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CRP2 (cysteine-rich protein) is a vascular smooth muscle cell
(VSMC)-expressed LIM-only protein. CRP2 associates with the
actin cytoskeleton and interactswith transcription factors in the
nucleus to mediate smooth muscle cell gene expression. Using
Csrp2 (gene symbol of themouseCRP2 gene)-deficientmice, we
previously demonstrated that an absence of CRP2 enhances
VSMC migration and increases neointima formation following
arterial injury. Despite its importance in vascular injury, the
molecular mechanisms controlling CRP2 expression in VSMC
are largely unknown. Transforming growth factor � (TGF�), a
key factor present in the vessel wall in the early phases of
arterial response to injury, plays an important role in modu-
lating lesion formation. Because both CRP2 and TGF� are
mediators of VSMC responses, we examined the possibility
that TGF� might regulate CRP2 expression. TGF� signifi-
cantly induced CRP2 mRNA and protein expression in
VSMCs. Promoter analysis identified a conserved cAMP-re-
sponsive element (CRE)-like site (TAACGTCA) in the Csrp2
promoter that was critical for basal promoter activity and
response to TGF�. Gel mobility shift assays revealed that
mainly ATF2 bound to this CRE-like element, and mutation
of the CRE sequences abolished binding. TGF� enhanced the
activation of ATF2, leading to increased phospho-ATF2 lev-
els within the DNA-protein complexes. Furthermore, ATF2-
transactivated Csrp2 promoter activity and TGF� enhanced
this activation. In addition, a phosphorylation-negative
ATF2 mutant construct decreased basal and TGF�-mediated
Csrp2 promoter activity. Our results show for the first time in
VSMC that TGF� activates ATF2 phosphorylation and Csrp2
gene expression via a CRE promoter element.

Vascular smooth muscle cells (VSMCs)2 of the arterial wall
play a critical role in the development of occlusive vascular
lesions. In normal vessels, VSMCs are quiescent, differentiated,
and contractile and regulate vascular tone and blood pressure.
In response to arterial injury, VSMCs undergo a phenotypic
transitionwhereby theymigrate and proliferate from themedia
into the intima, contributing to vascular lesion formation and
arteriosclerosis (1).
The LIM domain is a double zinc finger structure that func-

tions as amodular protein-binding interface thatmediates pro-
tein-protein interactions (2–6). By binding to target proteins
and serving as an adaptor molecule in the assembly of multi-
protein complexes, LIM proteins participate in diverse biolog-
ical processes (6, 7). The LIM-only cysteine-rich protein (CRP)
family, which includes CRP1 (8, 9), CRP2/SmLIM (10), and
CRP3/MLP (muscle LIM protein) (11), is characterized by two
tandem LIM domains, each followed by a short glycine-rich
repeat (12, 13). CRP1 is expressed in several cell types, including
vascular and visceral smooth muscle cells (SMCs) (8, 14),
whereas CRP2 ismainly expressed in VSMCs, particularly arte-
rial SMC (10, 15, 16). CRP3 is specifically expressed in cardiac
and skeletal muscle (11, 17). CRPs are involved in promoting
protein assembly along the actin-based cytoskeleton (7, 13, 18).
CRPs associate with the actin cytoskeleton via interacting with
the actin-cross-linking protein �-actinin and adhesion plaque
protein zyxin (4, 13, 19). In addition, CRPs also interact with
transcription factors to activate gene transcription in the
nucleus (20, 21). Given their prominent cytoskeletal association
and presence in the nucleus, CRPs have both a major cytoskel-
etal function and a role controlling gene expression (6). A
cytoskeletal function of CRP3 was demonstrated in mice lack-
ing CRP3; those mice developed dilated cardiomyopathy with
hypertrophy and heart failure after birth (17). Ultrastructural
analysis revealed dramatic disruption of cardiomyocyte cytoar-
chitecture (17). Further supporting a function of CRP3 inmain-
taining the cytoarchitecture of striated muscle cells, the Dro-
sophila homolog of muscle LIM protein, Mlp84B, was recently
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demonstrated to cooperate with D-titin to maintain muscle
structural integrity (22).
We recently identified a key role for the LIM domain-con-

taining protein, CRP2, in the development of arteriosclerosis
(16). Following femoral artery wire injury, CRP2 expression
persisted in the first few days and then decreased but was not
abolished in the vessel wall by 14 days (16), implicating a role for
CRP2 in vascular injury. By gene deletion experiments, we dem-
onstrated that a lack of CRP2 increased neointima formation
following arterial injury inmice (16). Importantly, the increased
intimal thickening in Csrp2 (gene symbol of the mouse CRP2
gene)-deficient mice correlated with enhanced VSMC migra-
tion into the intima (16). Thismigratory role of CRP2 in arterial
SMC emphasizes a cytoskeleton-associated function of CRP2
protein.
In response to injury, many cytokines and growth factors are

released within injured blood vessels (1, 23, 24). These media-
tors in turn alter gene expression patterns of vascular cells,
including SMC marker genes, leading to phenotypic modula-
tion of VSMC and neointima formation. Despite its important
function in the pathogenesis of arteriosclerosis, the molecular
mechanisms controlling CRP2 expression in the context of vas-
cular injury remain largely unknown. We showed previously
that one of these factors, PDGF-BB, down-regulates CRP2
mRNA expression (10). Given that an absence of CRP2 pro-
motes VSMCmigration both in vitro and in vivo (16), induction
of CRP2 by factors present in the injured vessels might serve as
a protectivemechanism and reducesVSMCmigration and sub-
sequent neointima formation.
In the current study, we sought to identify factors, present in

the context of vascular injury, that up-regulated CRP2. CRP2
regulation by these factors might ultimately protect against
intimal thickening. TGF�, a key factor present in the vessel wall
in the early phases of the arterial response to injury plays an
important role in modulating lesion formation. We identified
that TGF� induces CRP2 protein andmRNA expression. Anal-
ysis of theCsrp2 promoter by reporter gene transfection exper-
iments revealed that a conserved CRE-like motif located at bp
�461 to�454 of theCsrp2 genewas required for both basal and
TGF�-induced activation of the Csrp2 promoter. We further
demonstrated that TGF� activates ATF2 phosphorylation and
Csrp2 gene expression via a CRE promoter element.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—Primary VSMCs were isolated
from mouse or rat aortas and cultured in Dulbecco’s modified
Eagle’smedium as described previously (16, 25). Cells were pas-
saged every 3–5 days, and experiments were performed on cells
6–8 passages from primary culture. Actinomycin D and cyclo-
heximide were purchased from Sigma.
Western Blot Analysis—Approximately 1� 106 VSMCswere

plated on 100-mm cell culture dishes and incubated overnight.
Cells were treated with human recombinant TGF� (10 ng/ml;
PeproTech, Rocky Hill, NJ) for various times and lysed in
extraction buffer (25 mM Tris, pH 7.4, 150 mM NaCl, 0.5%
sodium deoxycholate, 2% Nonidet P-40, and 0.2% SDS) con-
taining protease inhibitors (CompleteTM; Roche Applied Sci-
ence). Cell extracts were cleared by centrifugation and sub-

jected to SDS-PAGE using Novex gels (Invitrogen). Protein
concentrationswere determined by BCAprotein assay (Pierce),
and 20 �g of protein were loaded per lane. Separated proteins
were then transferred to Protran nitrocellulose membranes
(Whatman Schleicher & Schuell), followed by immunoblotting
(26). Membranes were incubated with CRP2-(91–98) anti-
serum (16) and monoclonal �-tubulin antibody (Sigma) to ver-
ify equivalent loading. To assess phosphorylation of ATF2 and
CREB, cells were plated, incubated overnight, serum-starved
(0.5% fetal bovine serum in Dulbecco’s modified Eagle’s
medium) for 24 h, and then stimulated with TGF�. Protein
extracts were prepared in extraction buffer containing protease
inhibitor CompleteTM and phosphatase inhibitor mixture 1
and 2 (Sigma) at the indicated time points. Membranes were
incubated with antibodies for phospho-ATF2 (Thr71) (phos-
phorylated Thr71 of human ATF2; Cell Signaling Technology,
Danvers, MA) that recognizes both Thr51/Thr53 dually phos-
phorylated andThr51 singly phosphorylatedmouseATF2, total
ATF2 (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), phos-
pho-CREB that recognizes phosphorylated Ser133 of CREB
(Upstate Cell Signaling Solutions, Charlottesville, VA), or total
CREB (Santa Cruz Biotechnology).
Northern Blot Analysis and Real Time Quantitative Poly-

merase Chain Reaction—Total RNA was isolated from VSMCs
using the RNeasy Mini RNA isolation kit (Qiagen, Valencia,
CA), and Northern blot analysis was performed as described
(26). The filters were hybridized with a random primed 32P-
labeled mouse CRP2 cDNA open reading frame probe (15). To
correct for loading differences, the filters were hybridized to a
32P-labeled oligonucleotide complementary to 18 S ribosomal
RNA. The signal intensity was measured on a PhosphorImager
using ImageQuant software (GEHealthcare). In cyclohexamide
experiments, 1 �g of RNA was reverse transcribed to cDNA
using the SuperScript III first strand synthesis system (Invitro-
gen). Real time quantitative PCR was performed with the 7500
real time PCR system (ABI) using 2� SYBR Green PCRmaster
mix (ABI) and 1%of the starting 1�g of RNAwith the following
primers for CRP2: forward, 5�-CTGACTGAGAAAGAAGG-
CGAAATC-3�; reverse, 5�-TGCTGGCTGTTTCACAGTA-
GTGA-3�. �-Actin was used as the internal control with the
following primers: forward, 5�-GAGAGGTATCCTGACCCTG-
AAG-3�; reverse, 5�-TGATCTGGGTCATCTTTTCACGG-3�.
Quantification was performed by the comparative CT method.
Migration Assays—To assess migration, wild type and Csrp2

null (Csrp2�/�) VSMCs (16) were serum-starved (0.5% fetal
bovine serum in Dulbecco’s modified Eagle’s medium) for 24 h
and treated with or without TGF� (10 ng/ml) for 12 h, and then
migration assays were performed as described (16). Cells were
placed in the upper chamber of 6-well transwell plates (8-�m
pore size; Costar) in triplicate (300,000 cells/well). The bottom
chambers were filled with 0.5% fetal bovine serum medium
containing PDGF-BB (10 ng/ml) (Peprotech) as a chemoat-
tractant. Cells migrating through the filters after 2 h were
quantified and normalized to the cell number of wild type
without TGF� treatment.
Luciferase Reporter and Expression Plasmid Constructs—

The mouse Csrp2 luciferase reporter plasmid �795Csrp2-luc
was described previously (27). To generate a series of 5�-dele-
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tion constructs, Csrp2 promoter deletion fragments were gen-
erated by PCR with the use of Pfu polymerase (Stratagene, La
Jolla, CA) and cloned into the luciferase reporter pGL2-Basic
(Promega, Madison, WI). These constructs share a common
3�-end at bp �40 but differ at the 5�-end at bp �573, �549,
�480, and �438. With the �795Csrp2-luc construct as a tem-
plate, site-directed mutagenesis was performed using Pfu poly-
merase to create an internal deletion of bp �480 to �438 to
generate the �795�(480/438)Csrp2-luc construct. Site-di-
rectedmutagenesis was performed tomutate the CRE site from
�461TAACGTCA to CACCGTAA (mutated bases are under-
lined) to generate the �795CREmutCsrp2-luc construct. All
constructs were confirmed by DNA sequencing. The mouse
ATF2 expression plasmid pCMV�SPORT6-ATF2 was pur-
chased from Invitrogen. The open reading frame of ATF2 was
amplified with Pfu polymerase using pCMV�SPORT6-ATF2 as
a template and cloned into pFLAG-CMV5 vector (Sigma) to
generate pFLAG-CMV5-ATF2. Site-directed mutagenesis was
then performed using Pfu polymerase to mutate the three
potential phosphorylation sites (Thr51, Thr53, and Ser72) to ala-
nines (T51A, T53A, and S72A) (28) to generate phosphoryla-
tion-negative mutant pFLAG-CMV5-ATF2-AAA, which also
functions as a dominant negative mutant (28).
Transient Transfection Assays—Approximately 1.6 � 105

VSMCs were plated onto each well of 6-well plates and allowed
to attach overnight. Cells were then transfected using FuGENE
6 reagent (Roche Applied Science) (21). To correct for differ-
ences in transfection efficiency, 500 ng each of the luciferase
plasmids and pCMV� (Clontech) were cotransfected into cells.
Two hours following transfection, cells were treated with or
without TGF� (10 ng/ml). Luciferase and �-galactosidase
activities were measured 24 h later; luciferase activity was nor-
malized to �-galactosidase activity. For cotransfection experi-
ments, �795Csrp2-luc (0.33 �g/well) and expression plasmid
(0.67 �g/well) pCMV-CREB (Clontech), pCMV�SPORT6-
ATF2, or empty vector were cotransfected into VSMCs.
Similarly, for phosphorylation-negative ATF2 experiments,
�795Csrp2-luc and pFLAG-CMV5-ATF2-AAA or empty vec-
tor pFLAG-CMV5 were cotransfected into VSMCs. For domi-
nant negative Smad3 experiments, �795Csrp2-luc or 3TP-Lux
(29) was cotransfected with pRK5-Smad3�C, which lacks
C-terminal phosphorylation and activation sites (30) or empty
pRK5 vector into VSMCs. Two hours following transfection,
the indicatedwells were treatedwith orwithoutTGF�. Because
pCMV� contains a consensus CRE site for potential ATF2
binding (data not shown), we omitted pCMV� for transfection
efficiency control and normalized luciferase activity to total
protein content as described by Owens and co-workers (31).
Each construct was transfected at least three times, and each
transfection was performed in triplicate.
Electrophoretic Mobility Shift Assays—Nuclear extracts were

prepared from VSMCs, and DNA-binding assays were per-
formed as described (27). Complementary oligonucleotides
from the Csrp2 promoter bp �467 to �448 containing the
CRE-like sequence (in boldface type), 5�-TTTTCATA-
ACGTCATTTGTT-3� or three bases mutated (underlined)
in the core sequence 5�-TTTTCACACCGTAATTTGTT-3�,
and the CRE consensus sequence 5�-ATTGCCTGACGTCA-

GAGAGC-3� (32) were synthesized. Additional mutant oligo-
nucleotides with one or two bases mutated (underlined) in the
core sequence (in boldface type) were also synthesized: mut1,
5�-TTTTCACAACGTCATTTGTT-3� and mut2 5�-TTTTC-
ACAACGCCATTTGTT-3�. Annealed complementary oligo-
nucleotides were end-labeled with [�-32P]ATP and T4 polynu-
cleotide kinase (New England Biolabs). To determine the
specificity of the DNA-protein complexes, competition assays
were performed with a 200-foldmolar excess of unlabeled dou-
ble-stranded oligonucleotides. To characterize the specific
DNA-binding proteins, nuclear proteins were incubated with
antibodies to ATF-2, CREB, or c-Jun (Santa Cruz Biotechnol-
ogy). To detect phosphorylated proteins in the DNA-protein
complexes, nuclear proteins were incubated with antibodies to
phospho-ATF2 (Thr71) (Cell Signaling Technology) or phospho-
CREB (Ser133) (Upstate Cell Signaling Solutions).
Chromatin Immunoprecipitation Assays—Mouse VSMCs

were cultured in 150-mm dishes and fixed with formaldehyde
as described in the instructions of the EZ ChIP chromatin
immunoprecipitation kit (Upstate Cell Signaling Solutions).
The fixed cells were harvested and prepared for chromatin
immunoprecipitation according to the manufacturer’s instruc-
tions. Following DNA fragmentation by sonication, aliquots of
the samples equivalent to 2 � 106 cells were used in each reac-
tion and subsequently incubated with 5 �g of CREB antibody
(Santa Cruz Biotechnology), phospho-CREB (Ser133) antibody
(Upstate Cell Signaling Solutions), or normal rabbit IgG
(Upstate Cell Signaling Solutions). Quantitative PCR (as
described under “Northern Blot Analysis and Real TimeQuan-
titative Polymerase Chain Reaction”) was subsequently per-
formed using immunoprecipitated DNA. Aliquots of samples
equivalent to 1% of initial cell lysate for each reaction were
processed, and DNAwas purified to use as input DNA control.
The primers used to amplify a 165-bp fragment of the mouse
Csrp2-CRE were 5�-GTGGGTTTCTTCCCCCCTCAG-3�
(forward) and 5�-CAGGATAGTCTCTGGTCAGAATC-3�
(reverse), and the primers used to amplify a 92-bp fragment of
the mouse cyclin D1-CRE were 5�-CTGCCCGGCTTT-
GATCTCT-3� (forward) and 5�-CTCTGGAGGCTGCAG-
GAC-3� (reverse). As an additional negative control, a 164-bp
fragment within intron 1 of the Csrp2 gene was also amplified
by quantitative PCR with the following primers: forward,
5�-TTCCCTTACTGCGGTGTCTCTC-3�; reverse, 5�-ACAC-
ATATCCTGGGGGCTGAAG-3�.

RESULTS

TGF� Induces CRP2 Expression in Vascular Smooth Muscle
Cells—TGF�, a key factor present in the vessel wall in the early
phases of arterial response to injury, plays important roles in
modulating lesion formation (33). Because CRP2 also has a sig-
nificant role inmodulating this response, we examined the pos-
sibility that TGF� might regulate CRP2 expression.We treated
VSMCswithTGF� and evaluatedCRP2protein levels byWest-
ern blot analysis. The physiological concentrations of TGF�
have been reported to be �2–3 ng/ml in plasma and cells (34,
35). However, a higher concentration of 10 ng/ml has been rou-
tinely used in cultured cells (34, 36, 37). To mimic the likely
higher concentrations of cytokines released at the injured arte-
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rial microenvironment we used 10 ng/ml TGF� for our studies.
TGF� induced CRP2 protein expression as early as 2 h, and the
induction continued at the 4 h time point (Fig. 1A). A 3-fold
induction was observed at 8 h, and this level of induction was
maintained at 24 h when compared with untreated controls
(Fig. 1A). Similar to the protein results, Northern blot analysis
revealed that TGF� induced CRP2 mRNA expression in a time-
dependent manner (Fig. 1B). A maximal 3-fold induction was
observed at 4 h, which precededmaximal protein induction at 8 h
(Fig. 1A), and was maintained at 24 h when compared with
untreated controls (Fig. 1B). To determine the significance of
CRP2 induction, we treated wild type and Csrp2�/� VSMC with
orwithoutTGF� for 12 h to obtainmaximal induction ofCRP2 in
wild type cells and thenperformedmigration assays. Interestingly,
comparedwith untreated controls, TGF� treatment reducedwild
typeVSMCmigrationby�50%,whereasCsrp2�/�VSMCmigra-
tion was not affected (Fig. 1C), indicating that up-regulation of
CRP2 correlated with a blunted VSMCmotility.
TGF� Does Not Alter the Half-life of CRP2mRNA—To begin

to elucidate the mechanisms underlying CRP2 mRNA induc-
tion, we performed experiments with the transcriptional inhib-
itor actinomycin D. VSMCs were preincubated with vehicle or
actinomycin D for 30 min and then treated for 4 h with or
without TGF�. Northern analysis revealed that in the absence
of actinomycin D, TGF� substantially induced CRP2 mRNA
expression, whereas actinomycin D blocked induction of CRP2
mRNA (Fig. 2A). Given that TGF� can regulatemRNA levels of
many target genes by alteringmRNA stability and half-life (38–
40), we measured the half-life of CRP2 mRNA in VSMCs stim-
ulated with or without TGF�. In the absence of TGF�, the half-
life of CRP2 mRNA was �14 h (Fig. 2B). The half-life of CRP2
mRNA in TGF�-treated cells was also �14 h, indicating that
TGF� has no effect on CRP2 mRNA half-life (Fig. 2B).
CRP2 Induction by TGF� Does Not Require New Protein

Synthesis—To further examine whether CRP2 mRNA induc-
tion by TGF� required protein synthesis, we preincubated
VSMCs with protein synthesis inhibitor cyclohexamide for 30
min and then treated for 4 h with or without TGF�. Real time

FIGURE 1. TGF� increases CRP2 expression in VSMCs. A, TGF� induces
CRP2 protein expression. VSMCs were exposed to TGF� (10 ng/ml), and pro-
tein extracts were harvested at the indicated time points. Total protein was

also extracted from unstimulated control cells. Western blot analyses were
performed using 20 �g of total protein/lane. After electrophoresis, proteins
were transferred to nitrocellulose membranes and incubated with a poly-
clonal primary antiserum specific for CRP2-(91–98) and a horseradish perox-
idase-conjugated goat anti-rabbit secondary antibody. The blot was visual-
ized with enhanced chemiluminescence and exposed to film. Blots were
subsequently probed for �-tubulin for normalization. CRP2 protein induction
is expressed relative to control without TGF� stimulation at 0 h. Values are
mean � S.E. of three experiments. B, up-regulation of CRP2 mRNA by TGF�.
VSMCs were treated with TGF� (10 ng/ml) for the indicated times. Northern
blot analysis was performed with 10 �g of total RNA/lane. After electrophore-
sis, RNA was transferred to nitrocellulose filters and hybridized with a random
primed 32P-labeled mouse CRP2 cDNA probe that hybridized to a 1.0-kb CRP2
message. The blots were subsequently hybridized with a 32P-labeled 18 S
oligonucleotide to verify loading. The signal intensity of each RNA sample
hybridized to the CRP2 probe was divided by that hybridized to the 18 S
probe. The normalized intensities were expressed relative to control without
TGF� treatment at 0 h. Values are mean � S.E. of 3–5 experiments. C, TGF�
treatment reduces wild type but not Csrp2�/� VSMC migration in response to
PDGF-BB. Wild type (�/�) and Csrp2�/� (�/�) VSMCs were serum-starved
for 24 h, treated without or with TGF� (10 ng/ml) for 12 h and then plated in
triplicate in 6-well transwell plates for migration assays using PDGF-BB (10
ng/ml) as a chemoattractant. Cells migrating through the filters after 2 h were
quantified and normalized to the cell number of wild type without TGF�
treatment. Values are mean � S.D. of two experiments.
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quantitative PCR analysis showed that cyclohexamide did not
prevent CRP2 mRNA induction by TGF� (Fig. 2C), demon-
strating that transcriptional activation of Csrp2 by TGF� does
not require new protein synthesis.
TheCsrp2 Promoter Region bp�480 to�438 Is Important for

TGF� Induction—To determine whether elements responsible
for TGF� induction were present in the Csrp2 promoter, we
transiently transfected VSMCs with luciferase plasmid
�795Csrp2-luc containing�795 bp of theCsrp2 promoter.We
demonstrated previously that this region is sufficient to drive
lacZ reporter gene expression in VSMCs of blood vessels in
transgenic mice (21). TGF� increased �795Csrp2 promoter
activity by�4-fold (Fig. 3A), indicating that the�795 proximal

FIGURE 2. TGF� induction of CRP2 mRNA does not alter CRP2 mRNA
half-life or require new protein synthesis. A, TGF� does not alter CRP2
mRNA half-life. VSMCs were pretreated with vehicle (95% ethanol) or tran-
scriptional inhibitor actinomycin D (AcD) (10 �g/ml) for 30 min and then
stimulated without or with TGF� (10 ng/ml) for 4 h and analyzed as in Fig.
1B. TGF� induced CRP2 mRNA expression in the absence of AcD. In com-
parison, AcD blocked the CRP2 mRNA induction by TGF�. B, TGF� does not
alter CRP2 mRNA half-life. VSMCs were stimulated with or without TGF�
(10 ng/ml) for 4 h, and then AcD (10 �g/ml) was administered to the cells.
Total RNA was extracted at the indicated times after administration of
AcD, and Northern blot analyses were performed as in Fig. 1B. The normal-
ized intensity was then plotted as a percentage of the 0 h value (in log
scale) against time. C, CRP2 induction by TGF� does not require new pro-
tein synthesis. VSMCs were pretreated with vehicle (DMSO) or protein
synthesis inhibitor cyclohexamide (CHX) (10 �g/ml) for 30 min and then
stimulated without or with TGF� (10 ng/ml) for 4 h. RNA was harvested,
reverse transcribed, and analyzed by real time quantitative PCR assays.
Cyclohexamide did not prevent the induction of CRP2 mRNA by TGF�.
Values are mean � S.E. of three experiments.

FIGURE 3. The Csrp2 promoter region bp �480 to �438 is important for
TGF� induction. VSMCs were transiently transfected with Csrp2 promoter-
luciferase reporter plasmids (500 ng/well) in triplicate using FuGENE 6. All
wells received 500 ng of pCMV� to normalize for transfection efficiency. Two
hours after transfection, cells were treated with or without TGF� (10 ng/ml)
for 24 h and harvested for luciferase and �-galactosidase activity assays. A, 5�
deletion constructs of Csrp2 promoter-luciferase reporter plasmids. TGF�
induction is expressed relative to control without TGF� of each construct.
Values are mean � S.E. of three experiments. B, the �795 Csrp2 wild type
�795 and mutant �795�(480/438) (an internal deletion of bp �480 to �438)
promoter constructs are schematically depicted in the top panel. Luciferase
activity is expressed relative to �795 without TGF� treatment. Values are
mean � S.E. of three experiments.
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promoter contained TGF�-responsive elements for the induc-
tion of CRP2. To identify the elements, a series of Csrp2 5�-de-
letion promoter-luciferase constructs were generated and tran-
siently transfected into VSMCs. Similar to the �795 construct,
the �573 construct showed a 3.8-fold induction by TGF� (Fig.
3A). Deletion of the 5�-sequences to bp �549 retained TGF�
inducibility (Fig. 3A). Additional deletion to bp �480 only
slightly diminished the responsiveness to TGF�. Significantly,
further deletion to bp �438 abolished the promoter induction
by TGF� (Fig. 3A), indicating that the region between bp �480
and�438 was required for the TGF� stimulation ofCsrp2 pro-
moter activity. To determine the functional importance of this
region in the Csrp2 promoter, we generated a �795�(480/
438)Csrp2-luc construct that had a 43-bp internal deletion
from bp �480 to �438 within the context of �795Csrp2-luc
construct. Transient transfection experiments revealed that
deletion of this region reduced basal promoter activity by�50%
(Fig. 3B, white bars). Furthermore, internal deletion of this
region also abolished the TGF� induction (Fig. 3B, filled bars),
consistent with the 5�-deletion studies (Fig. 3A).
The CRE-like Element Is Critical for Basal and Inducible

Activity of the Csrp2 Promoter—Comparison of the sequences
from the mouse promoter bp �485 to �435 with human and
rat promoters (GenBankTM accession numbers U95017 and
NW04774, respectively) revealed that this region is highly con-
served across species (Fig. 4A). Through transcription factor
data bases (BCM Search Launcher; TRANSFAC) searches and
closer examination of the sequences, we identified a putative
CRE-like element (TAACGTCA) (Fig. 4A, boldface type). To
test the potential function of this conserved CRE-like site,
which is one base divergent from the consensus CRE site
(TGACGTCA), we generated a luciferase construct,

�795CREmutCsrp2-luc, with three
bases mutated (underlined) within
the putative CRE site (CACCG-
TAA). Compared with the control,
the �795CREmutCsrp2-luc con-
struct substantially reduced basal
promoter activity, similar to that of
the internal deletion construct,
�795�(480/438)Csrp2-luc (Fig. 4B,
white bars). Most importantly,
mutation of this site abrogated
TGF�-mediated induction of the
Csrp2 promoter (Fig. 4B, black
bars).
Nuclear Proteins Binding to the

CRE-like Site of the Csrp2 Pro-
moter—Given the functional im-
portance of the CRE-like site in reg-
ulating Csrp2 promoter activity, we
were interested in characterizing
the transcription factors that bound
to this site. We first tested whether
nuclear proteins from control
VSMCs (i.e. not treated with TGF�)
bound to the Csrp2-CRE site by gel
mobility shift assays. Oligonucleo-

tide sequences used in the gel shift assays are indicated (Fig.
5A). Incubation of VSMCnuclear extracts with an oligonucleo-
tide probe encoding bp �467 to �448 of the Csrp2 promoter
resulted in two prominent DNA-protein complexes, a domi-
nant upper complex I and a minor lower complex II (Fig. 5A,
lane 2). These two complexes were specific, because they were
competed by excess unlabeled identical probe (Fig. 5A, lane 3)
but not by an unrelated probe (data not shown). The mutant
oligonucleotides (Fig. 5A, mut) with three bases mutated
(CACCGTAA) failed to compete away the binding complexes
(Fig. 5A, lane 4). Conversely, no specific complex formationwas
observed when themutant was used as a probe (Fig. 5A, lane 7),
further indicating that nuclear factors bound specifically to this
CRE-like site. The consensus CRE oligonucleotides also com-
peted away the complexes (Fig. 5A, lane 5), indicating that this
is a bona fide CRE site. When 32P-labeled consensus CRE was
used as a probe, the intensity of complex I relative to complex II
was reduced compared with the Csrp2 probe (Fig. 5A, lane 9
versus lane 2). The identical unlabeled CRE competitor abol-
ished the complexes, confirming the specificity of the two com-
plexes (Fig. 5A, lane 10). Intriguingly, the Csrp2 competitor
primarily abolished binding of complex I and to a lesser degree
with complex II (Fig. 5A, lane 11). Taken together, these results
suggest that nuclear factors that bound to Csrp2-CRE differ
from that bound to consensus CRE. To examine whether less
severe mutations are sufficient to disrupt nuclear protein bind-
ing, we performed additional gel shift assays using oligonucleo-
tides with one or two bases mutated in the Csrp2-CRE core
sequence (Fig. 5B). Consistently, incubation of VSMC nuclear
extracts withCsrp2 oligonucleotide probe resulted in complex I
and II formation (Fig. 5B, lane 2). Complexes I and II were
abolished by the addition of unlabeled identical (Fig. 5B, lane 3)

FIGURE 4. The CRE-like site is functionally important for basal and TGF� induction of Csrp2 promoter
activity. A, conservation of the putative CRE site among species. Sequence alignment of corresponding
regions of human and rat promoter sequences to the mouse promoter. A putative CRE site (TAACGTCA) is in
boldface type and underlined in the mouse sequence. B, the putative CRE site is important for Csrp2 promoter
activity. The �795 Csrp2 wild type (wt) and CRE mutant (mut) promoter constructs are schematically depicted
in the left panel. VSMCs were transiently transfected with Csrp2 luciferase reporter constructs (500 ng/well)
containing �795 or �795CREmut with putative CRE site mutated and pCMV� (500 ng/well) to normalize for
transfection efficiency in triplicate using FuGENE 6 transfection reagent. Two hours after transfection, cells
were treated with or without TGF� (10 ng/ml) for 24 h. Cells were then harvested for luciferase and �-galacto-
sidase activity assays. Luciferase activity is expressed relative to �795 without TGF� treatment.
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oligonucleotides as competitors. mut1 with one base mutated
at the core partially competed away complexes (Fig. 5B, lane 4),
whereas mut2 with two bases mutated did not compete away
the complexes (Fig. 5B, lane 5). These data suggested that
mutation at the first base of the CRE core partially retained the
ability to bind to nuclear proteins. In comparison, a two-base
mutation rendered the oligonucleotides unable to bind to the
cognate nuclear proteins. In agreement with these results, gel
shift assays using 32P-labeledmut1 oligonucleotides resulted in
minimal complex formation (lane 6), whereas 32P-labeledmut2
oligonucleotides did not result in any specific complex forma-
tion (lane 7), demonstrating the importance ofCsrp2-CRE core
sequences for nuclear protein binding.
To identify the composition of these complexes, we

screened several known CRE-binding proteins for their abil-
ity to supershift the Csrp2-CRE-protein complex. Antibod-
ies specific for ATF2, CREB, or c-Jun were added to the
binding reactions and incubated with VSMC nuclear
extracts (Fig. 5C). ATF2 antibodies completely supershifted
complex I, as indicated by the disappearance of complex I,
and the appearance of a larger complex near the top of the gel
(Fig. 5C, lane 3, asterisk). The lower complex II was not super-
shifted by ATF2 antibodies. These data suggested that ATF2 was
the main factor present in complex I. CREB antibodies super-
shifted complex II to a larger complex (Fig. 5C, lane 4,dot) but not
complex I, indicating the complex II containedCREB. In compar-
ison, c-Junwasnot present in either complex, since c-Jun antibod-
ies didnot supershift complex I or II (Fig. 5C, lane 5), although this
antibodyhasbeenpreviously shownto supershift c-Juncomplexes
(41).
We next determined whether TGF� affected levels of ATF2/

CREB binding to the CRE site. Since CRP2mRNA induction by
TGF� was evident at 1 h (Fig. 1B), and DNA-protein complex
formation would precede mRNA induction, we used nuclear
extracts from VSMCs treated with TGF� for 15 and 30 min.
Interestingly, gel mobility shift assays using nuclear extracts
from VSMCs treated with TGF� for 15 min revealed similar
intensity of complexes I and II (Fig. 5C, lanes 6–9) with control

FIGURE 5. Nuclear proteins binding to the CRE-like element of Csrp2
promoter. A, oligonucleotide sequences used in the electrophoretic mobility
shift assays (EMSAs) are shown. The core sequence of CRE-like and consensus
CRE sites are in boldface type, and mutated sequence is underlined. EMSAs
were performed with double-stranded oligonucleotides corresponding to bp
�467 to �448 of the Csrp2 promoter. The addition of nuclear extracts (10 �g)
from VSMCs to the 32P-labeled Csrp2 probe resulted in two major retarded
DNA-protein complexes, designated I and II (arrows on left) (lane 2). A non-
specific band (ns) is indicated. Complexes I and II were abolished by the

addition of unlabeled identical (Csrp2, lane 3) or consensus CRE (lane 5) oligo-
nucleotides as competitors but not by the addition of three bases mutated
(mut) oligonucleotides (lane 4). Conversely, EMSAs using 32P-labeled mutated
oligonucleotides did not result in specific complex formation (lane 7). As a
comparison, EMSAs using 32P-labeled CRE oligonucleotides were performed.
The addition of nuclear extracts to the CRE probe resulted in the formation of
complexes I and II (lane 9), which were competed away by identical unlabeled
oligonucleotides (CRE; lane 10). The addition of unlabeled Csrp2 mainly abol-
ished complex I and to a lesser degree complex II (lane 11). B, oligonucleotides
used in the EMSAs are indicated. Csrp2 oligonucleotides contain the core
sequence of CRE-like site (in boldface type), whereas mut1 has a one-base
mutation (underlined) in the core and mut2 has two bases mutated (under-
lined). As in A, complex I and II were abolished by the addition of unlabeled
identical (Csrp2, lane 3) oligonucleotides as competitors. mut1 partially com-
peted away the complexes (lane 4), whereas mut2 did not compete away the
complexes (lane 5). EMSAs using 32P-labeled mut1 oligonucleotides resulted
in low intensity complex I and II formation (lane 6), whereas 32P-labeled mut2
oligonucleotides did not result in specific complex formation (lane 7).
C, nuclear extracts from control (lanes 2–5) or TGF� treated for 15 min (lanes
6 –9) VSMCs were incubated with 32P-labeled Csrp2 probe without the addi-
tion of antibodies (lanes 2 and 6) or antibodies specific to ATF2 (lanes 3 and 7),
CREB (lanes 4 and 8), or c-Jun (lanes 5 and 9). ATF2 antibody completely super-
shifted complex I to an upper band (*, lanes 3 and 7), whereas CREB antibody
supershifted complex II to an upper complex (F, lanes 4 and 8). Incubation
with c-Jun antibody did not produce supershifted bands (lanes 5 and 9).
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nuclear extracts (Fig. 5C, lanes 2–5). Using nuclear extracts
fromVSMCs treatedwithTGF� for 30min also showed similar
DNA-protein complex patterns as controls (data not shown).
TGF� Increases Phosphorylation Levels of ATF-2 But Not

CREB—CREB/ATF2 can bind to CRE in an unphosphorylated
and transcriptionally inactive form (42–44). Phosphorylation
of ATF2 or CREB within the activation domain leads to their
activation of gene expression (45, 46). Thus, we hypothesized
that TGF� might increase the phosphorylation of ATF2 and
CREB in VSMCs. To investigate this possibility, VSMCs were
treated with TGF� and protein extracts harvested 5–30 min
after treatment. Western blot analysis revealed that TGF�
increased ATF2 phosphorylation as early as 5 min after stimu-
lation but did not alter total ATF2 levels (Fig. 6). In contrast,
TGF� did not affect either phosphorylated CREB levels, which
were present at baseline, or total amounts of CREB (Fig. 6). To
test the hypothesis that ATF2 and its phosphorylation levels
might be responsible for TGF� induction of CRP2, we per-
formed supershift assays using antibodies specific for phospho-
ATF2 or phospho-CREB. Phospho-ATF2 antibodies partially
supershifted complex I (Fig. 7A, lane 3) when control nuclear
extracts were used. When nuclear extracts from VSMCs
treated with TGF� were used in the reactions, most of complex
I was supershifted (Fig. 7A, lane 6). TGF� increased the ratio of
phospho-ATF2 to unphosphorylated ATF2 within complex I
from 1.35 � 0.06 of controls to 3.09 � 0.29 (n 	 3), indicating
that TGF� enhanced phosphorylation of ATF2 within the
DNA-protein complex. Phospho-CREB antibodies appeared to
disrupt complex II from both the control and TGF�-treated
nuclear extracts (Fig. 7A, lanes 4 and 7); however, the results
were not conclusive. To investigate further whether CREB and
p-CREBbound toCsrp2-CRE in the intact native chromatin,we
performed quantitative ChIP assays. The CRE of the cyclin D1
promoterwith the core sequence identical to that ofCsrp2-CRE
has been shown mainly to bind CREB (46); thus, mouse cyclin
D1-CRE was used as a positive control. CREB binding to the
cyclin D1 promoter was substantially higher than to the Csrp2
promoter (52 and 6%, respectively; Fig. 7B), indicating much
lower levels of CREB bound toCsrp2-CRE than cyclin D1-CRE.
ChIP assays using p-CREB antibodies revealed that, compared
with 22% of p-CREB bound to cyclin D1-CRE, p-CREB binding
to Csrp2 was barely detectable (Fig. 7B). Taken together, the

results of gel shifts and ChIP assays suggested that low levels of
CREB bound to Csrp2-CRE; however, the bound CREB were
probably not phosphorylated.
Transcriptional Activation of the Csrp2 Promoter by ATF2

via the CRE Site—To evaluate the functional role of CREB and
ATF2 in the induction of CRP2, we cotransfected �795Csrp2-
luc constructwith expression plasmids in transient transfection
assays. CREBdid not increaseCsrp2promoter activity (Fig. 8A).
In contrast, ATF2 expression increased Csrp2 promoter activ-
ity by �3-fold (Fig. 8A), and TGF� further enhanced the tran-
scriptional activation by ATF2 7-fold (Fig. 8A). To further con-
firm the function of ATF2 and the importance of its
phosphorylation, we cotransfected �795Csrp2-luc with a
phosphorylation-negative ATF2 mutant (ATF2-AAA), in
which the three important phosphorylation residues Thr51,
Thr53, and Ser72 were mutated to alanines; thus, it also func-

FIGURE 6. TGF� increases the phosphorylation of ATF2 but not CREB.
VSMCs were stimulated with TGF� (10 ng/ml) and activation of ATF2 and
CREB was determined using cell lysates harvested at the indicated time points
by Western blot analysis. Phosphorylation of ATF2 and CREB was detected by
using phospho-ATF2 (p-ATF2) and p-CREB antibodies, respectively. To verify
equal loading, the blots were probed with total ATF2 and CREB antibodies. A
representative of three independent experiments is shown.

FIGURE 7. TGF� enhances phosphorylation of ATF2 within the DNA-pro-
tein complex. A, EMSAs were performed with double-stranded oligonucleo-
tides corresponding to bp �467 to �448 of the Csrp2 promoter. The addition
of nuclear extracts (NE; 10 �g) from control or TGF�-treated for 15 min VSMCs
to the 32P-labeled Csrp2 probe resulted in retarded DNA-protein complex I
and II (lanes 2 and 5). To detect phosphorylation of ATF2 and CREB within the
complexes, nuclear extracts were incubated with antibodies (Ab) specific to
phospho-ATF2 or phospho-CREB before the reactions. Phospho-ATF2
(p-ATF2) antibody supershifted complex I to a larger complex (p-ATF23,
lanes 3 and 6), whereas phospho-CREB antibody disrupted complex II (lanes 4
and 7). B, quantitative ChIP assays. VSMCs were cross-linked with formalde-
hyde and DNA fragmented by sonication. Chromatin was immunoprecipi-
tated with normal rabbit IgG, CREB, or p-CREB antibodies. Aliquots of samples
equivalent to 1% of initial cell lysate for each reaction were processed, and
DNA was purified to use as input DNA control. Quantitative PCR was per-
formed to amplify a 165-bp fragment flanking the mouse Csrp2-CRE (Csrp2)
and a 92-bp fragment flanking the mouse cylin D1-CRE (cyclin D1). As an
additional negative control, a 164-bp fragment within intron 1 of the Csrp2
gene (intron 1) was also amplified by quantitative PCR. Binding activity is
expressed as percentage relative to input DNA. Values are mean � S.D. of two
or three experiments.
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tions as a dominant negative construct (28). In the absence of
TGF�, ATF2-AAA decreased Csrp2 promoter activity by 50%
(Fig. 8B), suggesting that endogenous ATF2 phosphorylation
contributed to Csrp2 promoter activity. TGF� consistently
increased promoter activity by �3-fold; interestingly, ATF2-
AAA reduced the TGF� induction to baseline (Fig. 8B), dem-
onstrating the critical importance of ATF2 phosphorylation in
the transcriptional regulation of Csrp2 by TGF�. We then
testedwhetherATF2 activated theCsrp2 promoter through the
identified CRE site. Transfection experiments revealed that
mutation of the CRE sequences reduced ATF2 transactivation
of Csrp2 promoter by 77% (Fig. 8C). Taken together, our data
demonstrate that ATF2 regulated Csrp2 gene expression via a
novel CRE element and that TGF� signaling via ATF2 induced
CRP2 expression in VSMCs.
Smad3 Contributes to the Transcriptional Regulation of

Csrp2 by TGF�—Given the role of Smad3 inmediating numer-
ous TGF� signaling pathways (30, 47, 48), we examined the
significance of Smad3 in the regulation of Csrp2 by TGF�. We
cotransfected�795Csrp2-luc with Smad3�C, a dominant neg-
ative Smad3 expression plasmid that lacks C-terminal phos-
phorylation and activation sites (30). In transient transfection
assays, Smad3�C decreased Csrp2 promoter activity by 43% in
the absence of TGF� (Fig. 9A). Furthermore, Smad3�C
reduced TGF� induction from 350 to 139% (Fig. 9A). As a
positive control, we used TGF�/Smad3-inducible 3TP-Lux
reporter construct, which contains three copies of the TRE and
a TGF�-responsive PAI-1 promoter (29) in transfections.
Smad3�C reduced 3TP-Lux activity to a similar degree as the
Csrp2 promoter in the absence or presence of TGF� (Fig. 9B).
Together, these data indicate that Smad3 also contributed to
the transcriptional regulation of Csrp2 by TGF�.

DISCUSSION

We recently demonstrated a key role for CRP2 in the devel-
opment of arteriosclerosis (16). An absence of CRP2 enhances
intimal thickening following arterial injury, implicating a pro-
tective function of CRP2 against neointima formation. In line
with a vascular protective role of CRP2, by microarray analysis
Watanabe et al. (49) showed that estrogen, which has been pro-
posed to have atheroprotective effects, up-regulates CRP2/
SmLIM in the vascular wall. In the current study, we sought to
identify factor(s) that could potentially up-regulate CRP2
expression in the context of vascular injury, which might serve
as a protectivemechanism against intimal thickening.Wedem-
onstrated that TGF� up-regulated CRP2 protein and mRNA
expression. Furthermore, we identified a conserved CRE-like
element that was critical for basal and TGF�-induced activa-
tion of the Csrp2 promoter. In addition, TGF� increased phos-
pho-ATF2 binding to the Csrp2-CRE element. More impor-

FIGURE 8. ATF2 up-regulates Csrp2 promoter activity via the CRE site in
VSMCs. A, VSMCs were transiently co-transfected with luciferase reporter
plasmid �795Csrp2-luc and expression plasmid pCMV-CREB or pCMV�
SPORT6-ATF2 in triplicate using FuGENE 6 transfection reagent. Empty
pCMV vector was added to keep constant the total content of DNA. Two
hours following transfection, cells were treated with or without TGF� (10
ng/ml) for 24 h. Cells were then harvested for luciferase activity and total
protein assays. Csrp2 promoter activity was plotted as -fold induction com-
pared with activity of �795 with empty vector. Values are mean � S.E. of
three experiments. B, the reporter plasmid �795Csrp2-luc and phosphoryla-
tion-negative ATF2 mutant ATF2-AAA or the empty vector pFLAG-CMV5
were cotransfected into VSMCs and similarly treated as in A. Csrp2 promoter
activity was plotted as percentage activity of �795 cotransfected with vector

but without TGF�. Values are mean � S.D. C, VSMCs were transiently co-
transfected with Csrp2 luciferase reporter plasmid �795 or �795CREmut and
expression plasmid pCMV�SPORT6-ATF2 or empty vector in triplicate using
FuGENE 6 transfection reagent. Cells were harvested 24 h later for lucifer-
ase activity and total protein assays. Csrp2 promoter activity was plotted
as -fold induction compared with activity of �795 without ATF2. Values
are mean � S.E.
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tantly, TGF�, via ATF2, transactivated the Csrp2 promoter via
this CRE element in VSMCs.
The CRP2 induction by TGF� in primary cultures of VSMC

is consistent with a recent report in A10 cell line (50); however,
the transcriptional mechanisms were not investigated in this
prior study. TGF�, a multifunctional cytokine, is a key factor
present in the blood vessel wall in the early phases of the arterial
response to injury and plays a significant role in modulating
lesion formation (33, 51). TGF� regulates many SMC marker
genes and can enhance SMC differentiation (48, 52). Despite
numerous studies, the precise role of TGF� in vascular injury
remains controversial (53, 54). Although TGF� has been sug-
gested to promote lesion formation (33, 51); interestingly, dis-
ruption of a TGF� signaling pathway in Smad3 null mice
enhances neointimal hyperplasia in response to injury. This

latter study indicates an inhibitory and protective role for
TGF� in vascular lesion formation (53).

By 5�-promoter deletion experiments, we identified a region
at bp�480 to�438 important for TGF� induction of theCsrp2
promoter (Fig. 3). The sequence conservation of this region
across mouse, human, and rat promoters further indicated a
functional importance (Fig. 4A). Indeed, internal deletion of
this region in the context of the larger �795 promoter con-
struct abolished TGF� induction (Fig. 3B). Surprisingly, it also
reduced the basal promoter activity by �50% (Fig. 3B). Muta-
tion of a conserved CRE-like motif (TAACGTCA), which has
one base divergent from the consensus CRE motif
(TGACGTCA), within this region at bp �461 to �454 of the
mouse Csrp2 promoter also abolished TGF� induction and
reduced basal promoter activity (Fig. 4B). These complemen-
tary experiments demonstrated an essential role of the CRE
motif in conferring Csrp2 basal and TGF�-inducible promoter
activity in VSMCs. Supporting a critical role of CRE in regulat-
ing VSMC gene expression, the homeobox transcription factor
Hex modulates CRE-dependent transcription of SMemb/non-
muscle myosin heavy chain-B gene in VSMCs (55). Addition-
ally, a consensus CRE located in the intronic enhancer of the
Csrp1 gene, a member of the CRP family, binds CREB and was
important forCRP1 expression inVSMCs (56). Taken together,
it appears that CRE elements might regulate several function-
ally significant genes in VSMCs.
Members of the ATF/CREB family of transcription factors

form homodimers or heterodimers with the Fos/Jun family
member, leading to transcriptional activation of target genes
via CRE elements (TGACGTCA) (42, 57). The heterogeneity in
dimer composition contributes to the functional diversification
ofATF/CREB complexes (57). In addition, variationswithin the
CRE core sequences affect binding affinities of these complexes
(58). Interestingly, our results showed that predominantly
ATF2 bound to the Csrp2-CRE site (Fig. 5C). Although ATF2
homodimers and ATF2/c-Jun heterodimers have identical
affinities for the CRE (59), ATF2 probably bound to the Csrp2-
CRE as a homodimer, because an ATF2-specific antibody com-
pletely supershifted complex I, but c-Jun antibody did not (Fig.
5C). This binding pattern differs from the consensus CRE (Fig.
5A) or Csrp1-CRE complexes (56), where CREB was the pre-
dominant binding factor. The differential transcription factor
binding might be due to one base divergence of the core
sequence (fromG toA in the secondbase).However, theCREof
the cyclin D1 promoter with the identical core sequence with
Csrp2-CRE has been shown to mainly bind CREB and activate
cyclin D1 promoter in rat insulinoma INS-1 cells (46). ChIP
assays using VSMCs demonstrated that in contrast to cyclin
D1-CRE, much lower levels of CREB bound toCsrp2-CRE (Fig.
7B), suggesting that flanking sequences might confer the spec-
ificity for transcription factor binding.
The functional role ofATF2 in activating theCsrp2promoter

was confirmed by transiently overexpressing ATF2 in transfec-
tion experiments (Fig. 8A). AlthoughATF2 can bind to CREs in
the unphosphorylated state (60), TGF� enhanced ATF2 phos-
phorylation (Fig. 6) and increased phospho-ATF2 levels bind-
ing to Csrp2-CRE (Fig. 7A), implicating the importance of
ATF2 phosphorylation in mediating TGF� induction of CRP2

FIGURE 9. Dominant negative Smad3 decreases Csrp2 promoter activity
in the absence and presence of TGF�. A, VSMCs were transiently cotrans-
fected with luciferase reporter plasmid �795Csrp2-luc and empty vector
pRK5 or expression plasmid pRK5-Smad3�C. Two hours following transfec-
tion, cells were treated with or without TGF� (10 ng/ml) for 24 h. Cells were
then harvested for luciferase activity and total protein assays. Csrp2 promoter
activity was plotted as percentage of activity of �795 with empty vector
without TGF�. Values are mean � S.E. of three experiments. B, VSMCs were
transiently cotransfected with 3TP-Lux reporter plasmid and empty vector
pRK5 or expression plasmid pRK5-Smad3�C as in A. 3TP-Lux luciferase activ-
ity was plotted as -fold induction compared with activity of vector without
TGF�. Values are mean � S.E.
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expression. The significance of post-translational modification
rather thannewprotein synthesis inTGF�-mediated transcrip-
tional activation of Csrp2 was supported by the findings that
protein synthesis inhibitor cyclohexamide did not prevent
CRP2mRNA induction by TGF� (Fig. 2C). A phosphorylation-
negative mutant, which also functions as a dominant negative
mutant, reduced basal and TGF�-mediated Csrp2 promoter
activity (Fig. 8B), further demonstrating the critical importance
of ATF2 phosphorylation in regulating CRP2 expression. In
contrast to ATF2, CREB probably played a minimal role in reg-
ulating Csrp2 gene expression, given its very low levels of bind-
ing (particularly p-CREB) to Csrp2-CRE both in vitro and in
vivo and that cotransfection of CREB did not increase Csrp2
promoter activity (Fig. 8A). Interestingly, TGF� signaling mol-
ecule Smad3 also contributed to the transcriptional regulation
of Csrp2 (Fig. 9). However, further studies are needed to inves-
tigate the underlying mechanisms.
In conclusion, we identified a conserved CRE element

(TAACGTCA) in theCsrp2 promoter that was critical for basal
promoter activity and responsiveness to TGF�. Our results
show for the first time in VSMC that TGF� activates ATF2
phosphorylation and Csrp2 gene expression via a CRE pro-
moter element, whichmay represent a previously unrecognized
mechanismofVSMCgene expression.Understanding the tran-
scriptional activation of CRP2may help to elucidate themolec-
ular mechanisms that control VSMC gene expression in vascu-
lar disease.
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