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Arterial calcification is a key pathologic component of vascular diseases such as atherosclerosis,

coronary artery disease, and peripheral vascular disease. A hallmark of this pathological process is

the phenotypic transition of vascular smooth muscle cells (VSMCs) to osteoblast-like cells. Several

studies have demonstrated that microRNAs (miRNAs) regulate osteoblast differentiation, but it is

unclear whether miRNAs also regulate VSMC-mediated arterial calcification. In the present study,

we sought to characterize the role of miR-133a in regulating VSMC-mediated arterial calcification.

Northern blotting analysis of VSMCs treated with �-glycerophosphate demonstrated that miR-

133a was significantly decreased during osteogenic differentiation. Overexpression of miR-133a

inhibited VSMC transdifferentiation into osteoblast-like cells as evidenced by a decrease in alkaline

phosphatase activity, osteocalcin secretion, Runx2 expression, and mineralized nodule formation.

Conversely, the knockdown of miR-133a using an miR-133a inhibitor promoted osteogenic dif-

ferentiation of VSMCs by increasing alkaline phosphatase activity, osteocalcin secretion, and Runx2

expression. Runx2 was identified as a direct target of miR-133a by a cotransfection experiment in

VSMCs with luciferase reporter plasmids containing wild-type or mutant 3�-untranslated region

sequences of Runx2. Furthermore, the pro-osteogenic effects of miR-133a inhibitor were abro-

gated in Runx2-knockdown cells, and the inhibition of osteogenic differentiation by pre–miR-133a

was reversed by overexpression of Runx2, providing functional evidence that the effects of miR-

133a in osteogenic differentiation were mediated by targeting Runx2. These results demonstrate

that miR-133a is a key negative regulator of the osteogenic differentiation of VSMCs.

(Endocrinology 154: 3344–3352, 2013)

MicroRNAs (miRNAs) are an abundant class of short

(�19–25 nucleotides), noncoding RNAs that neg-

atively regulate gene expression and play a pivotal role in

several physiological and pathological processes, includ-

ing cell proliferation, differentiation, and apoptosis (1, 2).

The impact of miRNAs on cardiovascular diseases has

been investigated, suggesting that cardiovascular devel-

opment (3), heart failure (4), and acute myocardial infarc-

tion (MI) (5–7) are regulated by miRNAs. Therefore, miR-

NAs are under consideration as attractive new drug

targets.

Among cardiovascular disorders, arterial calcification

is prevalent among patients with end-stage renal disease

(8, 9) and diabetes (10, 11), for whom it is associated with

a high index of mortality (12). Previously, arterial calci-

fication was thought to be a passive, degenerative, end-

stage process involving the precipitation of calcium-phos-

phate minerals in vascular tissue. However, vast evidence
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has demonstrated that arterial calcification is an active,

cell-regulated process, which shares numerous similarities

with osteogenesis at the cellular level (13–16). This is

based on the discovery that vascular smooth muscle cells

(VSMCs) can undergo transdifferentiation into osteo-

blast-like cells, as evidenced by an increase in osteoblast-

related markers, such as runt-related transcription factor

2 (Runx2), alkaline phosphatase (ALP), and osteocalcin.

Among the proposed mechanisms involved in transdif-

ferentiation of VSMCs, several investigations have sug-

gested roles for miRNAs, given the accumulating evidence

of their involvement in osteoblast differentiation (17, 18).

Recent studies have demonstrated that miR-125b (acces-

sion number MIMAT0000423), miR-204 (accession

number MIMAT0000237), and miR-29a/b (accession

numbers MIMAT0000802 and MIMAT0000801) are in-

volved in regulating calcification of VSMCs (19–21).

Among known miRNAs, miR-133a (accession number

MIMAT0000145) is preferentially expressed in cardiac

and skeletal muscle cells and has been shown to regulate

their differentiation (22). More recently, miR-133a has

been shown to oppose osteoblastic differentiation of

C2C12 mesenchymal cells by directly suppressing Runx2,

a key transcription factor involved in differentiation and

maintenance of osteoprogenitor cells (23–25). Whether

miR-133a is also involved in VSMC osteogenic differen-

tiation has not yet been explored.

In the present study, we tested the hypothesis that miR-

133a protects against the osteogenic differentiation of

VSMCs by targeting Runx2. We demonstrated that the

level of miR-133a was reduced in VSMCs undergoing os-

teogenic differentiation. MiR-133a was shown by both

gain-of-function and loss-of-function studies to function

as a negative regulator in the osteogenic differentiation of

VSMCs. Moreover, Luciferase reporter assays demon-

strated that miR-133a directly targeted the 3�-untrans-

lated region (UTR) of Runx2. Finally, we demonstrated

that the knockdown of Runx2 abrogated the effects of

miR-133a inhibitor on osteogenic differentiation in

VSMCs, whereas conversely, the expression of Runx2

plasmid abrogated the effects of pre–miR-133a. These re-

sults implicated that miR-133a is an important regulator

in the osteogenic differentiation of VSMCs through tar-

geting of Runx2.

Materials and Methods

Reagents
�-Glycerophosphate (�-GP) was purchased from Sigma (St

Louis, Missouri). DMEM and fetal bovine serum was purchased

from Gibco BRL Co (Grand Island, New York). Lipofectamine

2000 was purchased from Invitrogen Co (Carlsbad, California).

Antibodies for Runx2 and �-actin were purchased from Santa

Cruz Biotechnology Inc (Santa Cruz, California). Runx2 small

interfering RNA (siRNA) oligos and control siRNA oligos were

purchased from QIAGEN (Hilden, Germany).

Cell culture
The Second Xiangya Hospital of the Central South University

Ethics Review Board approved the experiments (2010-S163).

Primary VSMCs were isolated from C57BL/6 female mice by an

explant method as previously described (26, 27). All experiments

were performed using cells from passages 3 to 6. VSMCs were

cultured in DMEM (high glucose, 4.5 g/L) supplemented with

15% fetal bovine serum, penicillin (100 U/mL), and streptomy-

cin (100 �g/mL). To induce calcification, the cells were incu-

bated in DMEM containing 15% fetal bovine serum supple-

mented with 10mM �-GP.

Measurement of ALP activity, osteocalcin

secretion, and mineralized matrix formation in

cultured VSMCs
ALP activity, osteocalcin secretion assay, Alizarin Red S stain-

ing and quantification of calcium deposits were performed as

previously described (13, 14). Briefly, the cells were washed with

PBS, and the cell layers were scraped into solution. The lysates

were homogenized. ALP activity was assayed by the spectropho-

tometric measurement of p-nitrophenol release at 37°C. Osteo-

calcin release into the culture media was measured using a spe-

cific RIA kit (DiaSorin, Stillwater, Minnesota). A fraction of the

lysate was used in a Bradford protein assay to normalize protein

expression to total cellular protein.

For Alizarin Red S staining, cells were fixed in 70% ethanol

for 1 hour at room temperature and then stained with 40mM

Alizarin Red S for 10 minutes. The stained matrix was assessed

and photographed using a digital microscope. Alizarin Red S

stain was released from the cell matrix by incubation in cetyl-

pyridinium chloride for 15 minutes. The amount of released dye

was quantified by spectrophotometry at 540 nm. Results were

then normalized to total cellular protein values.

Plasmid constructs and transfections
To construct an miR-133a expression vector, an 80-bp

genomic sequence of the miR-133a-1 precursor (pre–miR-133a,

Table 1, accession number MI0000159) was inserted into pSi-

Table 1. Nucleotide Sequences of Primers for Constructing Pre-miRNA Plasmids

Pre-miRNA Primer Sequences (5�–3�)

Pre--miR-133a
Primer 1 GATCCTGCTAAAGCTGGTAAAATGGAACCAAATCGCCTCTTCAATGGATTTGGTCCCCTTCAACCAGCTGTAGCTGGAAA

Primer 2 AGCTTTTCCAGCTACAGCTGGTTGAAGGGGACCAAATCCATTGAAGAGGCGATTTGGTTCCATTTTACCAGCTTTAGCAG

doi: 10.1210/en.2012-2236 endo.endojournals.org 3345
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lencer 4.1-CMV vector expressing puromycin (Ambion Inc, Aus-
tin, Texas). Oligonucleotide pairs were constructed to anneal to
the linearized vector and were subsequently ligated into pSilencer
4.1-CMV vector with T4 DNA ligase (Invitrogen) according to
the manufacturer’s instructions. For stable transfection of pre–
miR-133a, VSMCs were seeded in 6-well plates at a density of
2 � 105 cells per well and transfected with pre–miR-133a plas-
mid using Lipofectamine 2000 (Invitrogen). Stably transfected
cells were clonally selected using puromycin (1 �g/mL). Empty
vector (miR-C) was also stably transfected into VSMCs as a
control.

For the functional analysis of miR-133a, a fragment of the
3�-UTR of Runx2 containing the previously identified miR-133a
binding site was cloned into PmeI and XbaI restriction sites of the
single luciferase reporter vector pmirGLO (Promega, Madison,
Wisconsin), which encodes both firefly luciferase for reporter
signal and renilla luciferase for assay normalization. For studies
of the wild-type (WT) Runx2 3�-UTR, 3 point mutations in the
Runx2 3�-UTR containing the miR-133a target site were gener-
ated using the QuikChange XL Site-Directed Mutagenesis Kit
(Stratagene, La Jolla, California) to produce a mutant Runx2
3�-UTR (the primer is listed in Table 2).

To construct the Runx2 expression plasmid, pcDNA3.1-
Runx2, a DNA fragment containing Runx2 coding sequence was
amplified from mouse mRNA using specific primers (Table 3).
The PCR products were digested with BamHI-XhoI and sub-
cloned into pcDNA3.1 vector. All plasmids mentioned above
were sequenced to ensure authenticity.

The miRNA inhibitor 2�-O-methyl antisense oligonucleo-
tides targeted toward miR-133a (miR-133a inhibitor) and the
miRNA inhibitor negative control (miR-inhibitor control) were
purchased from RiboBio (Guangzhou, China). For transient
transfection, complexes of Lipofectamine 2000 and miRNA in-
hibitors were directly mixed with cells in 6-well cell culture plates
at a density of 2 � 105 cells per well. Cells were harvested 48
hours after transfection.

Luciferase reporter assay
VSMCs were cotransfected with luciferase reporter carrying

WT Runx2 3�-UTR (WT-Runx2–3�UTR) or mutant Runx2 3�-
UTR (MUT-Runx2–3�UTR) and pre–miR-133a or empty vector
(miR-C). After 48 hours, luciferase activity was quantified with
the Luciferase Assay System (Promega).

Northern blotting and quantitative RT-PCR (qRT-

PCR)
Total RNA was isolated, and Northern blotting was per-

formed as described previously (28). Briefly, 20 �g total RNA
was separated on 15% urea-PAGE gels and transferred onto
Hybond-N� nylon membranes (GE Healthcare, Piscataway,
New Jersey). 32P-labeled oligonucleotide probe corresponding

to mature miR-133a was hybridized to the membranes. U6 was
reprobed as a loading control.

For qRT-PCR, RNA was extracted from VSMCs, and cDNA
was prepared. miRNAs were quantified using SYBR-Green (Bio-
Rad, Hercules, California) and the Bulge-Loop miRNA qPCR
primer set for miR-133a and U6 small nuclear RNA (RiboBio).
Relative quantification was calculated by the 2���Ct method.

Western blotting
To investigate Runx2 protein expression, Western blotting

was performed. Total protein was separated using 10% SDS-
PAGE and then transferred to polyvinylidene difluoride mem-
branes (Millipore, Billerica, Massachusetts). Primary antibodies
against mouse Runx2 or �-actin (Santa Cruz Biotechnology,
Santa Cruz, California) was incubated with the polyvinylidene
difluoride membrane in PBS for 3 hours. Then the membranes
were incubated with appropriate secondary antibodies for 1
hour, detected with an ECL kit (Promega Biosciences, San Luis
Obispo, California), and exposed to film.

Statistical analysis
SPSS version 13.0 for Windows (SPSS, Chicago, Illinois) was

used for all statistics. Data are presented as means � SD. Com-
parisons were made using 1-way ANOVA and the least signifi-
cant difference (LSD) post hoc test for multiple comparisons.
Differences of P � .05 were considered significant.

Results

MiR-133a levels are reduced in VSMCs undergoing

osteogenic differentiation

It has previously been suggested that miR-133a is spe-

cifically expressed in skeletal muscle and cardiac myocytes

(29). However, recent studies revealed that it also might be

expressed in smooth muscle cells (30, 31). The presence of

miR-133a in mouse aortic VSMCs was determined by

Northern blotting. Our results confirmed that miR-133a

was expressed in VSMCs, although its abundance was

lower than in heart and skeletal muscle (Figure 1A). To

determine whether miR-133a expression was affected by

Table 2. Primer Sequences for 3�-UTR of WT and Mutant Runx2 Plasmids

Name Primer Sequences (5�–3�)

WT Runx2 sense GTTTAAACCCAGAATGATGGTGTTGACG

WT Runx2 antisense GCTCTAGAGCCTGCCTCTTGTCCCTTTCTG

Mutant Runx2 sense GGCCCAGTGGCATGGTCGACACATCCCGCATGTG

Mutant Runx2 antisense CACATGCGGGATGTGTCGACCATGCCACTGGGCC

Table 3. Primer Sequences for Runx2 Plasmids

Name Primer Sequences (5�–3�)

Runx2 sense CGGGATCCTTTACAACAGAGGGCACAA

Runx2 antisense CGCTCGAGCACAGCCAACTCAAACACTA

3346 Liao et al MiR-133a Regulates Calcification of VSMCs Endocrinology, September 2013, 154(9):3344–3352
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osteogenic differentiation, VSMCs were treated with

�-GP, a reagent known to induce osteogenic differentia-

tion of VSMCs. Compared with unstimulated cells, miR-

133a levels were significantly reduced after �-GP treat-

ment as measured by both Northern blotting (Figure 1B)

and qRT-PCR (Figure 1C). Taken together, these results

demonstrate that osteogenic differentiation of VSMCs is

associated with a significant reduction in miR-133a levels,

suggesting that miR-133a might play an important role in

the osteoblastic differentiation of VSMCs.

Osteogenic differentiation of VSMCs is regulated

by miR-133a

To test whether miR-133a directly regulated the osteo-

genic differentiation of VSMCs, we overexpressed miR-

133a by transfecting an expression construct containing

miR-133a (pre–miR-133a). Compared with cells trans-

fected with the empty vector (miR-C), VSMCs transfected

with pre–miR-133a produced significantly higher levels of

miR-133a, as demonstrated by Northern blotting analysis

(Figure 2A) and real-time PCR (Figure 2B).

To characterize the effects of miR-133a overexpression

during the osteogenic differentiation of VSMCs, we mea-

sured ALP activity, osteocalcin secretion, and Runx2 ex-

pression in miR-133a–overexpressing cells treated with

�-GP for 72 hours. Our results demonstrated a significant

decrease in ALP activity (Figure 2C), osteocalcin secretion

(Figure 2D), and Runx2 protein expression (Figure 2E) in

miR-133a–overexpressing cells compared with control

cells. The miR-133a–overexpressing

VSMCs also had decreased mineral-

ized nodule formation and Alizarin

Red S staining after 12 days in cul-

ture (Figure 2, F–H), providing ad-

ditional evidence for an inhibitory

role of miR-133a in osteogenic

differentiation.

Given that miR-133a overexpres-

sion prevented VSMC transdifferen-

tiation, we sought to determine

whether reducing miR-133a levels

could facilitate osteogenic differen-

tiation. To test this, VSMCs were

transfected with a specific miR-133a

inhibitor, which achieved significant

knockdown as measured by qRT-

PCR (Figure 3B). Consistent with a

role of miR-133a in inhibiting osteo-

genic differentiation, we found that

suppression of miR-133a resulted in

increased ALP activity (Figure 2C),

osteocalcin secretion (Figure 2D),

and Runx2 protein expression (Fig-

ure 2E). Taken together, these studies demonstrated a di-

rect role of miR-133a in the regulation of osteogenic dif-

ferentiation of VSMCs.

Runx2 is a direct target of miR133a in VSMCs

We sought to explore how miR-133a influenced the

transcriptional mechanisms involved in osteogenic trans-

differentiation of VSMCs. A previous study reported that

miR-133a directly targeted the 3�-UTR of Runx2 and in-

hibited the expression of Runx2 protein (23). Consistent

with these results, luciferase reporter construct containing

the WT or mutant 3�-UTR coding sequences for Runx2

confirmed miR-133a directly targeted Runx2. Overex-

pression of miR-133a significantly repressed the luciferase

activity of reporter constructs containing the WT-Runx2-

3�-UTR, but not the MUT-Runx2-3�-UTR. The miR-C

did not affect the WT or mutant constructs, confirming the

specificity of action (Figure 3A). Furthermore, our results

showed that overexpression of miR-133a promoted a de-

crease in Runx2 protein levels and that miR-133 inhibitor

promoted an increase in Runx2 (Figure 2E). These results

provide direct evidence for the miR-133a–mediated reg-

ulation of Runx2.

To obtain further evidence for a functional connection

between miR-133a and Runx2, we tested whether Runx2

deregulation was required for the effects of miR-133a in

regulating the osteogenic differentiation of VSMCs. First,

we determined the effect of Runx2 siRNA on the miR-

Figure 1. MiR-133a expression in VSMCs. A, MiR-133a expression in mouse heart, skeletal

muscle, VSMCs, and aorta was detected by Northern blotting. B and C, MiR-133a expression

during osteoblastic differentiation of VSMCs is induced by �-GP at the indicated time points as

determined by Northern blotting (B) and qRT-PCR (C). Data are presented as means � SD. *, P �

.05 vs day 0; n 	 3.

doi: 10.1210/en.2012-2236 endo.endojournals.org 3347
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Figure 2. MiR-133a inhibits �-GP–induced osteoblastic differentiation of VSMCs. A, Northern blotting analysis of miR-133a levels in VSMCs

transfected with pre–miR-133a or miR-C. U6 was tested as a loading control. B, qRT-PCR analysis of miR-133a expression in VSMCs transfected

with miR-133a inhibitor and its control. C–E, VSMCs were transfected with pre–miR-133a, empty vector (miR-C), miR-133a inhibitor, or control

oligos. Cells were then treated with �-GP, and after 72 hours transfection, ALP activity was determined using spectrophotometric methods (C),

osteocalcin secretion was determined using RIA (D), and Runx2 expression was measured by Western blotting (E). F, Microscopic view of the

effects of miR-133a on matrix mineralization in VSMCs induced by �-GP. Scale bar, 200 �m. G, A representative microscopic view (magnification,

�200) of cells transfected with pre–miR-133a or miR-C after 12 days of culture. H, Quantification of Alizarin Red S stain via extraction with cetyl-

pyridinium chloride. Data are shown as means � SD. *, P � .05; n 	 3. HK, housekeeping (control).

3348 Liao et al MiR-133a Regulates Calcification of VSMCs Endocrinology, September 2013, 154(9):3344–3352
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133a–regulated osteogenic process

in mouse VSMCs. As shown in Fig-

ure 3B, Runx2 siRNA successfully

knocked down the expression of

Runx2 protein in VSMCs. miR-133a

inhibitor increased ALP activity and

osteocalcin secretion in control cells.

However, this effect was reversed by

transfection of Runx2 siRNA (Fig-

ure 3, D and E), suggesting that the

effects of miR-133a inhibitor on

ALP activity and osteocalcin secre-

tion were Runx2-dependent. To fur-

ther test the role of Runx2 in miR-

133a–mediated suppression of

osteogenic differentiation, we trans-

fected VSMCs with pcDNA3.1-

Runx2, which carries the entire

Runx2 coding sequence with miR-

133a target on the 3�-UTR. As

shown in Figure 3C, transfection of

pcDNA3.1-Runx2 significantly up-

regulated Runx2 protein expression

in VSMCs. Consistent with previous

reports (32), ALP activity and osteo-

calcin secretion were dramatically

increased after transfection with

pcDNA3.1-Runx2. In the absence of

exogenous Runx2, pre–miR-133a

significantly decreased the ALP ac-

tivity and osteocalcin secretion.

However, this decrease was attenu-

ated by transfection of pcDNA3.1-

Runx2 (Figure 3, F and G). Taken

together, our experiments demon-

strated that Runx2 is a critical tar-

get of miR-133a in osteogenic

differentiation.

Discussion

In the present study, we identified

miR-133a as a negative regulator of

osteogenic differentiation of VSMCs

via direct suppression of Runx2, a

transcription factor involved in os-

teogenesis. Recently, several studies

suggested that miRNAs were in-

volved in osteoblast differentiation.

These studies demonstrated that

miR-26a (accession number MI-

Figure 3. Runx2 plays a pivotal role in the miR-133a–regulated osteoblastic differentiation of

VSMCs. A, Luciferase reporter assays were performed using luciferase constructs carrying a WT

or mutant Runx2 3�-UTR cotransfected into VSMCs with a pre-miR133a–expressing construct as

compared with an empty vector control. The luciferase activity of the WT-Runx2-3�-UTR

construct was reduced by 40% in the presence of pre-miR133a as compared with the empty

vector control. The reduction was abolished after the introduction of 3 point mutations in the

seed region of the miR-133a target site as shown in the left panel. Firefly luciferase activity was

normalized to renilla luciferase activity. Error bars represent SD. B, Runx2 expression was

successfully knocked down using siRNA in VSMCs. Runx2 expression in VSMCs transfected with

scrambled siRNA or Runx2 siRNA was analyzed by Western blotting. C, Runx2 expression was

achieved using pcDNA3.1-Runx2 in VSMCs as determined by Western blotting. D and E,

Osteogenic differentiation was determined using ALP activity (D) and osteocalcin secretion (E)

after 3 days of osteogenic induction. �-GP–induced VSMCs were transfected with scramble

siRNA or Runx2 siRNA and miRNA control inhibitor or miR-133a inhibitor. F and G, osteogenic

differentiation was determined by ALP activity (F) and osteocalcin secretion (G) after 3 days of

osteogenic induction. �-GP–induced VSMCs were transfected with pcDNA3.1-Runx2 or

pcDNA3.1 and pre–miR-133a or miR-C. Protein expression was normalized to total cellular

protein by Bradford protein assay. The data are expressed as means � SD. *, P � .05; n 	 5.

doi: 10.1210/en.2012-2236 endo.endojournals.org 3349
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MAT0000082) was involved in osteoblastic differentia-

tion of adipose tissue-derived mesenchymal stem cells by

targeting SM-actin mothers against decapentaplegic fam-

ily member 1 (SMAD1), a translation of the osteogenic

marker (33), whereas miR-196a (accession number MI-

MAT0000226) directly targeted homeobox protein

Hox-C8 and inhibited the osteoblastic differentiation of ad-

ipose tissue-derived mesenchymal stem cells (34). Addition-

ally, miR-29b (accession number MIMAT0000127),

miRNA-204/211, miR-141, and miR-200a (accession num-

ber MIMAT0000519) were recently suggested to be regula-

tors of osteoblast differentiation (35, 36). Several experi-

ments demonstrated that a series of miRNAs could

negatively regulate the expression of Runx2 via direct tar-

geting. Runx2 in mesenchymal progenitor cells and bone

marrow stromal cells was shown to be negatively regulated

by miR-204/211 (accession number MIMAT0000237/ MI-

MAT0000668), which induced adipocyte differentiation

and inhibited osteoblastic differentiation (37). Furthermore,

miR-196a has been suggested to regulate osteogenic differ-

entiation in mesenchymal stem cells by targeting homeobox

protein Hox-C8 (34). These results suggest that miRNAs

play an important role in regulating osteogenesis.

In addition to these miRNAs, miR-133a attracted our

interest because it has been reported to be specifically ex-

pressed in cardiac and skeletal muscle and might play im-

portant roles in skeletal and cardiac muscle development,

physiology, and disease pathogenesis (38, 39). However,

a recent study demonstrated that miR-133 inhibited os-

teoblastic differentiation of C2C12 mesenchymal cells by

directly targeting Runx2 (23). Data from Wang et al (40)

verified that levels of circulating miR-133a negatively cor-

related with bone mineral density, which suggested that

miR-133a may be a key clinical regulator of bone metab-

olism. Moreover, Torella et al (31) identified a potent in-

hibitory effect of miR-133 on VSMC phenotypic switch in

vitro and in vivo. These data suggested that miR-133

might play a role in osteogenic differentiation of VSMCs.

In the present study, we tested the hypothesis that miR-

133a was involved in the osteogenic differentiation of

VSMCs.

MiR-133 can be reconstituted using 3 miRNAs: miR-

133a-1 (accession number MI0000159), miR-133a-2 (ac-

cession number MI0000820), and miR-133b (accession

number MI0000821). The mature sequence of miR-

133a-1 and miR-133a-2 is identical and is different from

miR-133b by only 2 nucleotides at the 3� terminus. Nu-

merous studies have demonstrated that miR-133 plays an

important role in skeletal muscle and cardiac muscle de-

velopment and function, and several proteins have been

suggested to be the targets of miR-133, including Ras ho-

molog gene family member A (RhoA) (30), cell division

control protein 42 homolog (Cdc42), negative elongation

factor A (Nelf-A/WHSC2) (31), serum response factor

(SRF) (41), specificity protein 1 (SP-1) (31) and Runx2

(23). Here, we focused on miR-133a, a muscle-specific

miRNA that has been considered to be exclusively ex-

pressed in skeletal muscle and cardiac myocytes. How-

ever, recent studies demonstrated that miR-133a can be

detected in bronchial smooth muscle cells (30) and

VSMCs (31). Consistent with those results, our experi-

ments demonstrated that miR-133a could be detected in

VSMCs. During the process of osteogenic differentiation

of VSMCs induced by �-GP, the expression of miR-133a

decreased significantly. These results suggested that miR-

133a might have a functional role in the osteogenic dif-

ferentiation of VSMCs.

To further determine the effect of miR-133a in osteo-

genic differentiation of VSMCs, we performed gain-of-

function studies using pre–miR-133a, which significantly

increased the expression of miR-133a. Pre–miR-133a ex-

pression decreased ALP activity, osteocalcin secretion, the

markers of osteogenic differentiation, the expression of

Runx2 (a pivotal osteogenic transcription factor in osteo-

genesis), andmineralizationofmatrix (thephenotypehall-

mark of osteogenic differentiation). These results demon-

strated that the osteogenic differentiation of VSMCs was

inhibited by pre–miR-133a. Conversely, loss of function

by transfection of miR-133a inhibitor in VSMCs en-

hanced ALP activity, osteocalcin secretion, and Runx2

expression, which supported the hypothesis that miR-

133a was a negative regulator of the osteogenic differen-

tiation of VSMCs.

To investigate the molecular mechanism by which miR-

133a inhibits osteogenic differentiation, we evaluated the

target genes of miR-133a. Previous studies reported that

miR-133a can act as a negative regulator of Runx2 in

mesenchymal cells, resulting in decreased osteoblast dif-

ferentiation (23). In the present study, we observed that

miR-133a overexpression inhibited the expression of

Runx2 protein in VSMCs. Furthermore, our luciferase ex-

periments confirmed that miR-133a directly targeted the

Runx2 3�-UTR. Moreover, the knockdown of Runx2 us-

ing siRNA attenuated the ability of miR-133a inhibitor to

stimulate ALP activity and osteocalcin secretion. Con-

versely, overexpression of Runx2 using pcDNA3.1-

Runx2 reversed the inhibiting effect of pre–miR-133a on

ALP activity and osteocalcin secretion. Thus, these results

directly demonstrated that miR-133a attenuated the os-

teogenic differentiation of VSMCs by negatively regulat-

ing Runx2.

Taken together, our results suggest an inhibitory role of

miR-133a in the osteogenic differentiation of VSMCs by

targeting Runx2. This raises an interesting mechanism of
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the regulation of osteogenic differentiation in VSMCs. Al-

though further studies are necessary to test whether miR-

133a might be a useful treatment for arterial calcification

in vivo, the data presented here suggest that miR-133a

could be a potent therapeutic agent. Investigating the role

of miRNAs on osteogenic differentiation of VSMCs will

give us a better understanding of vascular calcification,

and based on this understanding, future miRNA drugs

targeting specific genes may be developed to treat cardio-

vascular diseases.
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