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The extracellular matrix (ECM) provides important cues for directing cell phenotype. Cells interact with un-
derlying ECM through cell-surface receptors known as integrins, which bind to specific sequences on their
ligands. During tissue development, repair, and regeneration of epithelial tissues, cells must interact with an
interstitial fibronectin (Fn)-rich matrix, which has been shown to direct a more migratory/repair phenotype,
presumably through interaction with Fn’s cell binding domain comprised of both synergy Pro-His-Ser-Arg-Asn
(PHSRN) and Arg-Gly-Asp (RGD) sequences. We hypothesized that the Fn synergy site is critical to the regu-
lation of epithelial cell phenotype by directing integrin specificity. Epithelial cells were cultured on Fn fragments
displaying stabilized synergy and RGD (FnIII9’10), or RGD alone (FnIII10) and cell phenotype analyzed by
cytoskeleton changes, epithelial cell–cell contacts, changes in gene expression of epithelial and mesenchymal
markers, and wound healing assay. Data indicate that epithelial cells engage RGD only with av integrins and
display a significant shift toward a mesenchymal phenotype due, in part, to enhanced transforming growth
factor-b activation and/or signaling compared with cells on the synergy containing FnIII9’10. These studies
demonstrate the importance of synergy in regulating epithelial cell phenotype relevant to tissue engineering as
well as the utility of engineered integrin-specific ECM fragments in guiding cell phenotype.

Introduction

The extracellular matrix (ECM) provides important
directional cues for directing cellular processes, such as

cell spreading, survival, proliferation, and differentiation.
The power of ECM molecules in facilitating cell attachment
and spreading, as well as directing cell phenotype, is one of
the many reasons that ECM molecules, such as collagen,
laminin, and fibronectin (Fn), are routinely employed for
tissue engineering objectives. Cells interact with their un-
derlying ECM through transmembrane cell-surface receptors
known as integrins, heterodimeric molecules comprised of
transmembrane alpha and beta subunits, which are intra-
cellularly linked to cytoskeletal proteins such as talin, vin-
culin, and/or paxillin.1 Integrins bind to ECM molecules
through specific and often multiple synergistic sequences on
ECM proteins. Likewise, ECM proteins often contain several
distinct binding sites for multiple integrins and some indi-
vidual integrin binding sequences within the ECM can bind
multiple integrins. As a result, cells can exhibit different
phenotypic responses to the same ECM molecule depending
on the integrins that bind,2,3 which is in turn directed not
only by cellular expression of particular integrins but also by
the conformation of the ECM ligand, the availability of
specific ligand sequences, and the avidity of particular in-
tegrins to competing sites of engagement. ECM–integrin in-

teractions are of particular interest for regenerative medicine
applications because if these interactions can be precisely
controlled, then, theoretically, cell fate can be controlled.

As a part of their normal function in tissue development,
repair, and remodeling, epithelial cells must display two dis-
tinct phenotypes: an epithelial phenotype characterized
by tight cell–cell junctions and formation of high resistance
epithelial sheets, as determined by resistance to electrical
current,4 and a mesenchymal-like phenotype characterized
by migratory/invasive behavior and ECM production.5,6

The processes of these phenotypic conversions are termed
epithelial-to-mesenchymal transition and mesenchymal-to-
epithelial transition (EMT and MET, respectively). Normal
phenotypic switching associated with EMT and MET as a part
of development, repair, and remodeling is not often associated
with a complete and permanent conversion and thus is often
referred to as partial-EMT or MET.7–9 However, if chronically
stimulated epithelial cells are capable of a complete conversion
to mesenchymal or fibroblastic phenotypes, such as in the case
of metastatic cancer and fibrotic pathologies.10,11 In particular,
complete EMT further perpetuates fibrotic responses by in-
creasing the number of synthetic, ECM producing fibroblasts.
Thus, the process of EMT and MET must be tightly regulated
during normal events such as re-epithelialization.

Re-epithelialization during wound healing and the pheno-
typic switching essential to this process have been shown to be
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promoted by binding of specific integrins to ECM molecules,
such as Fn, including but not limited to a5b1, a3b1, and
a2b1.12,13 For example, re-epithelization of airway epithelial
cells has been shown to be modulated by binding of a5b1
integrin to Fn.12 On the other hand, engagement of other in-
tegrins associated with wound healing, including the RGD-
binding integrins avb3, avb5, avb6, and avb8,13 have been
associated with greater induction of EMT, through activa-
tion of cell contractile machinery, enhanced migration, and
contraction. Fn has the capacity to interact with integrins
that promote re-epithelization as well as those that have
been shown to induce EMT. Integrin-mediated activation of
cell contractility has significant consequences to the force-
mediated activation of the fibrogenic cytokine transforming
growth factor-b (TGFb).14–17 The activation of TGFb can be
induced by contractile cells through mechanical release of
TGFb from the inactive complex leading to further enhance-
ment of the EMT process and downstream cell contraction and
ECM production.10 Although induction of cell contractility/
mobility is critical for proper wound healing, there is a criti-
cal balance that must be achieved to direct regeneration or
formation of epithelial tissues without inducing fibrotic re-
sponses. Here we aim to direct epithelial cell phenotype
through modulating integrin-specific binding to recombinant
Fn fragments. Significant research has demonstrated that Fn
has the capacity to bind many of the integrins involved in re-
epithelization and wound repair, including avb3, avb6, a3b1,
and a5b1,12,18–21 lending the molecule to manipulation for
directing these cellular responses.

Fn, a soluble dimeric glycoprotein comprised of two
nearly identical monomers *250 kDa in size, is comprised
of three repeating subunits known as type I, type II, and
type III repeats.20 The central cell binding domain of Fn,
where most integrins bind the molecule, is comprised
completely of type III repeats. More specifically the 9th and
10th type III repeats contain the integrin binding synergy
site PHSRN and RGD sequences, respectively.22,23 Recently,
the relative position of these two binding sites on adjacent
type III repeats has been shown critical for a5b1 integrin
binding, such that a5b1 binding is nearly abolished in the
absence of the synergy site.24–29 On the basis of the known
integrin binding sites within Fn’s 9th and 10th type III re-
peats and the reliance of a5b1 integrin binding to the syn-
ergy sequence, here we utilize recombinant Fn fragments
comprising the 9th and 10th type III repeats (PHSRN and
RGD sites) containing a point mutation previously shown
to stabilize the relative position of these two domains,24,30

or the 10th type III repeat alone to direct integrin binding.
On the basis of Fn’s known role in directing re-epithelial-
ization12 and/or EMT,10 we hypothesized that the presence
of the synergy site is critical to the regulation of epithelial
cell phenotype, by directing integrin specificity. Here we
establish the utility of engineered recombinant fragments of
Fn in directing epithelial attachment via av, a3, and a5 in-
tegrins and the resulting downstream phenotypic determi-
nation (Fig. 1).

Materials and Methods

Production of recombinant proteins

Recombinant Fn fragments were produced as previously
described.30 Briefly, expression vectors encoding the 9th and

10th type III repeats with a structural stabilizing Leu1408 to
Pro point mutation (FnIII9’1024) and the 10th type III repeat
alone (FnIII10) were transformed into BL21 Escherichia coli
and Fn fragments purified by glutathione-S-transferase
(GST) affinity chromatography (AKTA Purifier, GE Health-
care). GST tags were removed using bovine thrombin
(Sigma–Aldrich), and proteins were verified as>98% pure by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

Cell culture

RLE-6TN cells, an alveolar epithelial cell line, were obtained
from ATCC and maintained in Dulbecco’s modified Eagle’s
medium (DMEM)/F12 media supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin (P/S). For ex-
periments analyzing the role of Fn fragments in directing cell
phenotype, cells were plated on 2 mM Fn-fragment-coated, 1%
heat-denatured (hd) bovine serum albumin (BSA)-blocked
plates and cultured in serum-free DMEM/F12 media.

Attachment assay

Cell attachment assays were performed as previously de-
scribed.31 Briefly, surfaces were coated with 2mM30 Fn frag-
ments (FnIII9’10 and FnIII10 have similar coating
efficiencies32) and blocked with 1% hd-BSA. RLE-6TN cells
were incubated with 5 mg/mL anti-a3 (Ralph 3.2), anti-av
(H9.2B8), anti-a5 (HMa5-1) (Santa-Cruz Biotech), anti-b1
(HMb1-1), or anti-b3 (2C9.G2) (Biolegend) function blocking
antibodies or normal mouse IgG control (Millipore) or with
1 mg/mL synergy, RGD, synergy plus RGD, or control
scrambled peptides (Anaspec) for 30 min at 378C in serum-
free DMEM/F12 media. A concentration of 5mg/mL was
used for antibody blocking experiments based on dose re-
sponse experiments demonstrating that this concentration
was saturating for all antibodies utilized. Cells were allowed
to attach for 20 min at 378C, washed to remove unbound
cells, fixed, and stained with crystal violet and absorbance
quantified at 570 nm. Attachment values were normalized to

FIG. 1. Schematic of recombinant fibronectin (Fn) fragments.
FnIII10 contains only the Arg-Gly-Asp (RGD) site and is ex-
pected to interact with predominantly av integrins and direct
epithelial cells to undergo epithelial-to-mesenchymal transi-
tion. FnIII9’10 contains both the RGD and Pro-His-Ser-Arg-Asn
(PHSRN) sites and is expected to interact predominantly with
the a5 integrin subunit and direct epithelial cells to maintain
their epithelial phenotypes. Color images available online at
www.liebertonline.com/ten.
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cell attachment levels on hd-BSA (0% attachment) and to the
test fragment with cells incubated with the IgG control or the
scrambled peptide control (100% attachment). Data from
triplicate experiments were normalized and presented as
means� standard error. Both normalized (left) and total cell
number (right) are presented on the y-axis.

Immunofluorescence integrin staining

RLE-6TN cells were cultured on 2mM FnIII9’10 or FnIII10-
coated, hd-BSA-blocked glass coverslips for 3 h. Cells were
washed with phosphate-buffered saline (PBS), fixed with 4%
formaldehyde, permeabilized with 0.2% Triton-X 100, and
then blocked with 10% goat serum. Primary antibodies were
incubated for 1 h and then washed thoroughly with PBS
0.2% Tween-20. Integrin a3, a5, and av antibodies utilized for
attachment assays were also utilized for immunofluorescence
as recommended by the manufacturer. Secondary antibodies
(Alexa-Fluor-488 goat-anti-mouse, Invitrogen; fluorescein
isothiocyanate-conjugated goat anti-Armenian hamster, Santa-
Cruz Biotech) were incubated for 1 h and then washed thor-
oughly with PBSþ 0.2% Tween-20. Nuclei were stained with
Hoescht (Invitrogen), coverslips mounted for imaging, and
images acquired with a Nikon Eclipse (TiE) inverted fluores-
cence microscope at 100�magnification, (100�, PlanApo 1.4
NA oil-immersion objective) with a CoolSNAP HQ2 Mono-
chromatic charge-couple device (CCD) camera. Experiments
were performed in triplicate, and images presented are rep-
resentative from at least 5–10 random fields for each inde-
pendent experiment.

Analysis of gene expression

RLE-6TN cells were cultured on plates coated with 2mM
Fn fragments and blocked with hd-BSA. Epithelial cells were
cultured in serum-free DMEM/F12 for 48 h. For analysis of
plasminogen activator inhibitor-1 (Pai-1), cells were cultured
in the absence or presence of 5 ng/mL active TGFb (R&D
Systems) or 10 mg/mL TGFb neutralizing antibody (9016,
R&D Systems). Cells were trypsinized, mRNA isolated
(RNAeasy, Qiagen), and c-DNA generated (High Capacity
cDNA Reverse Transcription Kit, Applied Biosystems). Pri-
mers (Invitrogen) used for quantitative polymerase chain
reaction (q-PCR) were as follows: a-smooth muscle actin
(SMA) forward TTCGTTACTACTGCTGAGCGTGAGA; a-
SMA reverse AAAGATGGCTGGAAGAGGGTC33; collagen
I forward GGTAACGATGGTGCTGTCGG; collagen I re-
verse GGGACCTTGAACTCCAGCAG34; glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) forward GGCAAGTT
CAATGGCACAGT; GAPDH reverse AAGGTGGAGGA
ATGGGAGTT34; ZO-1 forward TCAGATCCCTGTAAG
TCACC; ZO-1 reverse CCATCTCTTGCTGCCAAAC35; N-
cadherin forward AGGGCCTTAAAGCTGCTGACA; N-
cadherin reverse TCATAGTCGAAGACTAAAAGGGAGT
CATAT36; Vimentin forward CCCAGATTCAGGAACAG
CAT; Vimentin reverse CACCTGTCTCCGGTATTCGT (de-
signed using Primer3Plus software); E-cadherin forward
TGAGCATGCCCCAGTATCG; E-cadherin reverse CTGCC
TTCAGGTTTTCATCGA36; Pai-1 forward CACAGTGCTG
GGTGTAATGG; Pai-1 reverse GTTTGTGGGGCAGCTAT
TGT (designed using Primer3Plus software). q-PCR was per-
formed on a Step One Plus ABI thermocycler (Applied Bio-
systems) using Power SYBR Green Master Mix (Applied

Biosystems). Data were analyzed using the DDCT method us-
ing GAPDH as the endogenous control and comparing ex-
pression levels to cells cultured on FnIII9’10. q-PCR were run in
triplicate and performed for three independent experiments.
Data shown were pooled from three independent experiments.

Immunofluorescence E-cadherin/a-SMA staining

RLE-6TN cells were cultured on 2mM Fn fragment-coated,
hd-BSA-blocked glass coverslips for 48 h in the absence or
presence of 5 ng/mL active TGFb. Cells were processed as
described for integrin staining with the exception of using anti-
E-cadherin (36/E-cadherin; BD Transduction Laboratories)
and anti-a-SMA (1A4, Sigma-Aldrich) antibodies. Alexa-
Fluor-488-conjugated goat-anti-mouse (Invitrogen) was used
as the secondary antibody. Images were acquired with a Nikon
Eclipse (TiE) inverted fluorescence microscope at 20�magnifi-
cation (PlanFluor 20�, 0.5 NA objective) with a CoolSNAP
HQ2 Monochromatic CCD camera. Experiments were per-
formed in triplicate, and images presented are representative
from 5–10 random fields for each independent experiment.

Analysis of cell shape and cytoskeleton organization

RLE-6TN cells were cultured on FnIII9’10 (2mM), FnIII10
(2mM), Fn (0.1mM), or laminin (Ln) (0.1mM)-coated, hd-BSA-
blocked coverslips in serum-free DMEM/F12 in the absence or
presence of 5 ng/mL activated TGFb for 48 h and fixed with 4%
formaldehyde. The concentration of Fn was chosen based on
previous studies showing similar binding of an antibody spe-
cific to the 7–10 type III repeats of Fn (clone HFN7.1a1)30 to Fn
and the Fn fragments at 2mM concentrations, and the concen-
tration of Ln was chosen based on enzyme-linked immuno-
sorbent assays showing maximal coating at 0.1mM. Actin
was stained with Texas-red phalloidin (Invitrogen) and nuclei
were stained with Hoescht stain (Invitrogen). Coverslips were
mounted and images acquired with a Nikon Eclipse (TiE) in-
verted fluorescence microscope at 100�magnification (PlanA-
po 100�, 1.4 NA oil-immersion objective) with a CoolSNAP
HQ2 Monochromatic CCD camera. Representative images are
presented.

Analysis of circularity

Cells were cultured on FnIII9’10 (2mM), FnIII10 (2 mM), Fn
(0.1 mM), or Ln (0.1 mM) for 48 h in the absence or presence of
5 ng/mL active TGFb and the cytoskeleton observed as de-
scribed above. Area and perimeter of individual cells were
determined for each condition using ImageJ (NIH Freeware)
image-processing software, and then circularity was deter-
mined using the equation, circularity¼ 4p(area/perimeter2).
Three independent images were analyzed for each condition,
and at least 10 cells were analyzed per image. Data are
pooled from all three images analyzed per condition.

Wound-healing assay

Wells of 24-well plates were coated with FnIII9’10 (2mM),
FnIII10 (2 mM), Fn (0.1 mM), or Ln (0.1 mM) and then blocked
with hd-BSA. Cyto-select wound healing inserts (900 mm
wide; Cell Biolabs, Inc.) were then placed in coated wells and
RLE-6TN cells seeded at 200,000 cells/cm2 in serum-free
DMEM/F12. To insure even distribution of cells, half of the cell
suspension was plated on each side of wound field insert. Cells
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were allowed to form a monolayer for 5 h, which was verified
by phase contrast. The wound insert was then removed, cells
were gently washed with PBS to remove any unattached cells,
and the medium was replaced with fresh serum-free DMEM/
F12 in the absence or presence of 5 ng/mL active TGFb. Cells
were allowed to migrate and close the wound field for 15 h,
followed by gentle washing 2�with PBS, fixation and nuclei
staining with DAPI (Cell Biolabs), and immediate imaging. At
least three images were taken per condition, and conditions
were run in triplicate. Percent wound closure was determined
by measuring the wound gap area, dividing by original wound
area, and multiplying times 100%.

Statistical analysis

All statistical analysis was performed by multi-variate
analysis of variance using Prism (Graphpad Software Inc.).
Statistical significance was achieved for p< 0.05.

Results

Fn fragments induce integrin-specific adhesion

To determine if the presence/absence of the synergy site in
concert with the RGD site affects epithelial cell integrin bind-
ing to Fn type III repeats, a series of attachment assays were

performed with a number of integrin function-blocking anti-
bodies. The integrins analyzed were chosen because they are
known to be expressed by epithelial cells, including RLE-6TN
cells (verified by flow cytometry analysis [FACS] analysis;
data not shown), and also are reported to bind Fn. Attachment
of epithelial cells to FnIII9’10 was particularly sensitive to anti-
a3, anti-a5, and anti-b1 function-blocking antibodies and less
so to anti-av and anti-b3 antibodies. Epithelial cell attachment
to FnIII9’10 was inhibited by 80% ( p< 0.01 with respect to IgG
control) in the presence of a3 function-blocking antibodies,
105% ( p< 0.001 with respect to IgG control) in the presence of
a5 function-blocking antibodies, and 90% ( p< 0.001 with re-
spect to IgG control) in the presence of b1 function-blocking
antibodies. Contrary to epithelial cell binding to FnIII9’10,
adhesion to FnIII10, which only contains the integrin-binding
RGD sequence but not the adjacent synergy motif (PHSRN) on
FnIII9, was less integrin specific and was most notably in-
hibited by anti-av integrin antibodies. RLE-6TN cells demon-
strated a 40% inhibition of binding to FnIII10 in response to
anti-av antibodies, whereas anti-a3, anti-a5, and anti-b1 anti-
body had negligible effect (Fig. 2A, B). These data indicate that
although epithelial cells are capable of binding the RGD motif
when it is decoupled from the synergy motif, binding via a3,
and predictably a5, integrins require the two motifs’ syner-
gistic activity and thus proper orientation.

FIG. 2. Attachment of RLE-6TN cells on Fn fragments. Attachment of epithelial cells to FnIII9’10 (A, C) or FnIII10 (B, D)
fragments was analyzed with or without integrin function blocking (FB) antibodies (A, B), or with or without inhibitory
peptides (C, D) through a standard attachment assay. Percent attachment (left y-axis) was determined by normalizing
attachment to bovine serum albumin (BSA) (0%) and Fn fragment in the presence of control IgG (A, B) or scrambled peptide
(C, D) (100%) and averages and standard errors are plotted. Total cell number is reported on the right y-axis. ***p< 0.001,
**p< 0.01, *p< 0.05.
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To determine whether the synergy and RGD sites specif-
ically contribute to epithelial cell binding to FnIII9’10 frag-
ments, attachment assays were also performed with
epithelial cells preincubated with soluble RGD and synergy
mimetic peptides. Attachment values were normalized to the
controls (100%, scrambled peptide; 0%, hd-BSA) and both
normalized and total cell number presented on the y-axis
(Fig. 2C, D). Attachment of cells to FnIII9’10 was particularly
sensitive to both RGD and PHSRN (synergy) peptides, with
adhesion inhibited 63% ( p< 0.05) and 79% ( p< 0.01), re-
spectively. Adhesion to FnIII9’10 was blocked most signifi-
cantly with a combination of RGD and PHSRN peptides
where adhesion was inhibited 122% ( p< 0.001). Contrary to
the binding of FnIII9’10, adhesion to FnIII10 was most no-
tably blocked by RGD peptides, with adhesion inhibited
46%, whereas PHSRN peptides had no considerable effect. In
addition, the combination of RGD and PHSRN peptides
showed approximately the same level of inhibition as RGD
peptides alone, with adhesion inhibited 48%.

Specific integrin clustering is modulated
by the Fn synergy site

To further characterize integrin-specific responses to Fn
fragments at early time points, we cultured RLE-6TN cells on

Fn fragments for a period of 3 h and then stained for integrin
subunits a3, a5, or av. These integrin subunits were chosen
for staining based on the differences in integrin binding to Fn
fragments as determined through the attachment assays.
Cells cultured on FnIII9’10 displayed distinct and strong
punctate staining for a3 and a5 integrins indicative of epi-
thelial focal contact formation (Fig. 3A, E), whereas cells
cultured on FnIII10 displayed minimal staining for a3 and a5
integrins (Fig. 3B, F). In contrast, cells cultured on FnIII10
exhibited a stronger staining pattern for av integrins (Fig.
3D). Cells cultured on FnIII9’10 displayed minimal staining
for av integrins (Fig. 3C).

Epithelial cells exhibit differences in expression
of epithelial- and mesenchymal-specific genes
when cultured on Fn fragments displaying both
RGD and synergy versus RGD alone

To determine if differences in initial integrin engagement
of Fn fragments induced changes in EMT-related response
genes, RLE-6TN cells were cultured on FnIII9’10 and FnIII10
for 48 h in serum-free DMEM/F12, and then expression of
various epithelial and mesenchymal genes was determined
by q-PCR (Fig. 4). All epithelial genes analyzed were signif-
icantly downregulated in cells cultured on FnIII10 compared

FIG. 3. Integrin a3, av, and a5
surface expression and distribu-
tion. Cells were analyzed for a3
(A, B), av (C, D), and a5 (E, F)
integrin surface expression and
distribution by immunofluores-
cence 3 h after plating cells on
FnIII9’10 (A, C, E) or FnIII10 (B,
D, F). Images were acquired with
a Nikon Eclipse (TiE) inverted
fluorescence microscope at 100�
magnification. Images are repre-
sentative of three independent
experiments. Color images avail-
able online at www.liebertonline
.com/ten.
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with cells cultured on FnIII9’10, and all mesenchymal genes
analyzed were upregulated. Specifically, E-cadherin was
downregulated 7-fold ( p< 0.05), and ZO-1 was downregulated
*2-fold ( p< 0.05) in cells cultured on FnIII10. In contrast,
a-SMA was upregulated 18-fold ( p< 0.001), vimentin was up-
regulated 32-fold ( p< 0.001), N-cadherin was upregulated
78-fold ( p< 0.001), and collagen I was upregulated 7-fold
( p< 0.05) in cells cultured on FnIII10.

Epithelial cells exhibit differences E-cadherin
and a-SMA protein expression and localization
when cultured on Fn fragments displaying both RGD
and synergy versus RGD alone

To characterize expression and cellular localization of se-
lect epithelial and mesenchymal proteins, we cultured RLE-
6TN cells on FnIII9’10 or FnIII10 in the absence (Fig. 5A, B, E,
F) or presence (Fig. 5C, D, G, H) of 5 ng/mL active TGFb for
48 h and then stained for E-cadherin (epithelial marker) (Fig.
5A–D) and a-SMA (mesenchymal marker) (Fig. 5E–H). Cells
cultured on FnIII9’10 displayed strong staining for E-cadherin
at cell contacts, characteristic of an epithelial phenotype, with
additional punctuate staining throughout the cell (Fig. 5A).
In contrast, epithelial cells seeded on FnIII10 displayed sig-
nificantly less E-cadherin at cell–cell contacts, even after only
48 h in culture (Fig. 5B). The presence of 5 ng/mL active
TGFb drove similar E-cadherin staining patterns in epithelial
cells regardless of the substrate, with some diffuse cell–cell

contact staining and significant amounts of intracellular
punctuate E-cadherin (Fig. 5C, D). In support of a loss of
epithelial character, a significant number of epithelial cells
cultured on FnIII10 displayed staining for a-SMA (Fig. 5F),
whereas cells cultured on FnIII9’10 displayed no detectable
staining (Fig. 5E). As expected, cells cultured in the presence
of TGFb displayed significant staining for a-SMA regardless
of underlying ligand (Fig. 5G, H).

Epithelial cells cultured on Fn fragments display
different degrees of cytoskeletal organization

We next analyzed cytoskeletal organization, stress fiber
formation, and cell circularity by culturing RLE-6TN cells for
48 h on FnIII9’10, FnIII10, Fn, or Ln in the absence (Fig. 6A–
D) or presence (Fig. 6E–H) of 5 ng/mL active TGFb. Cells
were stained with Texas-red phallodin to observe the actin
cytoskeleton. Cells cultured on FnIII9’10 displayed a more
rounded, cuboidal morphology and diffuse staining for actin
(Fig. 6A) similar to cellular responses to Ln (Fig. 6D),
whereas cells cultured on FnIII10 (Fig. 6B) were more spread
and displayed aligned, thick actin filaments characteristic of
stress fibers similarly to cells cultured on full length Fn (Fig.
6C). The addition of TGFb enhanced actin filament align-
ment and stress fiber formation regardless of the adhesive
ligand, with the exception of Ln which supported a more
rounded epithelial phenotype (Fig. 6E–H). Cell circularity
was calculated to quantify differences observed in cell shape

FIG. 4. Gene expression analysis. RLE-
6TN cells were cultured for 48 h on Fn
fragments (FnIII9’10 and FnIII10), and
then RNA was isolated for gene expression
analysis. Levels of expression of epithelial
(E-cad, ZO-1) and mesenchymal (a-smooth
muscle actin [SMA], Col I, Vimentin, and
N-cad) markers were determined by
quantitative polymerase chain reaction.
Fold changes in gene expression were
determined by DDCT analysis using glyc-
eraldehyde 3-phosphate dehydrogenase
as the endogenous control and comparing
expression to cells cultured on FnIII9’10.
Reactions were performed in triplicate.
***p< 0.001, *p< 0.05.
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(Fig. 6I); values closer to 1 indicated a more rounded cell.
Cells cultured on FnIII9’10 exhibited a circularity value of
0.61, compared with cells on FnIII10, which were quite
spread and displayed a circularity of 0.26 ( p< 0.001). The
addition of TGFb resulted in circularity values <0.35 on each
substrate with the exception of Ln, which exhibited a circu-
larity value of 0.47. The addition of TGFb to cells cultured on
FnIII9’10 significantly decreased the circularity to 0.27
( p< 0.001).

Epithelial cells exhibit differences in Pai-1 expression
when cultured on FnIII10 compared with cells cultures
on FnIII9’10

To determine if differences in initial integrin engagement
of Fn fragments induced changes in Pai-1, a TGFb-specific
responsive gene, RLE-6TN cells were cultured on FnIII9’10,
FnIII10, Fn, or Ln for 48 h in serum-free DMEM/F12 in the
absence or presence of 5 ng/mL active TGFb or 10 mg/mL

TGFb inhibiting antibody and then expression of the Pai-1
gene was determined by q-PCR (Fig. 7). Pai-1 was signifi-
cantly upregulated in cells cultured on FnIII10 compared
with cells cultured on FnIII9’10, *2-fold ( p< 0.05), and
upon addition of active TGFb, cells cultured on FnIII10 in-
creased Pai-1 expression significantly (2.5-fold, p< 0.001).
This difference was negated upon the addition of TGFb in-
hibiting antibody. Cells cultured on Fn upregulated Pai-1 3-
fold compared with cells cultured on FnIII9’10, whereas cells
cultured on Ln had equivalent expression levels as cells
cultured on FnIII9’10. Again, as expected all differences were
negated by the addition of the TGFb inhibiting antibody.

Epithelial cells cultured on FnIII9’10 close wound-gap
better than cells cultured on FnIII10 in an in vitro
wound-healing assay

To determine the effect of the Fn synergy sequence on
promoting wound healing and the utility of the engineered

FIG. 5. E-cadherin and a-SMA
staining in RLE-6TN cells cultured
on Fn fragments. RLE-6TN cells
were cultured on FnIII9’10 (A, C,
E, G) or FnIII10 (B, D, F, H) in the
absence (A, B, E, F) or presence
(C, D, G, H) of 5 ng/mL active
transforming growth factor-b
(TGFb) for 48 h. Cells were then
analyzed for E-cadherin (A–D)
and a-SMA (E–H) expression and
distribution via immunofluores-
cence staining. Fluorescent images
were acquired with a Nikon
Eclipse (TiE) inverted fluorescence
microscope at 20�magnification.
Images are of representative of at
least three independent experi-
ments. Color images available
online at www.liebertonline
.com/ten.
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Fn fragments in directing epithelial cell physiology, a func-
tional wound-healing assay was performed on FnIII9’10 (Fig.
8A, C) or FnIII10 (Fig. 8B, D)-coated plates in the absence
(Fig. 8A, B) or presence (Fig. 8C, D) of 5 ng/mL of active
TGFb. Controls included RLE-6TN cells on Fn and Ln (Fig.
8E, F). Percent wound closure was quantified for each con-
dition (Fig. 8G). FnIII9’10, resulting in 62% closure, pro-
moted significantly greater wound closure at 15 h than
FnIII10 (25%; p< 0.001). The addition of TGFb resulted in
decreased wound closure on both FnIII9’10 and FnIII10, but
FnIII9’10 continued to promote significantly greater wound
closure than FnIII10 (36% and 15%, respectively; p< 0.001).
As expected, cells on Fn exhibited a high percentage of
wound closure (70%), which was significantly higher than
cells cultured on FnIII9’10 ( p< 0.05). Cells cultured on Ln
displayed 51% wound closure, which was significantly less
than cells cultured on FnIII9’10 ( p< 0.001).

Discussion

Cell–integrin interactions play a critical role in directing
cellular processes that contribute to wound healing and tis-
sue regeneration. The ability to control these interactions can
be utilized for many applications, including promoting
normal healing after removal of scar tissue, directing cell fate
in vitro, or directing epithelial wound healing after injury (to
the lung, mucosal lining, skin, etc.). Directing alveolar epi-
thelial wound healing after lung injury, such as injury caused
by particulate matter inhalation is of particular interest be-
cause abnormal wound repair/EMT has been identified as
one of the key pathologies in the development of pulmonary
fibrosis, a progressive and fatal lung disorder.37 Although
significant effort has been made to prevent pathology-
associated epithelial cell behaviors, such as EMT, these fun-
damental epithelial transitions are central to proper repair

FIG. 6. Actin cytoskeleton alignment, stress fiber formation, and changes in cell circularity in response to Fn fragments. RLE-
6TN cells were cultured for 48 h on FnIII9’10 (A, E), FnIII10 (B, F), Fn (C, G), or Ln (D, H) in the absence (A–D) of presence (E–H) of
5 ng/mL active TGFb. To analyze stress fiber formation, the actin cytoskeleton was observed by staining with Texas-red phal-
loidin and the nuclei stained with Hoescht. Images are of representative of at least three independent experiments. Cell circularity
was calculated to quantify differences observed in cell shape (I); values closer to 1 indicate a more rounded cell. Fluorescent
images were acquired with a Nikon Eclipse (TiE) inverted fluorescence microscope at 100�magnification. Three independent
images were analyzed for each condition, and 10 cells were analyzed per image. Data are pooled from all three images analyzed
per condition. ***p< 0.001 relative to cells cultured on FnIII9’10. Color images available online at www.liebertonline.com/ten.

FIG. 7. Plasminogen activator inhibitor-1 gene expression analysis. RLE-6TN cells were cultured for 48 h on FnIII9’10,
FnIII10 (A), Fn, or Ln (B) in the absence or presence of 5 ng/mL active TGFb. Levels of expression of the TGFb responsive
gene plasminogen activator inhibitor-1 were determined by quantitative polymerase chain reaction. Fold changes in gene
expression were determined by DDCT analysis using glyceraldehyde 3-phosphate dehydrogenase as the endogenous control
and comparing expression to cells cultured on FnIII9’10. Reactions were performed in triplicate. ***p< 0.001, *p< 0.05.
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and regeneration of most, if not all, epithelial tissues. Cell–
integrin interactions have been shown to play a significant
role in directing EMT events, which if uncontrolled can have
deleterious consequences such as fibrotic progression seen in
pulmonary fibrosis. On the contrary, if controlled, directed
EMT could have great potential for regenerative medicine
purposes, for example, in directing complex tissue formation
from a single stem cell population. Here we show that epi-
thelial cell integrin binding can be controlled through en-
gineered Fn fragments displaying a synergy and RGD
(FnIII9’10), or RGD alone (FnIII10), which in turn leads to
differences in EMT-related cellular responses. Upon further

investigation, these fragments can be utilized to direct com-
plex epithelial responses related to wound healing and/or
EMT.

We first confirmed that engineered Fn fragments can di-
rect specific epithelial cell–integrin interactions. Specifically,
we found that epithelial cell attachment to FnIII9’10 is
blocked significantly by integrin a3, a5, and b1 function-
blocking antibodies, whereas binding to FnIII10 is less spe-
cific but is affected most notably by integrin av function
blocking antibodies (Fig. 2A, B). These data suggest that
epithelial cells bind to FnIII9’10 via a3 and a5 integrins
and that both of these integrins may interact with Fn in a

FIG. 8. Wound healing re-
sponses on Fn fragments. A
wound healing assay was per-
formed with RLE-6TN cells pla-
ted on FnIII9’10 (A, C), FnIII10 (B,
D) in the absence (A, B) or pres-
ence (C, D) of 5 ng/mL active
TGFb. Controls included cells
plated on Fn (E) and Ln (F). Cells
were allowed to form a mono-
layer around a wound field insert,
which was removed 5 h post-
seeding. Cells were allowed to
migrate and close the wound field
for 15 h and then fixed, and their
nuclei stained. Cells were imaged
at 10�magnification. Percent
wound closure was determined
(G) by measuring the wound gap
area and dividing by original
wound area and multiplying by
100%. At least three images were
taken per condition, and condi-
tions were run in triplicate.
***p< 0.001, *p< 0.05.
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synergy-dependent manner, an interpretation further sup-
ported by inhibition of epithelial cell attachment with soluble
RGD and synergy mimetic peptides. Because FnIII10 con-
tains only the RGD site, known as a promiscuous partner to
many integrins, it is not surprising that epithelial cell at-
tachment to this fragment is less specific. Although a multi-
variate analysis of variance showed no significant inhibition
of adhesion to FnIII10 by any one function-blocking anti-
body, a simple Student’s t-test between cells incubated with
integrin av antibodies and the IgG control showed a signif-
icant difference between these two groups ( p< 0.05). FACS
analysis of initial integrin expression (data not shown) con-
firmed previous reports that the epithelial cells utilized in
these studies (alveolar epithelial cells) express av integrins to
a lesser extent than a3 or a521; therefore, the observation that
av function blocking antibodies blocked attachment to
FnIII10 to any observable degree suggests that this integrin
likely plays an important role in binding to Fn’s cell-binding
domain when only the RGD site is available for binding, a
result reported in numerous other studies.30,38,39 The synergy
dependence of a5 integrin has been well studied and was
expected; however, the finding that a3 integrin binding to Fn
may potentially be significantly enhanced by the presence
and spatial stabilization of the synergy site is a novel finding
that will require additional studies to fully establish. Integrin
a3b1, typically thought of as a laminin receptor, has been
shown to bind Fn (in an RGD-dependent fashion) as well as
collagen, yet these reported binding events are still some-
what controversial.18,40 Our studies with both soluble RGD
and synergy peptides, while not conclusive evidence for the
synergy-dependence of a3 and a5 integrins, when taken to-
gether with the function-blocking antibody data is sugges-
tive that these integrins require the presence of synergy.

We further demonstrate epithelial cell integrin clustering
to Fn fragments through immunofluorescence staining for
a3, a5, and av subunits. The clustering of integrins is one of
the first events that triggers integrin-specific signaling cas-
cades, and the staining for a3 and a5 integrins in epithelial
cells cultured on FnIII9’10 was indicative of integrin clus-
tering and focal contact formation (Fig. 3A, E), whereas av
integrin staining demonstrated much less pronounced
staining (Fig. 3C) in epithelial cells cultured on FnIII9’10.
This staining pattern suggests that although cells express a3
and a5 integrins and that these integrins may be displaying
some slight promiscuity, epithelial cells are not capable of
engaging a3 or a5 integrins to any appreciable degree when
interacting with RGD only (FnIII10). In contrast, cells cul-
tured on FnIII10 exhibited a stronger staining pattern for av
integrins (Fig. 3E) compared with epithelial cells cultured on
FnIII9’10. Together, these data suggest that epithelial cells
engage Fn with integrins differentially depending on the
presentation of the RGD and synergy sequences.

Investigating epithelial cell phenotypic markers, specifi-
cally EMT-related genes and proteins, we observed that cells
displayed a more mesechymal phenotype when cultured on
FnIII10 compared with cells cultured on FnIII9’10 (Figs. 4
and 5). The observed shift toward a mesenchymal phenotype
on FnIII10 was further evidenced by stress fiber formation, a
significant decrease in circularity (Fig. 6), and an elongated,
fibroblast-like morphology that was accompanied by the loss
of cell–cell contacts as observed through E-cadherin staining.
In contrast, cells cultured on FnIII9’10 maintained expression

of epithelial markers, cell–cell contacts, and displayed an
epithelial-like morphology after 48 h, suggesting that epi-
thelial cell engagement of the synergy site of Fn may play an
important role in the spatiotemporal control of EMT.

TGFb signaling has been strongly linked to EMT and thus
we investigated if TGFb responses through the analysis of
Pai-1 mRNA expression, the upregulation of which is pri-
marily mediated through the TGFb receptor/Smad signaling
pathway.41 Data indicate a substrate-dependent TGFb re-
sponse (Fig. 7) confirming previous reports that Fn and Ln
instruct altered TGFb responses.10 As expected, the addition
of exogenous active TGFb further enhanced expression of
Pai-1, whereas the addition of a TGFb inhibiting antibody
resulted in a loss of substrate dependent difference. These
data indicate that the differences in epithelial cell phenotype
on Fn fragments are potentially due, in part, to differences in
TGFb activation or signaling or both.

Finally, we demonstrated the functional/physiological
consequences epithelial cell integrin-specific engagement to
Fn fragments through an in vitro wound healing assay (Fig.
8), which allow for the investigation of cell behavior indic-
ative of enhanced wound repair, such as the ability to close
cell monolayer gaps. Integrin a5b1’s role in promoting
wound healing has been well characterized12,13; therefore, it
was expected that cells engaging a5b1 on FnIII9’10 would
have a greater capacity to heal monolayer wounds than cells
engaging av integrins on FnIII10. One observation requiring
significant additional characterization is that epithelial cells
cultured on FnIII10, rather than displaying the expected
migratory phenotype associated with EMT, displayed at
least a partial loss of contact inhibition as evidenced by the
formation of multicellular aggregate structures along the
wound edge Supplementary Figure S1 (Supplementary Data
are available online at www.liebertonline.com/ten). The
addition of TGFb resulted in a decrease in wound gap clo-
sure. TGFb’s role in wound healing is complex, both in-
hibiting proliferation and inducing EMT. Previous reports
indicate that TGFb inhibits epithelial wound closure,42 yet
TGFb antagonists result in reduced in vivo scar/fibrosis.43

While Fn fragments displaying RGD or RGD and synergy
have previously been used to direct mesenchymal stem cell
fate,29 here we illustrate the utility of these fragments in di-
recting epithelial integrin-specific attachment, integrin clus-
tering, and, in-turn, differences in cellular phenotype. In
addition, these studies demonstrate the physiological rele-
vance of the synergistic activity of Fn’s 9th type III repeat
(synergy site) in concert with the 10th type III repeat (RGD
motif) in directing epithelial cell phenotypes of relevance to
tissue repair and underscore the necessity for more advanced
approaches to the functionalization of tissue-engineered scaf-
folds that more closely resemble native ECM. The use of Fn
fragments allows for greater control over integrin specificity
and concomitant cell fate. Upon further study, engineered Fn
fragments could potentially be used to drive specific epithelial
and mesenchymal phenotypes in a precisely controlled man-
ner for regenerative medicine technologies.
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