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Abstract
Tissue remodeling following injury involves TGF-β-mediated fibroblast contraction. While these
cells are embedded in a fibronectin (FN)-rich matrix, the role of FN-cell interactions in this process
is not fully understood. To explore the role of FN matrix presentation, we analyzed the effect of TGF-
β on fibroblasts adhered to FN-coated polyacrylamide gel (PAG). Surprisingly, under these
conditions TGF-β triggered cell rounding/contraction. This was accompanied by increased Rho
activation and MLCK phosphorylation and was reversed by inhibition of Rho kinase. Although
fibroblasts are known to bind to fibronectin’s RGD and synergy sites, their relative contribution to
cell function is not clear. MLC phosphorylation was reduced and cell contraction was reversed when
FN’s synergy site was blocked, indicating that contraction requires signals from the synergy site in
addition to TGF-β mediated Rho activation. Thus, regulating the FN synergy site therapeutically may
provide a mechanism for modulating contractile forces during tissue repair.
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Introduction
TGF-β promotes myofibroblast generation and regulates extracellular matrix (ECM)
production during wound healing. However, it is unclear how signals from this growth factor
are integrated with signals propagated from the ECM to alter myofibroblast contraction during
wound healing [1]. The ECM provides a structural, chemical, and mechanical substrate that is
essential in development, growth, and the host response to pathogenic signals. Transmembrane
receptors termed integrins, that bind ECM components, provide a mechanism for integrating
the dynamic interaction of environmental cues with intracellular events, orchestrating functions
including organogenesis, regulation of gene expression, cell proliferation, differentiation,
migration, and death. [2]. Integrins are noncovalently associated heterodimeric transmembrane
receptors composed of α and β subunits, with α subunits ranging from 120 to 180kDa, whereas
β subunits are 90 to 110 kD. Integrin subunits consist of a large extracellular domain (700
to1100 aa), a single transmembrane segment, and most have short cytoplasmic tails, ranging
from 20 to 60 aa that mediate intracellular signaling [3]. ECM proteins ligated by integrins
transduce extracellular signals to intracellular networks that modulate cell behaviors.
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Fibronectin (FN) is a multifunctional ECM protein that is ubiquitously expressed during
embryogenesis and in healing wounds, tumors and inflammatory sites. Because it binds several
ligands (e.g. cells, collagen, fibrin, heparin) and self-assembles to form fibrils, FN is thought
to provide an extracellular scaffold supporting a network of interactions as well as subserving
important structural roles in remodeling tissues [4]. During wound healing, plasma FN (pFN)
is deposited abundantly as a consequence of blood plasma extravasation [5,6]. In addition,
alternatively spliced forms of “cellular” FN, produced by wound fibroblasts, are deposited in
forming granulation tissue [7–9]. The central portion of FN is comprised of structural motifs,
termed FN Type III repeats. Among these are the cell-binding domain comprised of the synergy
site in III8,9 and the RGD in III10 which function together to mediate cell adhesion [4]. While
the synergy site contributes to cell adhesion via integrins (i.e., α5β1), variations in the
presentation of the synergy site may modulate cellular functions, integrin usage and cell
migration [10,11].

In the work reported here, we tested the impact of the FN on cell contraction using a
polyacrylamide gels (PAG) system to which pFN was coupled but on which extensive FN
matrix assembly did not occur. We observed that fibroblasts spread on all ECM-PAGs tested
in the absence of TGF-β. Surprisingly, fibroblasts on pFN-PAGs, but not gelatin- or collagen-
PAGs, rounded markedly in the presence of TGF-β. The rounding was reversible with a Rho
kinase inhibitor (Y-27632), was accompanied by Rho activation and myosin light chain (MLC)
phosphorylation, was reversed by removal of TGF-β and was not attributable to cell death.
When PAGs were made with a recombinant FN fragment that includes the synergy site
(III8,9,10 ), fibroblasts contracted. When an anti-synergy site Mab was added to pFN-PAGs in
the presence of TGF-β, rounding was inhibited. We conclude that our work has revealed a
novel role for the synergy site within FN in which it modulates TGF-β-mediated Rho activation
and the contractile state of fibroblasts.

Materials and methods
Reagents

Unless otherwise indicated, all reagents were from Sigma Chemical Co. (St Louis, MO). Others
were purchased as follows: fetal bovine serum (FBS, Hyclone: Logan, UT), human pFN
(Molecular Innovations: Southfield, MI), Type I collagen (Vitrogen Cohesion: Palo Alto, CA),
recombinant human TGF-β (R&D Systems: Minneapolis, MN), protease inhibitor cocktail
(Roche: Mannheim, Germany), monoclonal anti-ERK1/2 (Upstate: Charlottesville, VA),
monoclonal anti-synergy site (HFN7.1, Neomarkers: Fremont, CA), , polyclonal anti-MLC
(Cell Signaling Technology: Beverly, MA), polyclonal anti-Rho (Santa Cruz: Santa Cruz, CA),
HRP- secondary antibodies (Calbiochem: San Diego, CA). Alexa-Fluor 594- phalloidin and
Hoechst 33342 (Molecular Probes: Eugene, OR), Sulfo-succinimidyl 6-(4′-azido-2′-
nitrophenylamino) Hexanoate (Sulfo-SANPAH) and SuperSignal West Pico (Pierce:
Rockford, Il), Y27632 (Chemicon: Temecula, CA), Dulbecco’s Minimal Essential Medium
(DMEM), penicillin-streptomycin, Dulbecco’s Phosphate Buffered Saline (DPBS), L-
glutamine, and Trypsin-EDTA (Gibco-Invitrogen: Carlsbad, CA). Recombinant GST-tagged
Rhotekin was a gift from Dr. Martin Schwartz (University of Virginia, Charlottesville, VA).
Recombinant GST-FN10 and GST-FNIII8,9,10 were prepared as described previously [12,13].
Polyclonal anti-phospho-Ser19/Thr18 MLC was a gift from Dr. Peter Vincent (Albany Medical
College, Albany, NY)

Cell culture
Human foreskin fibroblasts (HFF) and other human fibroblasts were grown in Dulbecco’s
Minimal Essential Medium supplemented with 10% FBS, and 100 U/mL penicillin-
streptomycin. All experiments were performed in modified serum free media (DMEM
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supplemented with Hams F12, 0.5 μM insulin, 5 μg/mL transferrin, 2 mM L-glutamine, 0.2
mM ascorbate, and 100 U/mL penicillin-streptomycin). For Rho activity assays, cells were
serum starved for 24 h prior to the day of the experiment and cells were cultured in serum free
media.

Polyacrylamide gel (PAG) substrate preparation
Flexible PAG substrates with a thickness of 70 μm were prepared on 25-mm square glass
coverslips and derivitized with either 10 μg/mL pFN or gelatin using Sulfo-SANPAH exactly
as described by Pelham and Wang [14]. Routinely, substrates used in this study were 8%
acrylamide/0.2% N,N-methylene-bis-acrylamide with a measured Young’s modulus of ~22
kPa. HFF-2s were cultured in serum free media in the presence or absence of 10ng/mL TGF-
β and at designated times analyzed for morphology, extracted for analysis of Rho activity or
myosin light chain phosphorylation. For some experiments, soluble pFN, either pre-treated or
not, with Sulfo-SANPAH in solution was non-covalently bound (1 h, 37°C) to gelatin-PAG.
In some experiments, pFN-PAGs were pre-incubated with mAb HFN7.1 (10 μg/mL; 37°C,
5% CO2, 1 h) in serum free media. Cells were then plated on HFN7.1 blocked pFN-PAGs with
or without TGF-β as indicated.

Immunofluorescence and microscopy
Cells were washed with DPBS, fixed with 4% paraformaldehyde/PDBS, permeabilized with
0.5% Triton X-100, and blocked with 2% BSA for 1 h. Cells were stained for F-actin
(Phalloidin) or nuclei (Hoechst 33342). Photographs were taken using phase optics or
epifluorescence illumination on a Nikon Eclipse TE2000 U using a SPOT camera (Diagnostic
Instruments, Sterling Heights, MI).

Cell adhesion assay
Wells of 96-well flat-bottomed microtiter plates were coated (10 μg/mL, 4°C, overnight) with
either BSA, soluble pFN or with gelatin (10 μg/ml in PBS) to which soluble pFN was non-
covalently bound (1 h, 37°C). Wells were washed (PBS), blocked (3% BSA/PBS, room
temperature, 15 min) and a cell suspension (Hoechst 33342-stained HFF, 15 min) in serum-
free DMEM was added (200 μl/well of 50,000 cells/ml). Plates were centrifuged (top side up)
at 10 x g for 5 min, incubated (30 min, 37°C). Non-adherent cells were removed by
centrifugation (top side down) at 50 x g for 5 min, followed by three rinses with DPBS. Cell
adhesion was quantified using a SpectraMax Gemini EM microplate fluorescence plate reader
(Molecular Devices, Sunnyvale, CA) using 360 nm excitation/480 nm emission filters.

Rho pull-down assay
Rho activation assays were performed as described [15]. In brief, cells were washed with ice-
cold PBS, promptly treated with ice cold lysis buffer (50 mM Tris-HCl pH7.5, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 500 mM NaCl, 10 mM MgCl2, 1 mM NaF, 1
mM sodium orthovanadate, and protease inhibitor cocktail), rapidly lysed and centrifuged at
13,000 rpm for 2 min at 4°C and the supernatants were applied to immobilized Rhotekin-
agarose (45 min, 4°C). The beads were washed with ice cold wash buffer (50 mM Tris-HCl
pH7.5, 1% Triton X-100, 150 mM NaCl, 10 mM MgCl2, 1 mM NaF, 1 mM sodium
orthovanadate, and protease cocktail inhibitors) and taken up in SDS-PAGE sample buffer.
SDS-PAGE and western blotting were employed to quantitate active Rho (Rhotekin-bound)
and total Rho from a normalized volume of cell lysate. Blots were treated successively with
anti-Rho antibody, HRP-conjugated secondary antibodies and SuperSignal West Pico chemi-
luminescent substrate. Rho activity was expressed as a percentage of total Rho with bound
GTP, was determined by quantitating the amount of Rhotekin-bound Rho versus the total Rho
in each lysate.
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Myosin light chain phosphorylation assay
Cells treated with the indicated conditions were lysed in 200 μl of boiling-hot Laemmli sample
buffer supplemented with 1 mM each of NaF and sodium orthovanadate and subjected to SDS-
PAGE and western blotting (PVDF membrane). Duplicate blots were treated successively with
either phospho-Ser19/Thr18 MLC antibody or a non-phosphospecific MLC antibody, an
appropriate HRP-conjugated secondary antibody, followed by SuperSignal West Pico
Chemiluminescent substrate.

Results and Discussion
We sought to develop a system for analyzing the impact of the cell-binding domain of FN on
fibroblast contraction in the absence of extensive FN matrix assembly. We employed a well-
characterized system in which various ECM molecules are coupled covalently to
polyacrylamide gels (PAG, [14]). Human fibroblasts (i.e., adult dermal, fetal lung and neonatal
foreskin) spread normally within 2 h on gelatin-PAG (not shown), collagen-PAG (not shown)
or pFN-PAG (Fig. 1A). We also observed comparable adhesion of human fibroblasts to FN-
derivitized surfaces alone or on FN-gelatin-derivitized surfaces (Fig. 1B). Importantly, we also
observed that fibroblasts which spread on pFN-PAG elaborated a dramatically reduced FN
matrix compared to those on pFN-glass (Fig. 1C, D).

TGF-β induces fibroblasts on pFN-PAG, but not gelatin- or collagen-PAG, to round
We next tested how fibroblasts on pFN-PAG responded to treatment with TGF-β, an important
signal for inducing fibroblasts contraction. When TGF-β was included in cultures of primary
human fibroblasts (i.e., adult dermal, fetal lung, foreskin) on pFN-PAG, cells initially spread
(Fig. 2B) but rounding commenced within 6–15 h (Fig. 2) and was accompanied by dense
phalloidin staining (Fig. 2F, inset). Fibroblasts cultured with TGF-β on either collagen-PAG
or gelatin-PAG remained spread (not shown). In contrast to cells on pFN-PAG, fibroblasts
seeded on coverslips cross-linked either with collagen, gelatin, or pFN, did not round in the
presence or absence of TGF-β (not shown). Although in the foregoing experiments, TGF-β
was added when cultures were initiated, we also observed that fibroblast rounding occurred
when TGF-β was added up to 4 days after establishing cultures on pFN-PAG and could be
reversed up to 3 days post treatment by the removal of TGF-β. TGF-β treatment increased
Smad-3 phosphorylation equally on all PAGs whether cross-linked with pFN, collagen, or
gelatin demonstrating that the rounding phenotype requires both FN and TGF-β (data not
shown). The viability of round fibroblasts remained high (greater than 98%) for up to five days
after addition of TGF-β. Caspase-3 activity was not increased above control levels
demonstrating that the rounding process was not a consequence of initiation of apoptotic
pathways. Our data also indicated that the rounding was not a function of the cells’ ability to
ligate pFN because cell adhesion and spreading occurred on pFN-PAG at levels comparable
to those of gelatin-PAG (Fig. 1).

In summary, fibroblasts seeded on pFN-PAG do not elaborate an extensive fibrillar network
and promptly adopt a rounded phenotype when treated with TGF-β; they remain spread on
both collagen- or gelatin-PAG in the presence or absence of TGF-β or on rigid surfaces coupled
either with pFN, collagen, or gelatin. Our data suggest that a FN-specific signaling mechanism
modulates TGF-β-dependent fibroblast rounding (henceforth termed “contractile”) activity.

The synergy/cell binding domain in FN III8–10 supports fibroblast contraction
Given the absence of an extensive FN matrix in our experimental system, we hypothesized that
presentation to fibroblasts of the cell-binding domain residing in FN Type III repeat 8–10
(FNIII8,9,10) that includes both the RGD sequence and the synergy sites might be critical for
the observed rounding. We tested short, recombinant FNs to determine whether or not
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FNIII8,9,10 was sufficient to mediate the cell contraction that we observed. Fibroblasts spread
on FNIII8,9,10-PAG in the absence of TGF-β, and contracted on this short, recombinant FN in
the presence of TGF-β (Fig. 3A,B) as they did on intact pFN (Fig. 2C,F); fibroblasts seeded
on FNIII8,9,10 cross-linked glass (or plastic) remained spread in the presence or absence of
TGF-β treatment (data not shown). As a complementary approach, we also pre-incubated pFN-
PAGs with HFN7.1, a monoclonal antibody that binds to the synergy site in FNIII9 [16,17].
In contrast to control cultures, we observed that fibroblast contraction was inhibited and the
cells retained a spread morphology in the presence of TGF-β (Fig. 3C,D). These data support
a mechanism in which a site within III8,9,10 is required in the TGF-β-dependent contraction
that we observed on compliant pFN-PAGs.

Fibroblast contraction on pFN-PAG and TGF-β activates Rho GTPase and requires ROCK
Because Rho activity is known to regulate cell contractility, we tested whether or not the round
phenotype observed was a consequence of Rho and ROCK activation. Y27632, a
pharmacological inhibitor of Rho kinase (ROCK), was used to assess its participation in
fibroblast rounding. TGF-β-dependent fibroblast rounding was inhibited by concentrations of
Y27632 as low as 0.1 μM (Fig. 4A,B). Moreover, Y27632 could reverse fibroblast contraction
and elicit the spread morphology when added at any time up to 72 h after TGF-β addition (data
not shown). The reversibility of the rounding underscored the viability of the round cells and
indicated that a ROCK-dependent pathway is required for the observed contraction.

To measure directly the activation of Rho, we performed Rho pull down assays on fibroblast
extracts. To attain sufficient lysate volumes, we modified our approach by coupling plastic
dishes directly with pFN (not shown) or with gelatin followed by pFN (Fig. 4C,D) pretreated
with Sulfo-SANPAH to simulate conditions on PAGs. There was a slightly lower, but
statistically insignificant, baseline Rho activation when cells were cultured on Sulfo-SANPAH
pretreated pFN compared to non-crosslinked FN on gelatin (24 h) in the absence of TGF-β
(not shown). Importantly, we observed a marked increase in Rho activation when TGF-β was
added to fibroblasts on pFN-gelatin, indicating that TGF-β activates Rho in these cells (Fig.
4C,D). Rho pull down assays were also done with cells on pFN-PAG, with and without TGF-
β, and activation of Rho to levels comparable to those in Fig. 4C were again observed (not
shown). These data suggest that the vigorous fibroblast rounding observed on pFN-PAG in the
presence of TGF-β involves the FN synergy site and occurs as a consequence of cell contraction
mediated by TGF-β-dependent activation of the Rho-ROCK pathway.

A site within FN III8,9,10 modulates TGF-β mediated MLC phosphorylation
We also observed that TGF-β stimulates MLC phosphorylation when fibroblasts undergo TGF-
β-dependent contraction on pFN-PAG (Fig. 4E). Taken with our ROCK inhibition studies
(above), these data are consistent with a signaling mechanism in which a Rho-ROCK-
dependent pathway activates MLC-dependent contraction. When we pre-incubated pFN-PAG
with HFN7.1, TGF-β-mediated-MLC phosphorylation was reduced (Fig. 4F). Therefore, the
observed dependence upon the cell-binding domain for the full contractile phenotype (Fig. 3)
was also reflected in MLC phosphorylation (Fig. 4). These data build on the observations that
Rho activation, leading to MLC phosphorylation, requires cell adhesion to the cell-binding
domain of FN [18,19].

Our data suggest a mechanism in which the presentation of the cell-binding domain within FN
regulates TGF-β-dependent, Rho-mediated fibroblast contractility. Recent data suggests that
FNIII repeats are quite flexible, revealing cryptic sites when either cleaved proteolytically or
stretched mechanically [20,21]. We and others speculate that matrix remodeling during wound
healing - through proteolysis or mechanical mechanisms - modulates the presentation to
fibroblasts of the cell-binding domain within FN [22]. In a pathogenic setting the exuberant
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contractile state of fibroblasts, driven by activated Rho, could further distort the FN cell-
binding domain resulting in a “feed-forward” mechanism that perpetuates the chronic fibrotic
state. Regulation of fibroblast contractility is a critical aspect of the contraction phase of
connective tissue remodeling and there are presently few therapeutic options for modulating
wound contracture [23]. The present study provides the basis for a previously unrecognized
therapeutic approach in which targeting the synergy site could modulate fibroblast contraction.
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Fig 1.
FN matrix assembly, cell morphology and adhesion. A - Phase contrast image of cells on FN-
PAG in the absence of TGF-β (Bar: 100 μm), showing morphology of typical of fibroblasts on
ECM-PAG. B - Adhesion assay using HFFs cells. Wells were coated with respective proteins
(10 μg/ml) and cell adhesion performed using centrifugation (50 x g, 5 min) to remove cells.
Data are shown as the mean ± SE from six independent experiments. Adhesion strength is
comparable on pFN, or pFN-gelatin coated surfaces. C, D - HFFs cultured (1 day) on pFN-
coverslips (C) or pFN-PAGs (D) were stained for FN by indirect immunofluorescence. Note
that significantly less FN is present in assembled matrix on pFN-PAG than on pFN-glass. Bar:
25 μm.
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Fig 2.
Fibroblasts undergo spreading before they round on pFN-PAG in the presence of TGF-β. Time-
lapse, phase contrast images of human fibroblasts on pFN-PAG at designated times after
addition of TGF-β (10 ng/mL). Inset (F): human fibroblasts on pFN-PAG in the presence of
TGF-β (10 ng/mL); actin cytoskeleton was and visualized by phalloidin staining for actin. Bar:
50 μm.
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Fig 3.
A site within III8,9,10 in pFN is required to promote rounding in the presence of TGF-β. A, B
- PAGs prepared with recombinant III8,9,10 PAG were cultured with fibroblasts either without
(A) or with (B) TGF-β (10 ng/mL). PAGs were prepared with purified pFN and preincubated
with anti-synergy site antibody (HFN7.1) on which fibroblasts were cultured without (C) or
with (D) TGF-β (10 ng/mL). Fibroblasts were stained with Alexa 594-phalloidin. Bar: 50 μm.
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Fig 4.
The Rho-ROCK pathway participates in cell contraction induced by TGF-β on pFN-PAG. A,
B - HFF cells were grown on pFN-PAG treated with 0.1mM Y27632 in the absence (A) or
presence (B) of 10ng/mL TGF-β. Bar, 50 μm. C - Representative western blot for Rho GTPase
activity from HFF cells grown on plates coated with gelatin to which pFN was added in the
absence or presence of TGF-β (10 ng/mL, 24 h). D - Quantitative analysis by densitometry of
the results from pooled experiments (n=4). Bars represent mean ± SEM. E - Quantitation of
total Phospho-MLC protein of HFF2 cells grown on pFN-PAG in the absence or presence of
10 ng/mL TGF-β. F - Representative experiment showing western blot of MLC
phosphorylation of HFF cells grown with or without TGF-β (10 ng/mL) on pFN-gelatin-PAG
pre-treated in the absence or presence of either mouse IgG or the anti-synergy site Mab,
HFN7.1.
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