N=8;
*P<0.05 compared with vehicle control.
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Fig. 7. p27(Kip1) and p57(Kip2) are target genes of miR-221 and miR-222 in the vascular walls
after angioplasty
A. Both p27(Kip1) and p57(Kip2) proteins were downregulated in balloon-injured rat carotid
arteries. (B) miR-221 and miR-222 were downregulated by 2'OMe-miR-222 in balloon-injured
vascular walls. (C) Representative western blot of p27(Kip1) and p57(Kip2) protein in the
injured vascular walls treated with vehicle, control oligo or 2'OMe-miR-222. (D) In 2'OMe-
miR-222-treated vessels, expression of p27(Kip1) and p57(Kip2) was upregulated. Note; N=6;
*P<0.05 compared with vehicle control.
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Fig. 8. Downregulation of miR-221 and miR-222 decreases cell proliferation and neointima
formation in rat carotid artery after angioplasty
(A) Representative immunofluorescence of PCNA in rat carotid arteries at 14 days after
balloon-injury. Note: Green color was the immunofluorescence of PCNA that represented
proliferating cells. Blue was cell nuclear staining by DAPI that reflects total cells. Red color
was the autofluorescence in elastic laminae. (B) Quantification of the proliferative cells showed
that, compared with vehicle-treated and control oligo-treated vessels, fewer cells were
proliferating in the injured vascular walls treated with 2'OMe-miR-222. (C) Downregulation
of the miR-221 and miR-222 by 2'OMe-miR-222 decreased neintimal formation. (D)
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Representative Masson's trichrome stained photomicrographs of rat carotid arteries from
different groups. Note; N=8; *P<0.05 compared with vehicle control.
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