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Abstract

Rationale—Endovascular interventions performed for atherosclerotic lesions trigger excessive 

vascular smooth muscle cell (SMC) proliferation leading to intimal hyperplasia. Our previous 

studies show that following endovascular injury, elevated TGF-β/Smad3 promotes SMC 

proliferation and intimal hyperplasia. Furthermore in cultured SMCs, elevated TGF-β/Smad3 

increases the expression of several Wnt genes. Here we investigate a crosstalk between TGF-β/

Smad3 and Wnt/β-catenin signaling and its role in SMC proliferation.

Methods and Results—To mimic TGF-β/Smad3 up-regulation in vivo, rat aortic SMCs were 

treated with Smad3-expressing adenovirus (AdSmad3) or AdGFP control followed by stimulation 

with TGF-β1 (or solvent). AdSmad3/TGF-β treatment up-regulated Wnt2b, Wnt4, Wnt5a, Wnt9a, 

and Wnt11 (confirmed by qRT-PCR and ELISA), and also increased β-catenin protein as detected 

by Western blotting. Blocking Wnt signaling using a Frizzled receptor inhibitor (Niclosamide) 

abolished TGF-β/Smad3-induced β-catenin stabilization. Increasing β-catenin through degradation 

inhibition (using SKL2001) or by adenoviral expression enhanced SMC proliferation. 

Furthermore, application of recombinant Wnt2b, Wnt4, Wnt5a, or Wnt9a, but not Wnt11, 

stabilized β-catenin and stimulated SMC proliferation as well. In addition, increased β-catenin was 

found in the neointima of injured rat carotid artery where TGF-β and Smad3 are known to be up-

regulated.
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Conclusions—These results suggest a novel mechanism whereby elevated TGF-β/Smad3 

stimulates the secretion of canonical Wnts which in turn enhances SMC proliferation through β-

catenin stabilization. This crosstalk between TGF-β/Smad3 and Wnt/β-catenin canonical pathways 

provides new insights into the pathophysiology of vascular SMCs linked to intimal hyperplasia.
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1. Introduction

Atherosclerosis continues to be the leading cause of morbidity and mortality in the Western 

world, with thousands of Americans undergoing endovascular procedures or surgical 

revascularizations each year[1]. These interventions cause endothelial denudation and 

Smooth Muscle Cell (SMC) injury, transforming SMCs from a quiescent to a synthetic and 

proliferative state[2]. Uncontrolled proliferation of SMCs leads to the formation of highly 

cellular neointima (a process termed intimal hyperplasia or IH), leading to renarrowing of 

the lumen (restenosis)[3]. In spite of advances in anti-proliferative endovascular 

interventions, a significant number of these eventually fail due to IH[4]. Thus, it is 

imperative to understand the molecular underpinning of IH.

Our group has uncovered that canonical TGF-β/Smad3 signaling is enhanced after vascular 

injury in humans and in an animal model as well[5, 6]. Previous investigators have reported 

that TGF-β1 inhibits SMC proliferation in vitro[7]. This effect is reversed in the presence of 

elevated levels of Smad3 and leading to increases in SMC proliferation, migration and de-

differentiation while inhibiting apoptosis[8-11]. Upon TGF-β activation, the TGF-β receptor 

phosphorylates Smad3 which, in a complex with Smad2 and Smad4, translocates to the 

nucleus to regulate gene expression. Thus our previous studies suggest that elevated 

expression of Smad3 following arterial injury transforms TGF-β1 into a stimulant of SMC 

proliferation. Despite these advances, the mechanisms responsible for TGF-β/Smad3-

stimulated IH remain poorly understood. To this end, we recently conducted an Affymetrix 

array and discovered that multiple genes associated development including Wnt genes are 

upregulated in SMCs following treatment with TGF-β/Smad3[9].

The Wnt family consists of 19 conserved genes that encode for secreted glycoprotein ligands 

for Frizzled receptors[12]. Wnt family proteins have diverse roles in embryogenesis 

including stimulation of proliferation[13]. Wnt signaling is mediated through canonical or 

non-canonical pathways based on whether β-catenin is utilized as a downstream effector. 

The specific pathway activated depends on the Wnt ligand, cell surface receptor and 

intracellular context[14]. The canonical Wnt signaling pathway is dynamically regulated 

through the balance of β-catenin expression and degradation by a complex composed of 

APC, Axin2, GSK-3β, and CK1. Canonical Wnt binding to the Frizzled receptor triggers 

phosphorylation of the degradation complex leading to the cytoplasmic accumulation of β-

catenin, which can eventually translocate to the nucleus to act as a regulator of gene 

expression. Wnt signaling is critically important in the development of blood vessels; 

however, the role of Wnt signaling in vascular pathophysiology is not well understood[15].
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It has been reported that Wnt4 is up-regulated in the injured arterial wall, and promotes 

SMC proliferation and IH via stabilization of β-catenin[16]. However, the mechanism 

behind Wnt4 up-regulation remains unclear; whether other Wnt ligands also contribute to 

SMC proliferation is not known. Furthermore, the involvement of other Wnts in vascular 

pathology has not been investigated. We were intrigued by our previous findings of TGF-β/

Smad3 induced proliferation, which eventually lead to our Affymetrix Array as previously 

described[9]. Our gene array data indicated that elevated TGF-β/Smad3 in SMCs increased 

the expression of several Wnts including Wnt4, implicating a crosstalk between the TGF-β/

Smad3 pathway and Wnt/β-catenin signaling. While a crosstalk between these two pathways 

has been reported in other cell types, its role in the pathophysiology of vascular SMCs is not 

known[17]. In this study, we tested the functional role and signaling mechanisms of several 

Wnt proteins that were up-regulated by TGF-β/Smad3. We demonstrated that Wnts 2b, 4, 

5a, and 9a were capable of stabilizing β-catenin and increasing SMC proliferation. Our 

results suggest that TGF-β in the background of elevated Smad3 enhances canonical Wnt/β-

catenin signaling which promotes SMC proliferation.

2. Materials & Methods

2.1 Reagents

Dulbecco's modified Eagle's medium (DMEM) and other cell culture materials were 

purchased from Thermo Scientific (Rockford, IL). Recombinant human TGF-β1 and Wnts, 

as well as rat PDGF-bb were from R&D Systems (Minneapolis, MN). Niclosamide and SIS3 

were from Sigma Aldrich (St. Louis, MO). SKL2001 was from Merck Millipore (Darmstadt, 

Germany).

2.2 Vascular Smooth Muscle Cell Culture & Treatments

Vascular smooth muscle cells (SMCs) were isolated from the thoracoabdominal aorta of 

adult male Sprague-Dawley rats as described by Clowers et al[18]. SMCs were cultured in 

low glucose DMEM supplemented with 10% Fetal Bovine Serum (FBS), Penicillin-

Streptomycin (Invitrogen, Carlsbad CA) and incubated at 37°C with 5% CO2. Passage 4-6 

rat SMCs were used for all experiments. When utilized for experiments, cells were starved 

in 0.2% FBS overnight and then treated with control solvent (4mM HCl + 0.2% BSA), TGF-

β1 (5 ng/mL), or recombinant Wnts (500 ng/mL) dissolved in DMEM supplemented with 

0.2% FBS. When inhibitors were utilized, they were allowed to incubate for 1 hr prior to 

stimulation.

2.3 Viral Infection

Adenovirus expressing GFP (AdGFP) and Smad3 (AdSmad3) were constructed as 

previously described[19]. The two constructs are identical except the Smad3 gene in 

AdSmad3. Adenovirus expressing β-catenin was purchased from ViGene Biosciences 

(Rockville, MD), and its AdNull control was purchased from Agilent Technologies (Santa 

Clara, CA). SMCs at 70-80% confluence were transduced with adenovirus in DMEM with 

2% FBS for 4 h and then allowed to recover in DMEM with 10% FBS overnight. Cells were 

then starved with 0.2% FBS for 24 h and treated with TGF-β1 (5 ng/ml) or control solvent 

for 24 to 48 h. Adenovirus infection did not markedly alter SMC phenotype as evidenced by 
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only a minor change of the SMC marker smooth muscle actin (α-SMA) in response to 

AdGFP infection (Figure S1A). Overexpression of Smad3 via AdSmad3 was confirmed by 

Western blotting (Figure S1B).

2.4 CellTiter-Glo Cell Viability Assay

Rat vascular smooth muscle cells (2000/per well in a 96 well plate) were starved in DMEM 

media supplemented with 0.2% FBS for 24 h. Cells were then stimulated with Wnts 

recombinant proteins or TGF-β1 in DMEM media with 0.2% FBS. For adenoviral 

proliferation assays, transductions were carried out as previously described. 96 h after 

treatment, 50 uL of CellTiter-Glo (Promega, Madison WI) reagent was added to each well. 

The plate was then analyzed using the Flexstation 3 plate reader (Molecular Devices, 

Sunnyville CA).

2.5 Western Blot

Following treatment for the indicated time, SMCs were lysed in RIPA buffer (25 mM Tris-

HCL, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, and 0.1% SDS) (Thermo 

Scientific, Rockford, IL) with PMSF (Sigma Aldrich, St Louis MO), Protease Inhibitor 

Cocktail B (EMD Millipore, Darmstadt, Germany), and Phosphatase Inhibitor Cocktail III 

(Sigma Aldrich, St. Louis, MO). Protein quantification was performed utilizing the Bio-Rad 

DC Protein Assay Reagents (Hercules, CA). Fifteen micrograms of protein from each 

sample were separated on 10% SDS-PAGE and transferred to PVDF membranes (Bio-Rad, 

Hercules CA). Membranes were blocked with 5% BSA and then incubated with a primary 

antibody at 4 °C overnight, washed and incubated with horseradish peroxidase (HRP)-

conjugated secondary antibody for 1 h at room temperature. The following primary 

antibodies and dilution ratios were used: anti-β-catenin (1:4000, Abcam); anti-p-LRP6 

(1:1000, Cell Signaling CST2568); anti-Smad3 (1:1000, Santa Cruz sc8332); anti-alpha-

SMA (1:3000, Sigma-Aldrich); anti-GAPDH (1:1000, Thermo-Fisher). PVDF membranes 

were washed and bound antibody was detected by Thermo Fisher West Pico 

Chemiluminescent Substrate (Waltham, MA). The Chemiluminescent signal was acquired 

with LAS-4000 mini (GE, Piscataway NJ) and quantified with ImageJ. For re-blotting, 

PVDF membranes were stripped with Restore Western Blot Stripper (Thermo Scientific, 

Rockford IL) and then blocked in 5% BSA solution for 1 h before incubation with antibody. 

β-actin (Sigma Aldrich, St. Louis MO) was utilized as a loading control.

2.6 Reverse Transcription Polymerase Chain Reaction Quantitative PCR (qRT-PCR)

RNA was isolated from rat smooth muscle cells using the E.Z.N.A RNA Kit 1 (Omega Bio-

Tek, Norcross, GA) and quantified with Nanodrop 1000 (Thermo Fisher, Wilmington DE). 

cDNA was synthesized from 500 ng total RNA with iScript cDNA Synthesis Kit (Bio-Rad, 

Hercules CA) as instructed. Primers were synthesized in Biotechnology Center at the 

University of Wisconsin-Madison. Quantitative RT-PCR was performed using the 7500 Fast 

Real-Time PCR System (Applied Biosystems, Carlsbad CA) using the SYBR Green PCR 

Master Mix (Applied Biosystems, Carlsbad CA).
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2.7 Rat Carotid Artery Balloon Angioplasty Model

All animal experiments were carried out in accordance with the Guide for the Care and Use 

of Laboratory Animals of the National Institutes of Health. Protocols for surgery (#M02273) 

were approved by the Institutional Animal Care and Use Committee of the University of 

Madison-Wisconsin. Surgeries were performed under isoflurane anesthesia, and all efforts 

were made to minimize suffering. Male Sprague-Dawley rats were anesthetized with inhaled 

isoflurane, and underwent balloon angioplasty of the common carotid artery. The external 

carotid artery was then ligated to reestablish blood flow through the common carotid into the 

internal carotid artery. In control animals, the carotid artery was exposed and manipulated 

similar to the injury model except angioplasty. Rats were euthanized fourteen days after 

surgery and the carotid arteries were fixed in 4% paraformaldehyde for paraffin embedding 

and sectioning.

2.8 Immunohistochemistry

The 5 μm artery sections were deparaffinized, and blocked in PBS with 5% BSA and 5% 

Donkey Serum after antigen retrieval using Dako Target Retrieval Solution 10x (Agilent 

Technologies, Santa Clara, CA). Sections were incubated with β-catenin antibody overnight 

at 4°C, followed by incubation with conjugated secondary antibody Alexa-488 after 

washing. The fluorescent signal was visualized on a Nikon Eclipse TE2000-inverted 

microscope. Digital images were acquired with a CoolSNAPcfMonochrome camera 

(Photometrics) and analyzed with ImageJ. Four animals from each group were used for this 

study, with 5 sections selected from each animal, and 2 regions eventually selected from 

each section for quantification. The raw fluorescence intensities were calculated for the 

intima and media compared to the control. Ratios were then generated and averaged for the 

mean and SEM for each group.

2.9 ELISA

Smooth Muscle Cells were infected with AdGFP or AdSmad3 and treated as previously 

described. At 24 hrs, conditioned media was collected and incubated overnight in a 96 well 

plate. Positive controls of β-catenin Ab and HRP-Rabbit Ab were utilized for positive 

controls. The plate was blocked in 2% BSA/PBS for 1 hr, and then incubated with primary 

antibody overnight at 4 °C. Antibodies to Wnts 5a (1:500, Sigma Aldrich, St Louis MO), 

Wnt9a (1:1000, Santa Cruz, Dallas TX), and Wnt11 (1:1000, Thermo Scientific, Rockford 

IL) were utilized. Plates were washed and then incubated with horseradish peroxidase 

(HRP)-conjugated secondary antibody for 4 h at room temperature. Afterwards, plates were 

washed and bound antibody was detected by Thermo Fisher West Pico Chemiluminescent 

Substrate (Waltham, MA) and analyzed using the Flexstation 3 plate reader (Molecular 

Devices, Sunnyville CA).

2.10 Statistical Analysis

Datasets were analyzed using independent-samples t test or ANOVA. Post hoc tests were 

performed when appropriate. Statistical significance was regarded as p<0.05.
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3. Results

3.1 TGF-β/Smad3 up-regulates Wnt gene expression in rat aortic SMCs

In our recent report, Affymetrix array analysis indicated that treatment of rat primary aortic 

SMCs with AdSmad3 and TGF-β1 up-regulated the expression of multiple development-

related genes [9] including several Wnt genes (Figure 1A). We then selected the 

significantly up-regulated Wnts, i.e. Wnt2b, Wnt5a, Wnt9a, and Wnt11, using the criteria of 

more than 2 fold change with a P value <0.05 for further investigation. Although its gene 

expression change was not statistically significant (P = 0.08), Wnt4 was also selected, as 

previous studies have demonstrated an important role of Wnt4 in regulating SMC functions 

after vascular injury[16]. To confirm the gene array results, RNA was isolated from AdGFP 

or TGF-β1/Smad3 treated SMCs and quantitative RT-PCR was then performed to evaluate 

the expression of the aforementioned Wnt genes (Figure 1B). While Smad3 overexpression 

or recombinant TGF-β1 alone could significantly increase the expression of some of the 

Wnts (Wnt2b, Wnt9a, Wnt11), Smad3 overexpression followed by TGF-β1 stimulation 

substantially up-regulated all the tested Wnts. In addition, confirming the Smad3-specific 

regulation, a Smad3-specific inhibitor (SIS3) abrogated TGF-β1/Smad3-stimulated Wnt up-

regulation, as exemplified by the Wnt2b data (Figure S2). TGF-β/Smad3-stimulated up-

regulation of Wnts at protein levels was confirmed by ELISA assays of conditioned SMC 

media using Wnt5, Wnt9a, and Wnt11 as representatives (Figure S3). Up-regulation of the 5 

Wnts appeared to be TGF-β/Smad3-specific since treatment of SMCs with PDGF-BB did 

not produce significant changes in their expression (Figure S4).

3.2 TGF-β/Smad3 stabilizes β-Catenin protein in a Wnt-dependent manner

Because some of the up-regulated Wnts have been associated with the canonical β-catenin 

pathway in other cell types, we hypothesized that TGF-β/Smad3 could activate the canonical 

Wnt/β-catenin pathway in an autocrine manner via stimulation of Wnt production. 

Activation of canonical Wnt pathway inhibits β-catenin phosphorylation and subsequent 

degradation, thus an increase of β-catenin protein serves as an indicator of activated 

canonical Wnt signaling. Therefore, we determined the effect of TGF-β/Smad3 on β-catenin 

protein levels by Western blotting (Figure 2). After treating SMCs with TGF-β1 (5 ng/mL), 

we did not see a significant increase of β-catenin protein (at 6h and 24h, see Figure S5) until 

48h (Figure 2B) compared to the cells that were not treated with TGF-β1 (P<0.05). We 

therefore performed 48h treatments to up-regulate β-catenin protein throughout this study. In 

order to determine whether the TGF-β stimulatory effect was mediated by Smad3, we 

repeated the experiment in SMCs with Smad3 activity blocked by a specific inhibitor, SIS3, 

or increased Smad3 expression using an adenovirus. The Western blot data show that 

application of SIS3 in the presence of TGF-β1 dramatically decreased β-catenin by over 1 

fold (P<0.05) (Figure 2A), supporting an important role of Smad3 in TGF-β-induced β-

catenin elevation. SIS3 did not have a significant effect on β-catenin levels in SMCs that 

were not stimulated with recombinant TGF-β1, probably because the endogenous Smad3 

basal activity was low. In the gain-of-function experiments, we found that Smad3 

overexpression substantially enhanced TGF-β's effect on β-catenin (Figure 2B). These 

results indicate that TGF-β stimulates increase of β-catenin protein via the canonical Smad3 

signaling pathway. Given that TGF-β/Smad3 treatment did not increase β-catenin gene 
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transcription, as indicated by both gene array and RT-PCR (Figure S6), we infer that an 

increase in β-catenin protein reflects its stabilization. Furthermore, we found that TGF-β/

Smad3 treatment increased β-catenin in the nucleus (Figure S7). That β-catenin was 

increased rather than decreased in the cytosol suggests that increased nuclear abundance of 

β-catenin resulted from its stabilization not merely its re-distribution into the nucleus.

We next tested whether TGF-β/Smad3 enhanced β-catenin stabilization through Wnt 

signaling. We used Niclosamide, a small molecule inhibitor that abrogates Wnt signaling by 

promoting Frizzled receptor internalization[20, 21]. We observed a dose-dependent decrease 

in β-catenin levels after incubating TGF-β/Smad3-treated SMCs with Niclosamide (Figure 

3). Moreover, while TGF-β/Smad3 increased LRP-6 phosphorylation, an indicator of 

activated canonical Wnt signaling [20], niclosamide abolished this effect (Figure S8). These 

results suggest TGF-β/Smad3 can stabilize β-catenin by stimulating the production of Wnts, 

which then act in an autocrine manner to activate the canonical Wnt/β-catenin pathway.

3.3 Recombinant Wnt2b, Wnt4, Wnt5a or Wnt9a but not Wnt11 enhances β-catenin 
stabilization

Wnt ligands can signal via the canonical pathway resulting in β-catenin stabilization, or 

alternatively, through non-canonical (non β-catenin) pathways[12]. In order to further 

determine which of the TGF-β/Smad3 up-regulated Wnts are responsible for β-catenin 

stabilization, we evaluated the effect of each Wnt on β-catenin stabilization using 

recombinant proteins. SKL2001, a small molecule inhibitor of β-catenin degradation was 

used as a positive control for β-catenin stabilization[22]. As shown in Figure 4, recombinant 

Wnt2b showed a potency in β-catenin stabilization similar to that of SKL2001. In addition, 

recombinant Wnt4, Wnt5a, and Wnt9a each increased β-catenin by ~30-50%. Interestingly, 

Wnt11 did not alter β-catenin protein levels, providing a “scrambled Wnt-like” control 

demonstrating the functional specificity of the other 4 Wnts. These results indicate that 

among the Wnts that are significantly up-regulated by TGF-β/Smad3, Wnt2b, Wnt4, Wnt5a, 

and Wnt9a are able to stabilize β-catenin, suggesting a canonical Wnt signaling pathway, 

whereas Wnt11 likely signals through a non-canonical pathway.

3.4 Recombinant Wnt2b, Wnt4, Wnt5a or Wnt9a but not Wnt11 stimulates SMC 
proliferation

Up to this point, our results have demonstrated that elevated TGF-β/Smad3 signaling up-

regulates Wnt2b, Wnt4, Wnt5a, and Wnt9a in rat aortic SMCs, allowing for β-catenin 

stabilization in canonical Wnt signaling. In light of our previous finding that elevated TGF-

β/Smad3 signaling in rat aortic SMCs stimulates cell proliferation, we hypothesized that the 

crosstalk observed here between the canonical TGF-β/Smad3 pathway and the canonical 

Wnt/β-catenin pathway may have a functional effect on SMC proliferation. Therefore, we 

added each of the recombinant Wnts (2b, 4, 5a, 9a, and 11) to the cultures of SMCs and 

determined their effect on cell proliferation using a CellTiter-Glo viability assay. Indeed, the 

data showed that Wnt2b, Wnt4, Wnt5a, and Wnt9a all stimulated SMC proliferation 

compared to the control (Figure 5A). The increase of SMC proliferation unlikely resulted 

from reduced apoptosis, considering that even basal level of apoptosis (active caspase-3) 

could not be detected unless apoptosis is induced[11]. Wnt11, which did not stabilize β-
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catenin, did not enhance SMC proliferation at either of the three concentrations used (Figure 

5A) thereby reinforcing the functional specificity of the other 4 Wnts. Validating our SMC 

functional assay, the positive control PDGF-BB produced a three fold stimulation of SMC 

proliferation, consistent with the data in the literature.

In order to verify that stabilization of β-catenin indeed results in increased SMC 

proliferation, we treated SMCs with SKL2001, a β-catenin stabilizer. We found that 

SKL2001 treatment stimulated SMC proliferation to an extent similar to those by the 4 Wnts 

(2b, 4, 5a, and 9a) (Figure 5A). On the other hand, JW74, a widely used β-catenin inhibitor, 

abolished Wnt2b-stimulated SMC proliferation (Figure 5B). Next, we used an adenovirus to 

directly increase the expression of β-catenin in SMCs (Figure 5C). We found that while 

Adβ-catenin numerically increased (albeit not statistically significant) SMC proliferation 

compared to the AdNull control with no β-catenin overexpression, Adβ-catenin together 

with recombinant TGF-β1 substantially increased stimulation of SMC proliferation (Figure 

5D). In these experiments we observed that viral expression of β-catenin showed a lower 

band, which presumably is a degraded form of β-catenin (Figure 5C). Addition of 

recombinant TGF-β1 likely enhanced SMC proliferation by stabilizing the full-length β-

catenin.

Taken together, the foregoing data indicate that TGF-β in the background of elevated Smad3 

levels up-regulates Wnts 2b, 4, 5a, and 9a, which each stabilizes β-catenin via activation of 

the canonical signaling resulting in enhanced SMC proliferation. Thus this mechanism may 

at least partially account for our previous observation that elevated TGF-β/Smad3 signaling 

promotes SMC proliferation.

3.5 β-catenin is up-regulated in the neointima following arterial injury in a rat carotid 
balloon angioplasty model

Finally, based on our previous finding that elevated TGF-β/Smad3 signaling in injured 

arteries contributes to the development of intimal hyperplasia, we explored a possible 

functional relevance of TGF-β/Smad3 induced β-catenin stabilization and the 

pathophysiology of intimal hyperplasia. To induce intimal hyperplasia, we performed 

balloon angioplasty in the rat carotid arteries (Figure 6). Through immunohistochemistry 

using 14-day injured carotid artery sections, we found that β-catenin increased in the 

neointima in contrast to that in the media and that in the uninjured arterial wall. Thus, this 

result shows a consistency between our in vitro observation of TGF-β/Smad3-stimulated 

increase of β-catenin and the in vivo up-regulation of β-catenin in the neointima, where 

TGF-β and Smad3 up-regulation occurs as we reported previously[6].

4. Discussion

While the TGF-β/Smad3 and the Wnt/β-catenin pathways each has been extensively studied, 

the importance of their crosstalk in the context of vascular SMC pathophysiology and IH are 

little known. Through a systematic analysis we identified that elevated TGF-β/Smad3 in rat 

aortic SMCs can stabilize β-catenin protein while up-regulating 5 Wnt family members, 

among which Wnt2b, 4, 5a, and 9a but not Wnt11 can stabilize β-catenin and stimulate SMC 

proliferation. We have further found that whereas stabilization of β-catenin enhances SMC 
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proliferation, an inhibitor of Wnt receptors abrogates TGF-β/Smad3-induced β-catenin 

stabilization. Thus a novel mechanism emerges from these results; i.e. elevated TGF-β/

Smad3 in SMCs augments canonical Wnt signaling resulting in stabilization of β-catenin, 

which in turn promotes SMC proliferation. Given that transformation of SMCs into a 

proliferative phenotype is a key contributor to IH, and that TGF-β/Smad3 and β-catenin are 

all up-regulated in the hyperplastic neointima, our findings provide important mechanistic 

implications for the pathophysiology of vascular SMCs with a functional link to IH. In the 

following discussion, several lines of evidence are put forward in support of the foregoing 

mechanism.

TGF-β/Smad3 increased the expression of 5 Wnts (2b, 4, 5a, 9a and 11) and also enhanced 

β-catenin stabilization, suggesting that TGF-β/Smad3 stabilized β-catenin through Wnt 

signaling. An alternative interpretation would be that up-regulation of those Wnts and the 

stabilization of β-catenin were unrelated events or that TGF-β/Smad3 stabilized β-catenin by 

mechanisms without directly involving Wnts. For example, a Smad3/β-catenin complex 

formed in the nucleus could prevent the shuttling of β-catenin back to the cytoplasm and its 

subsequent degradation; or Smad3 as a transcription factor could directly activate β-catenin 

transcription[23, 24]. However, contrary to these scenarios, we did not observe an increase 

of Smad3/β-catenin co-localization (by immunostaining) following the treatment of SMCs 

with AdSmad3/TGF-β (data not shown), and our qRT-PCR data showed no increases in β-

catenin transcripts (Figure S6). Importantly, a Wnt inhibitor (Niclosamide) that desensitizes 

Wnt signaling by triggering Frizzled receptor internalization abolished TGF-β/Smad3-

initiated β-catenin stabilization. Thus these results consistently support the idea that elevated 

TGF-β/Smad3 stabilizes β-catenin through upregulated Wnts.

Although several Wnts were up-regulated in SMCs because of increased TGF-β/Smad3, our 

results clearly demonstrate that it is the canonical (through β-catenin) rather than non-

canonical Wnt signaling that produced a functional stimulation of SMC proliferation. The 

most compelling evidence is that the four Wnts (2b, 4, 5a, and 9a) that stabilized β-catenin 

also stimulated SMC proliferation. In contrast, Wnt11, which did not change β-catenin 

levels, was unable to stimulate SMC proliferation. Consistent with our finding in SMCs, 

multiple papers have identified Wnt11 as a non-canonical ligand in a variety of cell 

types[25-27]. Although recombinant Wnt11 did not show an effect on SMC proliferation in 

the current study, we cannot rule out a possibility that Wnt11 may regulate other behaviors 

of SMCs during neointimal growth.

It is well documented that the 4 canonical Wnts, Wnt2b, Wnt4, Wnt5a, and Wnt9a, promote 

cell proliferation. Kobayashi et al demonstrate that Wnt2b plays a positive role in the 

proliferation of mesothelioma[28]. Similarly, Wang et al report that silencing Wnt2b 

significantly diminishes proliferation in several ovarian cancer cell lines[29]. In addition, 

Shojima et al report that Wnt5a is capable of promoting proliferation in a variety of 

oncological cell lines; knockout of Wnt5a reduces proliferation[30]. Wnt9a appears to affect 

cellular proliferation as well. Embryological research from Matsumoto et al demonstrates 

that overexpression of Wnt9a in hepatic sinusoids leads to increased hepatocyte 

proliferation[31]. Most relevant to our current study, the Sarah George group has reported 

that Wnt4 stimulates vascular SMC proliferation in vitro and in vivo by activating the 
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canonical pathway, which is consistent with our findings here[16]. It is worth noting that 

although we applied recombinant Wnt4 of the same sequence from the same commercial 

source at the same concentration (500 ng/mL), in our experiments recombinant Wnt4 

stimulated SMC proliferation to a much less extent (32%) compared to that in the previous 

report (2.5 fold). This discrepancy may be reasonably explained by the difference in the 

species of cells used in our study (rat aortic SMCs) and that in the George group (mouse 

aortic SMCs), different proliferation assays, or different protocols used to isolate primary 

SMCs. Nonetheless, in our study the magnitude of stimulation by Wnt4 in β-catenin 

stabilization (50%) and that in SMC proliferation (~35%) agreed well. Most significantly, 

we have made a novel finding that aside from Wnt4, Wnt2b, Wnt5a, and Wnt9a can also 

produce a functional effect in promoting SMC proliferation via the canonical pathway.

β-catenin as the central effector in the canonical Wnt signaling pathway has been shown to 

promote cell proliferation in numerous studies. It is known that canonical Wnt signaling 

regulates embryogenesis, tumor growth, as well as wound healing by promoting β-catenin 

stabilization and cell proliferation[32, 33] Wnt-induced β-catenin stabilization also 

stimulates progenitor cell proliferation and self-renewal[34]. Specifically in the 

cardiovascular system, it has been found that increased levels of β-catenin in vascular 

endothelial cells, smooth muscle cells, and skeletal myocytes enhanced proliferation[35, 36]. 

On the other hand, knocking down β-catenin decreased proliferation in airway SMCs and a 

variety of oncological cell lines[37-40]. In spite of these reports, information concerning the 

role of β-catenin specifically in vascular SMCs is relatively scarce. Our data clearly shows a 

proproliferative role of the Wnt/β-catenin pathway in vascular SMCs for the following 

reasons. Firstly, application of recombinant Wnts (Wnts 2b, 4, 5a, and 9a) that activated 

canonical β-catenin signaling were able to produce an increase in proliferation. Second, we 

confirmed that suppression of β-catenin degradation could produce similar increases in SMC 

proliferation. Third, TGF-β/Smad3-induced upregulation of β-catenin was inhibited through 

the use of a Frizzled receptor inhibitor (Niclosamide). Fourth, adenoviral overexpression of 

β-catenin increased SMC proliferation. It is unlikely that the increase of SMC proliferation 

resulted from reduced apoptosis because we were not able to detect apoptosis (cleaved 

caspapse-3 assay) in either untreated or Wnt2b (or 5)-treated SMCs (data not shown). In 

fact, vascular SMCs are hardy cells. Generally they do not undergo apoptosis until induced 

with an apoptotic factor such as UV[11]. Taken together, these findings demonstrate that 

increases in β-catenin can increase SMC proliferation.

Although a crosstalk between TGF-β/Smad3 and Wnt/β-catenin pathways has been reported 

in other physiological contexts, we are the first to explore its potential in regulating vascular 

SMC pathophysiology. Consistent evidence for interactions between TGF-β/Smad3 and β-

catenin pathways comes from work involving epithelial to mesenchymal transition. Zhou et 

al demonstrated with SIS3 that the TGF-β1 induced upregulation of β-catenin is in fact 

mediated through Smad3[17]. Furthermore, TGF-β1 can promote β-catenin stabilization 

through rapid phosphorylation of GSK-3β. Most recently, our own study using rat aortic 

SMCs showed that TGF-β/Smad3 stimulate the expression of osteopontin, a β-catenin target 

gene[9]. Given the complexities of these two individual pathways, attempts to investigate 

their crosstalk have also yielded conflicting results. For example, it has also been reported 

DiRenzo et al. Page 10

Cell Signal. Author manuscript; available in PMC 2017 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that TGF-β activates Wnt signaling in a Smad3-independent manner (through p38) in human 

dermal fibroblasts by down-regulating Dkk-1, a Wnt signaling inhibitor protein[41]. On the 

other hand, opposite effects of TGF-β and Wnt/β-catenin pathways have been reported, e.g. 

TGF-β treatment is capable of downregulating several β-catenin activated genes such as c-

Myc and cyclinD1, underscoring the complexity of the relationship between these two 

critical pathways that needs to be better understood[42, 43]. These foregoing reports reveal 

the cell type and signaling context-dependent nature of the crosstalk between the two 

signaling systems. Nevertheless, here we have shown that in vascular SMCs the Wnt/β-

catenin signaling is positively regulated by TGF-β, in a Smad3-dependent manner as 

demonstrated in experiments either inhibiting or increasing Smad3 activity.

5. Conclusion

This is the first study to show that in vascular SMCs, the canonical Wnt/β-catenin pathway 

is activated by elevated TGF-β/Smad3 resulting in enhanced cell proliferation. It is Wnt2b, 

4, 5a, and 9a but not Wnt11 that mediate the crosstalk between the two canonical signaling 

pathways. Each of these pathways, but not their crosstalk, has been previously reported to be 

a contributor to intimal hyperplasia. Thus the mechanistic insights revealed here for the 

SMC transformation to a proliferative phenotype are new and may guide future studies for 

better understanding the pathophysiology of vascular SMCs and probably also intimal 

hyperplasia.
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Highlights

• A crosstalk between the canonical TGFbeta/Smad3 and Wnt/Beta-Catenin 

signaling pathways has not been previously investigated in vascular smooth 

muscle cells

• The transition of vascular smooth muscle cells from a normal state to a 

proliferative phenotype is an important factor in occlusive vascular diseases

• We find that elevated TGFbeta/Smad3 increases the expression of several Wnt 

proteins which in turn promote smooth muscle cell proliferation via stabilization 

of Beta-Catenin
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Figure 1. TGF-β/Smad3 stimulate the expression of several Wnt family genes in cultured rat 
aortic smooth muscle cells (SMCs)
Rat SMCs were infected with AdGFP (control) or AdSmad3 followed by treatment with 

solvent or TGF-β (5 ng/mL) for 24 h.

A. Affymetrix Array data[9] showing fold changes and p values (n=3) of Wnt family gene 

expression after TGF-β/Smad3 treatment versus AdGFP control.

B. Quantitative RT-PCR confirming up-regulation of Wnts 2b, 4, 5a, 9a, and 11. ╪, ≠: 

P<0.05, each compared to AdGFP control; *: P<0.05, compared to the other 3 conditions; 

n=3 independent experiments.
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Figure 2. TGF-β/Smad3 treatment increases β-catenin protein levels in SMCs in a Smad3 
dependent manner
A. Rat aortic SMCs were incubated with the Smad3 inhibitor SIS3 (10 μM) or DMSO 

(control) for 1h and then treated with TGF-β (5 ng/mL) or solvent for 48 h. ╪ P<0.05 

compared to TGF-β alone, n=3 independent experiments.

B. Rat aortic SMCs were infected with AdGFP (control) or AdSmad3 followed by treatment 

with solvent or TGF-β (5 ng/mL) for 48 h. * p<0.05 compared to AdGFP, n=3 independent 

experiments.
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Figure 3. Wnt inhibitor Niclosamide abrogates TGF-β/Smad3 induced β-catenin elevation in 
SMCs
Rat aortic SMCs were infected with AdSmad3 or AdGFP (control) followed by incubation 

with niclosamide (1 and 10 nM) or DMSO (Control) for 1h, and then treated with TGF-β (5 

ng/mL) or solvent for 48 h. * p<0.05 compared to AdGFP, ** p<0.05 compared to 

AdSmad3 + TGF-β (DMSO), n=3 independent experiments.
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Figure 4. Recombinant Wnt proteins increase β-catenin levels in rat SMCs
Rat aortic SMCs were treated with β-catenin stabilizer SKL2001 (40 μM), recombinant 

Wnt4, Wnt9a, or Wnt11 (A), or with Wnt2b or Wnt5a (B) each at a concentration of 500 

ng/ml for 48h. Experiments in A and B were performed separately at different times. The 

doublet β-catenin bands appeared in Experiment A likely because of the use of a different 

batch (lot) of the same antibody from Abcam. * p<0.05 compared to control, n=3 

independent experiments.
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Figure 5. Recombinant Wnts and β-catenin viral expression promote SMC proliferation
A. SMCs were treated with solvent (control) or recombinant Wnt protein (500 ng/ml) for 96 

h and cell proliferation was assessed with CellTiter Glo Assay. PDGF (20 ng/mL) and 

SKL2001 (40 μM) were used as positive controls. Two additional concentrations (20 ng/ml 

and 100 ng/ml) were used for Wnt11. * p<0.05 compared to control, n=5 independent 

experiments.

B. SMCs were treated with solvent (control) or Wnt2b (500 ng/ml) for 96h in the absence or 

presence of the β-catenin inhibitor JW74 (10 μM), and cell proliferation was determined.

C and D. SMCs were infected with AdNull or Adβ-catenin and then treated with solvent or 

TGF-β (5 ng/ml). β-catenin expression was determined by Western blotting (C); cellular 

proliferation was assessed (D). * p<0.05 compared to AdNull, n=3 independent 

experiments.
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Figure 6. Increase of β-Catenin in the neointima after vascular injury
Rat carotid arteries were collected 14 days after balloon injury, and β-catenin was 

immunostained on the sections. Control refers to the uninjured counter-lateral carotid artery. 

Yellow dashed line indicates the internal elastic lamina (IEL); dashed line indicates external 

elastic lamina (EEL); neointima is defined between IEL and lumen.
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