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Abstract

Epithelial-Mesenchymal Transition (EMT) is a dynamic process through which epithelial cells
transdifferentiate from an epithelial phenotype into a mesenchymal phenotype. Previous studies
have also demonstrated that both mechanical signaling and soluble growth factor signaling
facilitate this process. One possible point of integration for mechanical and growth factor signaling
is the extracellular matrix. Here we investigate the role of the extracellular matrix (ECM) protein
fibronectin (FN) in this process. We demonstrate that inhibition of FN fibrillogenesis blocks
activation of the Transforming Growth Factor-Beta (TGF-B) signaling pathway via Smad2
signaling, decreases cell migration and ultimately leads to inhibition of EMT. Results show that
soluble FN, FN fibrils, or increased contractile forces are insufficient to independently induce
EMT. We further demonstrate that inhibition of latent TGF-B1 binding to FN fibrils via either a
monoclonal blocking antibody against the growth factor binding domain of FN or through use of a
FN deletion mutant that lacks the growth factor binding domains of FN blocks EMT progression,
indicating a novel role for FN in EMT in which the assembly of FN fibrils serves to localize TGF-
B1 signaling to drive EMT.

Keywords
Epithelial-Mesenchymal Transition; Extracellular Matrix; Fibronectin; TGF-p1

To whom correspondence should be addressed: Christopher A. Lemmon, Department of Biomedical Engineering, Virginia
Commonwealth University, 1072 Biotech One, 800 E. Leigh St., Richmond, VA, 23298. Phone: 804-827-0446, clemmon@vcu.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Griggs et al. Page 2

1. Introduction

EMT is a morphogenic process characterized by a phenotypic shift in epithelial cell
monolayers to motile and oftentimes invasive mesenchymal cells [1]. Epithelial cell sheets
typically serve as a protective barrier, lining cavities and organs throughout the body.
However, upon transdifferentiation, mesenchymal cells begin to fill interstitial spaces,
driving growth and assembly of new tissues. This tightly regulated process is fundamental in
the generation of new tissues and organs during embryogenesis and is a key factor in tissue
remodeling and wound healing [2-4]. Although the process is fundamental in development,
EMT can also be misregulated, leading to its implication in several disease states, including
cancer and organ fibrosis [5, 6]. Epithelial cells exhibit strong cell-cell adhesions, an
apicobasal polarized distribution of organelles and cytoskeletal components, and cortical
actin surrounding the cell periphery. Upon induction of EMT, a continuous monolayer of
cuboidal epithelial cells disassemble their adherens junctions and transform into spindle-
like, elongated mesenchymal cells [6]. This transition is accompanied by a switch to a front/
back polarity that allows the cells to migrate [7]. There is also a reorganization of actin into
stress fibers, which may lead to increased cell motility and invasive properties [8]. EMT has
also been shown to enhance angiogenesis close to the tumor microenvironment [9]. This
misregulated transdifferentiation has been attributed to the process by which cancer stem
cells detach from their primary tumor, penetrate the ECM and migrate through the blood
stream to form metastatic colonies in distant tissues or organs [10].

EMT can be induced via either soluble growth factors, including TGF-p1 [11-13], epidermal
growth factor (EGF) [14, 15], fibroblast growth factor (FGF), hepatocyte growth factor
(HGF), platelet-derived growth factor (PDGF), Jagged, Delta-like and Wnt ligands [16, 17]
&Jor by mechanical signaling, including increased substrate stiffness [18-25] and increased
contractile force [17, 26-28].

While many recent studies have highlighted the importance of mechanical signaling in
cellular events [17, 29], it is not entirely clear how the combination of mechanical and
soluble signals trigger this complex transdifferentiation. One possible point of integration is
the ECM. Many ECM fibrils are assembled in response to cell-applied contractile force and
many ECM proteins contain binding sites for growth factors that allow the matrix to serve as
either a sink or reservoir for soluble growth factors [30-32].

One particularly attractive target for mechanical-chemical signal integration is the ECM
protein fibronectin (FN). FN is a soluble protein found in the blood plasma that is assembled
by cells into insoluble elastic fibrils [33, 34]. FN expression is increased in wound healing
[35, 36], embryonic development [37, 38] and malignant tumors [39-42], all of which have
been associated with EMT. FN fibrils require cellular contractile forces to assemble. These
forces stretch FN dimers from a compact conformation to an extended conformation, which
exposes a cryptic binding site that facilitates fibril growth [43, 44]. This open conformation
also exposes the 12-14™ Type 111 domains of FN, which is a heparin-binding region of FN
that binds upwards of 40 soluble growth factors, including TGF-B1, HGF, CTGF, many
FGFs and several PDGFs, with nM affinity [45]. These studies have demonstrated that
bound growth factors are still capable of binding their receptors, suggesting that FN serves
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as a growth factor delivery system as opposed to a growth factor sequestering mechanism. It
is known that the inactive form of TGF-p1 bound to its Latent TGF-f Binding Protein 1
(LTBP-1) integrates into the FN matrix [46, 47], and that this binding is heparin mediated
[48].

Given the prominent role of TGF-B1 in inducing EMT [11-13, 45] and the evidence of latent
TGF-B1 localization to FN fibrils [46, 47, 49], we investigated whether FN fibrils may serve
as an integration point for mechanical and chemical signals by probing the role of FN fibrils
in facilitating TGF-p1-induced EMT.

assembly is increased during Epithelial-Mesenchymal Transition

As an initial investigation, we explored whether FN fibril assembly was altered in response
to EMT that was induced by either exogenous active TGF-B1 or conditioned media from
MDA-MB-231 malignant breast cancer cells (Fig. S1), which have been shown to express
TGF-B1 [50-52]. While previous studies have demonstrated that FN mRNA levels and
protein expression are both upregulated in response to TGF-B1 [53-56], it is not clear
whether this translates into increased assembly of FN fibrils, which require application of
cellular contractile forces to soluble FN. MCF10A human breast epithelial cells were EGF
and serum starved for 2 hours, then either exposed to 2 ng/ml TGF-p1 or left untreated in
EGF and serum-free conditions for 48 hours. Cells that were cultured in EGF-free/serum-
free media maintained an epithelial phenotype, as evidenced by the cobblestone morphology
visible in actin immunofluorescence images; these cells assembled no detectable FN fibrils.
When exposed to TGF-p1, cells transformed to a mesenchymal phenotype, as depicted
through the loss of cobblestone morphology and the acquisition of prominent F-actin stress
fibers. Under these conditions, FN fibril assembly was significantly increased. While these
results show that FN fibril assembly is induced during EMT, they do not indicate a causal
relationship. We next probed for a role for FN assembly in EMT through inhibition of FN
fibrillogenesis.

2.2. Inhibition of FN fibril assembly inhibits aspects of EMT, TGF-B1 signaling, changes in
cell area and cell density, and cell migration

To test whether FN fibrils play a functional role in facilitating EMT, we inhibited FN
assembly with a 49 amino acid peptide from the functional upstream domain of the S.
pyogenes protein Adhesin F1, which has previously been used to inhibit FN fibril formation
[57, 58]. To examine the efficacy of this peptide (referred to subsequently as ‘FUD”), we
incubated TGF-B1-treated MCF10As with increasing concentrations of the FUD inhibitor
(Fig. S2). The total fibril area was summed for each image and normalized to the control
case in which no FUD was administered, as described in materials and methods. Data
indicate that FUD treatment inhibited roughly 70% of FN fibril formation at concentrations
of 125 nM or greater (Fig. S2).

MCF10As were then cultured with either FUD, TGF-B1, or the combination of the two to
determine the effects of FN fibril inhibition on EMT. Cells were EGF/serum starved for 2
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hours, at which point FUD was added. TGF-B1 was then added 1 hour after FUD inhibition
to ensure that FN fibril assembly was inhibited prior to addition of TGF-B1. Fig. 1A shows
representative images from MCF10As cultured +/- 125 nM FUD and +/- 2 ng/ml TGF-p1.
In the absence of TGF-B1 or FUD, cells exhibited a classic epithelial phenotype. Addition of
TGF-B1 disrupted adherens junctions, induced F-actin stress fibers and induced assembly of
FN fibrils. Cells cultured in both TGF-1 and FUD had no significant FN fibril formation
and also maintained the key characteristics of the epithelial phenotype, including E-cadherin
containing junctions and peripheral actin. Note that under these conditions, there were some
changes in actin organization; however, these cells lacked the prominent stress fibers
observed when treated with TGF-p1 alone. Treatment with FUD alone had no detectable
effects on the epithelial phenotype. Quantification of the total FN fibril area per image was
accomplished for each condition as described in materials and methods (Fig. 1B). In
comparison with the positive control (treatment with TGF-p1), the average fibril area for the
negative control and the co-treated condition decreased significantly by approximately 90%
and 50% respectively. EMT marker presence was also quantified via an ordinate scale for
actin and E-cadherin images, described in the materials and methods section below (Fig.
1C). These showed a statistically significant change in response to TGF-p1 that was
inhibited by co-treatment with FUD.

To further quantify the effects of FN fibrils on EMT, we measured protein expression levels
for several key mesenchymal markers (Fig. 1D-F). Expression of the intermediate filament
protein vimentin, a classic markers of EMT [45, 59], significantly increased in response to
TGF-B1; this increase was inhibited when co-treated with FUD and TGF-p1. We observed a
strong but non-significant increase in the transcription factor Twist (p = 0.17) in the presence
of TGF-B1. This increase in Twist was downregulated upon co-treatment with FUD and
TGF-p1. Twist is known to downregulate the expression of E-cadherin [60, 61]; as such,
while we saw no significant change in E-cadherin expression, downregulation of E-cadherin
may occur at later stages of EMT. These data suggest that inhibition of FN fibrils inhibits
mesenchymal marker expression in mammary epithelial cells.

To ensure that FN fibril inhibition blocks TGF-B1-induced EMT via the TGF-p pathway, we
immunofluorescently labeled cells with an anti-Smad2 antibody. Smad2 is part of the
Smad2/3 complex, which is phosphorylated by the TGF-BRII receptor following ligation of
TGF-B1 to the receptor [62, 63]. Upon phosphorylation, Smad2 translocates to the nucleus,
where it acts to repress E-cadherin expression and trigger EMT. MCF10As were cultured
under four conditions; EGF/serum-free media, treatment with FUD alone, TGF-B1 alone and
a co-treatment of the two, for 48 hours (Fig. 2A). In the control condition, Smad?2 is
distributed throughout the cytoplasm; upon addition of TGF-p1, it translocates to the
nucleus. Co-treatment with both TGF-p1 and FUD inhibited the nuclear localization of
Smad2, indicating that blocking FN fibrillogenesis specifically inhibits the TGF-p signaling
pathway. FUD treatment alone had no effect on Smad2 (Fig. 2A). Quantification of nuclear
colocalization of Smad2 was accomplished for each condition as described in materials and
methods (Fig. 2C). After 48 hours of treatment with TGF-1, the nuclear intensity of the
Smad2 protein was much greater than the cytoplasmic intensity. These effects were blocked
with co-treatment of FUD and TGF-B1.
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TGF-B1 has been shown to induce increases in mammary epithelial cell size through
activation of mammalian target of rapamycin (mTOR) [64]. We show that after 48 hours of
treatment with TGF-p1, MCF10As exhibit larger cell area, and that co-treatment with FUD
and TGF-B1 blocks this increase in size. Quantification of the average cell area was
accomplished for each condition as described in materials and methods (Fig. 2D). In
addition, treatment with TGF-B1 decreases the cell density. This effect is blocked through
co-treatment with FUD and TGF-B1 (Fig. 2B). Quantification of cell density was
accomplished for each condition as described in materials and methods (Fig. 2E).

Previous studies have shown that TGF-p1 inhibits cell proliferation [65, 66]. Therefore, we
investigated the effect of FUD treatment on cell proliferation via Ki67 imaging. Treatment
with TGF-B1 alone showed a significant decrease in proliferation as compared to the control
(Fig. S3A). These effects were blocked upon co-treatment with FUD and TGF-p1.
Quantification of nuclear colocalization of Ki67 was accomplished for each condition as
described in materials and methods (Fig. S3B).

An important implication of EMT in disease states is its association with increased
migration [67]. To assess whether MCF10A migration is increased during TGF-B1-induced
EMT, we measured migration using an XCELLigence RTCA real-time migration system.
Cells were plated into wells within the system and migration was tracked in real time for
approximately 48 hours after TGF-p1 and/or FUD treatment. Cell migration was determined
by changes in impedance measurements of the microelectrode sensor as cells travelled from
the upper chamber, through the microporous membrane, to the lower chamber and reported
as cell index. Increases in cell index represent enhanced migratory kinetics. Each condition
was repeated in quadruplicate wells. After 24 hours, there was very little migration exhibited
by the control, whereas migration increased 57% when MCF10As were exposed to TGF-p1;
this increase was inhibited when cells were co-treated with FUD and TGF-B1, indicating
that blocking FN fibril growth inhibits EMT-induced migration (Fig. 2F). In the time frame
between 24 and 48 hours, the FUD inhibitory effect wanes, as exhibited by the increase in
cell index of the TGF-B1/FUD condition (Fig. 4G).

2.3. EMT is not dependent solely on the presence of soluble FN, contractile forces, or FN

fibrils

Having established a prominent role for FN fibrils in TGF-B1 signaling, aspects of EMT,
and epithelial cell migration, we next investigated the mechanism that underlies this effect.
We envisioned four possible mechanisms: 1) elevated levels of soluble FN alone drive EMT;
2) FN fibrils alter the contractile state of the cell, thus driving EMT; 3) the presence of FN
fibrils drive EMT, independently of TGF-B1; or 4) FN fibrils cluster newly synthesized,
endogenous latent TGF-p1 at the cell surface to upregulate TGF-f signaling.

Previous studies have shown that TGF-B1 induces increased expression of soluble FN
[53-56] and that soluble FN expression is increased in many malignant tumor cells [39, 41].
Assembled FN fibrils are comprised of both FN secreted from the cells (cellular FN) and FN
within the serum (plasma FN) [68]. Initially, we investigated the role of FUD on the
expression of cellular FN. MCF10As treated with TGF-B1 exhibited elevated expression of
FN compared to controls. Cells that were co-treated with FUD and TGF-B1 also exhibited
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elevated expression of cellular FN (Fig. 3A), suggesting that TGF-p1-induced changes in
FN expression are upstream of FN fibril-dependent signaling.

Next, we sought to determine the source of FN in fibrils assembled by MCF10As (Fig. 3B-
D). Cells were incubated with plasma FN and TGF-B1 and the source of FN was probed
through the use of a monoclonal Ab (3E2) specific to cellular FN and a polyclonal Ab that
reacts with all FN. The concentration of exogenous soluble FN was selected based on
previously measured concentrations in the plasma of patients with malignant tumors [69-71].
MCF10As were EGF and serum starved and then exposed to 10 nM soluble FN and 2 ng/ml
TGF-B1 for 6, 12, 24 and 48 hours (images not shown). Quantification of total and cellular
FN fibril area per image was accomplished as described in materials and methods (Fig. 3B).
Data indicate that after 6 hours, TGF-B1 began to stimulate FN fibril assembly, which
continued to increase upon prolonged exposure to TGF-p1. Cellular FN fibril assembly area
however, remained low at early time points, increasing slightly after 24 and 48 hours.
Colocalization of cellular and total FN fibrils also remained low at early time points, with a
significant increase at 24 and 48 hours (Fig. 5C). These results indicate that at early time
points, FN fibrils are primarily comprised of exogenous plasma FN present in serum.
However, cellular FN content increases at later time points (24 and 48 hours). This is
consistent with the expectation that de novo cellular FN is not synthesized and secreted until
24 hours after TGF-pP1 exposure.

We next tested whether soluble FN could drive EMT independently of TGF-B signaling.
Exogenous plasma FN was added to MCF10A culture medium in increasing concentrations
from 0 — 10 nM in the absence of EGF, serum, or TGF-B1. As compared to cells treated with
TGF-B1, those treated with exogenous, soluble FN neither induced FN fibril assembly (Fig.
3D), nor induced EMT, as observed through E-cadherin staining in immunofluorescent
images (Fig. 3E). This indicates that soluble FN alone is insufficient to induce EMT in these
cells.

We next examined a role for contractile forces in the induction of FN-fibril induced EMT,
since it is well established that FN fibrils require cell-generated contractile forces to be
assembled. MCF10As were treated with one of three force-altering compounds: 1) Rho
Kinase inhibitor Y27632, which decreases myosin phosphorylation and thus cell
contractility; 2) blebbistatin, a myosin Il inhibitor also shown to decrease cell contractility
[72-74]; or 3) Calyculin A, a phosphatase inhibitor which has previously been shown to
activate acto-myosin contractility [75]. To examine the effect of inhibiting cell contractility
on the induction of EMT, MCF10As were co-cultured with either 20 uM Y27632 and 2
ng/mL TGF-B1 or 20 uM blebbistatin and 2 ng/mL TGF-B1 for 48 hours. Results showed
that inhibition of contractile forces blocked the phenotypic changes seen with TGF-p1
treatment alone (Fig. 4A) and significantly lowered FN fibril assembly (Fig. 4B). These
results indicate that inhibition of contractile forces blocks TGF-B1-induced EMT, which is
consistent with previous data that demonstrates that TGF-B1 acts through the Rho/ROCK
pathway [76, 77]. Since FN polymerization and matrix assembly have been shown to be
mediated through the RhoA pathway [78], we investigated whether stimulating cell
contractility in a soluble FN-rich environment would be sufficient to induce FN fibril
assembly and subsequent EMT. Therefore, we cultured MCF10As with either 0.3 nM
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Calyculin A or co-treated with both 0.3 nM Calyculin A and 10 nM soluble FN. Increasing
contractile forces had no effect on actin organization nor did it cause disruption of cell-cell
junctions, indicating that these cells did not undergo EMT (Fig. 4A). Cells treated with both
FN and Calyculin A showed a significant increase in FN fibril assembly as compared to cells
cultured in the absence of EGF/serum. However, FN fibril area was significantly lower in
cells treated with Calyculin A and co-treated with Calyculin A and FN as compared to cells
treated with TGF-p1 alone (Fig. 4B). This indicates that increasing contractile force alone
does not induce FN assembly or EMT independently.

Finally, we sought to determine whether the presence of FN fibrils alone was capable of
inducing EMT. This investigation was aided by a fortuitous discovery while exploring EMT
in other epithelial cell lines. MDCK 11 cells exhibit moderate FN fibrillogenesis even in the
absence of growth factor induction. Interestingly, this naturally occurring FN fibrillogenesis
did not induce EMT in these cells as exhibited through the presence of cortical actin around
the periphery of the cell (Fig. 5A). MDCK |1 cells cultured in medium containing exogenous
active TGF-B1 increase deposition of LTBP-1, which is a protein in the latent TGF-1
complex. Given that LTBP-1 is incorporated into the ECM upon secretion from the cell,
specifically binding to FN fibrils [46, 47, 49], we investigated whether MDCK 1 cells would
increase secretion of LTBP-1 and integrate LTBP-1 into the FN matrix upon stimulation
from active TGF-B1. In control conditions, there was no notable LTBP-1 expression and
colocalization with FN fibrils. However, when exogenous active TGF-p1 was added to the
media, LTBP-1 deposition and colocalization with FN fibrils significantly increased (Fig.
5B-C). Actin was also reorganized into parallel stress fibers (Fig. 5A). Co-treatment with
FUD and TGF-B1 blocked actin reorganization; LTBP-1 colocalization with FN fibrils
significantly decreased in comparison to treatment with TGF-B1 alone. These data suggest
that FN fibrils alone are incapable of facilitating EMT. We also show that manipulation of
contractile forces, as described in earlier experiments, had little effect on LTBP-1 deposition
as compared to samples treated with TGF-p1 alone (Fig. S4A-B). Inhibition of contractile
forces decreased LTBP-1 deposition and colocalization with FN fibrils, while increasing
contractile forces did not independently alter LTBP-1 deposition or colocalization with FN
fibrils (Fig. S4C). Therefore, we have shown that in the absence of external growth factors,
increased FN fibrillogenesis has a minimal effect on the induction of EMT.

2.4. TGF-Bl-induced EMT requires localization of latent TGF-B1 to FN fibrils

Given that neither elevated levels of soluble FN alone, contractile forces alone, or FN fibrils
alone induced EMT, we focused on the requirement of growth factor localization to FN
fibrils as the critical event in TGF-pl-induced EMT. To determine whether TGF-p1
localization is essential to the induction of EMT, we incubated MCF10As with 11 pg/mL of
Fibronectin Antibody A32, a monoclonal antibody that binds to FNI1112-14 [79], which is
the region of FN that contains the growth factor binding site [45, 80]. This region is also
responsible for mediating electrostatic interactions in the compact conformation of soluble
FN [81]. As such, this site is not exposed in soluble FN but is exposed in assembled fibrils
[79]. Quantification of colocalization (data not shown) reveals that the total image area
containing FN fibrils occupied by colocalized monoclonal ab is approximately 40 percent.
Cells under these conditions exhibit cortical actin as compared to those treated with TGF-p1
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alone, which exhibit stress fibers, and also show reduced transcription of the mesenchymal
markers aSMA and vimentin (Fig. 6). We hypothesize that exogenous active TGF-p1
initiates EMT by upregulating expression and secretion of FN and the TGF-B1 complex, and
that localization of de novo endogenous latent TGF-B1 complex to assembled FN fibrils is
necessary for complete EMT. To confirm this, mRNA transcription of FN and LTBP-1 were
quantified in response to TGF-B1 and/or the monoclonal FN blocking antibody. Results
show that both FN and LTBP-1 transcription are increased in response to TGF-p1 (Fig. 6B,
C). Neither of these responses is inhibited by treatment with the monoclonal antibody,
suggesting that these are upstream of FN fibril signaling. We hypothesize that downstream
signaling requires both assembly of FN fibrils and localization of newly synthesized latent
TGF-B1 complex to the fibrils. We show that blocking the growth factor binding site on FN
fibrils inhibits TGF-p1-induced EMT, indicating that TGF-B1 localization to FN fibrils is
necessary for EMT.

To further confirm these results, we cultured cells with either wild type recombinant FN,
with a FN deletion mutant in which the 11th through 14th Type 111 domains have been
deleted (FN/A11-14), or with no exogenously added FN, in the presence of TGF-B1. Since
the 11th through 14th Type I11 domains encompass the growth factor binding domains, we
hypothesized that deletion of these domains should inhibit TGF-B1 localization and EMT.
Given that TGF-B1 increases expression of FN, experiments with the deletion mutant FN/
A11-14 will not eliminate all growth factor binding sites in fibrils, but should result in a
significantly reduced population of binding sites. Results indicated that cells cultured in the
presence of FN/A11-14 had less LTBP-1 localization to fibrils relative to either no
exogenous FN or exogenous wild type FN (Fig. 7A). Cells cultured in FN/A11-14 also
exhibited less stress fiber formation and more cortical actin, compared to samples with either
no exogenous FN or with wild type recombinant FN. Transcription of mesenchymal markers
Twist and vimentin were also quantified in response to co-culture with TGF-p1 and FN/
A11-14. Results show that FN/A11-14 cultured cells exhibited decreased transcription levels
compared to cells treated with TGF-B1 alone or with wild type recombinant FN and TGF-p1
(Fig. 7B). Therefore, we show that exposing cells to FN fibrils lacking the growth factor
binding domain inhibits both colocalization with LTBP-1 and TGF-B1-induced EMT, further
indicating that the LTBP-1/latent TGF-B1 complex localization to FN fibrils is necessary for
EMT.

As additional support for this hypothesis, we cultured cells in increasing concentration of
TGF-B1 in the presence of the FN assembly inhibitor. If FN fibrils indeed act as a
mechanism to concentrate latent TGF-f1, then increasing exogenous active TGF-p1 should
begin to overcome the FN fibril dependent responses. Indeed, increasing the soluble
concentration of active TGF-p1 10-fold from the baseline value showed some evidence of
EMT, even in the presence of FUD (Fig. S5).

2.5. FN fibrils that are pre-assembled in the presence of TGF-pi are capable of inducing
EMT in the absence of exogenous active TGF-pi

To further investigate our hypothesis that EMT requires both assembly of FN fibrils and
localization of growth factors to these fibrils, we conducted a bank of experiments using pre-
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assembled ECM. MCF10As cultured on pre-assembled ECM in the presence of TGF-
Blcould be induced to undergo EMT in the absence of additional TGF-1. MCF10As were
cultured with or without TGF-B1 for 48 hours, at which point cells were extracted from the
ECM (Fig. 8A). New MCF10As were then grown on the pre-assembled ECM and cultured
for an additional 24 hours, in the absence of active TGF-B1. Cells cultured on ECM that was
assembled by TGF-p1-treated cells appeared to be transformed, as indicated by disrupted
adherens junctions and reorganized F-actin stress fibers, compared to those cultured on pre-
formed ECM cultured in the absence of TGF-B1 (Fig. 8B). These results indicate that pre-
assembled ECM from cells cultured with TGF-B1 have the ability to transform cells without
additional growth factor treatment.

3. Discussion

TGF-B1 has been implicated as a driver of EMT and inducer of soluble FN expression; here
we demonstrate that TGF-B1-induced EMT is associated with an increase in FN fibril
assembly and that blocking FN assembly with a bacterial protein fragment can significantly
inhibit aspects of EMT, including adherens junction disassembly and increased expression of
mesenchymal markers. Our studies further demonstrate that EMT cannot be induced in
epithelial cells simply by increasing exogenous FN, increasing contractile forces, or by the
presence of FN fibrils. It is worth noting that isolating FN fibril signaling and contractile
force signaling is difficult; the two are symbiotic and previous studies from our group and
others have shown that the two have reciprocal effects [22, 82] as such, inhibiting FN will
alter forces and vice versa. However, the current study suggests that force changes alone are
not sufficient to induce EMT. Furthermore, we demonstrate that latent TGF-p1 complex
expression is upregulated and localized to FN fibrils upon treatment with exogenous active
TGF-B1, and that inhibiting this interaction with either a FN blocking antibody or a FN
deletion mutant that lacks the growth factor binding domains of FN inhibits aspects of EMT,
including mesenchymal marker expression and actin reorganization.

Taken together, these data indicate that TGF-B1 induces FN fibril formation and increases
the expression of endogenous latent TGF-p1 complex, then localizes new latent TGF-p1 to
FN fibrils. While this provides a novel insight into a mechanism by which an ECM protein
facilitates soluble growth factor signaling, there are still many questions as to how the
signaling events occur. First, the results suggest a two-staged signaling event: that is, the
initial addition of exogenous active TGF-B1 must induce the assembly of FN, but only
activates EMT pathways once FN assembly has proceeded. We hypothesize that the first
stage of signaling is actin rearrangement and that this requires low concentrations of TGF-
B1 to be initiated; indeed, FUD inhibition blocks most aspects of EMT, but appears to have
the least effect on actin rearrangement, suggesting that this may be upstream of FN fibril
assembly. Once assembled, the TGF-B1 signal is amplified, which is presumably necessary
for EMT signaling. Of interest is the source of TGF-B1 in the FN localization data (Fig, 5);
by labeling LTBP-1, we only label TGF-p1 complex that has been secreted by the cells and
not TGF-B1 that is exogenously added (this TGF-B1 is the active conformation, which is
cleaved from LTBP-1). This indicates that the addition of exogenous TGF-B1 is inducing an
increased expression and/or secretion of endogenous TGF-B1. Future studies will delve into
the temporal dynamics and positive feedback mechanisms of this system.
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Also of interest is the potential mechanism of how localized growth factors upregulate
signaling pathways: we have hypothesized three potential mechanisms and will investigate
these in future studies: 1) clustered growth factors have an increased local concentration,
which increases the frequency of receptor-ligand binding; 2) clustered growth factors lead to
increased clustering of receptors, thus upregulating the frequency of receptor
autophosphorylation; and/or 3) ECM-bound growth factors are internalized and endocytosed
at a lower rate, resulting in an elevated time of signal transduction. This third mechanism is
the most intriguing to us; published models have suggested that this may be an important
signaling mechanism in VEGF [83] and we plan to extensively investigate this possibility by
probing signal transduction from tethered TGF-B1 substrates.

Several papers have suggested that FN alone can drive EMT [84, 85]. However, we have
shown that in breast epithelial cells, this does not occur. In previous studies, cells were
plated onto FN as opposed to our studies in which we plate on laminin. We have repeated
these experiments on FN-coated coverslips and observe similar effects to what is observed
on laminin coated coverslips (data not shown). There are several possible explanations for
these conflicting results, but the most plausible is that there is a difference in the
composition of growth factors secreted from the cells in other studies; that is, if the cells in
question secrete elevated levels of TGF-B1 (or other FN-binding, EMT-inducing growth
factors), then the mere presence of FN fibrils may be sufficient to induce EMT. Future
studies will also investigate the broad applicability of these findings to both cells from other
tissues as well as other growth factor signaling pathways.

The effectiveness of FUD in disrupting EMT indicates a potential therapeutic intervention
for growing solid tumors and/or fibrotic diseases. By blocking FN assembly and/or growth
factor localization, the growth factor expression of resident cells is not disrupted; instead, the
mechanism of clustering and localization at the cell surface is disrupted. This may be a
strategy that allows for global blockage of disease progression in diseases associated with
EMT (such as cancer [86, 87], cirrhosis [88], or kidney fibrosis [89], regardless of which
particular growth factor signaling pathway is misregulated.

4. Materials and Methods

4.1. Cell Culture and Reagents

All cells were cultured in a humidified atmosphere at 37°C with 5% CO,. Human MCF10A
mammary epithelial cells were obtained from the National Cancer Institute Physical
Sciences in Oncology Bioresource Core Facility, in conjunction with American Type Culture
Collection (Manassas, VA). MDCK 11 cells were a gift from Dr. Daniel Conway (VCU
Biomedical Engineering, Richmond, VA). MCF10As were maintained under standard
culture conditions in DMEM/F-12 HEPES (Life Technologies, Carlsbad, CA),
supplemented with 5% horse serum, 0.05% hydrocortisone, 0.01% cholera toxin, 0.1%
insulin, 0.02% EGF and 1% antibiotics. MDCK I cells were maintained under standard
culture conditions in DMEM (Life Technologies, Carlshad, CA) supplemented with 10%
fetal bovine serum and 1% antibiotics. Purified recombinant active TGF-B1 was purchased
from Sigma Aldrich (St. Louis, MO). Immunofluorescence imaging was conducted using
primary antibodies: Ms anti-Hu E-cadherin (HECD-1, Abcam, Cambridge, United
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Kingdom), Rb anti-Hu FN (Abcam, Cambridge, United Kingdom), Ms anti-Hu FN (Sigma
Aldrich, St. Louis, MO), Ms anti-Hu 11112-14 FN (Thermo Scientific, Rockford, IL), Ms
anti-Hu LTBP-1 (R&D Systems, Minneapolis, MN), Rb anti-Hu Smad2 (86F7, Cell
Signaling Technology, Danvers, MA), and Rb anti-Ki-67 (Santa Cruz Biotechnology, Dallas
Texas). F-actin images were acquired by labeling cells with AlexaFluor555 Phalloidin (Life
Technologies, Carlsbhad, CA). Western blot analysis was conducted using primary antibodies
against Twist (Abcam, Cambridge, United Kingdom), Vimentin (Cell Signaling Technology,
Danvers, MA) and E-cadherin (HECD-1, Abcam, Cambridge, United Kingdom).

4.2. Immunofluorescence imaging

For immunofluorescence experiments, glass coverslips were ethanol washed and coated with
50 pg/ml laminin (Sigma Aldrich, St. Louis MO) for 2 hours at 37 °C. MCF10A and
MDCKII cells were plated on laminin-coated 12-mm glass coverslips at densities resulting
in near confluent monolayers. Cells were grown overnight then EGF/serum starved for 2
hours. Incubated with appropriate inhibitors/stimulators for 1 hour was then followed by
treatment with or without 2 ng/mL of TGF-B1 for an additional 48 hours. Cells were
permeabilized with 0.5% Triton in 4% paraformaldehyde for 2 minutes, then incubated in
4% paraformaldehyde for 20 minutes. Several PBS-rinses were performed, followed by
blocking in 0.1% BSA and labeling with primary antibody for 30 minutes at 37 °C. Cells
were then blocked again in 0.1% BSA and incubated with the appropriate secondary
antibody for 30 minutes. Images were acquired on a Zeiss AxioObserver Z1 fluorescence
microscope using ZEN2011 software.

4.3. Protein quantification

MCF10As were plated on laminin-coated 25-mm glass coverslips at densities resulting in
near confluent monolayers. Cells were treated as described above. After 48 hours, cells were
lysed with | mL of RIP A Buffer (Thermo Scientific, Rockford, IL) containing 1% Halt
Protease Inhibitor (Thermo Scientific, Rockford, IL) for one minute. The protein solution
was quantified with a BCA protein assay (Thermo Scientific, Rockford, IL) and a NanoDrop
2000 uv-vis spectrophotometer (ThermoFisher, Rockford, IL). Standard polyacrylamide gel
electrophoresis and Western blot procedures were employed using the BIO-RAD Mini
Trans-Blot Electrophoretic Transfer Cell apparatus, Any-kD, 4-15%, and 7.5% bis-
acrylamide crosslinked TGX Stain-Free gels and polyvinylidene fluoride (PVDF)
microporous membranes. Chemiluminescent images of the PVVDF membranes were captured
via the BIO-RAD ChemiDoc Touch Imaging System. Total protein normalization was
performed on post-transfer membranes and quantification of western blotting signals was
conducted with ImageLab software.

4.4. Expression and purification of FUD

cDNA for FUD was inserted into a bacterial expression vector that contains a C-terminal
polyhistidine tag and maltose binding protein (MBP), both of which facilitate protein
purification. cDNA was obtained from Dr. Harold Erickson, Duke University Medical
Center, with permission from Dr. Deane Mosher at the University of Wisconsin. FUD
expression, purification and determination of recombinant protein concentration has been
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previously described [9]. FN fibril formation was inhibited by addition of 125 nM FUD in
MCF10As and 300 nM FUD in MDCK |1 cells.

4.5 Expression and purification of FN lacking growth factor binding domains Il 11-14

FN/A11-14 cDNA was a gift from Dr. Harold Erickson (Duke University) and was expressed
in Human Embryonic Kidney 293 cells (HEK293) as previously described [90]. Briefly, FN/
A11-14 DNA was incubated with poly-ethylimine (PEI) at a 1:2 ratio for 10 min, and
transfected into Human Embryonic Kidney 293 cells in serum-free Hybridoma media. Cells
were incubated for 10 days, and conditioned media was collected from the cell cultures. FN/
A11-14 was isolated from conditioned media by flowing over a gelatin agarose column,
which binds FN via its gelatin binding domain. The column was then washed with PBS, and
FN/A11-14 was eluted with 1 M L-arginine. L-arginine was subsequently removed by buffer
exchange via PD-10 desalting columns. Expression was confirmed by polyacrylamide gel
electrophoresis on a 7.5% bis-acrylamide crosslinked TGX Stain-Free gel.

4.6. Migration assay

A two-day migration assay was conducted according to XCELLigence RTCA DP System's
general cell migration protocol. MCF10As were EGF starved in low serum (0.5%) overnight
and then harvested in 0.05% trypsin and trypsin neutralizing solution. The CIM-Plate 16 is a
modified Boyden chamber that contains three essential components, a lid, an upper chamber,
equipped with a microporous polyethylene terephthalate (PET) membrane and a gold
microelectrode sensor and a lower chamber, which easily and securely fit together. The
upper chamber (containing low serum/EGF free media) and lower chamber (containing
media with normal serum/EGF levels to serve as a chemoattractant) of the CIM-Plate 16
were equilibrated with the appropriate combination of 2 ng/mL TGF-p1 and 125 nM FUD to
avoid creating a gradient of either additive. Approximately 0.4x10° cells were seeded in
each well. The four conditions (with or without FUD &/or TGF-p1) were carried out in
quadruplicate. Cells were either stimulated or inhibited to travel through the membrane
(average pore size 8 um) on the bottom of the upper chamber into the well of the lower
chamber by the chemoattractant and combination of FUD/TGF-B1. Migration was
monitored for 48 hours and the RTCA DP Instrument recorded cell index. Once the cells
translocated from the upper chamber through the microporous membrane, they adhered to
the microelectrode sensor surface before migrating to the lower chamber. The
microelectrode sensor generated higher impedance values as more cells came into contact,
which corresponded to higher cell index levels. These values were sensed by the RTCA DP
analyzer, which was placed inside a tissue culture incubator along with the CIM-Plate 16.

4.7. Ordinal scale scoring of images

To quantify the effect of fibrillogenesis on the initiation of EMT by TGF-B1, we analyzed
immunofluorescence image morphology via an ordinate scale. Three independent scientists
were asked to blindly rank immunofluorescence images for each experimental condition.
Scores ranged from 1 to 4 and were based on separate criteria for actin images and E-
cadherin images. For actin images a score of 1 corresponded to cortical actin surrounding
the periphery of the cell, a score of 2 corresponded to mostly cortical actin, some stress fiber
assembly throughout the middle of the cell, a score of 3 corresponded to 50 percent cortical
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actin and 50 percent randomly oriented stress fibers and a score of 4 corresponded to distinct
stress fibers oriented parallel to one another, across multiple cells, with no cortical actin. For
the E-cadherin images a score of 1 corresponded to E-cadherin within a thin line around
each cell with the formation of a uniform sheets of cells, a score of 2 corresponded to some
E-cadherin drifting towards the nucleus with junctions partially intact, a score of 3
corresponded to a zigzag pattern around the junctions and a score of 4 corresponded to
complete disassembly with no E-cadherin surrounding the cell.

4.8. FN fibril quantification

To quantify FN fibrillogenesis, immunofluorescence images of FN were analyzed via an
author-written image processing algorithm in Matlab that creates a binary mask of each FN
image and determines the total area occupied by FN fibrils per image. These values were
normalized by the total image size.

4.9. Average cell area quantification

To quantify the average cell area, immunofluorescence images of F-actin and nuclei were
analyzed via an author-written image processing algorithm in Matlab. Total cell area was
determined through creation of a binary mask of each F-actin image followed by calculation
of the total area occupied by F-actin per image. Cell number was determined by the total
number of nuclei per image. The algorithm then divided the total cell area by the cell
number to generate the average cell area.

4.10. Nuclear signaling quantification

Smad? and Ki67 were measured based on localization within the cell nucleus.
Immunofluorescence images of Smad2 or Ki67 and nuclei were analyzed via an author-
written image processing algorithm in Matlab. The intensity of the protein inside the nuclei
was quantified using mean intensity within the nuclear region, as defined by the
complementary nuclei image. Cytoplasmic intensity was determined by the mean intensity
of the protein outside of the nuclear boundaries. Nuclear colocalization is represented by the
ratio of nuclear intensity to cytoplasmic intensity.

4.11. Cell density quantification

Values for proliferation were based on correlation with the nuclei count. Immunofluorescent
images of nuclei were analyzed via an automated counting function in ImageJ.

4.12 Cell extraction from extracellular matrix

MCF10As were plated on laminin-coated 12-mm glass coverslips at densities resulting in
near-confluent monolayers. Cells were treated as described in Section 4.2 with or without 2
ng/mL TGF-B1 and cultured for 48 hours. Cell extraction was performed as described in
[91]. Briefly, cells were treated with extraction buffer (0.5% (v/v) Triton-X-100, and 20 nM
NH4O0H in PBS) for 5 minutes, followed by gentile PBS rinsing. Samples were either 1)
fixed with 1% gluteraldehyde and 1M ethanolamine for 30 minutes each, rinsed with PBS,
treated with 1mg/mL sodium borohydride to reduce autofluorescence due to glutaraldehyde
and stained for F-actin and fibronectin as described in 4.2, or 2) cultured with new
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MCF10As [92]. Cells cultured on pre-assembled ECM were EGF and serum starved 3-6
hours after plating and grown for an additional 24 hours, at which point they were fixed and
stained as described in 4.2.

4.13 Real time quantitative PCR analysis

Total RNA was collected using an RNeasy kit (Qiagen). cDNA was converted using reverse
transcriptase from an iScript cDNA Synthesis Kit (Bio-rad). The cDNA was selectively
amplified by predesigned primer sets to the gene of interest (IDT). An 18s specific primer
set (IDT) was used as a normalization control. A Power SYBR reporter (Fisher) was used
for the gRT-PCR assays which were measured using a CFX Connect Real-time System (Bio-
rad). Experiments were completed using the comparative Ct model in triplicate and analyzed
by normalizing the values to the -/- control using Microsoft Excel and Bio-rad CFX
Manager.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Inhibition of FN fibril formation blocks Epithelial-Mesenchymal Transition (EMT)
Increasing soluble FN or assembling FN fibrils without TGF--b1 doesn't induce EMT
Inhibiting the localization of TGF--b1 to assembled FN fibrils blocks EMT
These suggest that FN fibrils facilitate EMT by clustering TGF--b1 at the cell surface
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Fig 1.

In%ibition of FN assembly blocks TGF-p1-induced EMT in MCF10As. (A)
Immunofluorescence images of MCF10As after 48 hours of treatment with TGF-B1 and/or
FUD. Ab staining for F-actin (red), E-cadherin (green), and FN (white). (58) Quantification
of average fibril area per image. V= 9for each condition. (C) Quantification of EMT
markers actin and E-cadherin via ordinate scale. N> 4 for each condition. (D-F) MCF10As
were treated with TGF-p1 and/or FUD for 48 hours and analyzed for EMT markers. Whole-
cell lysates (15-30 pg total protein) were probed by Western blotting for (D) Twist, (£)
Vimentin, and (F) E-cadherin markers. Band optical density was quantified and normalized
to total lane protein. Data is presented as percentage of negative control optical density. n.s.,
not significant; /= 4 for each condition. *p < 0.01, and **p < 0.1 significantly different
from control or TGF-B1, Student's #test. Scale bar is 50 um.
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Fig 2.

FNg fibril inhibition blocks the TGF-B pathway, inhibits cell size, cell number, and decreases
migration in MCF10As. (A) Representative immunofluorescence images of Smad2 in
MCF10As after 48 hours of treatment with TGF-B1 and FUD. (B) Immunofluorescence
images of nuclei from part A (C) Quantification of nuclear colocalization of Smad2. N> 16
for each condition. *p < 0.01 significantly different from TGF-B1, Student's #test. (D)
Quantification of the average cell size per condition. V= 16 for each condition. *p < 0.01
significantly different from TGF-B1, Student's £test. (£) Quantification of cell density. N>
16 for each condition. *p < 0.01 significantly different from TGF-B1, Student's £test. (F-G)
Migration kinetics of MCF10A cells by continuous monitoring of live cell migration for
approximately 48 hours. Direct comparison of FN fibril inhibitor &/or TGF-p1 effects on
cell migration (F) after 24 hours, and (G) after 48 hours. Control samples served as the
baseline cell index levels for comparison with wells containing a combination of FUD &/or
TGF-B1. Cell index values from 4 wells per condition + SD correspond to impedance from
microelectrode sensor. **p < 0.05 significantly different from control or TGF-B1, Student's
ttest. Scale bar is 50 um.
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Fig 3.

In?:reased exposure to soluble FN is insufficient to drive EMT. (A) MCF10As were treated
with TGF-B1 and/or FUD for 48 hours and whole-cell lysates (15-30 ug total protein) were
probed by Western blotting for expression of cellular FN. Band optical density was
quantified and normalized to total lane protein. Data is presented as percentage of negative
control optical density. Two way ANOVA (+/- FUD, +/- TGF-p1), N = 12 for each
condition. **p < 0.05 significantly different for effect of TGF-B1. (B) Quantification of
cellular FN fibril area and total FN fibril area per image over time. N = 12 for each
condition. (C) Quantification of percentage of overlap between cellular FN fibrils and total
FN fibrils. N = 12 for each condition. *p < 0.01 significantly different from 6 hours or 12
hours, Student's t-test. (D) Quantification of percent of total image area occupied by FN
fibrils for MCF10As cultured with increasing concentrations of exogenous FN. n.s., not
significant; one way ANOVA, N =5 for each condition. *p < 0.01 significantly different
from TGF-B1, Student's t-test. (E) Immunofluorescence images of MCF10As cultured with
increasing concentrations of soluble FN for 48 hours. Ab staining for FN (white), and E-
cadherin (green). Scale bar is 50 pm.

Matrix Biol. Author manuscript; available in PMC 2018 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Griggs et al.

Page 24

Control TGF-1 Y27632/TGF- 1 Blebbistatin/TGF- 1 Calyculin A

FN/Calyculin A

E-cadherin Actin

FN

z . " 1
ERRL ol
g 12
§ 10
o
2% "
o 6
£y
o
& N A N &
3 ] % )
& & & & N @*‘y
‘\q;bré\ \0“30 Q\\
G ¥

Fig 4.

Mgnipulation of contractile forces affects both assembly of FN fibrils and EMT. (A)
Representative immunofluorescence images of MCF10As cultured for 48 hours in EGF/
serum-free medium with (column 1) no additions, (column 2) 2 ng/ml TGF-B1, (column 3)
20 uM Y 27632 with 2 ng/ml TGF-B1, (column 4) 20 UM blebbistatin with 2 ng/ml TGF-p1,
(column 5) 0.3 nM Calyculin A and (column 6) 10 nM FN with 0.3 nM Calyculin A. Ab
staining for F-actin, (red) E-cadherin (green) and FN (white). (8) Quantification of average
fibril area per image. V= 13 for each condition. *p < 0.01 significantly different from
control, **p < 0.05 significantly different from TGF-p1, Student's #test. Scale bar is 50 pm.
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Fig 5.

In?ﬂbition of FN fibrillogenesis blocks TGF-B1-induced colocalization of LTBP-1 on FN
fibrils in MDCKII cells. (A) Immunofluorescence images of MDCKII cells after 48 hours of
treatment with TGF-p1 and FUD. Ab staining for F-actin (orange), FN (green) and LTBP-1
(red). Composite displays colocalization of FN and LTBP-1 in yellow. (B) Quantification of
percentage of image occupied by FN fibrils and colocalized LTBP-1. /= 9for each
condition. (C) Quantification of percentage of overlap between LTBP-1 and FN fibrils. V>
9for each condition. *p < 0.01 significantly different from control, **p < 0.05 significantly
different from TGF-p1, Student's #test. Scale bar is 20 pm.
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Blocking the LTBP-1/FN binding site inhibits TGF-pl-induced EMT in MCF10A cells. (A)
Representative immunofluorescence images of MCF10A cells cultured for 48 hours with
TGF-p1 and/or monoclonal ab. Ab staining for F-actin (orange) FN (green), and monoclonal
ab (red). Composite displays colocalization of FN and monoclonal ab in yellow. mMRNA
levels for (B) FN (C) LTBP-1, and (D) EMT markers a SMA and vimentin, were determined
by means of RT-gPCR. N/ = 3 for each condition. *p< 0.01, **p< 0.05, and ***p< 0.1

significantly different from TGF-B1, Student's #-fest. Scale bar is 10 um.
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FN lacking the growth factor binding domains I11 11-14 inhibits TGF-pl-induced EMT in
MCF10A cells. (A) Representative immunofluorescence images of MCF10A cells cultured
for 24 hours with TGF-B1 and/or FN/A11-14. Ab staining for F-actin (orange), FN (green),
and LTBP-1 (red). Composite displays colocalization of FN and LTBP-1 in yellow. mMRNA
levels for (B) EMT markers twist and vimentin, were determined by means of RT-gPCR. N/
=3 for each condition. *p < 0.005, and **p < 0.05 significantly different from TGF-p1,
Student's #test. Scale bar is 10 um.
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M%:FlOAs on cell-extracted ECM. (A) Representative immunofluorescence images of the
resulting MCF10A matrix after treatment with or without TGF-B1 for 48 hours. (B)
Representative immunofluorescence images of MCF10As cultured on pre-assembled ECM
from cells treated with or without TGF-B1 for 48 hours and cultured for an additional 24
hours. Ab staining for F-actin (red), E-cadherin (green), and FN (white). Scale bar is 20 pm.
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