
Transcriptional Regulation of SM22α by Wnt3a: Convergence with
TGFβ1/Smad Signaling at a Novel Regulatory Element

Shawn L. Shafer and Dwight A. Towler
Department of Internal Medicine, Washington University in St. Louis, St. Louis, MO 63110

Abstract
The role of canonical Wnt signaling in myofibroblast biology has not been fully investigated. The
C3H10T1/2 mesenchymal cell line recapitulates myofibroblast differentiation in vitro and in vivo,
including SM22α expression. Using this model, we find that Wnt3a upregulates SM22α in concert
with TGFβ1. Wnt1, Wnt5a and BMP2 could not replace Wnt3a and TGFβ1 signals. Chromatin
immunoprecipitation identified that Wnt3a enhances both genomic SM22α histone H3 acetylation
and β-catenin association, hallmarks of transcriptional activation. By analyzing a series of SM22α
promoter –luciferase (LUC) reporter constructs, we mapped Wnt3a-regulated DNA transcriptional
activation to nucleotides −213 to −192 relative to the transcription initiation site. In gel shift assays,
DNA-protein complexes assembled on this element were disrupted with antibodies to β-catenin,
Smad2/3, and TCF7, confirming the participation of known Wnt3a and TGFβ transcriptional
mediators. Mutation of a CAGAG motif within this region abrogated recognition by these DNA
binding proteins. Wnt3a treatment increased Smad2/3 binding to this element. Mutation of the
cognate within the context of the native 0.44 kb SM22α promoter resulted in a 70% decrease in
transcription, and reduced Wnt3a + TGFβ1 induction. A concatamer of SM22α [−213 to −192]
conveyed Wnt3a + TGFβ1 activation to the unresponsive RSV promoter. Dominant negative TCF
inhibited SM22α [−213 to −192]×6 RSVLUC activation. Moreover, ICAT (inhibitor of β-catenin
and TCF) decreased while TCF7L2 and β-catenin enhanced 0.44 kb SM22α promoter induction by
Wnt3a + TGFβ1. RNAi “knockdown” of β-catenin inhibited Wnt3a induction of SM22α. Thus, Wnt/
β-catenin signaling interacts with TGFβ/Smad pathways to control SM22α gene transcription.
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INTRODUCTION
Intimal-medial thickening, arterial calcification, and aortic valve calcification –pathologies
dependent upon the vascular myofibroblast -- are clinically significant changes induced by
type II diabetes [T2DM]1 and metabolic syndrome(1). Since pericytic myofibroblasts have
emerged as vascular osteoprogenitors (2–4), signals that expand the adventitial myofibroblast
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pool are also predicted to increase the potential for arterial calcium deposition in addition to
neointima formation(2). A better understanding of the osteotropic stimuli that regulate
myofibroblast cell physiology is needed to address the burgeoning aortic and arteriosclerotic
disease burden of T2DM(5–7).

β-catenin – regulated transcription contributes to macrovascular phenotypic changes observed
in T2DM – including osteochondrogenic differentiation of vascular myofibroblasts (8–10). In
our studies of diet-induced obesity and T2DM, we identified that high fat diets typical of
western societies activate an osteogenic Msx2-Wnt gene regulatory program in aortic
myofibroblasts(10). This β-catenin - mediated transcriptional response promotes arterial
calcification in part by upregulating bone alkaline phosphatase in CVCs [calcifying vascular
cells] and mural myofibroblasts (2,9,11,12). Multiple Wnt ligands that increase alkaline
phosphatase via LRP5/LRP6 activation and “canonical” β-catenin signaling (13) were
ectopically induced in the calcifying aorta in response to diabetes, Msx2, and inflammation
(10,14,15). Wnt3a and Wnt7a were prominently induced, along with Wnt5a, a “non-canonical”
Wnt that is constitutively expressed in the aorta at high levels(16).

Msx2 is a homeodomain transcription factor that promotes osteogenic differentiation of
vascular myofibroblasts, mediated in part via the paracrine Wnt signals noted above (14,17,
18). The TNFα- driven inflammation and oxidative stress of T2DM initiates osteogenic
Msx2 signaling in the aorta (15). In previous studies, we noted that Msx2 did not uniformly
suppress smooth muscle cell [SMC] phenotypic markers while promoting osteogenic
differentiation; rather Msx2 upregulated early SMC genes such as SM22α (18). However, in a
cell-autonomous fashion, Msx2 inhibits myocardin-dependent transcription via antagonistic
protein-protein interactions that prevent SM22α transcription (19). Thus, we posited that
paracrine Wnt signals elaborated by Msx2- expressing cells might mediate SM22α induction
(14,20).

In this study, we specifically examined whether SM22α expression was controlled by Wnt3a
and Wnt5a, two distinct Wnt ligands upregulated by diabetes, inflammation, and Msx2 in
vascular myofibroblasts (14,15). We demonstrate that SM22α expression is augmented by
Wnt3a signaling, with transcriptional regulation conveyed in part via a novel CAGAG
regulatory element in the SM22α promoter.

MATERIALS AND METHODS
Reagents and Cell Culture

Tissue culture plasticware was manufactured by Costar. All other cell culture reagents and
custom synthetic oligodeoxynucleotides were ordered from Invitrogen. Purified basic chemical
reagents were purchased from Sigma-Aldrich. Mouse C3H10T1/2 mesenchymal cells were
obtained from the American Type Culture Collection (CCL-226). C3H10T1/2 cells were
passaged in basal media with 10% FBS (fetal bovine serum), 1 mM L-glutamine and 1%
penicillin and streptomycin and transfected or treated in DMEM (Dulbecco’s modified Eagle’s
medium, high glucose) containing the same concentrations of FBS, L-glutamine, and

1Abbreviations used are: Aby, antibody; ALP, alkaline phosphatase; C3H10T1/2, murine multipotent mesenchymal cell line; dnTCF,
dominant negative TCF; FBS, fetal bovine serum; HES, Hairy/enhancer of split homolog; ICAT, inhibitor of β-catenin and TCF; LacZ,
bacterial β-galactosidase; LEF, lymphoid enhancer factor; LRP, LDL receptor related protein receptor; LUC, luciferase reporter gene;
MEM, modified Eagle’s medium; MetS, metabolic syndrome; Msx, muscle segment homeobox gene; PBS, phosphate-buffered saline;
PolII, RNA polymerase II; PPAR, peroxisome proliferator activated receptor; RT-qPCR, reverse transcription-quantitative polymerase
chain reaction; SBE, Smad binding element; SFRP, secreted frizzled related protein; Smad2(FL), full-length Smad2 variant possessing
exon 3; Smad2Δexon3, Smad2 variant lacking exon 3; siRNA, small interfering RNA; SM α-actin, smooth muscle actin Acta2;
SM22α, 22 kDa transgelin; SME, smooth muscle cell element; SM-MHC, smooth muscle myosin heavy chain, myh11; SRF, serum
response factor; SMC, vascular smooth muscle cell; T2DM, type II diabetes mellitus; TCF, T-cell factor; TEF, transcriptional enhancer
factor; Wnt, Wingless/int gene family; WT, wild-type sibling mouse; 18S, 18S ribosomal RNA.
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penicillin-streptomycin. All experiments were done with C3H10T1/2 cells between the 15th

and 22nd passage. Recombinant Wnt3a (Cat. # 1324-WN-002/CF), BMP2 (Cat. # 355-
BM-010/CF), and TGFβ1 (Cat. # 240-B-010/CF), were purchased from R & D Systems and
lyophilized protein was reconstituted in 1:10 BSA/PBS prior to use. Cells were treated with
15 ng/ml Wnt3a, 5 ng/ml TGFβ1, or 100 ng/ml BMP2 unless otherwise noted. Western blots
were performed as previously described(21), loading 10 ug of cellular protein extracted per
lane. Where indicated, analysis of digital JPEG images was used to quantify signal intensities
using Kodak 1D image analysis software as previously detailed(21). Antibodies to SM22α
(ab14106), β-catenin (sc-1496) and eIF2α (sc-11386) were obtained from Abcam and Santa
Cruz as indicated. Recombinant Smad3 (#RP-1604; expressed in and purified from E. coli as
a GST fusion protein) was purchased from Cascade Bioscience (Winchester, MA).

Real-time Fluorescence RT-PCR Analysis
To quantify relative mRNA levels, fluorescence RT-qPCR was performed as previously
detailed(18). Amplimers were designed with Primer Express Software v2.0 (Applied
Biosystems). Specific amplimers used were as follows: SM22α, 5′- AAG ACT GAC ATG TTC
CAG ACT GTT G-3′ and 5′- TGC CAT ATC CTT ACC TTC ATA GAG G-3′; SM α-actin,
5′- CGG GAG AAA ATG ACC CAG ATT AT-3′ and 5′- GGA CAG CAC AGC CTG AAT
AGC-3′; SM-MHC, 5′- AAG CCT GCA TTC TCA TGA TCA AA-3′ and 5′- TGT ACA GGT
TAG GGT CAA GTT CGA G-3′; PPARγ, 5′-ACC ACT CGC ATT CCT TTG AC-3′ and 5′-
TGG GTC AGC TCT TGT GAA TG-3′; necdin, 5′- CCA ATC TCC ACA CCA TGG AGT
T-3′ and 5′- ATA CGG TTG TTG AGC GCC A-3′; Dlxin, 5-‘ ATG AGA CTA GCA AGA
TGA AAG TGC TG-3′ and 5′- TCT TCT GAA CCT CTG CAA TGA ATC-3′; Runx2, 5′-
AGG AGG GAC TAT GGC GTC AA-3′ and 5′- TCG GAT CCC AAA AGA AGC TTT-3′;
and 18S, 5′-CGG CTA CCA CAT CCA AGG AA-3′ and 5′- GCT GGA ATT ACC GCG
GCT-3′ ′. Real-time fluorescence analysis was performed in 96-well plates with Sybr Green
as the intercalating fluorophore (Applied Biosystems). Data was collected on an ABI Prism
7300 Sequence Detection System and the relative mRNA abundance was referenced to 18S
rRNA in each sample(14,15,18). Taqman assays for quantifying Wnt1 [Mm00810320_s1],
Wnt3a [Mm03053669_s1], Wnt5a [Mm004373347_m1] mRNA accumulation with GAPD
normalization [Mm03302249_g1] were purchased from Applied Biosystems, and data
collected with the ABI 7300. Results are presented as the mean and error for multiple
independent replicates (n = 3 to 9).

Reporter and Expression Constructs, Transfections, and Luciferase Assays
All plasmid preparations were purified using Qiafilter Maxi prep columns (Qiagen) and were
sequence verified (Big Dye v3.1, Applied Biosystems, Protein and Nucleic Acid Chemistry
Lab, Washington University). The −441 to +5 region of the mouse SM22α promoter was cloned
from C57/BL6 mouse whole genomic DNA into the KpnI/MluI site of the pGL2-Basic
luciferase reporter plasmid (Promega) using techniques previously described(22). All of the
SM22α 5′ deletion constructs were derived from this original plasmid and were also cloned
into the KpnI/MluI restriction site of pGL2-Basic. The 1-, 3-, and 6- copy concatamers of the
wild type −213 to −192 region of SM22α were synthesized as phosphorylated complementary
single stranded oligonucleotides annealed together, and ligated upstream of the RSV minimal
promoter – LUC reporter(22). All of the −213 to −192 sequence elements are in the native 5′-
to-3′ orientation relative to the transcription initiation site. Expression constructs for Smad2
(Δexon3), Smad3, Smad2(FL), Smad7, and ICAT were cloned by PCR from C3H10T1/2 and
primary aortic SMC cDNA generated in the course of this project using methods previously
detailed.(23) Each construct was ligated into the pcDNA3 expression vector (Invitrogen). The
wild type TCF construct CMV-TCF4/TCF7L2 (TCF4 is TCF7L2, OMIM #602228) was
purchased from Upstate-Millipore (cat. #21-174). Similarly, the dominant negative TCF
construct pcDNA-dnTCF4/dnTCF7L2 was also purchased from Upstate-Millipore (cat. #
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21-206). All transfections were done in 12-well tissue culture plates and each transfection
experiment used either 10 μg or 12 μg of DNA per 12-well plate, (~ 1 ug/well) as previously
described(24). For treatment studies, C3H10T1/2 cells were transfected in batch mode at 50%
confluence using Lipofectamine (Invitrogen) as per the manufacturer’s instructions, and
luciferase assays performed 48 hours later precisely as previously detailed(22). Data are
presented as the mean +/− S.E.M. luciferase activity per well (n = 6 for each treatment
condition, repeated at least once in an independent experiment).

Electrophoretic mobility gel shift assays
Gel shift assays, cold competition, and immunological probing/supershift assays were carried
out as previously detailed(22,25). Antibodies were purchased from Santa Cruz Biotechnology,
obtained either as “TransCruz” reagents, or concentrated 10-fold by centrifugal filtration
(Centricon YM-30; final antibody concentrations all 2 ug/ul). The antibodies used were anti-
β-catenin (sc-1496), anti-LEF1 (sc-8591), anti-TCF7 (sc-8589), anti-Smad2/3 (sc-6202, I-20,
directed to domain shared by Smad2, Smad2Δexon3, and Smad3 residues 130–180), anti-
Smad3 (sc-8332) and anti-Smad4 (sc-1909). Gamma-[32P] ATP was purchased from New
England Nuclear, and used to 5′- label one of the oligonucleotide strands prior to annealing as
previously detailed(25). Whole cell extracts for gel shift assay were prepared as previously
described (22) obtained from C3H10T1/2 cells treated with 15 ng/ml recombinant Wnt3a for
4 hours, 20 hours, or 24 hours as indicated. DNA-protein complexes were visualized by native
gel electrophoresis precisely as previously detailed(24), using 4–20% acrylamide gradient gels
(Invitrogen) pre-equilibrated with 0.375X Tris – borate -EDTA buffer, pH 8.3, For cold
competition experiments, lysate was incubated for 20 minutes with unlabeled duplex
oligonucleotide in 45-fold or 90-fold molar excess of the radiolabeled probe. Immunological
probing of DNA-protein complexes was carried out with antibody—extract pre-incubation
precisely as detailed(22), evaluating 2 ul of the indicated antibody (2 ug/ul) in a 20 ul gel shift
binding reaction.

Chromatin immunoprecipitation (ChIP) assays
ChIP assays were performed following the novel “fast ChIP” protocol of Nelson and colleagues
(26,27), but with the addition of a brief micrococcal nuclease genomic DNA digestion (1U/ml
for 20 minutes at 37 ºC in 50 mM Tris HCl pH8 with 5 mM CaCl2 and 0.5 mM DTT, followed
by EDTA inactivation) just prior to the DNA sonication step. Specific antibodies used for ChIP
were anti-histone H3 (Abcam #1791), anti-acetylated histone H3 (Abcam #4441), and a
validated anti-β-catenin H102 (Santa Cruz, sc-7199), using normal mouse IgG (Upstate
Biotechnology Inc., #12-371) as the negative control. ChIP assays utilized 4 ug/ml antibody
per 100 ul of sonicate obtained from one 15 cm culture dish of C3H10T1/2 cells (~ 2 × 107

cells/1 ml of sonicate). Chelex 100 – based DNA purification and reversal of cross-links
following ChIP were carried out as detailed (26,27), followed by fluorescence PCR to quantify
SM22α mouse genomic DNA in both the input and precipitate as previously described (24).
The amplimer pair implemented in qPCR for SM22α promoter ChIP assays was 5′-ATG TTC
TGC CAT GCA CTT GGT AGC-3′ and 5′-GAC AAA CAA GCC ACC TTC TTG CAA-3′.
Data are expressed as the mean +/− standard error of the relative amount ofSM22α genomic
DNA precipitated, normalized to input DNA. All ChIP assays were performed as independent
replicates in duplicate (n = 4 to 8 per treatment group as indicated).

siRNA mediated RNA interference
C3H10T1/2 cells were transfected at 50% confluence with a validated double stranded siRNA
targeting β-catenin message (5′-r(CUG UUG UGG UUA AAC UCC U)dTdT-3′ and 5′-r(AGG
AGU UUA ACC ACA ACA G)dTdT-3′), siRNA targeting all Smad2 messages (5′-r(AUC
AGC CGG UGG GUC UGG A)dTdT3′ and (21 bp) antisense strand = 5′-r(UCC AGA CCC
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ACC GGC UGA U)dTdT-3′), or with AllStars Negative Control siRNA (Qiagen cat #1027281)
as indicated, using TransIT- TKO Transfection Reagent (Mirus, Madison, WI). Cells were
washed and treated with recombinant protein 24 hours after transfection. After one day of
treatment, cells were harvested and RNA was extracted, and RT-qPCR performed, using the
primers listed above. Statistical analysis was carried out by ANOVA as indicated, followed by
post-hoc Tukey’s test for multiple comparisons using GraphPad InStat software version 3.06
for Windows.

RESULTS
Wnt3a upregulates SM22 gene expression programs in C3H10T1/2 cell mesenchymal
progenitors

Our previous studies had indicated that Msx2-Wnt signaling controls cell fate and phenotype
of aortic adventitial myofibroblasts, controlling osteogenic, adipogenic, and smooth muscle
cell markers(14,18). This included upregulation of SM22α (18), a SMC-specific marker(28)
also transiently expressed during cardiomyocyte development(29). Like the aortic adventitial
myofibroblast, the murine C3H10T1/2 cell line is a multipotent mesenchymal progenitor that
is regulated by Msx2-Wnt signaling(14,18,30). We wished to better understand the effects of
canonical Wnt signaling on early SMC differentiation; therefore, we examined the effects of
Wnt3a on C3H10T1/2 cells as a facile, relevant cell culture model(31,32). As shown in Figure
1A, treatment of Wnt3a causes a dramatic morphological change in C3H10T1/2 cells, inducing
the formation of a spindly, myofibroblastic shape(33,34). Wnt3a-induced morphological
changes were observed in both the absence and presence of TGFβ1 (Figure 1A). RT-qPCR
analysis of treated C3H10T1/2 cultures confirmed that 15 ng/ml Wnt3a consistently and
significantly upregulated SM22α, a gene encoding an early myofibroblast phenotypic marker
(35–38) that binds SMC α-actin (Figure 1B)(34,39). Induction of SMC α-actin itself by Wnt3a
treatment was also observed but more modest in magnitude. By contrast, expression of
PPARγ, a characteristic marker and mediator of adipocyte differentiation, was not induced by
Wnt3a treatment, and was in fact suppressed by Wnt3a (Figure 1B, and data not shown). The
transcriptional co-regulators necdin, and Dlxin, implicated in Msx2-dependent SMC signaling
(40), were not induced by Wnt3a (Figure 1B). Western blot analysis of C3H10T1/2 cell extracts
confirmed that the Wnt3a-induced changes in SM22α mRNA were accompanied by increased
SM22α protein accumulation (Figure 1C, see also Figures 1E & 2B with 4 day
quantification), but with little change in SMC α-actin protein levels (data not shown). Unlike
recombinant Wnt3a, recombinant Wnt1 and Wnt5a did not induce SM22α mRNA
accumulation (Figure 1D). While induction of SM α-actin again paralleled SM22α induction,
no induction of the mature VSMC marker SM-MHC (smooth muscle myosin heavy chain),
was observed (Figure 1D). Moreover, upon comparison of responses between Wnt1, Wnt3a,
and Wnt5a, only Wnt3a significantly increased SM22α protein accumulation (Figure 1E, p <
0.05 by one-way ANOVA). Thus, in C3H10T1/2 multipotent mesenchymal cells (14,18,30–
32,35,37,41), Wnt3a upregulates SM22α gene expression and protein accumulation, and
induces shape change characteristic of the early myofibroblast phenotype.

Wnt3a converges with TGF-β1 signaling to upregulate SM22α gene expression
TGFβ is an important stimulus for myofibroblast formation(33), and promotes myofibroblast
differentiation of C3H10T1/2 cells(31,35). TGFβ1 prominently induces SM22α transcription
in primary myofibroblasts(31). We therefore contrasted and compared the effects of TGFβ1
and Wnt3a on SM22α gene expression. TGFβ1 upregulated SM22α mRNA accumulation in
C3H10T1/2 cells, to a level equivalent to or greater than that of Wnt3a treatment alone (Figure
2A). Simultaneous treatment with both TGFβ1 and Wnt3a induced SM22 up to 10-fold (Figure
2A). By contrast, no induction of SM22α expression was observed when BMP2 treatment --
an osteogenic TGF-β superfamily member – was applied alone or in combination with Wnt3a
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(Figure 2A). Induction of SM α-actin exhibited a weakly additive interaction between
TGFβ1 and Wnt3a -- similar to changes in the transcript for SRF (serum response factor) (Figure
2A). Moreover, the late SMC marker SM – MHC exhibited no induction with Wnt3a and
TGFβ (Figure 2A) TGFβ1 inhibited induction of the osteoblast transcription factor Runx2
(42), consistent with the promotion of an early myofibroblast phenotype (33). Western blot
analysis confirmed that Wnt3a was capable of further augmenting SM22α protein
accumulation even in the presence of TGFβ1 (Figure 2B). Thus, Wnt3a and TGFβ1 signals
interact to upregulate SM22α gene expression in C3H10T1/2 mesenchymal progenitors(18,
31).

Wnt3a and TGFβ1 activate transcription driven by the SM22α promoter
The proximal 0.44 kb of the SM22α promoter contains information necessary and sufficient
for arterial SMC gene expression in transgenic mice(28,29,41,43,44); thus we transiently
transfected C3H10T1/2 cells with 441 SM22LUC, a LUC (luciferase) reporter construct
containing SM22α promoter nucleotides −441 to +5, and examined the effects of Wnt3a
treatment. As shown in Figure 3A, Wnt3a treatment either alone or in the presence of
TGFβ1 significantly upregulated transcription driven by the SM22α promoter. Once again, the
effect was specific for the canonical Wnt3a ligand, since Wnt5a had no effect (Figure 3A). The
transcriptional response was specific, since neither the proximal 700 bp of the PPARγ
(peroxisome proliferators activated receptor) promoter (700 PPARGLUC; Figure 3A) nor that
of RSVLUC (see below) were Wnt3a responsive in C3H10T1/2 cells. Of note, Wnt3a induction
was independent of the critical and novel Smad regulatory element of Li et al.(29,35,43)
recently defined as residing between +5 and +44 (Figure 3B). Chromatin immunoprecipitation
(ChIP) assays confirmed that Wnt3a activated SM22α transcription in C3H10T1/2 cells; Wnt3a
treatment significantly increased both histone H3 acetylation (Figure 3C) and β-catenin
association (Figure 3D) with SM22α genomic chromatin in C3H10T1/2 cells, indices of
transcriptional activation via canonical Wnt signaling (38,45).

To begin mapping the SM22α promoter elements conveying this Wnt3a transcriptional
response, we generated and analyzed a systematic series of 5′-prime promoter deletion
constructs. The Wnt3a response mapped to the SM22α promoter region −255 to −171 (Figure
3E). More refined 5′-prime mapping placed the element between −213 and −190 (Figure 3F).
Furthermore, a concatemer of the SM22α promoter region −213 to −192 conveyed Wnt3a and
TGFβ1 responsiveness when placed upstream of the unresponsive RSV (Rous Sarcoma Virus)
minimal promoter (Figure 3G). Albeit at a low level of overall transcriptional activity, a single
copy of the −213/−192 element was capable of conveying a Wnt3a response onto the RSV
promoter (Figure 3H). Thus, in concert with TGFβ, Wnt3a upregulates SM22α promoter
activity via a novel transcriptional element located between −213 to −192 relative to the start
site of SM22α gene transcription.

A functionally important CAGAG element in the SM22α promoter region −213 to −192
assembles complexes containing β-catenin, TCF7, and Smad2Δexon3

Previous studies have shown that members of the TCF and Smad gene families
characteristically mediate responses to canonical Wnt ligands and TGFβ1, respectively(13,
46). Inspection of the DNA sequence encoded by the SM22α promoter element −213 to −192
identified a central CAGAG motif – a sequence having features of both CAAAG TCF
recognition and CAGA Smad binding cognates (Figure 4). This CAGAG element is flanked
by upstream CAAAG and downstream GAGAC (on bottom strand; top = GTCTC) motifs that
also resemble TCF (13)and Smad (46)cognates. To begin to characterize the protein-DNA
complexes assembled by this region of the SM22α promoter, we performed electrophoretic
mobility gel shift assays using cell extracts prepared from vehicle and Wnt3a –treated cells.
Four specific (bands 2 – 5) and one variable non- specific (band 1) DNA-protein complexes
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were observed to bind radiolabeled duplex oligo encoding SM22[−215/−182] (Figure 5A, lane
2 vs. lane 1). In response to treatment with either Wnt3a, TGFβ1, or both for 24 hours (Figure
5A, lanes 2–5) the relative intensity of complex 4 appeared to increase. This was confirmed in
an independent experiment using extracts prepared from C3H10T1/2 cells treated for only 4
hours (Figure 5A, lanes 6–10). As compared to vehicle treated control, either Wnt3a (Figure
5A, lane 8) or TGFβ1 (Figure 5A, lane 9) increased the relative intensity of complex 4 formation
on SM22[−215/−182] compared with other complexes. (All gel shift data presented are
representative of results observed in 2 to 5 independent experiments; data not shown). A series
of systematically altered and unlabeled duplex oligonucleotides were then tested for the
capacity to compete for the formation of these complexes (cold-competition assays; see Figure
4 for sequences). Unlabeled duplex oligo SM22[−215/−182] competed for complexes 2 – 5
(Figure 5B lanes 1–3, WT). Similar results were obtained when a duplex oligo containing the
disrupted upstream CAAAG motif (Figure 5B, lanes 4–6, mutA). By contrast, a duplex oligo
that destroyed the central CAGAG cognate could not efficiently compete for formation of any
of the 4 specific protein-DNA complexes visualized (Figure 5B, lanes 7–9, mutB). Disruption
of the downstream GAGAC (GTCTC top strand) had no effect (Figure 5B, lanes 10–12, mutC),
but the combination of CAGAG motif disruption with this latter alteration once again precluded
activity in these cold competition assays (Figure 5B, lanes 13–15, mutD). Interestingly, a
second duplex oligo that perturbed the more 3′-region of the central CAGAG cognate
preferentially attenuated complex 2 formation (Figure 5B, lanes 16–18, band 2 is not fully
competed away by mutE). Immunological probing subsequently identified that complexes 2,
3 and 4 contain Smad2 (see below).

To demonstrate the functional importance of the protein – DNA interactions assembled by this
novel CAGAG element to SM22α promoter activity in C3H10T1/2 cells, we introduced the
mutB sequence that disrupts the CAGAG element (Figure 4) into the native SM22α promoter
context −441/+5, and then assessed effects on promoter regulation. As shown in Figure 5C,
disruption of this element and the associated DNA-protein complexes significantly reduced
basal and Wnt3a/TGFβ1 responses by > 70% (p < 0.0001 vs. wild-type promoter; compare
activity of 441 (mutB) SM22LUC with that of 441 SM22LUC).

The CAGAG cognate required for protein-DNA complexes closely resembled the CAAAG
and CAGA motifs necessary for TCF/β-catenin activation(13) and Smad binding (46),
respectively. Therefore, we tested the ability of antibodies directed towards specific TCF, LEF
(lymphoid enhancer-binding factor), Smad, and β-catenin proteins to perturb the DNA-protein
complexes assembled by SM22[−215/−182]. As shown in Figure 6A, antibody to β-catenin
disrupted complex 5 formation, but increased formation of complexes 2 and 3 (lane 1–3).
Similar results were obtained with three other anti-β-catenin antibodies (data not shown). Like
the β-catenin antibody, anti-TCF7 reduced formation of complex 5, but with little if any effect
on the other complexes (Figure 6A, lanes 4–6). By contrast, anti-LEF1 antibody had no effect
(Figure 6A, lanes 7–9). However, anti-Smad2/3 -- a reagent that recognizes full length Smad2
(FL), Smad2Δexon3(46), and Smad3 -- inhibits formation of complexes 2, 3 and 4 (Figure 6B,
lanes 1–3). The antibodies specific to Smad3 (Figure 6B, lanes 4–6) and Smad4 (Figure 6B,
lanes 7–9) were without effect. All gel shift data presented are representative of results observed
in 2 to 5 independent experiments (data not shown).

Because of the apparent absence of anti-Smad3 and anti-Smad4 antibody-sensitive complexes
assembled by SM22[−215/−182] (Figure 6B, lanes 4 – 9) we wished to confirm the activity of
the immunoreagents used in these gel shift assays. Therefore, we assessed the activities of these
antibodies on complexes binding SM22[−18/+18], a fragment encompassing the
developmentally important Smad3 binding element recently described(35, 43). Using either
recombinant purified Smad fusion proteins or extracts obtained from TGFβ1-treated
C3H10T1/2 cells, we validated activity of anti-Smad3 and anti-Smad4 antibodies (supplement,
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Figures S1 and S2). Thus, functionally important DNA-protein complexes containing β-
catenin, TCF7, and Smad2 bind the CAGAG motif at nucleotides −203 to −199 in the
SM22α promoter. Smad3- and Smad4-containing were not detected in the CAGAG DNA-
protein binding complex assembled by SM22[−215/−182].

Dominant negative TCF (dnTCF) inhibits Wnt3a+TGFβ1 and Smad2Δexon3-augmented
activation of transcription driven by SM22[−213/−192]-RSVLUC

Transcription dependent upon β-catenin is directed to protein-DNA complexes via interactions
with TCFs, a family of transcription regulators that bind DNA via conserved high mobility
group domains(47). To provide further evidence that the complexes assembled by the
SM22α promoter region −213 to −192 were dependent upon to β-catenin and TCF/LEF
signaling, we examined the effect of co-expression of a commercially available dnTCF,
dnTCF4/dnTCF7L2 (8), on Wnt3a+TGFβ1 activation of this novel regulatory element. As
shown in Figure 7A, co-transfection of an eukaryotic expression construct encoding dnTCF
significantly reduced Wnt3a+TGFβ1 induction of SM22[−213/−192]-RSVLUC by ca. 80%
vs. the pcDNA3 control (p < 0.001, one way ANOVA with post-hoc Tukey’s testing).
Similarly, ICAT (inhibitor of β-catenin and TCF), an inhibitor of β-catenin activated
transcription (8,48), also significantly inhibited Wnt3a+TGFβ1 activation of this novel
regulatory element. By contrast, Smad7 expression had modest if any effect. Smad2 exists in
two isoforms, a full-length Smad2(FL) and as Smad2Δexon3 -- the latter arising from
translation of an alternatively spliced transcript that lacks exon 3 sequences. Because of steric
constraints, Smad2(FL) lacks intrinsic DNA binding activity, and the in vivo biological activity
of the Smad2 locus is fully recapitulated by Smad2Δexon3(49). Therefore, we evaluated the
effects of Smad2(FL) and Smad2Δexon3 expression on transcription driven by SM22[−213/
−192], and the effect of dnTCF. Smad2(FL) co-expression had no significant effect on Wnt3a
+TGFβ1 induction; however, co-expression of Smad2Δexon3 significantly augmented Wnt3a
+TGFβ1 transcriptional activation of SM22[−213/−192]×6-RSVLUC [p < 0.001, Figure 7A].
Once again, dnTCF inhibited SM22[−213/−192]-RSVLUC activation by Smad2Δexon3
[Figure 7A]. Even though Smad3 was not detected in the cellular complexes assembled by
SM22[−215/−182] [Figure 6B], similar inductive responses were observed by Smad3
coexpression, and were again inhibited by dnTCF [Figure 7A].

Because ICAT expression appeared to affect primarily basal activity driven by the novel
regulatory element in the heterologous promoter context of SM22[−213/−192]-RSVLUC
without affecting “fold activation” [Figure 7A], we examined the impact of ICAT expression
on 441 SM22LUC. Co-expression of ICAT suppressed induction of 441 SM22LUC,
confirming the role of β-catenin in the transcriptional regulation of SM22α in native promoter
context [Figure 7B]. Moreover, co-expression of either β-catenin or TCF7L2 enhanced 441
SM22LUC activity – but only in the presence of both Wnt3a + TGFβ1 treatment [Figure 7C].
Thus, transient co-expression studies confirm the functional importance of the Smad2Δexon3,
TCF7, and β-catenin complexes identified in the regulation of SM22α gene transcription. While
not detected in endogenous C3H10T1/2 cell binding complexes – due to low levels of
endogenous expression(50) -- Smad3 is also capable of activating transcription via this novel
regulatory motif.

siRNA (small interfering RNA) directed to β-catenin inhibits upregulation of SM22α gene
expression

ChIP assays (Figure 3C), immunologic probing of DNA-protein complexes assembled by
SM22α promoter region −213/−192 (Figure 6A), and functional studies (Figure 7) indicated
the contributions of β-catenin-dependent complexes to SM22α regulation. We wished to further
confirm the functional importance of β-catenin signaling to Wnt3a-induced SM22α expression
in native genomic context. Therefore, we examined the effect of RNAi - mediated inhibition
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of endogenous β-catenin induction on Wnt3a responses, using a siRNA directed towards β-
catenin. As compared to expression observed following transfection of control siRNA, siRNA
specific to β-catenin message completely prevented SM22α mRNA induction by Wnt3a in
C3H10T1/2 cells, quantified by fluorescence RT-qPCR (Figure 8A); expression of SM22α in
the presence of Wnt3a was significantly inhibited by β-catenin siRNA (p < 0.0001, from 5
independent transfections). By contract, β-catenin siRNA had no effect on PPARγ expression
(p > 0.05, non-significant). Western blot followed by digital image analysis confirmed that β-
catenin siRNA significantly diminished induction of β-catenin protein accumulation (Figure
8B). As observed with β-catenin siRNA, siRNA directed towards all forms of Smad2 also
precluded significant Wnt3a induction of SM22α message (Figure 8C), extending and
confirming our previous results (Figure 8A). Thus, β-catenin and Smad2 gene products mediate
Wnt3a-dependent activation of the SM22α gene in C3H10T1/2 cells.

DISCUSSION
The elaboration of SMC genes is controlled in a modular fashion; different regulatory elements
for the same gene selectively activated for expression in specific myogenic subtypes in unique
anatomic venues. Modules have been recently detailed for SM-MHC(34) and SMC α-actin
(51). Likewise, the proximal SM22α promoter is capable of driving SMC gene expression in
arterial, but not venous, vasculature(34,52). Using DNAse I footprinting and transgenic
reporters, Parmacek identified multiple smooth muscle cell elements (SME1 – SME6) within
the proximal 0.44 kb promoter(53). Li mapped a novel SBE [Smad binding element] located
at nucleotides +5 to +24 that conveys TGF-β/Smad3 dependent regulation of SM22α gene
expression(35). Protein-protein interactions between myocardin and Smad3 participate in the
activity of this element – but are completely independent of prototypic SRF-binding CArG
box elements that also direct myocardin transactivation (19,39). In our in vitro studies of
SM22α regulation by Wnt3a, this exon 1 SBE cognate is not required [Figure 2,Figure 3].
However, the footprint for the Parmacek SM22α SME3 (53) corresponds to the Wnt3a-
regulated response element.

We previously identified that paracrine Wnt signals mediate many of the procalcific actions
of Msx2(14,15). In the present work, we examined whether Wnt3a or Wnt5a – two key Wnt
ligands upregulated by Msx2 in myofibroblasts – might regulate SM22α transcription as well,
since Msx2 transduction increases SM22α expression in culture. We identified that Wnt3a
increases this early myofibroblast marker. The additive interaction between Wnt3a and
TGFβ1 was Wnt-selective; the non-canonical Wnt agonist Wnt5a (54) neither augmented nor
antagonized TGFβ1 actions, and was ineffective as a stimulus for SM22α expression.
Functional interactions between Wnt3a and TGFβ1 were gene – specific; the combination
enhanced SM22α expression, while TGFβ1 abrogated Wnt3a induction of the
osteochondrogenic Runx2 gene. Thus, vascular Wnt3a signaling (14,15) can promote early
features of the myofibroblast lineage in concert with TGFβ1.

The Smad2Δexon3 isoform we identify as recognizing the SM22αCAGAG element at −203
to −199 is widely expressed(46). The ratio of Smad2Δexon3 to Smad2(FL) ranges from 1:3 to
1:10 (46). The exon 3 domain of Smad2(FL) inhibits DNA binding by the N-terminal MH1
domain (46,55). Thus, unlike Smad2Δexon3 and Smad3, Smad2(FL) does not exhibit intrinsic
DNA binding (55,56). Both Smad2Δexon3 and Smad3 – but not Smad2(FL) – restore
embryonic viability and fertility to Smad2−/− mice(49). The specific for Smad2(FL) in
mediating transcriptional responses during development is unknown.

β-Catenin is a transcriptional co-activator that lacks intrinsic DNA binding activity(13).
Prototypic targets of β-catenin have emphasized elements recognized by members of the TCF/
LEF family (13). However, β-catenin regulated Smad:TCF complexes have been recently
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reported(57) (58). Smad3 participates in a TCF4/TCF7L2: βcatenin - dependent complex that
controls mesenchymal cell lineage allocation(57). These complexes form in the absence of
Smad4, suggesting that “co-Smad” functions of Smad4 are provided by other constituents in
the novel heterotrimer. Of note, although a single copy of the element is capable of conveying
the Wnt3a response, multimerization is required to provide TGFβ1 regulation (data not shown).
This likely reflects the need for multiple elements to integrate Wnt3a+ TGFβ1 signaling, as
occurs in the native SM22α promoter context (supplement Figure S3) of 441 SM22LUC, and
may explain the variability in the magnitude of SM22α mRNA induction observed in response
to Wnt3a. Such combinatorial complexity may afford specificity and fine-tuning of gene
expression and myofibroblast phenotypic modulation(58) in response to paracrine cues
[supplement Figure S3]. Intriguingly, several elements similar to the cognate we mapped in
SM22α are present in the SMCα-actin promoter -- including the extended “ATGCAGAG”
motif (~ 1.4 kb upstream of transcription initiation). Whether any of these elements are
functional cognates remains to be assessed.

Combinatorial complexity afforded by Wnt ligands is also apparent. Unlike Wnt3a, Wnt1 and
Wnt5a did not upregulate SM22α. Because Wnt1 is the prototypic agonist for canonical Wnt
signaling, we were surprised that Wnt1 did not also induce SM22α. However, even closely
related members of the Wnt family differ remarkably in biological specificity(20,59,60).
Wnt7a and Wnt7b share 77% identity at the amino acid level; however, while Wnt7b functions
as an agonist of canonical and non-canonical signaling in most contexts, Wnt7a does not –
highly dependent upon the specific Fzd (Frizzled) LRP co-receptor expressed (59,60). We
anticipate that the differences between Wnt1 and Wnt3a – proteins sharing 42% amino acid
identity – must encode functionally important differences(14,20). While normally expressed
at low levels in quiescent myofibroblasts as compared to Wnt5a (supplement Figure S4), aortic
Wnt3a is dramatically upregulated by diabetes and dyslipidemia (15). Inflammatory signals
conveyed by TNFα mediate Wnt3a induction in aortic myofibroblasts (15) -- with evidence of
“feed-forward” pathobiology via paracrine Msx2-Wnt3a signals (supplement Figure S4) (14).
Vascular Dkk1 and SFRP likely play critical roles in restraining osteogenic Wnt signals in
aortic disease processes(16).

During osteochondrogenic differentiation, Wnt3a simultaneously promotes osteogenic lineage
allocation and proliferative expansion of early mesenchymal progenitors (9,30,61). In the
injured adventitia, SM22α expression overlaps the proliferating, bromodeoxyuridine-labeled
myofibroblasts of the adventitial-medial junction(36). We speculate that induction of
adventitial myofibroblast SM22α expression in response to injury may be mediated in part by
Wnt/β-catenin signaling – with concomitant allocation of adventitial progenitors to the early
SMC lineage(62,63). This notion has yet to be tested.

There are limitations to our study. Our analyses are carried out in the C3H10T1/2 culture cell
system. The C3H10T1/2 multipotent mesenchymal progenitor does faithfully recapitulate
many features of early mesenchymal cell differentiation, including myofibroblast
differentiation in vitro (31,32,37,41)and in vivo (31). Nevertheless, development of transgenic
mouse promoter-reporter models will be necessary extend our ex vivo molecular studies to in
vivo models of pericytic myofibroblast activation – and will integrate the other important
paracrine cues provided by endothelial cells in addition to TGFβ1 (64). While mutation of the
CAGAG [−203/−199] motif in the 0.44 kb SM22α promoter reduced Wnt3a+TGFβ1 induction
by 70%, some residual activity remained. We speculate that the novel Smad2Δexon3 and TCF7
regulatory complex we have identified is functionally coupled by β-catenin to other SM22α
DNA-protein complexes –elements that can only weakly support β-catenin activation in the
absence of the cis -CAGAG box (supplement Figure S3). Regulatory elements located
elsewhere in the SM22α promoter(43) likely amplify the Wnt3a signaling robustly specified
by the CAGAG box. Whether myocardin (43,65) and β-catenin cooperate or compete in
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SM22α promoter regulation is also unknown. Future studies will examine the functional
relationships between complexes assembled at this novel element and other protein-DNA
interactions (66,67) that control vascular expression of SM22α during development and
disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Wnt3a induces spindle-shaped morphology change and upregulates SM22α mRNA
accumulation in C3H10T1/2 multipotent mesenchymal cells
Panel A, C3H10T1/2 cells were treated either with vehicle, 15 ng/ml recombinant purified
Wnt3a, 5 ng/ml recombinant purified TGF-β1, or with both ligands as indicated for 7 days as
indicated. Panel B, within 4 days of treatment, 15 ng/ml Wnt3a significantly upregulates
SM22α mRNA accumulation. Panel C, western blot analysis confirms that Wnt3a increases
SM22α protein levels as well (see also Figs. 1E and 2B). Duplicate blots are shown,
representative of the 4 independent blots analyzed by digital image analysis. Unlike Wnt3a,
Wnt1 and Wnt5a do not upregulate SM22α mRNA accumulation (panel D) or SM22 protein
levels (panel E). All Wnt treatments were at 15 ng/ml.
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Figure 2. Wnt3a and TGFβ1 signals augment SM22α expression in C3H10T1/2 cells
C3H10T1/2 cells were treated for 4 days with either vehicle, 15 ng/ml Wnt3a, 5 ng/ml
TGFβ1, and/or 100 ng/ml BMP2 in the combinations indicated. Total cellular RNA was
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extracted and gene expression analyzed by RT-qPCR as described in “Materials and Methods.”
Wnt5a (15 ng/ml) was unable to replace Wnt3a actions in this assay (data not shown). Panel
B, quantitative western blot analysis confirms that Wnt3a is capable of significantly
augmenting SM22α protein accumulation in either the presence or absence of TGFβ1. Data
were obtained from quantitative image analysis of 4 independent replicates following 4 days
of the indicated treatments, normalizing the SM22α signal to eIF2alpha signal in each sample.
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Figure 3. Transcription driven by the 0.44 kb SM22α promoter is stimulated by Wnt3a, alone and
in concert with TGFβ1
Panel A, C3H10T1/2 cells were transiently transfected with 441 SM22LUC, a construct
possessing SM22α promoter region −441 to +5 upstream of the LUC reporter of plasmid pGL2,
and treated with vehicle, Wnt3a (15 ng/ml), TGFβ1 (5 ng/ml) and/or Wnt5a (30 ng/ml) as
indicated. Panel B, addition of nucleotide +5 to +44, encompassing although augmenting basal
activity, the novel exon 1 SBE(43), increased basal activity but was not required for Wnt3a
responsiveness. Wnt3a (15 ng/ml, 5 hours) treatment increased SM22α histone H3 acetylation
(panel C) and β-catenin binding (panel D) in ChIP assay, confirming transcriptional activation.
Panels E & F, a SM22α promoter 5′-deletion series was analyzed to map the Wnt3a response
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between nucleotides −213 and −190. Panel G, concatamers of 3- and 6-copy direct repeats of
SM22α promoter region −213 to −192 conveyed Wnt3a + TGFβ1 responsiveness onto the
unresponsive RSV minimal promoter of RSVLUC. Panel H, a single copy of SM22α[ −213/
−192] can convey Wnt3a responsiveness to the RSV promoter.
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Figure 4. The SM22α promoter sequence −215 to −182
Three elements resembling known cognates for TCF/LEF and Smad recognition are
underlined. A series of synthetic duplex oligonucleotides possessing alterations/mutations that
disrupted these potential binding cognates were generated for gel shift competition assays.
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Figure 5. A CAGAG motif in the SM22α promoter region −203 to −199 assembles specific DNA-
protein complexes that support basal and Wnt3a+TGFβ1 transcriptional responses
Panel A, a radiolabeled synthetic duplex oligonucleotide of the SM22α promoter region −215
to −182 (Figure 4) was incubated with cell extracts from either vehicle, Wnt3a, TGFβ1, or
Wnt3a + TGFβ1 C3H10T1/2 cultures (24 and 4 hour treatments as indicated). DNA-protein
complexes were resolved by native gel electrophoresis. Five complexes are identified, one of
which (complex 4) is increased by treatment with either Wnt3a (lanes 3, 8) or TGFβ1 (lanes
4, 9). All gel shift data presented are representative of results observed in 2 to 5 independent
experiments. Panel B, cold competition assays using radiolabeled SM22α [−215/−182] and
extracts from Wnt3a-treated C3H10T1/2 cells (20 hour treatment). See Figure 4 for mutant
sequences. Panel C, the mutB alteration of the CAGAG element was introduced into the
SM22α fragment −441 to +5, and the effects on basal and stimulated promoter activity
evaluated. As compared to native 441 SM22LUC, 441 (mutB) SM22LUC exhibited >70%
reduction in basal and stimulated activity.
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Figure 6. The CAGAG cognate in the SM22α promoter region −203 to −199 assembles complexes
containing β-catenin, TCF7, and Smad2Δexon3
Panel A, gel shift assays were carried out as in Figure 5B, using the indicated antibodies (Aby)
to immunologically probe the protein-DNA complexes identified. Panel B, the α-Smad2/3
antibody that recognizes Smad2(FL), Smad2Δexon3, and Smad3 specifically inhibits
formation of complexes 2–4 (lanes 1–2). However, antibodies specific for Smad3 (lanes 4–5)
or Smad4 (7–8) did not have any effect. See Supplement Figures S1 and S2 for validation of
Smad3 and Smad4 antibodies.

Shafer and Towler Page 31

J Mol Cell Cardiol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Shafer and Towler Page 32

J Mol Cell Cardiol. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7. Intracellular antagonists and agonists of canonical Wnt/β-catenin signaling regulate
transcriptional activation of SM22[−213/−192]-RSVLUC
Panel A, expression plasmids for dominant negative TCF (dnTCF), ICAT, and Smad7 were
co-transfected with SM22[−213/−192]×6-RSVLUC, and the impact on Wnt3a+TGFβ1
induction examined as done in Figure 3. Note Smad2Δexon3 and Smad3 significantly
augmented Wnt3a+TGFβ1 stimulation, and that dnTCF expression consistently suppressed
activation. See text for details. **, p < 0.001 vs. Wnt3a+TGFβ1 stimulated pcDNA3 control
(dotted line), by post-hoc Tukey’s test following an ANOVA with p < 0.0001. *, p < 0.01 vs.
Wnt3a+TGFβ1 stimulated pcDNA3 control. a, p < 0.001 vs. the corresponding Smad co-
transfection that lacks dnTCF. Panel B, ICAT, the inhibitor of β-catenin and TCF, reduced
Wnt3a and TGFβ1 induction of SM22α activity in the native promoter context of 441
SM22LUC. Panel C, 441 SM22LUC was upregulated by transient co-expression of either β-
catenin or TCF7L2, the former observed in the presence of concomitant Wnt3a+TGFβ1
treatment.
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Figure 8. RNA interference directed towards β-catenin inhibits Wnt3a induction of SM22α gene
expression
Panel A, C3H10T1/2 cells were transfected either with control siRNA or a validated β-
catenin siRNA as indicated, and then treated with either vehicle or 15 ng/ml Wnt3a for 24
hours. Total cellular RNA was extracted, and mRNA accumulation of SM22α and PPARγ
quantified by RT-qPCR with normalization to 18S rRNA. Data are presented as the mean +/−
error from five independent transfections and treatments was analyzed for each group. Note
that siRNA to β-catenin inhibited Wnt3a induction of SM22α. **, p < 0.01 by post-hoc Tukey’s
test from all other conditions. Panel B, western blot analysis confirmed that β-catenin siRNA
impaired β-catenin protein induction in transfected C3H10T1/2 cells. Duplicate blots are
shown, representative of the 4 independent blots analyzed by digital image analysis (separate
gels indicated by the vertical black line). Data are derived from several independent gels run
in parallel. Panel C, siRNA directed toward all Smad2 isoforms also inhibited induction of
SM22α gene expression by Wnt3a.
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