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MicroRNA 143/145 (miR143/145) is restricted to adult
smooth muscle cell (SMC) lineages and mediates, in part, the
expression of several SMCcontractile genes. Although the func-
tion of miR143/145 has begun to be elucidated, its transcrip-
tional regulation in response to various signaling inputs is
poorly understood. In an effort to define a miR signature for
SMCdifferentiation, we screened human coronary artery SMCs
for miRs modulated by TGF-�1, a known stimulus for SMC dif-
ferentiation. Array analysis revealed a number of TGF-�1-in-
duced miRs, including miR143/145. Validation studies showed
that TGF-�1 stimulated miR143/145 expression in a dose- and
time-dependent manner. We utilized several chemical inhibi-
tors and found that SB203580, a specific inhibitor of p38MAPK,
significantly decreased TGF-�1-induced miR143/145 expres-
sion. siRNA studies demonstrated that the effect of TGF-�1 on
miR143/145 was dependent upon the myocardin and serum
response factor transcriptional switch as well as SMAD4.
TGF-�1 stimulated a 580-bp humanmiR143/145 enhancer, and
mutagenesis studies revealed a critical role for both a known
CArGbox and an adjacent SMAD-binding element for full TGF-
�1-dependent activation of the enhancer. Chromatin immuno-
precipitation assays documented TGF-�1-mediated enrich-
ment of SMAD3 and SMAD4 binding over the enhancer
region containing the SMAD-binding element. Pre-miR145
strongly promoted SMC differentiation, whereas an anti-
miR145 partially blocked TGF-�1-induced SMC differentia-
tion. These results demonstrate a dual pathway for TGF-�1-
induced transcription of miR143/145, thus revealing a novel
mechanism underlying TGF-�1-induced human vascular
SMC differentiation.

SMCs3 display remarkable phenotypic adaptation in re-
sponse to physical, chemical, and biological perturbations.
Such altered SMC phenotypes play a major role in the patho-
genesis of many human diseases, including asthma, atheroscle-
rosis, restenosis, hypertension, transplant arteriopathy, and
Alzheimer angiopathy (1–3). Accumulating evidence has
shown SMC differentiation to be tightly regulated by an inter-
acting network of environmental stimuli, signaling pathways,
and various transcription factors, most notably SRF and
MYOCD (2, 4–8). TGF-�1 is among the most potent soluble
growth factors that activate SMCcontractile gene expression in
both specified SMC and non-SMC types (9–15). Members of
the TGF-�1 superfamily transmit signals through both SMAD-
dependent and SMAD-independent pathways (16). The classic
pathway is through transmembrane serine-threonine kinase
receptors, whichmediate the phosphorylation of receptor-spe-
cific SMAD2 and SMAD3. The phosphorylated SMAD2-
SMAD3 complex then interacts with the common SMAD4 to
form a heteromeric complex, which translocates to the nucleus
and binds to Smad-binding elements (SBE) located in the reg-
ulatory region of a number of target genes (16). SMAD-inde-
pendent pathways, such as MAPK and PI3K, can also be trig-
gered by TGF-� to initiate signal transduction and gene
regulation (17, 18). Both SMAD-dependent and SMAD-inde-
pendent pathways have been demonstrated to contribute to
SMC differentiation in a context-dependent manner (11, 14).
MicroRNAs (miRs) represent a class of conserved, small

non-coding RNAs that bind to and target mRNA for degrada-
tion or a block in translation (19, 20). Aberrant expression of
miRs frequently leads to abnormalities in development and the
pathogenesis of disease (21–25), and a growing number ofmiRs
have been discovered as powerful modulators in cardiovascular
biology. For example, miR21 has been linked to the SMC pro-
liferative phenotype in a balloon-injured rat carotid artery
model (26). ThemiR221/222 gene is up-regulated after vascular
injury and appears tomediate the SMCproliferative phenotype
as well as intimal hyperplasia (27, 28). miR26a was shown to be
elevated with SMC differentiation, but it appears to negatively
regulate expression of SMC contractile markers (29). Con-
versely, miR1 and miR10a seem to promote the SMC differen-
tiated phenotype in embryonic stem cells treated with retinoic
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acid (30, 31). Interestingly, a growing number ofmiRs are direct
targets of SRF/MYOCD (32, 33), suggesting an important inter-
play between this pivotal transcriptional switch andmiR-medi-
ated events within SMC lineages.
The miR143/145 bicistronic gene was recently demon-

strated to be specific for adult SMC lineages and functions to
promote the SMC contractile phenotype (34–38). As with a
number of other SMC-specific genes (8), miR143/145 is a
direct target of SRF and is reduced in the vessel wall after
injury or during atherosclerotic lesion development (34–38).
Thus, miR143/145 is part of the molecular signature of SMCs
and contributes to the acquisition of an SMC differentiation
state. Although the expression and function ofmany SMCmiRs
have begun to be elucidated, the upstream signaling pathways
that converge upon SMCmiRpromoter/enhancer elements are
less understood.
Emerging evidence has demonstrated that TGF-�1 mod-

ulates several miRs, which in turn control expression of pro-
tein-coding genes associated with such cellular programs as
epithelial-mesenchymal transition, skeletal muscle cell differ-
entiation, and cell proliferation (39–41). Because TGF-�1 is
such a strong activator of SMCdifferentiation, we hypothesized
that a TGF-�1-induced miR program exists to help coordinate
the SMC differentiated phenotype. Here, we report initial
results of a TGF-�1-responsive miR signature in human coro-
nary artery smooth muscle cells (HCASM) and show that the
miR143/145 gene is among the more dramatically induced
miRs. We further show through gain- and loss-of-function
studies that TGF-�1-induced p38MAPK-SRF-MYOCD and
SMAD pathways activate miR143/145 transcription in
HCASM. Importantly, we show that these TGF-�1-dependent
pathways converge upon an upstream region of the miR143/
145 gene harboring a previously defined CArG box and a newly
identified SBE. These results establish a novel mechanism for
TGF-�1-induced SMC differentiation through the transcrip-
tional activation of miR143/145.

EXPERIMENTAL PROCEDURES

SMC Culture and Treatments—Multiple independent iso-
lates of HCASM were purchased from Invitrogen and main-
tained inmedium 231 with growth supplements as provided by
the manufacturer. Rat aortic SMCs (RASM) were purchased
from ATCC and cultured in Dulbecco’s modified Eagle’s
medium (high glucose) supplemented with 10% fetal bovine
serumwithout antibiotics or antimycotics. RASMwithin 7 pas-
sages were used throughout many studies. For TGF-�1 treat-
ment, growing cells were seeded in 6-well plates and cultured
until 90% confluence. Following serum starvation overnight,
cells were treated with TGF-�1 (1 ng/ml for HCASM and 4
ng/ml for RASM) for 24 h. For inhibitor studies, cells were
pretreated with the indicated signaling inhibitors 30 min prior
to TGF-�1 treatment. SB203580 and SB202190 (specific inhib-
itors to p38MAPK) and PD98059 (inhibitor to ERK1/2) were
from Calbiochem. The concentration of each inhibitor was 10
�M except for the indicated concentrations used in dose-de-
pendent studies.
MicroRNA Screen—Total RNA was harvested fromHCASM

treatedwith andwithout TGF-�1 for 24 h using RNAeasy (Qia-

gen). After validating the effect of TGF-�1 on the induction of
SMC contractile gene expression by quantitative RT-PCR,
RNA samples were applied to a microRNA array provided by
LC Sciences (Houston, TX) as indicated (42). Briefly, �5 �g of
total RNAwas used for size fractionation. Only the small RNAs
(�300 nucleotides) isolated were 3�-extended with a poly(A)
tail using poly(A) polymerase. Two different tags were ran-
domly used for either control or TGF-�1-treated RNA samples.
Hybridization was performed overnight on a Paraflo microflu-
idic human microRNA chip (MRA-1001 LC Sciences). After
RNA hybridization, tag-conjugating Cy3 and Cy5 dyes were
circulated through the microfluidic chip for dye staining. Fluo-
rescence images were collected using a laser scanner (GenePix
4000B,MolecularDevices) anddigitized usingArray-Pro image
analysis software (Media Cybernetics). The array contained
probes only to mature miRs. Data were analyzed by first sub-
tracting the background and then normalizing the signals using
a LOWESS filter. The ratio of the two sets of detected signals
(log2 transformed, balanced) and p values of the t test were
calculated.
RNA Extraction and RT-PCR—Total RNA was extracted

from cultured SMCs bymiRNeasy as above, and cDNA synthe-
sis was carried out with a first strand cDNA synthesis kit (GE
Healthcare). Semiquantitative PCR, SYBR Green-based real-
time PCR (MyIQ, Bio-Rad), or Taqman assays (Applied Biosys-
tems) were used to measure mRNA or miR levels. Control
housekeeping genes wereGapd (for mRNA) and SnoRNA48 or
U6 (for miR).We used the 2���Ctmethod for normalization of
raw data as described (43). The primers used for different target
mRNA and miRs are listed in supplemental Table 1.
Western Blotting—Cells were rinsed with phosphate-buff-

ered saline (PBS) twice, and protein was extracted in cold lysis
buffer containing 1% protease inhibitor mixture (Sigma) as
described (43). Protein concentration was determined by a
detergent-compatible protein assay (Bio-Rad). Equal amounts
of protein were resolved by SDS-PAGE, transferred onto nitro-
cellulose membranes, blocked with 5% nonfat milk for 1 h, and
then incubated with the indicated primary antibody overnight
at 4 °C. After a 1-h incubation with the appropriate secondary
antibody, specific signals were revealed by enhanced chemilu-
minescence reagent (Pierce). The primary antibodies usedwere
as follows: ACTA2 (Sigma, A2547); CNN1 (DAKO, M3556);
CCND1 (BD Pharmingen, 556470); SRF (Santa Cruz Biotech-
nology, sc-335); p38MAPK (SantaCruzBiotechnology, sc-535);
SMAD3 (SantaCruzBiotechnology, sc-101154); TUBA (Sigma,
T-5168); and SMAD2 (3103), phospho-SMAD2 (3101S), phos-
pho-p38MAPK (9211S), SMAD4 (9515), ERK1/2 (9122), and
phospho-ERK1/2 (4376) all from Cell Signaling Technology.
The HSP27 and phospho-HSP27 antibodies were a kind gift
from Dr. Jun-ichi Abe (University of Rochester).
Immunofluorescence Microscopy—HCASM were dispersed

under sterile glass coverslips and grown until 90% confluence.
After 24 h of serum starvation, cells were stimulated with
TGF-�1 (1.0 ng/ml) for 24 h. Immunofluorescence was con-
ducted as described (44). Briefly, cells were washed twice with
PBS (pH at 7.4) and then fixed in freshly prepared 4% paraform-
aldehyde for 10 min. After being rinsed three times with PBS-
Tween 20, cells were permeabilized with 0.1% Triton X-100 for
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5 min. A 1:200 dilution of mouse anti-human CNN1 or a 1:300
dilution of anti-ACTA2 and 1:200 diluted goat anti-mouse IgG
Texas Red conjugate (Abcam) were used to detect CNN1 or
ACTA2protein expression.Nuclear profileswere revealedwith
a brief incubation in DAPI (Molecular Probes) prior to micro-
scopic observation. Fluorescence was visualized with an
inverted Olympus IX70 fluorescence microscope and photo-
graphed for direct importation into Adobe Photoshop. All
images were processed in an equivalent manner to faithfully
capture the real time images of each sample.
Small Interfering RNA Transfections—siRNA to SRF was

purchased from Ambion (4392420). The ON-TARGET plus
SMART pool siRNA to human SMAD4 (L-003902–00) and
MYOCD (NM_153604) were from Dharmacon siRNA Tech-
nologies. A scrambled siRNAduplexwas used for negative con-
trol. Lipofectamine 2000 (Invitrogen) was used to deliver
siRNA according to themanufacturer’s instructions. Following
overnight siRNA transfection, cells were refed with fresh
growthmedium for 24 h before treatment as indicated. RNA or
protein was extracted 48–72 h after transfection, and qPCR or
Western blotting was used to determine knockdown efficiency.
Cloning and Mutagenesis of miR143/145 Enhancer—The

human miR143/145 enhancer encompassing a conserved
CArG box and a putative SBE were PCR-amplified from
genomic DNA derived from HCASM using high fidelity poly-
merase (Roche Applied Science). Primers are listed in supple-
mental Table 1. The enhancer was then cloned into a BglII site
of the pGL3 luciferase reporter containing aminimal thymidine
kinase promoter (Promega). Point mutations of the CArG and
SBE sites were made using the QuikChange mutagenesis kit
(Stratagene). All cloned promoter constructswere submitted to
Cornell University Life Sciences Core Laboratories Center to
validate nucleotide sequence fidelity.
Transfection and Luciferase Assays—Due to poor efficiency

of gene delivery toHCASM,we used RASMand 10T1/2 cells to
perform luciferase assays. Gene pulser electroporation (Bio-
Rad) was used to deliver miR143/145 reporter and other indi-
cated plasmids. Briefly, growing RASM were trypsinized from
culture plates, rinsed twice with PBS, and mixed with transfec-
tion buffer before electroporation. The conditions for electro-
poration were as follows: voltage at 300 V, capacitance at 500
ohms in a 4-mm cuvette. After electroporation, cells were dis-
persed in 24-well plates and allowed to adhere overnight before
refeeding with fresh growth medium. Lipofectamine 2000 was
used to transfect reporters in 10T1/2 cells. Cells were seeded in
24-well plates and grown until 90% confluence. Transfections
were done according to the manufacturer’s instructions. 6 h
after transfection, cells were refed with 10% FBS for 24 h. After
serum starvation, cells were treated with TGF-�1 (4 ng/ml) for
24 h. Serum starvation lasted 24 h for 10T1/2 cells and 3 h for
RASM. To correct for varying transfection efficiency and the
side effect of TGF-�1 on cell proliferation, a Renilla reporter
gene (Promega) was included as an internal control. Cell lysates
were prepared for the luciferase assay as described by the man-
ufacturer (Promega). All transfectionswere performed in quad-
ruplicate and repeated in at least three independent experi-
ments. Data were analyzed with GraphPad Prism Software

(version 4.0, GraphPad Software Inc.) and expressed as the nor-
malized -fold increase over controls � S.D.
MicroRNA Overexpression and Knockdown Studies—Grow-

ing HCASM were transfected with 30 nM precursor miR mim-
ics or antisense miR inhibitors (also known as anti-miRs) using
siPORT NeoFX (Applied Biosystems), following the manufac-
turer’s instructions. RNA or protein was harvested 72 h after
transfection, andmiR expression level was quantifiedwithTaq-
Man miR assays (Applied Biosystems). The probes used are
listed in supplemental Table 1.
Chromatin Immunoprecipitation (ChIP) Assays—Conven-

tional ChIP assayswere carried outwith EZ-ChIP (Millipore) as
described previously (44). HCASM treated with TGF-�1 for
24 h were used. Chromatin complexes were immunoprecipi-
tated with SMAD4 or SMAD3 antibody or a rabbit IgG control.
Primers for amplifying fragments of themiR143/145 locus con-
taining SBE or a remote downstream region (within primary
miR143/145) are included in supplemental Table 1. For quan-
titative ChIP, we subjected equivalent amounts of total DNA
from input and precipitated IgG and SMAD4 samples to qPCR.
Raw data for the anti-SMAD4 sample from control and TGF-
�1-treatedHCASMwere normalized to its IgG control, and the
normalized control sample was set to 1.

RESULTS

TGF-�1 Induces SMC Differentiation Marker Expression in
HCASM—TGF-�1 induces SMC differentiation in a variety of
cell culture model systems (9–15). However, there are surpris-
ingly no studies that have examined SMC differentiation genes
in TGF-�1-treated HCASM, and nothing is known about the
miR profile of these cells. We thus sought to initially character-
ize the phenotypic response ofHCASMtoTGF-�1 stimulation.
Using quantitative PCR, we found that 24-h TGF-�1 treatment
evoked increases in SMC contractile genes, including CNN1,
TAGLN, andACTA2 (Fig. 1A).We also confirmed elevations in
the expression of SMCcontractile proteins byWestern blotting
(Fig. 1B) and immunofluorescence microscopy (Fig. 1C). Simi-
lar results were obtained in independent isolates of HCASM
treated with TGF-�1, and the prodifferentiation effects were
comparable with those seen with the addition of differentiation
medium (data not shown). These results establish HCASM as a
reliable in vitromodel system for TGF-�1-induced SMCdiffer-
entiation and the profiling of differentiation-associated miRs.
TGF-�1 Induces miR143/145 Expression in HCASM—Based

on the preceding results, we stimulated HCASM for 24 h with
TGF-�1 or vehicle and performed an miR screen. Three inde-
pendent experiments revealed a consistent array of differen-
tially expressed miRs between vehicle and TGF-�1-treated
HCASM, 10 of which showed statistically significant changes
(Fig. 2A). Several miRs were shown to be reduced with TGF-�1
and are the subject of ongoing investigation (Fig. 2A). Consist-
ent with a previous report (39), we found TGF-�1-induced
expression of miR155 in HCASM (Fig. 2A). Interestingly,
miR145, a highly specific miR for SMC lineages (34–38), was
found to be among those miRs induced with TGF-�1 (Fig. 2A).
Similar array findings were observed for miR143 (data not
shown),which is co-expressedwithmiR145 as a bicistronicmiR
gene (35, 37). We validated up-regulation of miR143/145 fol-
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lowing TGF-�1 treatment by qPCR (Fig. 2B) and Northern
blotting (supplemental Fig. 1A). To rule out the possibility that
induction of miR143/145 was unique to the sample of HCASM
analyzed, three independent HCASM isolates were similarly
treated with TGF-�1 and tested for miR143/145 expression by
qPCR. Results from all isolates showed strong induction of
miR143/145 by TGF-�1 (data not shown). Moreover, RASM
treated with TGF-�1 exhibited similar induction of miR143/
145 (data not shown). Interestingly, althoughmiR21 was previ-
ously shown to be induced by TGF-�1 in human SMC (45), this
miR was not among those found to be induced by TGF-�1 in
our array. Moreover, qPCR validation studies showed only a
mild increase in miR21 following TGF-�1 treatment (Fig. 2B).
As a further control, we found that TGF-�1 elicited little effect
on expression of miR221 (Fig. 2B). Dose-dependent studies
revealed parallel increases in miR145 and the SMC contractile

genesCNN1 andACTA2with concentrations of TGF-�1 as low
as 0.125 ng/ml (Fig. 2, C and D). A similar dose-dependent
effect was seen with miR143 (supplemental Fig. 1B). Finally,
TGF-�1-induced miR143/145 was time-dependent; elevated
expression first emerged at 7 h and increased to the highest
level 24 h following TGF-�1 treatment. In contrast, little to no
induction of miR21 or miR221 was observed over the time
course of TGF-�1 stimulation (Fig. 2E). These data validate our
array findings and firmly establish the specific induction of
miR143/145 in HCASM treated with TGF-�1.
TGF-�1-induced SRF and MYOCD Reinforce miR143/

145 Expression—Having demonstrated TGF-�1-mediated in-
creases inmiR143/145 expression, we next sought to begin elu-
cidating potential mechanisms for such induction. The
miR143/145 promoter region contains a conserved CArG box
that is responsive to both SRF andMYOCD (35, 37). We there-

FIGURE 1. TGF-�1-induced SMC differentiation in HCASM. HCASM were treated with TGF-�1 (1 ng/ml) or vehicle for 24 h, and the indicated SMC markers
were analyzed by qPCR (A), Western blotting (B), and immunofluorescence microscopy (C). Relative mRNA levels in A reflect -fold changes relative to the vehicle
control, arbitrarily set to 1. Data are representative of four independent experiments. Error bars, S.D.

FIGURE 2. TGF-�1-induced miR143/145 expression in HCASM. A, heat map illustrating relative expression of a sample of miRs in triplicate control or TGF-�1
(1 ng/ml)-treated HCASM. B, qPCR validation of indicated miRs in HCASM treated with 1 ng/ml TGF-�1 for 24 h. The expression level of each miR reflects the -fold
change relative to vehicle control (set to 1). C and D, qPCR analysis of miR145 (C) and two SMC contractile genes (D) in HCASM following 24-h treatment with
varying concentrations of TGF-�1. E, HCASM were treated with TGF-�1 (1 ng/ml) for the indicated times, and qPCR was performed to measure normalized
expression of miR143/145, miR21, and miR221. Relative miR expression is the -fold change relative to control (time 0) set to 1. All data shown are representative
of at least three independent experiments. Error bars, S.D.
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fore asked if TGF-�1 could stimulate SRF andMYOCD expres-
sion. Due to the lack of a sensitiveMYOCDantibody for detect-
ing low level endogenous MYOCD protein, we were limited to
examiningMYOCDmRNA. Both semiquantitative and quanti-
tative PCR showed a reproducible and comparable time course
of MYOCD mRNA expression following TGF-�1 treatment.
The induction was seen as early as 3 h, peaked at 7 h, and
declined 13 h after TGF-�1 stimulation (Fig. 3A). In contrast to
peak induction of miR143/145 at 24 h (Fig. 2E), TGF-�1-in-
duced MYOCD expression peaked earlier, suggesting that
MYOCDmay contribute to the later induction of miR143/145.
To test this idea, we applied siRNA toMYOCD. As seen in Fig.
3B, a smart pool siRNA specific to human MYOCD effectively
knocked down the endogenousMYOCDmRNA in both vehicle
and TGF-�1-treated HCASM. Importantly, this MYOCD
knockdown abrogated TGF-�1-induced miR145 expression
(Fig. 3B). Consistent with a previous report (46), we found that
the 67-kDa SRF protein increased upon TGF-�1 treatment
(Fig. 3C). To test the importance of SRF in TGF-�1-induced
miR143/145 expression,we applied siRNA to SRF.Quantitative
PCR showed efficient siRNA knockdown of SRF and a striking
decrease in TGF-�1-induced miR143/145 (Fig. 3D). A compa-
rable reduction in CNN1mRNA expression was also observed
(Fig. 3D). Similar results were seen when utilizing a short hair-
pin RNA (47) targeting a different region of SRF (data not
shown). Collectively, these data provide strong evidence sup-
porting a role for MYOCD and SRF in the TGF-�1-mediated
increase in miR143/145 expression.
p38MAPK Is an Important Pathway for TGF-�1-induced

miR143/145 Expression—It is well known that SMAD-inde-
pendent pathways, including ERK1/2 and p38MAPK, trans-
duce TGF-�1 signals (16–18). In HCASM, we found that both
ERK1/2 and p38MAPK were activated 1 h and persisted up to
24 h following TGF-�1 treatment (Fig. 4A). We also found that

ERK5 and PI3K were activated by TGF-�1 stimulation of
HCASM (data not shown). In order to define the pathway(s)
mediating TGF-�1-induced miR143/145 expression, we evalu-
ated several inhibitors specific to each activated signal trans-
ducer. Among the tested inhibitors, only SB203580, a specific
inhibitor for p38MAPK, completely blocked TGF-�1-induced
miR143/145 expression (Fig. 4B). In contrast to SB203580,
PD98059, a specific ERK1/2 inhibitor, exerted little to no effect
on TGF-�1-induced miR143/145 expression (Fig. 4B). A dose-
dependent suppressive effect of SB203580 was observed in
TGF-�1-induced SMC contractile genes with nearly complete
inhibition at a dose of 10 �M (Fig. 4C). This concentration of
SB203580 completely blocked the phosphorylation of HSP27, a
well known substrate for p38MAPK (48) (supplemental Fig.
2A). A similar dose-dependent effect of SB203580 was noted
with respect to TGF-�1-mediated increases inmiR143 (supple-
mental Fig. 2B) and miR145 (Fig. 4D). These effects were spe-
cific because the same concentration of SB203580 derepressed
the effects of TGF-�1 on cyclin D1 (CCND1) expression (Fig.
4C). To determine whether the inhibitory action of SB203580
on TGF-�1-induced miR143/145 and SMC contractile gene
expression was a consequence of some off-target effect, we
tested SB202190, another specific inhibitor to p38MAPK, and
obtained similar results (data not shown). These findings sug-
gest that p38MAPK is an important pathway for TGF-�1-me-
diated miR143/145 induction in HCASM.
p38MAPK Controls MYOCD/SRF Expression—Consistent

with the data above (Fig. 3A), TGF-�1 treatment for 7 h resulted
in clear increases inMYOCDmRNA expression (Fig. 5A). This
induction was completely abolished upon treatment with
SB203580 as shown by semiquantitative PCR (Fig. 5A) and
quantitative PCR (Fig. 5B). SB203580 also potently reduced
TGF-�1-induced SRF expression (Fig. 5C). TGF-�1 repressed
the expression of KLF5, a known inhibitor of SMC differentia-

FIGURE 3. TGF-�1-induced MYOCD and SRF contribute to miR143/145 expression in HCASM. A, qPCR of MYOCD mRNA after the indicated times of TGF-�1
treatment. Inset, a similar study assayed by semiquantitative RT-PCR. B, qPCR of MYOCD and miR145 in the absence or presence of TGF-� with or without siRNA
to MYOCD. Please note that the apparent decrease in MYOCD with TGF-�1 alone versus control was a consistent finding, but the time course of stimulation with
TGF-�1 in this experiment was 24 h (compare with A). C, Western blot of SRF in HCASM treated with TGF-�1 (1 ng/ml) for the indicated times. D, qPCR of the
indicated genes in the absence or presence of TGF-�1 with or without siRNA to SRF. All data are representative of at least three independent experiments. Error
bars, S.D.
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tion (49), but pretreatment with SB203580 antagonized this
inhibitory effect (Fig. 5D), suggesting that the suppressive effect
of SB203580 on SRF andMYOCD is not a consequence of gen-
eral repression. There was a milder inhibitory effect of TGF-�1
on KLF4 expression (supplemental Fig. 3). In general, the
PD98059 compound had less of an effect on TGF-�1-mediated
changes in gene expression (Fig. 5). Taken together, these

results suggest that p38MAPK plays an important role in trans-
ducing TGF-�1 signaling to the induction of MYOCD/SRF.
SMAD4-dependent Regulation of miR143/145 and MYOCD—

TGF-�1 signals through type I and type II receptors, and the
signals are transmitted to the nucleus largely through SMAD
proteins (16–18). To determine whether SMAD signaling is
involved inTGF-�1-inducedmiR143/145 andMYOCD expres-

FIGURE 4. p38MAPK is critical for TGF-�1-induced miR143/145 expression in HCASM. A, Western blotting of signaling proteins in HCASM stimulated with
TGF-�1 (1 ng/ml) for the indicated times. B, qPCR of indicated miRs in HCASM pretreated for 30 min with inhibitor followed by 24-h stimulation with 1 ng/ml
TGF-�1 (n � 3/condition � S.D. (error bars)). Control samples were static cultures without any treatment. C and D, HCASM were pretreated with the indicated
dose of SB203580 for 30 min followed by TGF-�1 treatment for 24 h. Samples were then processed for Western blotting (C) or qPCR (D). Results were
reproduced in three independent experiments.

FIGURE 5. p38MAPK is critical for MYOCD and SRF expression in HCASM. A, semiquantitative RT-PCR of the indicated genes under basal (�) or TGF-�1 (�)
stimulation for 7 h in the absence or presence of a 30-min pretreatment with each signaling inhibitor. B, qPCR of MYOCD mRNA in HCASM treated as in A (n �
3/condition, � S.D. (error bars)). C, Western blotting of 67-kDa SRF in HCASM treated with vehicle (water) or TGF-�1 for 24 h in the absence or presence of a
30-min pretreatment with SB203580 compound. D, qPCR analysis of KLF5 mRNA in HCASM treated identically as in B. All data were reproducible in at least two
independent experiments.
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sion, we first measured SMAD2 phosphorylation. Phosphory-
lated SMAD2 appeared 3 h and persisted up to 24 h following
TGF-�1 treatment, a time course that paralleled induction of
ACTA2 and CNN1 (Fig. 6A) as well as miR143/145 expression
(Fig. 2E). To directly assess the role of SMAD signaling in SMC
differentiation marker expression, we used siRNA to reduce
endogenous SMAD4 and then treated HCASM with TGF-�1.
SMAD4 was effectively knocked down by more than 50% in
both vehicle and TGF-�1-treated HCASM (Fig. 6B). Lowering
steady-state levels of SMAD4 resulted in a partial decrease in
TGF-�1-mediated MYOCD mRNA expression (supplemental
Fig. 4). Further, SMAD4 knockdown caused a decrease in TGF-
�1-induced ACTA2 and CNN1 protein expression (Fig. 6B).
Similar knockdown studies resulted in a reduction of TGF-�1-
induced miR145 expression (Fig. 6C). Finally, SMAD4 knock-
down attenuated TGF-�1-induced miR143 and pri-miR145
expression (Fig. 6D). Collectively, these results support a TGF-
�1-directed SMAD pathway in the early stimulation of
MYOCD and subsequent miR143/145 and SMC contractile
protein expression.
TGF-�1 Signaling Targets an Upstream miR143/145 En-

hancer—The up-regulation of miR143/145 by TGF-�1 and
impaired induction upon knockdown of SRF/MYOCD or
SMAD4 suggested that TGF-�1 signaling may converge upon
miR143/145 regulatory sequences controlling transcription of
this miR gene. Previous work on the mouse miR143/145 pro-
moter showed a functional upstream CArG box that binds SRF
and is necessary for activity in transgenic mice (35, 37). A sim-
ilarCArGbox is located�5 kb upstreamof the humanmiR143/
145 gene (Fig. 7A). Comparative genomics revealed a conserved
SBE adjacent to the CArG box (Fig. 7A). To begin to test if these
conserved elements are responsive to TGF-�1 stimulation, we
cloned a 580-bp region encompassing both the CArG box and

SBE into a luciferase reporter and assessed activity following
TGF-�1 stimulation of 10T1/2 and RASM cells. In both cell
types, TGF-�1 was found to activate the miR143/145 580-bp
enhancer (Fig. 7, B and C). Consistent with the expression
results above (Fig. 4, B and D, and supplemental Fig. 2B),
SB203580 inhibited TGF-�1-induced miR143/145 enhancer
activity in a dose-dependent manner (Fig. 7D). To determine
the necessity of the CArG box and SBE in TGF-�1 activation of
the miR143/145 enhancer, we mutated each site in isolation or
together. Each mutant in isolation exhibited an attenuated
response to TGF-�1; the CArG/SBE doublemutant completely
lost the response to TGF-�1 stimulation in 10T1/2 cells and
showed less response compared with single site mutants in
RASM (Fig. 7, E and F). To determine whether SMAD4 binds
the putative SBE, we performed ChIP assays with HCASM
treated with TGF-�1 for 24 h. Two separate primer pairs
showed an enrichment of DNA containing the SBE following
immunoprecipitation with SMAD4 antibody; no such enrich-
ment was seen when primers flanking a region of the pri-
miR143/145 transcript were used (Fig. 7G, inset). Additional
quantitative ChIP studies showed �3-fold enrichment of
SMAD4 with TGF-�1 stimulation (Fig. 7G). SMAD3 was also
enriched over the SBE following TGF-�1 treatment (supple-
mental Fig. 5). Taken together, these results suggest that
TGF-�1 directly activates the miR143/145 upstream enhancer
region through parallel pathways that converge at a CArG box
and SBE.
miR145Contributes toTGF-�1-induced SMCDifferentiation—

Recently, studies from several independent groups demon-
strated that miR143/145 expression is limited to adult SMC
lineage and mediates, in part, the ability to direct adult SMC
contractile gene expression (34–38). However, it is not known
whether inducedmiR145 is one of themechanisms involved for

FIGURE 6. TGF-�1-induced miR143/145 and SMC markers require SMAD4 in HCASM. A, Western blotting of the indicated proteins in HCASM treated with
1 ng/ml TGF-�1 for the indicated times. B, HCASM pretreated with siRNA (30 nM) to SMAD4 for 24 h were stimulated with or without 1 ng/ml TGF-�1 for an
additional 24 h, followed by Western blotting of SMAD4, ACTA2, and CNN1. Note that we were unable to detect basal ACTA2 and CNN1 expression by Western
blot in growing HCASM due to low level expression under these experimental conditions (compare with Fig. 1B). C, same experiment as in B except that miR145
levels were assessed by qPCR. D, similar experiment as in C except that miR143 and primary miR145 were evaluated by qPCR. Data shown are representative
of two independent experiments. Error bars, S.D.
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TGF-�1-induced SMCdifferentiation. To address this possibil-
ity, we first delivered precursor miR145mimic to HCASM, and
3 days after delivery, we assessed SMC contractile gene expres-
sion. Ectopic pre-miR145 led to an increase in CNN1 and
ACTA2 expression as revealed by Western blotting (Fig. 8B).
Importantly, anti-miR145 (Fig. 8C) reduced TGF-�1-induced
CNN1 and ACTA2 protein (Fig. 8D). Attenuated expression of
ACTA2 was further confirmed by immunofluorescence stain-
ing (data not shown). These results demonstrate that miR145
contributes, at least partially, to TGF-�1-induced HCASM
differentiation.

DISCUSSION

miR145 is a tumor suppressor gene and a critical regulator of
human stem cell growth and differentiation (50–52). Recently,
several independent groups reported roles for miR145 in the
control of SMC phenotypes (34–38). Given the strong func-
tionalities of miR145 as a regulator of cell fate and growth, it is
of critical importance to elucidate its molecular regulation. In
the present study, we show that TGF-�1 induces miR143/145
expression in HCASM. We further demonstrate that two
TGF-�1 signaling pathways (p38MAPK and SMAD) converge
upon an upstream miR143/145 enhancer to directly mediate
transcription of this bicistronic miR gene (Fig. 9).
Emerging evidence has demonstrated that TGF-�1 signaling

facilitates its regulatory functions, in part, through direct tar-

geting of miR regulatory sequences. For example, in murine
mammary gland epithelial cells, TGF-�1 was found to induce
miR155 expression through a functional SBE within its pro-
moter, and induced miR155 was important in TGF-�-induced
epithelial-mesenchymal transition, cellmigration, and invasion
(39). The intronic miR216a and miR217 genes have also been
shown to be regulated by TGF-�1 via an E-box located within
the host gene’s promoter region. Up-regulated miR216a and
miR217 directly target PTEN, a repressor of Akt kinase activ-
ity, leading to elevated Akt kinase in kidney disorders and
other metabolic diseases (40). Here, we provide strong evi-
dence for TGF-�1-mediated transcriptional activation of the
miR143/145 gene. We also observed several other miRs to be
induced or repressed with TGF-�1 stimulation. Thus, an
important future goal will be to functionally characterize the
TGF-�1 microRNAome in vascular SMC.

TGF-�/BMP proteins are recognized as powerful stimuli for
SMC differentiation (9–15). Thus far, there has been limited
information regarding the role of TGF-�/BMP regulated miRs
in SMC differentiation. The only report on this subject is one
showing TGF-�1-induced miR21 expression through a post-
transcriptional mechanism, leading to human pulmonary
artery SMCdifferentiation (45). The latter finding showed peak
induction of miR21 following only 2 h of TGF-�1 treatment
with levels gradually declining at 20 h (45). In our unbiased

FIGURE 7. TGF-�1 signaling converges upon a conserved CArG box and SBE in the upstream miR143/145 regulatory region. A, alignment of upstream
enhancer region of human and mouse miR143/145 gene with conserved CArG and SBE sites boxed. The numbers to the left indicate the distance of each
sequence from the approximate transcription start site in each indicated species. B–D, luciferase activity of the wild type human miR143/145 enhancer (labeled
miR145 for simplicity) in 10T1/2 cells (B) or RASM (C) in the absence (Control) or presence of TGF-�1 or in 10T1/2 cells following TGF-�1 stimulation in the
absence or presence of a 30-min pretreatment with increasing amounts (�M) of SB compound (D). A synthetic multimerized SBE reporter (SBE in B and C) was
included as a control for TGF-�1 responsiveness. E and F, wild type and mutant miR143/145 enhancer activity in 10T1/2 cells (E) or RASM (F) treated in the
absence (Control) or presence of TGF-�1 for 24 h. �C, point mutant CArG box; �SBE, point mutant SBE (see supplemental Table 1 for mutations). Luciferase
activity for each construct (B–F) was normalized to the respective control set to 1. Each transfection was assayed in quadruplicate and repeated in multiple
independent experiments with results very similar to those shown here. G, quantitative ChIP assay in HCASM treated for 24 h without (open bar) or with (filled
bar) TGF-�1. Equal quantities of cross-linked DNA were immunoprecipitated with similar concentrations of a control rabbit IgG or a rabbit anti-SMAD4 antibody
and processed for qPCR as described under “Experimental Procedures.” The inset shows gels from similarly processed cultures of HCASM. Note that the images
shown represent inversions of the original gels to better illustrate the bands. Primers amplifying a long region (a) or a shorter region (b) encompassing the SBE
were used to PCR-amplify the reverse cross-linked and purified DNA. As a negative control, primers flanking a region �3 kb downstream from the SBE site
(within the primiR143/145 gene) (c) were used for PCR amplification. The ChIP data shown were repeated in two independent experiments. Error bars, S.D.
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array of TGF-�1-treated HCASM, miR21 was absent from the
list of significantly inducedmiRs, possibly because of the differ-
ent time sampled (24 h). Consistent with this idea, we recently
found that TGF-�1-treated pulmonary artery SMCs exhibit
only weak induction of miR21 following 24-h stimulation (data

not shown). Our qPCR validation study demonstrated a slight
increase in miR21 3 h post-TGF-�1 stimulation. It is possible
that the apparent weaker induction of miR21 seen in HCASM
at this time versus previous data in pulmonary artery SMCs (45)
stems from the distinct embryological origins of these two SMC
lineages (53). Alternatively, variations in induction of gene
expression probably differ between individual cell isolates,
reflecting the inherent genetic diversity of humans.
MYOCD is a molecular trigger switch for the vascular SMC

differentiation program (4–7). We found a reproducible tran-
sient increase inMYOCDmRNA following TGF-�1 treatment.
This temporal pattern ofMYOCD expression is consistent with
a previous report in transformed human cells (54). Because
peak TGF-�1-induced MYOCD expression preceded that of
miR143/145, we considered the possibility thatMYOCDmight
contribute to the delay in peak miR143/145. Indeed, TGF-�1-
inducedmiR145 was impaired when endogenousMYOCDwas
knocked down. Interestingly, recent studies have postulated
that miR145 may augmentMYOCDmRNA to establish a feed-
forward mechanism for SMC differentiation (34, 35). We
attempted to examine if such a mechanism was operative in
HCASM but were unable to observe consistent activation of
MYOCD by miR145. These results are consistent with the sus-
tained expression of miR145 following TGF-�1 treatment ver-
sus only transientMYOCDmRNA induction. Clearly, the tran-
scriptional and post-transcriptional regulation of MYOCD
mRNAwarrants deep analysis to uncover its positive regulation
by TGF-�1 as well as its well known reduction in expression
under conditions of SMC phenotypic adaptation (4, 55, 56).
Several lines of evidence provided here support an essential

role for a p38MAPK-SRF-MYOCD axis in regulating TGF-�1-
induced miR143/145 expression. First, TGF-�1 induces SRF
andMYOCD in HCASM, and this induction is blunted by pre-
treatment with SB203580. Second, knockdown of SRF or
MYOCD decreases TGF-�1-induced miR143/145 expression.

FIGURE 8. miR145 contributes to TGF-�1-induced HCASM differentia-
tion. A, growing HCASM were transfected with the indicated pre-miRs or a
control miR mimic (30 nM each) for 72 h, and then qPCR was done for miR145
expression. B, Western blotting of the indicated SMC marker proteins in grow-
ing HCASM transfected as in A. Note the near absence of SMC markers in the
control and miR21-transfected cells. C and D, TGF-�1 (1 ng/ml)-stimulated
HCASM following transfection with 30 nM anti-miR to either control (open bar)
or miR145 (filled bar) were processed for qPCR of miR145 (C) or Western blot-
ting of the indicated SMC differentiation proteins (D). Note that serum star-
vation does not induce expression of SMC contractile proteins or miR143/145
(data not shown). Each experiment was replicated in at least two indepen-
dent studies. Error bars, S.D.

FIGURE 9. Model for TGF-�1-mediated signaling to the miR143/145 regulatory region. A classical (SMAD4) and non-classical (p38MAPK) pathway of
TGF-�1 signaling converge at a novel SBE and CArG box, respectively, to induce transcription of miR143/145, which subsequently leads to SMC differentiation
marker expression in coordination with SRF/MYOCD. Experimental evidence reported here is depicted with solid lines, whereas hypothetical cross-talk
between upstream signaling pathways or transcriptional complexes is indicated with dotted lines.
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Finally, luciferase assays reveal that SB203580 suppresses TGF-
�1-induced miR143/145 promoter activity, and mutation of a
previously defined conservedCArG box (35, 37) causes a loss in
response to TGF-�1. Our results are in agreement with previ-
ous studies showing an involvement of p38MAPK in regulating
SMC differentiation (14, 57). Importantly, we offer evidence
that p38MAPK directly regulates the expression of SRF and
MYOCD, thus providing new insight into the mechanism of
TGF-�1-p38MAPK inmodulating SMCdifferentiation. Future
studies should identify downstream substrates of p38MAPK
responsible for SMC differentiation.
The classical pathway for TGF-�1 signaling is through a fam-

ily of SMAD proteins (16). SMAD-dependent signaling has
been implicated in the transcription of smooth muscle con-
tractile genes (11, 58). Here, we provide evidence for the
involvement of SMAD signaling in TGF-�1-induced miR143/
145 transcription.Mutation of a conserved SBE severely dimin-
ishes the response of the miR143/145 upstream enhancer to
TGF-�1. Interestingly, this SBE site is 46 bp downstream of the
CArGbox.Gel shift assays using a probe flanking both elements
failed to reveal a higher order complex of SRF-SMAD4 binding
(data not shown). However, we cannot rule out an indirect
interaction between these factors in the complex milieu of
remodeled chromatin. These findings, coupled with the CArG
box mutant data showing a similar loss in TGF-�1 response,
suggest a dual pathway of miR143/145 transcriptional activa-
tion involving p38MAPK-SRF-MYOCD and a SMAD complex
converging on their respective cis elements in the upstream
miR143/145 regulatory region (Fig. 9). A previous study
showed thatMYOCDpotentiates SMAD3-mediated transcrip-
tion of the SM22 promoter in a CArG box-independent fashion
(58). We did not observe an effect of MYOCD on the miR143/
145 enhancer carrying a CArG box mutation, suggesting that,
in this context, MYOCD does not transactivate the SBE (data
not shown). Finally, p38MAPK regulates the SMAD pathway
via controlling the stability of SMAD3 (59). In this context, we
noted a mild inhibition of phosphorylated SMAD2 in TGF-�1-
stimulated SMC pretreated with the SB203580 compound
(data not shown). Further studies should examine the extent to
which there is reciprocal cross-talk between the p38MAPK and
SMAD pathways in the control of miR143/145 expression.
miR143/145 is a bicistronic locus under control of a common

promoter (35, 37). Recently, however, there have been some
curious findings that challenge this paradigm of regulation. For
example, in a human stem cell model, miR145 was shown to be
repressed by OCT4 via a putative OCT4 element located 1.5 kb
upstream of pre-miR145 (52). The 1.5 kb promoter used in that
study contains the pre-miR143 sequence, which raises the
question as to whether a cryptic internal promoter exists driv-
ing only miR145 expression. Further, a conserved sequence 3�
to pre-miR145 was demonstrated to be crucial for miR145
expression in vitro (60). Because the 5� pre-miR143 was not
included, the role of this sequence in pre-miR143 expression is
unclear. What is clear is that a conserved CArG box upstream
of miR143/145 is necessary for specifying SMC-restricted
expression ofmiR143/145 inmice (35, 37). The work presented
here extends these findings by demonstrating a dual pathway

for the transcriptional activation of miR143/145 by TGF-�1 in
human SMC (Fig. 9).
In summary, we have shown that TGF- �1 induces the tran-

scription of miR143/145 in human coronary artery SMC. Evi-
dence supports the involvement of parallel pathways of
p38MAPK and SMAD signaling converging upon two adjacent
cis elements that bind SRF/MYOCD and SMAD3/4. These
studies reveal a novel mechanism underlying TGF-�1-induced
SMC differentiation.

Acknowledgments—We thank Sarah L. Cowan for expert technical
support and the two anonymous reviewers for excellent suggestions.

Addendum—While this paper was under revision, we became aware
of a related paper showing similar induction of themiR143/145 gene
by TGF-�1 (61).
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