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Abstract

Smooth muscle cells are maintained in a differentiated state in the vessel wall, but can be modulated to a synthetic
phenotype following injury. Smooth muscle phenotypic modulation is thought to play an important role in the pathology
of vascular occlusive diseases. Phenotypically modulated smooth muscle cells exhibit increased proliferative and migratory
properties that accompany the downregulation of smooth muscle cell marker proteins. Extracellular matrix proteins,
including fibronectin, can regulate the smooth muscle phenotype when used as adhesive substrates. However, cells
produce and organize a 3-dimensional fibrillar extracellular matrix, which can affect cell behavior in distinct ways from the
protomeric 2-dimensional matrix proteins that are used as adhesive substrates. We previously showed that the deposition/
polymerization of fibronectin into the extracellular matrix can regulate the deposition and organization of other
extracellular matrix molecules in vitro. Further, our published data show that the presence of a fibronectin polymerization
inhibitor results in increased expression of smooth muscle cell differentiation proteins and inhibits vascular remodeling in
vivo. In this manuscript, we used an in vitro cell culture system to determine the mechanism by which fibronectin
polymerization affects smooth muscle phenotypic modulation. Our data show that fibronectin polymerization decreases the
mRNA levels of multiple smooth muscle differentiation genes, and downregulates the levels of smooth muscle a-actin and
calponin proteins by a Rac1-dependent mechanism. The expression of smooth muscle genes is transcriptionally regulated
by fibronectin polymerization, as evidenced by the increased activity of luciferase reporter constructs in the presence of a
fibronectin polymerization inhibitor. Fibronectin polymerization also promotes smooth muscle cell growth, and decreases
the levels of actin stress fibers. These data define a Rac1-dependent pathway wherein fibronectin polymerization promotes
the SMC synthetic phenotype by modulating the expression of smooth muscle cell differentiation proteins.
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Introduction

Cell differentiation plays an important role during development,

tissue repair [1–5], and in certain disease pathologies [6–9]. Cell

differentiation is regulated, in part, by extracellular matrix (ECM)

molecules [10–13]. Fibronectin has been reported to promote de-

differentiation in certain cell types, such as smooth muscle cells

(SMCs), mammary epithelial cells, and keratinocytes, and a

differentiated phenotype in other cell types, such as osteoblasts and

megakaryocytes [10,11,14,15]. Most studies that have examined

the effect of ECM molecules on cell differentiation have examined

the effect of ECM-coated dishes on cell phenotype. However,

much evidence has shown that the fibrillar form of ECM proteins

can have effects that are distinct from protomeric proteins [16–

24]. Fibronectin is produced as a soluble protein, and is

assembled/polymerized into fibrillar structures in the ECM by a

cell-dependent process [25,26]. The fibrillar form of fibronectin is

believed to be the major functional form of fibronectin in vivo.

Hence, examination of the effects of fibrillar fibronectin on cell

phenotype are particularly relevant to the in vivo situation.

Smooth muscle cells transition from a differentiated to a

synthetic phenotype in response to injury or disease [7,27]. This

modulation of SMC phenotype is thought to be an important

contributor to intima-media thickening following arterial injury

[27,28]. Emerging evidence also suggests that SMC phenotypic

modulation may play a role in atherosclerosis [9,29]. Adhesion of

SMC to fibronectin-coated dishes has been shown to promote the

SMC synthetic phenotype [11,30]. In contrast, cell adhesion to

certain splice variants of fibronectin has been shown to promote

SM a-actin expression in some cell types [31]. However, mice

lacking these splice variants showed only modest alterations in the

SMC differentiated phenotype [32]. We recently showed that a

peptide that blocks fibronectin matrix deposition attenuates

intimal medial thickening and inhibits the transient decrease in

SMC differentiation markers in a flow induced vascular remod-

eling model [33]. These data suggest that fibronectin deposition
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into the ECM promotes SMC phenotypic modulation, and

provide the first evidence for an in vivo role of fibronectin

polymerization in controlling SMC phenotype. To explore the

mechanism by which fibronectin polymerization regulates SMC

phenotypic modulation, we established an in vitro culture system.

Our data show that addition of fibronectin polymerization

inhibitors to SMC enhances the differentiated phenotype by

regulating serum response factor (SRF)-dependent gene transcrip-

tion. Further, the ability of fibronectin to regulate the levels of

SMC marker proteins occurs by a Rac1 dependent pathway.

These data are the first to demonstrate a role for fibronectin

polymerization in regulating gene transcription, and define a

fibronectin and Rac1 dependent signaling pathway that controls

SMC phenotypic modulation.

Materials and Methods

Immunological Reagents, Chemicals and Proteins
Antibody to smooth muscle calponin (CALP) was from Dako

(Carpinteria, CA); antibodies to SM a-actin (1A4) and mouse

antibody to tubulin (DM1A) were from Sigma (St. Louis, MO);

rabbit antibody to tubulin and antibodies to phosphorylated p42/

44 (pERK), p42/44 (ERK), phosphorylated ELK, and ELK were

from Cell Signaling (Danvers, MA); antibody to Rac1 (clone 102)

was from BD Transduction Labs (San Jose, CA). Monoclonal

antibody L8 to fibronectin, which inhibits fibronectin polymeri-

zation, was a gift from Dr. Chernousov [34]. Polyclonal antibody

to fibronectin was prepared by immunizing rabbits with mouse

fibronectin (ProteinTech, Chicago, IL). IgG was affinity purified

from anti-sera on a fibronectin-agarose column. AlexaFluor488

conjugated goat anti-rabbit IgG was from Invitrogen (Invitrogen/

Life Technologies, Grand Island, NY). pUR4 (also known as

FUD, functional upstream domain) and the control III-11C

peptides [33,35] were purified from bacterial lysates on nickel-

agarose columns as described [35]. pUR4 binds to fibronectin, and

blocks fibronectin polymerization by inhibiting the binding of

soluble fibronectin to the cell surface [33,35]. Although integrins

are important for fibronectin polymerization, pUR4 does not

inhibit cell adhesion to fibronectin [33,35] or collagen (data not

shown).

Cell Culture
Rat aortic SMCs were purchased from Cell Applications (San

Diego, CA), and used between passages 3 and 5. For experiments,

cells were cultured in Medium 231 (Invitrogen) containing Smooth

Muscle Growth Supplement (Invitrogen). 30–60 min after seeding,

pUR4B or III-11C were added to a final concentration of 250–

500 nM. Monoclonal antibody L8 and control IgG were added at

50 mg/mL. Cells were harvested at various times after treatment.

For 5 day experiments, fresh media containing pUR4B, III-11C,

L8, or IgG was added on day 3.

Western blotting
Cells lysates were prepared as described [36] using 1% triton X-

100/150 mM NaCl/50 mM Tris, pH 7.4. The lysis buffer was

supplemented with complete protease inhibitor cocktail tablet

(Roche Applied Sciences, Indianapolis, IN) and 50 mM sodium

vanadate. Cell lysates were quantitated using a BCA Protein Assay

kit (Thermo Scientific Pierce, Rockford, IL) as per the manufac-

turer’s instructions. Equal amounts of proteins were analyzed

under reducing conditions by sodium dodecyl sulfate polyacryl-

amide gel electrophoresis (SDS PAGE), transferred to PVDF

membrane, and probed with the indicated antibodies. In some

experiments, blots were also probed with antibodies that recognize

tubulin to ensure equal protein loading. Blots were imaged and

analyzed using an Odyssey Infrared Imaging System (Li-Cor

Biosciences, Lincoln, NE).

Cell Proliferation
Cells were seeded at 1.56104 cells/well in 24-well tissue culture

dishes in Medium 231 supplemented with smooth muscle growth

supplement. 60–90 min after seeding, pUR4B or III-11C were

added to a final concentration of 250 nM. The cells were allowed

to grow for various lengths of time at 37uC. Fresh media

containing inhibitors was added on day 3 and 5. At the indicated

times, cells were washed with PBS, then fixed with 1%

paraformaldehyde for 30 min at room temperature. Cells were

stained with 0.5% Crystal Violet, and the absorbance determined

on a spectrophotometer as described [19].

Immunofluorescence
Immunostaining was performed as described [36]. Fibronectin

fibrils were visualized using a polyclonal antibody to fibronectin

followed by AlexaFluor488 conjugated goat anti-rabbit IgG. Cells

were examined using an Olympus microscope equipped with

epifluorescence.

Quantitative reverse-transcription polymerase chain
reaction (qRT-PCR)

mRNA was isolated from SMCs 3–5 days after incubation with

250 nM pUR4 or III-11C control peptides using the mRNeasy kit

according to the manufacturer’s instructions (Qiagen, Valencia,

CA). cDNA was prepared using iScript cDNA synthesis kit (Bio-

Rad, Hercules, CA) as per the manufacturer’s instructions. SYBR

green probe chemistry was used according to the manufacturer’s

instructions. qRT-PCR reactions were run in triplicate for each

sample using a Bio-Rad MyIQ PCR detection system. The data

was normalized to the levels of GAPDH in each sample, and the

results were averaged. Each experiment was performed $3X.

Luciferase Assays
SMCs were transfected with luciferase reporter constructs using

a Gene Pulser electroporator (Bio-Rad) as described [37]. To

correct for differences in transfection efficiency, a CMV-b-gal

reporter gene was included as an internal control. Cells were

seeded in triplicate into 24-well plates. 1 h after seeding, fresh

media containing 500 nM pUR4 or III-11C peptides was added.

Cell lysates were prepared 3–5 days post transfection, using

Passive Lysis Buffer as per the manufacturer’s instructions

(Promega). Luciferase assays were performed using a Luciferase

Assay System according to the manufacturer’s instructions

(Promega). LacZ levels were assayed using a FluoReporter lacZ/

Galactosidase Quantitation Kit (F-2905) according to the manu-

facturer’s instructions (Molecular Probes). Data were analyzed

using a FLUOstar OPTIMA plate reader (BMG Labtech, Cary,

NC) and expressed as the normalized-fold increase over controls

6 s.d. All experiments were performed $3X.

Adenoviruses
Dominant negative (DN) Rho (N19RhoA) and Rac (N17Rac1)

were kind gifts from Dr. Anne Ridley [38]. Preparation and

transduction of adenoviruses were performed as described

previously [39,40]. Expression of DN Rho and Rac was verified

by immunoblotting using an anti-myc antibody (Cell Signaling)

that recognizes the myc-tag on the expressed proteins. We

previously demonstrated the efficacy of the DN Rho adenovirus

[41].
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Rac activity assay
Cell lysates were prepared and immediately mixed with PAK-

PDB agarose (Cytoskeleton, Denver, CO) according to the

manufacturer’s instructions. After washing, proteins were eluted

from agarose in SDS PAGE sample buffer and analyzed by

western blotting using an antibody to Rac1. A portion of the cell

lysate was also analyzed without fractionation.

Statistical analysis
Data are presented as the mean 6 s.e.m. or s.d. Comparisons

were made with an unpaired, 2-tailed Student’s t test. A difference

between the means was considered significant when p,0.05.

Results

We previously showed that a peptide that inhibits fibronectin

polymerization, pUR4, blocks the transient down- regulation of

smooth muscle differentiation markers in the vessel wall during

flow induced vascular remodeling [33]. To determine the

mechanism by which fibronectin polymerization regulates SMC

phenotypic modulation, we developed an in vitro model system in

which rat aortic SMC were cultured in growth media containing

or lacking the pUR4 fibronectin inhibitor. As expected, the pUR4

inhibitor blocked the formation of fibronectin matrix fibrils (Fig.

S1). As shown in Fig. 1, the levels of both smooth muscle alpha

actin (SM a-actin) and smooth muscle calponin were 2.36higher

in cells cultured in the presence of the pUR4 inhibitor for 5 days in

comparison to control (III-11C) peptide treated cells. Similar

results were found when cell lysates were prepared from cells

following 3 days of pUR4 treatment (data not shown). Incubation

of cells with a different fibronectin polymerization inhibitor, the

monoclonal antibody L8, also resulted in higher levels of SM a-

actin and calponin in comparison to control antibody treated cells

(Fig. S2).

To determine whether fibronectin polymerization similarly

regulates mRNA levels of SM a-actin and calponin, we performed

quantitative reverse transcriptase polymerase chain reaction (qRT-

PCR). As shown in Fig. 2, the presence of the pUR4 fibronectin

inhibitor resulted in a 36 increase in SM a-actin and calponin

mRNA in comparison to control peptide treated cells. To

determine whether other genes that are part of the smooth muscle

differentiation program [42] are similarly affected, we quantitated

the effect of pUR4 treatment on the levels of smooth muscle c-

actin and a8 integrin. Inhibition of fibronectin polymerization

resulted in a 3.36 increase in smooth muscle c-actin and a 2.66
fold increase in a8 integrin. Hence, the presence of a fibronectin

polymerization inhibitor results in increased mRNA and protein

levels of multiple smooth muscle marker genes/proteins.

Many of the genes whose expression are upregulated in

differentiated SMC encode cytoskeletal proteins, or proteins that

regulate the cytoskeleton. A hallmark of the contractile SMC

phenotype is the presence of prominent actin-containing stress

fibers. Hence, we asked whether pUR4 treatment altered the

abundance of actin-containing stress fibers in SMC. As shown in

Fig. 3, SMC treated with the pUR4 peptide for 3 or 5 days showed

prominent actin-containing stress fibers (panels A and C) in

comparison with control peptide treated cells (panels B and D).

The synthetic SMC phenotype is characterized not only by a

reduction in the expression of smooth muscle marker proteins but

also by increased cell proliferation. Consistent with these data, the

presence of pUR4 significantly blunted cell proliferation in

comparison with control peptide treated cells (Fig. 4).

The expression of smooth muscle marker genes is regulated by

the transcription factor serum response factor (SRF) in concert

with myocardin [7,28,43–45]. To determine whether the levels of

SRF are regulated by fibronectin polymerization, we tested the

effect of the pUR4 fibronectin polymerization inhibitor on SRF

mRNA and protein levels. Treatment of SMC with pUR4 did not

Figure 1. The pUR4 fibronectin inhibitor promotes the SMC differentiated phenotype. Rat aortic SMC were incubated in Medium 231
supplemented with smooth muscle growth supplement. 30–60 min after seeding, pUR4 or the control III-11C peptides were added as described in
Methods. Cell lysates were prepared 5 days after seeding. Equal amounts of protein were analyzed by western blotting using antibodies to SM a-actin
(A) and calponin (C). Blots were also probed with anti-tubulin antibodies to ensure equal protein loading. The levels of SM a-actin (B) and SM calponin
(D) were quantitated using an Odyssey Infrared Imager. Data represent the mean of 3 separate experiments. The levels of SM a-actin and calponin
were normalized to the levels of tubulin in each sample; pUR4 treated cells were set equal to 1. The error bar represents the s.e.m. *p,.05.
doi:10.1371/journal.pone.0094988.g001
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alter the levels of SRF mRNA (Fig. 5A). However, pUR4

treatment resulted in a significant increase in the levels of SRF

protein in comparison to control peptide treated cells (Fig. 5B, 5C).

These data suggest that one mechanism by which fibronectin

polymerization regulates the SMC phenotype is by controlling the

levels of SRF.

SRF is a transcriptional regulator that binds to CArG elements

in the promoter/enhancer region of a variety of genes [42,46].

Hence, we next asked whether fibronectin polymerization could

regulate the transcription of luciferase reporter constructs

expressing the CArG-containing promoter/enhancer regions of

SM a-actin, calponin, or SM22. As shown in Fig. 6, cells treated

with the pUR4 fibronectin inhibitory peptide showed increased

luciferase activity in the presence of all 3 reporter constructs in

comparison with control peptide treated cells. Luciferase activity

was abolished when the CArG elements within the SM a-actin

promoter were mutated (data not shown). These data suggest that

fibronectin polymerization regulates the SMC differentiation

program by regulating the transcription of SRF-dependent genes

in a CArG-dependent manner.

Cell adhesion to fibronectin results in a transient increase in the

expression of active (GTP-bound) Rho and Rac [47–49]. Further,

Rho is known to promote fibronectin polymerization [50,51],

suggesting that fibronectin and Rho can reciprocally regulate each

other. Rho can also promote the smooth muscle cell differentiated

phenotype by regulating the nuclear translocation of the SRF co-

factor myocardin related transcription factor (MRTF) [52–54].

Rac1 has also been reported to regulate the transcriptional activity

of SRF in fibroblasts [53]. Hence, we tested whether Rho or Rac

could regulate the ability of fibronectin to modulate SMC

phenotype. To do this, SMC treated with pUR4 or control

peptides were incubated with adenoviruses expressing dominant

negative (DN) RhoA or Rac1, and the effect on expression of SM

a-actin and calponin was determined. Unexpectedly, DN Rho did

not significantly affect fibronectin-dependent SMC phenotypic

modulation (Fig. 7D). However, incubation of cells with DN Rac1

abolished the ability of the pUR4 fibronectin inhibitor to promote

the SMC differentiated phenotype (Fig. 7A–7C). Further, treat-

ment of SMC with the pUR4 fibronectin inhibitor resulted in

increased levels of active Rac in comparison to control peptide

treated cells (Fig. 7E, 7F). These data show that fibronectin

polymerization regulates SMC differentiation, in part, by regulat-

ing the levels of active Rac1.

Figure 2. The pUR4 fibronectin inhibitor promotes elevated
expression of SM differentiation genes. SMC were incubated in
Medium 231 supplemented with smooth muscle growth supplement.
30–60 min after seeding, pUR4 or III-11C were added as described in
Methods. RNA was prepared from cells 5 days after seeding as
described in Methods. qRT-PCR was performed in triplicate for each
sample using SYBR green chemistry as described in Methods. The data
was normalized to the levels of GAPDH in each sample. Data represent
the average of 4 separate experiments. The relative levels of c-actin, SM
a-actin, calponin, and a8 integrin are shown; pUR4 treated samples
were set equal to 1. The error bars represent the s.e.m. *p,.05.
doi:10.1371/journal.pone.0094988.g002

Figure 3. Fibronectin polymerization regulates the organiza-
tion of actin containing stress fibers. SMC were incubated in
Medium 231 supplemented with smooth muscle growth supplement
for 3 or 5 days. 30–60 min after seeding, pUR4 or III-11C were added as
described in Methods. Actin stress fibers were visualized with
rhodamine phalloidin. Bar = 20 mm. The data in panels A and B and
those in panels C and D were from separate experiments. Hence, the
levels of polymerized actin cannot be directly compared between days
3 and 5.
doi:10.1371/journal.pone.0094988.g003

Figure 4. The pUR4 fibronectin polymerization inhibitor
attenuates SMC proliferation. SMC were incubated in in Medium
231 supplemented with smooth muscle growth supplement for up to 7
days. 30–60 min after seeding, pUR4 (N), III-11C (m), or an equivalent
volume of PBS (%) were added as described in Methods. Cells were
incubated for the indicated time, then washed, fixed with 1%
paraformaldehyde, stained with 0.5% crystal violet and the absorbance
at 540 nm determined. The absorbance of PBS treated cells 24 h post
seeding was set equal to 1. Data represents the mean of 3 separate
experiments, and the error bars the s.e.m. *p,.05.
doi:10.1371/journal.pone.0094988.g004
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SRF can promote the transcription of genes involved in

stimulating cell growth. It has been proposed that there is a

binary switch wherein growth promoting signals that lead to

activation of ERK and ELK-1 promote the dissociation of

myocardin-SRF complexes and the formation of SRF-ELK-1

complexes, which leads to the downregulation of the SMC

differentiation program and upregulation of genes involved in cell

growth [55,56]. Cell adhesion to fibronectin is known to promote

sustained ERK activation and cell growth [57–59]. However, the

role of fibronectin polymerization in regulating ERK activity is not

known. Our data (Fig. 4) as well as published data [18,19,60,61]

show that fibronectin polymerization can promote cell prolifera-

tion. Hence, we tested whether the presence of ECM fibronectin

could stimulate ERK activity. Our data show that the levels of

active ERK were similar in cells incubated with the pUR4

fibronectin inhibitor or the control peptide for 4 h, 12 h, 3 days

(data not shown) or 5 days (Fig. S3). Consistent with these data,

SMC treated with pUR4 contained similar levels of c-fos mRNA

in comparison with control peptide treated cells (data not shown).

Hence, our data show that fibronectin polymerization regulates

SRF-dependent smooth muscle differentiation, but does not

regulate the ERK/ELK-1 pathway.

Discussion

In this manuscript we show that the fibronectin polymerization

inhibitor, pUR4, promotes the SMC differentiated phenotype in

cultured rat aortic SMC. These data are consistent with our in

vivo data demonstrating that periadventitial delivery of pUR4

blocks the transient decrease in expression of SMC marker

proteins following flow induced vascular remodeling [33]. pUR4

blocks the ability of fibronectin to promote SMC phenotypic

modulation to a ‘‘synthetic’’ phenotype, as evidenced by its ability

to increase the expression of SMC marker genes/proteins (Figs. 1

and 2), to inhibit SMC growth (Fig. 4), and to promote the

expression of robust actin stress fibers (Fig. 3), which help to

maintain a contractile phenotype. pUR4 also blocks the ability of

fibronectin to downregulate the levels of SRF protein. Our data

also show that the ability of pUR4 to affect the SMC

differentiation program depends upon the small GTPase, Rac1

(Fig. 7). These data suggest that fibronectin polymerization

regulates SMC differentiation by regulating the expression level

of SRF, and by modulating SRF-dependent gene transcription.

The ability of the pUR4 inhibitor to enhance the levels of actin

stress fibers (Fig. 3) is consistent with its ability to promote the

SMC contractile phenotype (Figs 1 &2 and [33]). However, in

other cell types, fibronectin fibrils have been shown to co-align

with actin stress fibers [62–64] and to promote cell contractility

[22,23]. In addition, pUR4 does not affect actin stress fiber levels

in cardiac fibroblasts (data not shown). Hence, the ability of the

pUR4 fibronectin polymerization inhibitor to promote actin

containing stress fibers may be unique to SMC.

Previous studies have shown that the small GTPase Rho can

modulate the SMC differentiation program by regulating actin-

dependent nuclear shuttling of the MRTF family of transcription

factors [54,65]. Our data show that DN Rho does not affect

fibronectin-dependent SMC phenotypic modulation (Fig 7D).

These data are somewhat surprising given the known ability of

Rho to modulate SMC differentiation. However, the cells in our

study were maintained in serum-containing media. It is possible

that the presence of serum masks the effect of Rho on SMC

differentiation, since serum can promote MRTF’s nuclear

localization [54]. Further, in some studies, MRTF has been found

to localize to the nucleus of SMC independently of serum or Rho

signaling [66]. Interestingly, our data show that Rac1 plays an

important role in the ability of fibronectin to modulate SMC

differentiation (Fig. 7A–C). The levels of active Rac were

upregulated in cells treated with the pUR4 fibronectin inhibitor

(Fig. 7E, 7F). Further, the presence of DN Rac1 completely

blocked the ability of the pUR4 peptide to promote the SMC

differentiation program (Fig. 7A–C). These data show that

ongoing fibronectin polymerization is associated with reduced

Figure 5. The pUR4 fibronectin inhibitor promotes elevated
levels of SRF protein. mRNA or protein were isolated from cells 5
days after seeding as described in Methods. A) qRT-PCR was performed
in triplicate for each sample using SYBR green chemistry as described in
Methods. The data was normalized to the levels of GAPDH in each
sample. Data represent the average of 4 separate experiments, and the
error bars the s.e.m. The relative levels of SRF mRNA are shown; pUR4
treated samples were set equal to 1. B) Western blotting was performed
using antibodies to SRF. C) SRF protein levels in 3 separate experiments
were quantitated using an Odyssey Infrared Imager following
normalization to the levels of tubulin in each sample. Normalized SRF
levels in pUR4 treated cells were set equal to 1. The error bar represents
the s.e.m. *p,.05.
doi:10.1371/journal.pone.0094988.g005

Figure 6. The pUR4 fibronectin polymerization inhibitor
enhances the expression of luciferase reporter constructs.
SMC were transfected with luciferase reporter constructs containing the
promoter/enhancer region of SM aactin, calponin, or SM22. Cells were
co-transfected with a b-gal reporter gene. Cells were processed as
described in methods, and the levels of luciferase quantitated using a
FLUOstar OPTIMA plate reader. Luciferase levels were normalized to Lac
Z levels. Data represents the mean of 3 replicate samples, and error bars
the s.d. *p,.05. This experiment was repeated 4 times with similar
results.
doi:10.1371/journal.pone.0094988.g006

Fibronectin Regulates Smooth Muscle Differentiation
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levels of active Rac, and suggest that this decreased Rac activity

promotes SMC phenotypic modulation. Previous studies have

shown that Rac1 can regulate SRF dependent gene transcription

and promote the expression of SM a-actin in fibroblasts [53].

However, to our knowledge, our data are the first to demonstrate

that Rac1 can modulate SM a-actin expression and the

differentiation program in SMC.

In addition to ECM proteins, integrins have also been shown to

regulate gene expression. In some studies, integrins and ECM

have been shown to act at the transcriptional level [67–70].

However, in other cases, direct demonstration of transcriptional

regulation, and the mechanism by which integrins and ECM

regulate gene expression have not been elucidated. Further, the

effect of fibrillar ECM proteins on cell differentiation and gene

transcription has been largely unexplored. Our studies show that

fibronectin polymerization promotes the synthetic SMC pheno-

type by downregulating the transcription of SRF-dependent genes.

SMC phenotypic modulation is associated with decreased

expression of SMC marker genes/proteins as well as increased

cell proliferation. Our data show that the presence of the pUR4

Figure 7. Dominant negative Rac inhibits the ability of the pUR4 fibronectin inhibitor to maintain the smooth muscle differentiated
phenotype. SMC were transduced with adenoviruses expressing dominant negative Rac1 (A,B,C), dominant negative RhoA (D), or control
adenovirus (A–D). Expression of DN Rac1 (A) and DN RhoA (data not shown) were assessed by immunoblotting with an antibody to myc. Cells were
incubated in the presence (+) or absence (2) of pUR4 or control peptides for 5 days. The levels of calponin (A) and SM a-actin (B) were assessed by
western blotting, normalized to the levels of tubulin in each sample, and quantitated using an Odyssey Infrared Imager. pUR4 treated cells were set
equal to 1. Data represents the mean of 4 separate experiments. The levels of calponin in DN RhoA treated cells were not significantly different from
pUR4 treated cells (D). The levels of active Rac were determined in SMC incubated with pUR4 or III-11C peptides (E,F). A representative blot is shown
in E, and quantitative data from 3 separate experiments is shown in F. The error bar represents the s.e.m. *p,.05.
doi:10.1371/journal.pone.0094988.g007

Fibronectin Regulates Smooth Muscle Differentiation
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peptide inhibits SMC proliferation in vitro (Fig. 4). These data are

consistent with published data showing that fibronectin polymer-

ization can promote proliferation of multiple cell types [18,19].

SRF can form complexes with either myocardin, which promotes

SMC differentiation, or with Elk1, which promotes cell prolifer-

ation. Cell adhesion to fibronectin is known to upregulate the

levels of active ERK [57,71]. However, our data show that

fibronectin polymerization does not upregulate the levels of active

ERK (Fig. S3) or ElK1 (data not shown), despite the fact that

fibronectin was able to promote cell proliferation. It is possible that

this is due to the presence of serum in our cell culture system,

which could enhance the levels of active ERK.

Our studies define a novel pathway wherein polymerized

fibronectin promotes the phenotypic modulation of smooth muscle

cells by a mechanism that involves downregulation of SRF

dependent gene transcription, and downregulation of the small

GTPase, Rac1. The ability of fibronectin polymerization inhibi-

tors to block SMC phenotypic modulation likely contributes to the

effectiveness of the pUR4 fibronectin inhibitor in attenuating

pathologic vascular remodeling.

Supporting Information

Figure S1 The pUR4 fibronectin inhibitor blocks the
formation of fibronectin fibrils in SMC. SMC were grown

in Medium 231 supplemented with smooth muscle growth

supplement for 5 days. 60 min after seeding, pUR4 or III-11C

were added as described in Methods. Cell were fixed, then

incubated with a polyclonal antibody to fibronectin. Bar, 20 mm.

(TIF)

Figure S2 The L8 fibronectin polymerization inhibitor
enhances the levels of SM a-actin and calponin. SMC were

incubated in Medium 231 supplemented with smooth muscle

growth supplement. 60 min after seeding, 50 mg/mL of antibody

L8 or control IgG were added as described in methods. Cell lysates

were prepared 5 days after seeding, and western blots probed with

antibodies to SM a-actin, calponin, and tubulin.

(TIF)

Figure S3 Effect of fibronectin polymerization on ERK
activity. SMC were incubated in Medium 231 supplemented

with smooth muscle growth supplement. 30–60 min after seeding,

pUR4 or III-11C were added as described in Methods. Cell lysates

were prepared 5 days after seeding. Equal amounts of protein were

analyzed by western blotting using antibodies to phospho ERK

(pERK), ERK, or tubulin.

(TIF)

Acknowledgments

The authors thank Dr. Anne Ridley (King’s College, London) for providing

adenoviruses expressing DN RhoA and Rac1, Dr. Chernousov (Geisinger

Clinic, Danville, PA) for providing the L8 antibody, Dr. Eric Small

(University of Rochester) for providing advice on the luciferase reporter

assays, and for helpful discussions, and Dr. Keigi Fujiwara (University of

Rochester) and Dr. Eric Small for critically reading this manuscript.

Author Contributions

Conceived and designed the experiments: FS JS XL JM. Performed the

experiments: FS AH JS. Analyzed the data: JS JM XL AH FS. Contributed

reagents/materials/analysis tools: JM XL JS. Wrote the paper: JS.

References

1. Greaves NS, Ashcroft KJ, Baguneid M, Bayat A (2013) Current understanding

of molecular and cellular mechanisms in fibroplasia and angiogenesis during

acute wound healing. J Dermatol Sci 72: 206–217.

2. Hinz B, Phan SH, Thannickal VJ, Prunotto M, Desmouliere A, et al. (2012)

Recent developments in myofibroblast biology: paradigms for connective tissue

remodeling. Am J Pathol 180: 1340–1355.

3. Majesky MW, Dong XR, Regan JN, Hoglund VJ (2011) Vascular smooth

muscle progenitor cells: building and repairing blood vessels. Circ Res 108: 365–

377.

4. Ferguson JE, 3rd, Kelley RW, Patterson C (2005) Mechanisms of endothelial

differentiation in embryonic vasculogenesis. Arterioscler Thromb Vasc Biol 25:

2246–2254.

5. Hinz B (2007) Formation and function of the myofibroblast during tissue repair.

J Invest Dermatol 127: 526–537.

6. Sata M, Saiura A, Kunisato A, Tojo A, Okada S, et al. (2002) Hematopoietic

stem cells differentiate into vascular cells that participate in the pathogenesis of

atherosclerosis. Nat Med 8: 403–409.

7. Owens GK, Kumar MS, Wamhoff BR (2004) Molecular regulation of vascular

smooth muscle cell differentiation in development and disease. Physiol Rev 84:

767–801.

8. Hirota JA, Nguyen TT, Schaafsma D, Sharma P, Tran T (2009) Airway smooth

muscle in asthma: phenotype plasticity and function. Pulm Pharmacol Ther 22:

370–378.

9. Gomez D, Owens GK (2012) Smooth muscle cell phenotypic switching in

atherosclerosis. Cardiovasc Res 95: 156–164.

10. Brunner M, Millon-Fremillon A, Chevalier G, Nakchbandi IA, Mosher D, et al.

(2011) Osteoblast mineralization requires beta1 integrin/ICAP-1-dependent

fibronectin deposition. J Cell Biol 194: 307–322.

11. Hedin U, Thyberg J (1987) Plasma fibronectin promotes modulation of arterial

smooth-muscle cells from contractile to synthetic phenotype. Differentiation 33:

239–246.

12. Sakai T, Larsen M, Yamada KM (2003) Fibronectin requirement in branching

morphogenesis. Nature 423: 876–881.

13. Dike LE, Chen CS, Mrksich M, Tien J, Whitesides GM, et al. (1999) Geometric

control of switching between growth, apoptosis, and differentiation during

angiogenesis using micropatterned substrates. In Vitro Cell Dev Biol Anim 35:

441–448.

14. Williams CM, Engler AJ, Slone RD, Galante LL, Schwarzbauer JE (2008)

Fibronectin expression modulates mammary epithelial cell proliferation during

acinar differentiation. Cancer Res 68: 3185–3192.

15. Yamada H, Sekikawa T, Agawa M, Iwase S, Suzuki H, et al. (2008) Adhesion to

fibronectin induces megakaryocytic differentiation of JAS-REN cells. Anticancer
Res 28: 261–266.

16. Morla A, Zhang Z, Ruoslahti E (1994) Superfibronectin is a functionally distinct
form of fibronectin. Nature 367: 193–196.

17. Pasqualini R, Bourdoulous S, Koivunen E, Woods VL, Ruoslahti E (1996) A
polymeric form of fibronectin has antimetastatic effects against multiple tumor

types. Nature Medicine 2: 1197–1203.

18. Mercurius KW, Morla AO (1998) Inhibition of vascular smooth muscle cell

growth by inhibition of fibronectin matrix assembly. Circulation Research 82:

548–556.

19. Sottile J, Hocking DC, Swiatek P (1998) Fibronectin matrix assembly enhances

adhesion-dependent cell growth. JCell Sci 111: 2933–2943.

20. Bourdoulous S, Orend G, MacKenna DA, Pasqualini R, Ruoslahti E (1998)

Fibronectin matrix regulates activation of RHO and CDC42 GTPases and cell
cycle progression. JCell Biol 143: 267–276.

21. Clark RAF, McCoy GA, Folkvord JM, McPherson JM (1997) TGFb-1
stimulates cultured human fibroblasts to proliferate and produce tissue-like

fibroplasia: A fibronectin matrix-dependent event. Journal of Cellular Physiology

170: 69–80.

22. Hocking DC, Sottile J, Langenbach KJ (2000) Stimulation of integrin-mediated

cell contractility by fibronectin polymerization. J Biol Chem 275: 10673–10682.

23. Sottile J, Shi F, Rublyevska I, Chiang HY, Lust J, et al. (2007) Fibronectin-

dependent collagen I deposition modulates the cell response to fibronectin.
Am J Physiol Cell Physiol 293: C1934–1946.

24. Hocking DC, Chang CH (2003) Fibronectin matrix polymerization regulates
small airway epithelial cell migration. Am J Physiol 285: L169–179.

25. Fogerty FJ, Mosher DF (1990) Mechanisms for organization of fibronectin
matrix. Cell Diffand Develop 32: 439–450.

26. Singh P, Carraher C, Schwarzbauer JE (2010) Assembly of fibronectin
extracellular matrix. Annu Rev Cell Dev Biol 26: 397–419.

27. Alexander MR, Owens GK (2012) Epigenetic control of smooth muscle cell

differentiation and phenotypic switching in vascular development and disease.
Annu Rev Physiol 74: 13–40.

28. Owens GK (1995) Regulation of differentiation of vascular smooth muscle cells.
Physiol Rev 75: 487–517.

29. Orr AW, Hastings NE, Blackman BR, Wamhoff BR (2010) Complex regulation
and function of the inflammatory smooth muscle cell phenotype in atheroscle-

rosis. J Vasc Res 47: 168–180.

30. Hedin U, Bottger BA, Forsberg E, Johansson S, Thyberg J (1988) Diverse effects

of fibronectin and laminin on phenotypic properties of cultured arterial smooth
muscle cells. J Cell Biol 107: 307–319.

Fibronectin Regulates Smooth Muscle Differentiation

PLOS ONE | www.plosone.org 7 April 2014 | Volume 9 | Issue 4 | e94988



31. Serini G, Bochaton-Piallat M-L, Ropraz P, Geinoz A, Borsi L, et al. (1998) The

fibronectin domain ED-A is crucial for myofibroblastic phenotype induction by
transforming growth factor-B1. JCell Biol 142: 873–881.

32. Astrof S, Crowley D, Hynes RO (2007) Multiple cardiovascular defects caused

by the absence of alternatively spliced segments of fibronectin. Dev Biol 311: 11–
24.

33. Chiang HY, Korshunov VA, Serour A, Shi F, Sottile J (2009) Fibronectin Is an
Important Regulator of Flow-Induced Vascular Remodeling. Arterioscler

Thromb Vasc Biol 29: 1074–1079.

34. Chernousov MA, Fogerty FJ, Koteliansky VE, Mosher DF (1991) Role of the I-9
and III-1 modules of fibronectin in formation of an extracellular matrix. Journal

of Biological Chemistry 266: 10851–10858.
35. Tomasini-Johansson BR, Kaugman NR, Ensenberger MG, Ozeri V, Hanski E,

et al. (2001) A 49-residue peptide from adhesin F1 of Streptococcus pyogenes
inhibits fibronectin matrix assembly. J Biol Chem 276: 23430–23439.

36. Sottile J, Hocking DC (2002) Fibronectin polymerization regulates the

composition and stability of extracellular matrix fibrils and cell-matrix
adhesions. Mol Biol Cell 13: 3546–3559.

37. Long X, Miano JM (2011) Transforming growth factor-beta1 (TGF-beta1)
utilizes distinct pathways for the transcriptional activation of microRNA 143/

145 in human coronary artery smooth muscle cells. J Biol Chem 286: 30119–

30129.
38. Wojciak-Stothard B, Potempa S, Eichholtz T, Ridley AJ (2001) Rho and Rac

but not Cdc42 regulate endothelial cell permeability. J Cell Sci 114: 1343–1355.
39. Shi F, Sottile J (2008) Caveolin-1 dependent integrin trafficking is a critical

regulator of fibronectin turnover. J Cell Sci 121: 2360–2371.
40. Sottile J, Chandler J (2005) Fibronectin matrix turnover occurs through a

caveolin-1-dependent process. Mol Biol Cell 16: 757–768.

41. Long X, Cowan SL, Miano JM (2013) Mitogen-activated protein kinase 14 is a
novel negative regulatory switch for the vascular smooth muscle cell contractile

gene program. Arterioscler Thromb Vasc Biol 33: 378–386.
42. Miano JM (2003) Serum response factor: toggling between disparate programs of

gene expression. J Mol Cell Cardiol 35: 577–593.

43. Chen J, Kitchen CM, Streb JW, Miano JM (2002) Myocardin: a component of a
molecular switch for smooth muscle differentiation. J Mol Cell Cardiol 34:

1345–1356.
44. Yoshida T, Sinha S, Dandre F, Wamhoff BR, Hoofnagle MH, et al. (2003)

Myocardin is a key regulator of CArG-dependent transcription of multiple
smooth muscle marker genes. Circ Res 92: 856–864.

45. Du KL, Ip HS, Li J, Chen M, Dandre F, et al. (2003) Myocardin is a critical

serum response factor cofactor in the transcriptional program regulating smooth
muscle cell differentiation. Mol Cell Biol 23: 2425–2437.

46. McDonald OG, Wamhoff BR, Hoofnagle MH, Owens GK (2006) Control of
SRF binding to CArG box chromatin regulates smooth muscle gene expression

in vivo. J Clin Invest 116: 36–48.

47. Ren X-d, Kiosses WB, Schwartz MA (1999) Regulation of the small GTP-
binding protein Rho by cell adhesion and the cytoskeleton. EMBO J 18: 578–

585.
48. Cox EA, Sastry SK, Huttenlocher A (2001) Integrin-mediated Adhesion

Regulates Cell Polarity and Membrane Protrusion through the Rho Family of
GTPases. Mol Biol Cell 12: 265–277.

49. Mettouchi A, Klein S, Guo W, Lopez-Lago M, Lemichez E, et al. (2001)

Integrin-specific activation of Rac controls progression through the G(1) phase of
the cell cycle. Mol Cell 8: 115–127.

50. Zhong C, Chrzanowska-Wodnicka M, Brown J, Shaub A, Belkin AM, et al.
(1998) Rho-mediated contractility exposes a cryptic site in fibronectin and

induces fibronectin matrix assembly. JCell Biol 141: 539–551.

51. Yoneda A, Ushakov D, Multhaupt HA, Couchman JR (2007) Fibronectin
matrix assembly requires distinct contributions from Rho kinases I and -II. Mol

Biol Cell 18: 66–75.

52. Mack CP, Somlyo AV, Hautmann M, Somlyo AP, Owens GK (2001) Smooth
muscle differentiation marker gene expression is regulated by RhoA-mediated

actin polymerization. J Biol Chem 276: 341–347.

53. Hill CS, Wynne J, Treisman R (1995) The Rho family GTPases RhoA, Rac1,
and CDC42Hs regulate transcriptional activation by SRF. Cell 81: 1159–1170.

54. Miralles F, Posern G, Zaromytidou AI, Treisman R (2003) Actin dynamics

control SRF activity by regulation of its coactivator MAL. Cell 113: 329–342.

55. Wang Z, Wang DZ, Hockemeyer D, McAnally J, Nordheim A, et al. (2004)

Myocardin and ternary complex factors compete for SRF to control smooth

muscle gene expression. Nature 428: 185–189.

56. Pipes GC, Creemers EE, Olson EN (2006) The myocardin family of

transcriptional coactivators: versatile regulators of cell growth, migration, and

myogenesis. Genes Dev 20: 1545–1556.

57. Roovers K, Davey G, Zhu X, Bottazzi ME, Assoian RK (1999) Alpha5beta1

integrin controls cyclin D1 expression by sustaining mitogen-activated protein

kinase activity in growth factor-treated cells. Mol Biol Cell 10: 3197–3204.

58. Morla AO, Mogford JE (2000) Control of smooth muscle cell proliferation and

phenotype by integrin signaling through focal adhesion kinase. Biochem Biophys
Res Commun 272: 298–302.

59. Wary KK, Maniero F, Isadoff SJ, Marcantonio EE, Giancotti FG (1996) The

adaptor protein shc couples a class of integrins to the control of cell cycle
progression. Cell 87: 733–743.

60. Zhou X, Rowe RG, Hiraoka N, George JP, Wirtz D, et al. (2008) Fibronectin

fibrillogenesis regulates three-dimensional neovessel formation. Genes Dev 22:
1231–1243.

61. Sechler JL, Schwarzbauer JE (1998) Control of cell cycle progression by

fibronectin matrix architecture. JBiolChem 273: 25533–25536.

62. Singer II (1982) Association of fibronectin and vinculin with focal contacts and

stress fibers in stationary hamster fibroblasts. J Cell Biol 92: 398–408.

63. Jinguji Y, Fujiwara K (1994) Stress fiber dependent axial organization of
fibronectin fibrils in the basal lamina of the chick aorta and mesenteric artery.

Endothelium 2: 35–47.

64. Sechler JL, Schwarzbauer JE (1997) Coordinated regulation of fibronectin fibril
assembly and actin stress fiber formation. Cell Adhesion and Communication 4:

413–424.

65. Hinson JS, Medlin MD, Lockman K, Taylor JM, Mack CP (2007) Smooth

muscle cell-specific transcription is regulated by nuclear localization of the

myocardin-related transcription factors. Am J Physiol Heart Circ Physiol 292:

H1170–1180.

66. Du KL, Chen M, Li J, Lepore JJ, Mericko P, et al. (2004) Megakaryoblastic

leukemia factor-1 transduces cytoskeletal signals and induces smooth muscle cell
differentiation from undifferentiated embryonic stem cells. J Biol Chem 279:

17578–17586.

67. Chung J, Yoon S, Datta K, Bachelder RE, Mercurio AM (2004) Hypoxia-
induced vascular endothelial growth factor transcription and protection from

apoptosis are dependent on alpha6beta1 integrin in breast carcinoma cells.

Cancer Res 64: 4711–4716.

68. Troussard AA, Tan C, Yoganathan TN, Dedhar S (1999) Cell-extracellular

matrix interactions stimulate the AP-1 transcription factor in an integrin-linked

kinase- and glycogen synthase kinase 3-dependent manner. Mol Cell Biol 19:
7420–7427.

69. Delcommenne M, Streuli CH (1995) Control of integrin expression by

extracellular matrix. J Biol Chem 270: 26794–26801.

70. Xu R, Spencer VA, Bissell MJ (2007) Extracellular matrix-regulated gene

expression requires cooperation of SWI/SNF and transcription factors. J Biol

Chem 282: 14992–14999.

71. Barberis L, Wary KK, Fiucci G, Liu F, Hirsch E, et al. (2000) Distinct roles of

the adaptor protein Shc and focal adhesion kinase in integrin signaling to ERK.

J Biol Chem 275: 36532–36540.

Fibronectin Regulates Smooth Muscle Differentiation

PLOS ONE | www.plosone.org 8 April 2014 | Volume 9 | Issue 4 | e94988


