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Abstract
Vascular smooth muscle cell (VSMC) phenotypic modulation and proliferation are critical cellular
events in the development of a variety of proliferative vascular diseases. However, the molecular
mechanisms involved in cellular events are still unclear. MicroRNAs (miRNAs) represent a novel
class of small, non-coding RNAs that negatively regulate gene expression via degradation or
translational inhibition of their target mRNAs. In a previous study, we identified that miR-145 is
the most abundant miRNA in normal arteries and VSMCs. However, the roles of miR-145 in
VSMC biology and vascular disease are unknown. In our recent Circulation Research article, we
found that the expression of miR-145 is significantly downregulated in dedifferentiated VSMCs
and in balloon-injured arteries. Moreover, both in vitro and in vivo studies demonstrated that
miR-145 is a critical modulator of VSMC phenotype and proliferation. This review article
summarizes the current research progress regarding the roles of miR-145 in VSMC biology and
discusses the potential therapeutic opportunities surrounding this miRNA in vascular disease.
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Introduction
Vascular smooth muscle cells (VSMCs) are not terminally differentiated and are able to
modulate their phenotype in response to changing local environmental cues. It is well known
that the phenotypic modulation of VSMCs from a differentiated phenotype to a
dedifferentiated state, accompanied by accelerated VSMC proliferation, plays a critical role
in the pathogenesis of a variety of proliferative vascular diseases such as atherosclerosis,
hypertension, restenosis after angioplasty or bypass, diabetic vascular complications, and
transplantation arteriopathy.1-3 However, the molecular mechanisms involved in VSMC
phenotypic modulation and proliferation are still unclear.

MicroRNAs (miRNAs) represent a novel class of endogenous, small, non-coding RNAs that
negatively regulate gene expression via degradation or translational inhibition of their target
mRNAs.4 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 complement.
Thus, one miRNA is as functionally important as a transcription factor.5 As a group,
miRNAs may directly regulate at least 30% of the genes in a cell.6 It is therefore not
surprising that miRNAs are involved in the regulation of all major cellular functions.
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microRNA-145 (miR-145) is a 22-nt, highly conserved miRNA. Recently, miR-145 has
been highlighted, because it is among the most downregulated miR-NAs in diverse cancers
including bladder cancer,7,8 breast cancer,9,10 colon cancer,11,12 colorectal cancer,13-16
gastric cancers,17 hepatocellular carcinoma,18,19 lung cancer,20,21 nasopharyngeal
carcinoma,22 oral cancer,23 ovarian cancer,24,25 pituitary tumors26 and prostate cancer.27
miR-145 has a strong inhibitory effect on cancer cell proliferation and is a novel tumor
suppressor.20,21 However, the roles of miR-145 in VSMC biology and vascular disease
have not been explored until recently. In our two recent Circulation Research articles, we
have identified that miR-145 is the most abundant miRNA in normal arteries and in
differentiated VSMCs.28,29 Interestingly, the expression of this VSMC-enriched miRNA is
significantly down-regulated in dedifferentiated VSMCs, balloon-injured arteries, and
atherosclerotic arteries. Moreover, we have demonstrated both in vitro and in vivo that
miR-145 is critical modulator of VSMC phenotype and proliferation. The biological roles of
miR-145 in VSMCs have been further verified by a recent research article in Nature.30 This
review article summarizes the current research progress regarding the roles of miR-145 in
VSMC biology and discusses the potential therapeutic opportunities surrounding this
miRNA in vascular disease.

miR-145 is the Most Abundant miRNA in Normal Arteries and is Mainly
Localized in VSMCs

Tissue-specific expression is one important characteristic of miRNA expression. One
miRNA may be highly expressed in one tissue but have no or low expression in other
tissues. To study the biological functions of miR-145 in vascular disease, we first
determined the relative miR-145 expression in rat carotid arteries through miRNA
microarray analysis. Among the arrayed miRNAs, miR-145 was the most abundant miRNA
in normal rat carotid arteries.28 As we know, VSMCs, endothelial cells (ECs), and
fibroblasts are the three major cell types in normal vascular walls. To further determine the
cellular distribution of miR-145 expression in the vascular wall, we isolated VSMCs, ECs,
and fibroblasts from rat arteries and measured miR-145 levels in these cells by quantitative
real-time reverse transcription polymerase chain reaction (qRT-PCR). As shown in Figure 1,
miR-145 was highly expressed in VSMCs. However, it was almost undetectable in ECs. In
addition, miR-145 was also expressed in fibroblasts, but the expression level was lower than
that of VSMCs. The cellular distribution of miR-145 was further confirmed by in situ
hybridization of rat carotid arteries. Thus, miR-145 is mainly expressed in the VSMCs of the
normal artery.

miR-145 is the Most Abundant miRNA in Primary Cultured VSMCs and its
Expression is Quickly Downregulated in Dedifferentiated VSMCs

In our recent study, we identified that miR-145 is the most abundant miRNA in primary
cultured rat VSMCs.29 The expression of this miRNA was significantly downregulated in
sub-cultured dedifferentiated VSMCs and VSMCs in a platelet-derived growth factor
(PDGF)-induced dedifferentiated state.29 Cordes et al. found that, during the development
of arteries, the expression of miR-145 is associated with the state of VSMC differentiation.
30 miR-145 expression is notably absent in the aorta and pulmonary arteries in later
cardiogenesis, during which VSMCs and arteries are developing. In contrast, high transcript
levels of miR-145 in VSMCs of the arteries are demonstrated postnatally, after VSMCs and
arteries completed development.30
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miR-145 is a Critical Switch for VSMC Phenotypic Modulation
The positive correlation of miR-145 expression and VSMC differentiation encouraged us to
determine the biological role of miR-145 in VSMC phenotypic modulation. In a PDGF-
induced phenotypic modulation model, we tested whether or not miR-145 had an effect on
the VSMC phenotype. We found that overexpression of miR-145 increased expression of
VSMC differentiation marker genes such as SM α-actin, calponin, and SM-MHC. In
contrast, levels of these marker genes were decreased in VSMCs treated with a miR-145
inhibitor, 2′OMe-miR-145.29 Similar effects of miR-145 modulation were also found in
quiescent, non-stimulated VSMCs: we found that modulating the miR-145 level itself is
sufficient to elicit phenotypic changes. The regulatory effect of miR-145 on VSMC
phenotype was further verified in a Nature article, in which a strong regulatory effect of
miR-145 on VSMC differentiation was identified.30 In an in vivo VSMC phenotypic
modulation model, induced by balloon-injury of rat carotid arteries, we confirmed via
adenovirus-mediated miR-145 gene transfer that miR-145 is a critical regulator of VSMC
phenotypic modulation in arterial walls.29

miR-145 is Involved in VSMC Proliferation
VSMC phenotypic modulation is accompanied by changes in VSMC proliferation. The
differentiated VSMCs, also referred to as the “contractile” phenotype, often have a lower
proliferative rate. In contrast, a higher proliferative rate is often found in dedifferentiated
VSMCs, also referred to as the “synthetic” phenotype. To further determine the biological
roles of miR-145 in VSMCs, the effect of upregulation of miR-145 via pre-miR-145 (100
nM) on cultured VSMC proliferation was determined. As shown in Figure 2, VSMC
proliferation induced by PDGF was significantly inhibited by overexpression of miR-145.
The inhibitory effect of miR-145 on VSMCs was further verified by the Nature article.30

Potential Target Genes Involved in miR-145-Mediated Cellular Effects
miRNAs achieve their biological functions via their multiple target genes. Currently, we are
just beginning to understand which target genes are involved in miR-145-mediated cellular
effects. It should be noted that target genes of miRNAs are cell-type specific. In cancer cells,
c-Myc, rhotekin (RTKN), insulin receptor substrate-1, and beta-actin are target genes of
miR-145 that are related to its inhibitory effect on cancer cell growth.31-33 In human
embryonic stem cells, OCT4, SOX2 and kruppel-like factor 4 (KLF4) were found to be the
miR-145 target genes.34 In addition, superoxide dismutase-2 was found to be a target gene
of miR-145 in brain cells.35

In VSMCs, we have identified that kruppel-like factor 5 (KLF5) is a target gene of miR-145
that is responsible for its regulatory effect on VSMC phenotypic modulation and VSMC
proliferation.29 Although KLF4 is also a potential target gene of miR-145 in VSMCs, the
time course change of its expression in cultured VSMCs after PDGF stimulation and in
balloon-injured rat carotid arteries does not match perfectly with the expression change of
miR-145.29 Thus, the role of KLF4 is miR-145-mediated biological effects on VSMCs
should be further studied. In the recent Nature article, Cordes et al. found that KLF4 and
Calmodulin kinase IIdelta (CamkIId) are two target genes of miR-145 in VSMCs.30 In
addition, they also found that myocardin also may be a direct target gene of miR-145 in
VSMCs. However, in contrast to the inhibitory effect of a miRNA on its target genes,
overexpression of miR-145 increased the expression of myocardin.30 In our Circulation
Research article, we also found that the expression of myocardin was increased in miR-145-
overexpressed VSMCs. However, our explanation is that, at least in part, the upregulated
myocardin is induced by indirect effect of miR-145 through its target gene KLF5.29
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Downregulation of miR-145 in Proliferative Vascular Diseases
To uncover the potential roles of miRNAs in proliferative vascular diseases, miR-145
expression in rat balloon-injured arteries, mouse ligation-injured carotid arteries, and
atherosclerotic aortas of ApE knock-out mice was determined. As shown in Figure 4,
miR-145 is significantly down-regulated in these arteries with intimal hyperplasia. The
results in the diseased mouse arteries are consistent with the recent study by Cordes et al.30
Notably, in their study, transcripts of miR-145 were downregulated to nearly undetectable
levels in atherosclerotic arteries, an even more pronounced change compared to the result
we obtained (Fig. 1). One possible reason for the discrepancy may be related to the tissue
selection. As we described above, the expression of miR-145 is mainly localized in VSMCs.
If the selected atherosclerotic tissue had fewer VSMCs, the expression level of miR-145
could be lower.

Potential Therapeutic Opportunity of the miR-145 in Vascular Disease
VSMC phenotypic modulation and proliferation are critical cellular events in the
pathogenesis of a variety of proliferative vascular diseases with neointimal lesion formation.
As the recent studies have demonstrated that miR-145 is an important regulator for VSMC
phenotype and proliferation, we predict that miR-145 may represent a novel therapeutic
target for vascular disease. Indeed, as demonstrated in our Circulation Research article,
restoration of the downregulated miR-145 is sufficient to inhibit neointimal lesion formation
in rat carotid arteries after angioplasty (Fig. 4). However, we should be aware that we are at
very early stage in studying the roles of miR-145 in VSMCs and vascular disease. We still
have a long way to go before miR-145-related therapies can be applied to clinical vascular
disease. The detailed target genes, the potential side effects, and a therapeutic strategy to
upregulate the downregulated miR-145 in the vessels under the disease condition should
first be identified.

Acknowledgments
This work was supported by a National Institutes of Health Grant HL080133 and a grant from American Heart
Association 09GRNT2250567.

Abbreviations

miRNAs microRNAs

miR-145 microRNA-145

VSMCs vascular smooth muscle cells

PDGF platelet-derived growth factor

ECs endothelial cells

RTKN rhotekin

KLF4 kruppel-like factor 4

KLF5 kruppel-like factor 5

CamkIId calmodulin kinase IIdelta
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Figure 1.
Relative expression of miR-145 in rat vascular VSMCs, ECs and fibroblasts. Note: n = 6; *p
< 0.05 compared with that in VSMCs.
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Figure 2.
The effect of pre-miR-145 (100 nM) on cell proliferation in cultured VSMCs at 24 h after
treatment with PDGF (20 ng/ml). Note: n = 6; *p < 0.05 compared with oligo control.
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Figure 3.
The expression of miR-145 in rat balloon-injured carotid arteries, mouse ligated carotid
arteries, atherosclerotic aortas, compared with that in their normal controls. Note: n = 5; *p
< 0.05 compared with oligo control.
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Figure 4.
Representative Masson’s trichrome stained photomicrographs of rat carotid arteries treated
with vehicle, control adenovirus (Ad-GFP) or adenovirus expressing miR-145 (Ad-miR145).
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