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tion of receptor tyrosine kinases.
\.

(Bacl(ground: Both matrix and growth factors regulate endothelial cell chemotaxis.
Results: The matrix protein fibronectin can activate fibroblast growth factor receptor-1 (FGFR1) through 1 integrin and Src,
which requires tyrosines 653/654 and 766 on FGFR1, thereby leading to cell migration.
Conclusion: Fibronectin induces cell migration through FGFR1 transactivation.
Significance: This work highlights mechanisms by which the extracellular matrix regulates cell behavior through transactiva-
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The extracellular matrix microenvironment regulates cell
phenotype and function. One mechanism by which this is
achieved is the transactivation of receptor tyrosine kinases by
specific matrix molecules. Here, we demonstrate that the provi-
sional matrix protein, fibronectin (FN), activates fibroblast
growth factor (FGF) receptor-1 (FGFR1) independent of FGF
ligand in liver endothelial cells. FN activation of FGFR1 requires
B1 integrin, as evidenced by neutralizing antibody and
siRNA-based studies. Complementary genetic and pharmaco-
logic approaches identify that the non-receptor tyrosine kinase
Src is required for FN transactivation of FGFR1. Whereas FGF
ligand-induced phosphorylation of FGFR1 preferentially acti-
vates ERK, FN-induced phosphorylation of FGFR1 preferen-
tially activates AKT, indicating differential downstream signal-
ing of FGFR1 in response to alternate stimuli. Mutation analysis
of known tyrosine residues of FGFR1 reveals that tyrosine 653/
654 and 766 residues are required for FN-FGFR1 activation of
AKT and chemotaxis. Thus, our study mechanistically dissects a
new signaling pathway by which FN achieves endothelial cell
chemotaxis, demonstrates how differential phosphorylation
profiles of FGFR1 can achieve alternate downstream signals,
and, more broadly, highlights the diversity of mechanisms by
which the extracellular matrix microenvironment regulates cell
behavior through transactivation of receptor tyrosine kinases.

Extracellular matrix and soluble growth factors both govern
cell-specific phenotype and function. In the case of vascular
endothelial cells, matrix proteins, such as fibronectin (FN),?
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and growth factors, such as fibroblast growth factor (FGF), reg-
ulate cell migration and angiogenesis. However, coordinated
regulation is required for a synchronized cell response to matrix
and growth factor stimulation of cells. One mechanism for
coordination of matrix and growth factor signals is through
transactivation of growth factor receptor tyrosine kinases by
specific matrix proteins. For example, FN activation of the
receptor tyrosine kinase (RTK) c-Met increases cell invasion
(1). Transactivation of RTKs may occur by virtue of direct bind-
ing of matrix proteins with a promiscuous RTK but more com-
monly requires intermediary signaling proteins that achieve
receptor tyrosine kinase activation (2-5). Furthermore, as
matrix proteins often bind to cognate members of the integrin
family of proteins, integrin proteins have been prominently
implicated in the process of receptor kinase transactivation
(6—11). A prototypical example is the integrin-mediated recep-
tor phosphorylation of VEGFR3, which reveals a receptor phos-
phorylation pattern distinct from that induced by the cognate
VEGER3 growth factor ligand (2). Further investigations have
suggested that RTK transactivation may require intracellular
signaling or adaptor molecules that mediate this process, such
as non-RTKs (2, 12-14). These prior findings indicate the
importance of matrix transactivation of RTKs and the multi-
tude of mechanisms by which this is achieved. They also high-
light the need for further investigation into the signaling path-
ways that mediate matrix-RTK transactivation pathways.

FGF receptors (FGFRs) are a subfamily of RTKs, encoded by
four different genes (FGFRI to 4). Members of the FGF ligand
family bind with the extracellular domain of FGFR, which leads
to receptor dimerization, activation of intrinsic tyrosine kinase
activity, and sequential autophosphorylation of the receptor.
Seven distinct tyrosine residues in the FGFR1 cytoplasmic
domain have been the subject of prior analyses: Tyr-463, Tyr-
583, Tyr-585, Tyr-653, Tyr-654, Tyr-730, and Tyr-766 (15, 16).
Among these seven tyrosine residues, Tyr-653 and Tyr-654 are
located in the Src homology kinase domain and viewed as crit-

receptor; CD, cytochalasin D; pFGFR1 and pAKT, phosphorylated FGFR1
and AKT, respectively.

VOLUME 287 +NUMBER 10-MARCH 2, 2012


http://www.jbc.org/cgi/content/full/M111.304972/DC1

Fibronectin Transactivation of Fibroblast Growth Factor Receptor

ical for FGFR1 function (16). Phosphorylation of these residues
triggers a sequence of subsequent tyrosine residue phosphory-
lations that ultimately provide potential binding sites for cog-
nate adaptor proteins with Src homology 2 (SH2) or phospho-
tyrosine binding domains that, in turn, recruit and assemble
signaling complexes (17, 18). The specificity of interaction
between specific tyrosine sites and different adaptor proteins
determines the activation of specific downstream signal cas-
cades, such as ERK and AKT, and specific biological responses,
such as chemotaxis (16, 19, 20). Although elegant models are
well developed regarding the mechanisms by which FGF ligand
leads to FGFR phosphorylation and downstream signaling, the
mechanism by which FGFR transactivation by matrix proteins
occurs is not as well understood.

Here, we uncover a novel cross-talk between matrix proteins
and growth factor receptors by identifying the transactivation
of FGFRI1 by FN, a key protein in the provisional matrix. We
show that FN activates FGFR1 through a pathway that requires
B1 integrin and c-Src and can occur independent of the cognate
FGER ligand, FGF2. Furthermore, we identify distinct down-
stream signaling sequelae of FGFR1 activation by FN as com-
pared with FGF2 ligand, whereby the former preferentially acti-
vates AKT, whereas the latter preferentially activates ERK. Last,
we map requisite roles of specific FGFR1 tyrosine residues by
mutation analysis to show that FN signaling through FGFR1
requires phosphorylation of Tyr-653/654 and Tyr-766 to
achieve AKT activation and endothelial cell chemotaxis. Thus,
the studies uncover important mechanisms that allow coordi-
nated interactions between matrix proteins and growth factor
signaling pathways in the process of endothelial cell migration.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection—Primary human liver endo-
thelial cells (LECs) were obtained from Sciencell, and trans-
formed murine liver sinusoidal endothelial cells (TSECs) were
an immortalized cell line previously generated and character-
ized in our laboratory (21), which were utilized for retroviral
generation of stable cell lines. Cells were serum-starved the
night prior to experiments in basal DMEM. Mouse embryonic
fibroblasts (MEFs) and MEFs isolated from mouse embryos
harboring functional null mutations in Src family members Src,
Yes, and Fyn (MEF-SYF /") (22) were a gift from Dr. Mark
McNiven (Mayo Clinic, Rochester, MN) and maintained in
DMEM culture medium with 10% FBS (Invitrogen). Transfec-
tion was performed using Oligofectamine for siRNA or Lipo-
fectamine 2000 for DNA plasmid in 60% confluent cells
according to the manufacturer’s instructions (Invitrogen).
Transfections included B1 integrin siRNA (Dharmacon, Lafay-
ette, CO), FGFR1 FlexTube siRNA (Qiagen, Valencia CA), AKT
siRNA (gift from Dr. Navtej Buttar), or Src mutant DNA plas-
mid (gift from Dr. Mark McNiven).

Site-directed Mutagenesis and Generation of Stable Cell Lines—
Site-directed mutagenesis was performed according to the manu-
facturer’s protocol (Agilent Technology, Santa Clara, CA). cDNA
encoding the untagged full-length wild type FGFR1 (flg) was pur-
chased from Addgene (Cambridge, MA) and inserted into the
PMMP replicative form at Bglll and BamHI sites. FGFR1 phos-
phomutants with a Tyr to Phe mutation at specific tyrosine sites
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were generated by performing PCR using the respective oligonu-
cleotides 5'- GCTGGAGTCTCCGAATTTGAGCTCCCTGAG-
GATCCC-3' (for the Y463F mutant), 5'- ATTCATCATATC-
GACTTCTTCAAGAAAACCACCAACGGCCGG-3' (for the
Y653F/Y654F mutant), and 5'-ACCTCCAACCAGGAGTT-
TCTGGACCTGTCCATACCGCTGGAC-3" (for the Y766F
mutant) and subcloned into a pMMP vector. Mutations were ver-
ified by DNA sequencing analysis. Retrovirus was generated using
293T cells and used to transduce TSEC and establish stable cell
lines that express FGFR1 wild type and mutants, including FGFR1-
Y463F, Y653F/Y654F, and Y766F. Similarly, cell lines that express
Src wild type and mutants, including Y419F and Y530F, were gen-
erated (22). The Racl constitutively active and dominant negative
constructs were subcloned into a retroviral system in our labora-
tory, as described previously (23, 24).

Immunofluorescence Microscopy—Glass coverslips were first
coated with 5 ug/ml human FN (BD Biosciences) or PBS con-
trol at 4 °C overnight and blocked with 0.25% heat-denatured
BSA. Serum-starved LECs were seeded on the coverslips and
incubated at 37 °C overnight in DMEM with 0.25% BSA to
ensure attachment. After fixation by 4% paraformaldehyde and
permeabilization with 0.2% Triton X-100, cells were blocked
with 1% BSA, incubated with indicated primary antibodies
(HUTS-4, from Millipore, Temecula, CA) at room temperature
for 1 h and with Alexa fluro-conjugated secondary antibody for
another 45 min. For rhodamine phalloidin staining of actin fil-
aments, the permeabilized cells were incubated with rhoda-
mine phalloidin for 15 min at room temperature before wash-
ing off the reagent. After washing, the coverslips were mounted
onto a glass slide with mounting medium and observed under
confocal microscopy on the Zeiss LSM 510 system. Images
were acquired and processed using Zeiss LSM image programs.

Immunoprecipitation and Western Blot—Plasticware was
pretreated with 5 ug/ml human FN or PBS as control overnight
at 4 °C, unless otherwise indicated, and then washed with PBS
and blocked with 0.25% BSA for 30 min at 37 °C. Serum-starved
LECs or TSECs were seeded on the pretreated dishes in basal
DMEM for the indicated period before protein extraction. For
lysate preparation, adherent cells were washed with cold PBS
with phosphatase inhibitors (2 mm sodium vanadate and 20 mm
sodium fluoride) and lysed with modified radioimmune precip-
itation assay buffer plus protease and phosphatase inhibitors
(62.5 mm Tris-HCI, pH 6.8, 2% (w/v) SDS, 10% glycerol, 1X
protease inhibitor mixture mix (Complete, Roche Applied Sci-
ence), 2 mMm sodium vanadate, 20 mm sodium fluoride). Equal
amounts of protein lysates were separated by SDS-PAGE and
transferred to nitrocellulose membranes for immunoblotting
according to the protocol recommended for individual anti-
bodies (B1 integrin-CD29), phospho-ERK and ERK from BD
Biosciences, phospho-FGFR1 (Tyr-766) from Abcam (Cam-
bridge, MA), phospho-FGFR (Tyr-653/654) and phospho-Src
(Tyr-416) from Sigma, FGFR1 from Santa Cruz Biotechnology,
Inc. (Santa Cruz, CA), Src from Millipore (Temecula, CA), AKT
and phospho-AKT (Ser-473) from Cell Signaling (Danvers,
MA), GAPDH from BioLegend (San Diego, CA), and 3 actin
from Cell Signaling (Beverly, MA). Immunoreactive bands were
visualized using horseradish peroxidase-conjugated secondary
antibody and the enhanced chemiluminescent system (Santa

JOURNAL OF BIOLOGICAL CHEMISTRY 7191



Fibronectin Transactivation of Fibroblast Growth Factor Receptor

Cruz Biotechnology, Inc.). For immunoprecipitation, the
adherent cells were lysed in immunoprecipitation buffer (10
mM Tris, pH 7.6, 0.5 M NaCl, 5 mm EDTA, 0.5% (v/v) Nonidet
P-40 with 2 mm Na;VO,, 20 mM sodium fluoride, and 1X pro-
tease inhibitor mix). Samples precleared with protein G-Sep-
harose beads (Sigma) were incubated with primary antibodies
overnight at 4 °C, followed by incubation with protein G-Sep-
harose beads for an additional 2 h at 4 °C. After extensive wash-
ing with immunoprecipitation buffer, bound proteins were
eluted in 2X Laemmli sample buffer and analyzed by
SDS-PAGE.

Streptavidin-Agarose Pull-down Assay—To determine if FN
binds to FGFR1 directly, biotinylated FN was used to precoat
the dish surface as described above. Serum-starved LECs were
seeded on biotinylated FN overnight and then treated with the
cross-linker dithiobis(succinmidyl propionate) (1 mm) for 30
min at room temperature, followed by 0.2 M glycine quench for
15 min. Then cells were lysed in modified radioimmune precip-
itation assay buffer. The cell lysate after centrifugation was used
to incubate with streptavidin-conjugated agarose beads
(Sigma) to pull down biotinylated FN. After washing with lysis
buffer, the protein complex of streptavidin-conjugated agarose
beads with biotinylated FN was eluted by 2X sample buffer. The
cell lysates before pull-down, pull-down lysate, and the super-
natant after pull-down were analyzed by SDS-PAGE and West-
ern blotting to detect FGFR1, 31 integrin, and FN in the protein
complex.

Racl Activity Assay—Racl activity was evaluated using a
Racl activity assay kit (Millipore, Billerica MA) according to the
manufacturer’s recommended protocol. Briefly, the protein
was extracted from cell lysates with Mg>" lysis/wash buffer
provided in the kit, supplemented with EDTA-free Complete
protease inhibitor mixture (Roche Applied Science). The
cleared lysates were incubated with GST-PAK1-p21-binding
protein bound glutathione-agarose beads for 1 h at 4 °C and
washed three times with Mg>" lysis/wash buffer. Active Racl
bound to the bead pellet was eluted with 2X Laemmli sample
buffer and boiled for 5 min. Then the eluted proteins were frac-
tionated by SDS-PAGE and subjected to immunoblot assay
using anti-Racl antibody provided in the kit.

Cell Migration Assays—Cell migration was determined by a
modified Boyden assay. In brief, 2 X 10* cells were plated in the
upper chamber, and soluble FN (20 png/ml) dissolved in basal
medium was added in the lower chamber as chemoattractant or
basal medium only as control. AKT inhibitor (100 nm; Sigma) or
DMSO as control was added to the upper chamber in some
experiments. After incubation at 37 °C for 4 h, the transwell
insert (Corning Glass) was removed, and the cells on the top
surface of the membrane in the transwell insert were removed
by a cotton swab. Cells on the bottom surface of the transwell
membrane were fixed and visualized by fluorescent microscopy
after DAPI staining. Five fields were randomly chosen for quan-
tification of the cells on the bottom surface in each experiment.

Statistical Analysis—Data from at least three independent
experiments were expressed as means * S.E., and n was the
number of independent experiments performed. Statistical
analysis of the differences between groups was determined by
paired ¢ test, ANOVA, or as otherwise stated. Data were con-
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sidered to be significantly different when p was <0.05, calcu-
lated using Excel or SPSS.

RESULTS

EN Promotes FGFR1 Phosphorylation—FN is broadly critical
for organogenesis, and in the context of endothelial cells, it is a
key provisional matrix protein important for angiogenesis (25).
Recently, transactivation of RTKs, such as VEGFR and EGER,
by extracellular matrix proteins has been recognized as an
important mechanism that synchronizes matrix changes with
growth factor signaling responses (2, 7, 11). In our initial stud-
ies, we examined effects of FN on two key RTKs in liver EC,
including VEGFR2 and FGFR1. Although no major effects were
observed with VEGFR2 (data not shown), we did find that
FGFR1 was prominently activated in endothelial cells derived
from liver, which were exposed to FN as assessed by phospho-
rylation of Tyr-653/654 and Tyr-766 of FGFR1 (Fig. 1A depicts
two distinct endothelial cell models, human-derived LEC and
murine-derived TSEC). Therefore, we focused on the mecha-
nisms that mediate the activation of FGFR1 in liver endothelial
cells exposed to FN. First, we plated endothelial cells on an
EN-coated surface for varying durations of time ranging from
0.5 to 16 h; total protein was extracted, and FGFRI1 activation
was evaluated. Phosphorylation of FGFR1 in endothelial cells
was observed within 30 min after seeding on the FN-coated
surface with the phosphorylation level increasing with time
duration, up to 7-fold after overnight culture (Fig. 1B). Next, we
evaluated FGFR1 activation in LEC after seeding on FN at a
range of concentrations (0 —-20 pg/ml) in basal medium for 4 h
and found that FGFR1 was phosphorylated by FN in the
absence of growth factor in a concentration-dependent manner
by 1.6-, 3.0-, and 5-fold compared with PBS-coating conditions.
Statistical analysis of Western blot data, using one-way
ANOVA with post hoc test, showed significant differences
between the different concentrations (Fig. 1C). To confirm if
FGER1 phosphorylation by FN was specific to this distinct extra-
cellular matrix protein, we seeded cells on FN or an alternative
matrix component, collagen-I, for comparison. Compared with
the PBS-coated group, FN induced a nearly 4-fold increase of
FGFR1 phosphorylation at Tyr-653/654 sites, whereas collagen-I
induced a 2.6-fold increase of FGFR1 phosphorylation after over-
night culture (Fig. 1D; temporal analysis is also depicted in supple-
mental Fig. 1), suggesting that FN preferentially stimulates FGFR1
activation compared with other matrix constituents.

FN Induces Activation of AKT Signaling Pathway and Cell
Migration Downstream from FGFRI—Prior studies have
revealed that phosphorylation of FGFR1 can lead to activation
of alternative downstream signaling cascades, including ERK
and AKT (19, 20). Because our results show that FN activates
FGEFR1, we next sought to investigate whether signaling distinc-
tions between ERK and AKT could be revealed downstream of
FGEFR1 activation by FN as opposed to its canonical ligand
FGF2. As shown in Fig. 24, phosphorylation of FGFR1 at Tyr-
653/654 was observed in response to either FN alone or FGF2
alone with augmentation of phosphorylation in response to the
combination of FN and FGF2. Furthermore, FGF2 stimulation
led to a more than 3-fold increase of ERK activation as
described previously (26), with less prominent effects on AKT
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FIGURE 1. Fibronectin induces FGFR1 phosphorylation. A, two liver endothelial cell types, human LEC and murine-derived TSEC, were serum-starved
overnight and then plated on 5 ng/ml FN- or PBS-precoated dishes in basal medium. Total cellular protein was extracted, and phospho-FGFR1 at tyrosines
653/654 and 766 was probed by Western blot with B-actin used as a loading control. The blots are representative of three independent experiments. B,
serum-starved TSECs were plated on 5 ug/ml FN-coated dishes for varying duration (0, 0.5, 1, 2, 6, and 16 h). Phosphorylation of FGFR1 at Tyr-653/654 and total
FGFR1 were evaluated by Western blot. Densitometric results of the pFGFR1/FGFR1 ratio are shown below the representative blots, which were normalized by
the ratio at time zero and compiled as the mean from three independent experiments. C, LECs were serum-starved and replated on FN at different concen-
trations (0, 1, 5, and 20 ug/ml) in basal medium for at least 4 h. Phosphorylation of FGFR1 at Tyr-653/654 and total FGFR1 were evaluated. The densitometric
result of the pFGFR1/FGFR1 ratio is shown in the histogram, normalized by the ratio in the FNO group (n = 3; *, p < 0.05 between depicted groups, using
one-way ANOVA with post hoc test). D, serum-starved TSECs were seeded either on 10 ug/ml collagen |, 5 ng/ml FN-coated dishes or on a PBS-coated dish as
a control in basal medium for 16 h. FGFR1 phosphorylation at Tyr-653/654 and total FGFR1 were evaluated by Western blot. Densitometric results of the
pFGFR1/FGFR1 ratio are shown in the histogram below the representative blot, normalized by the ratio of the control group (n = 3;*, p < 0.05). Error bars, S.E.

activation observed in response to this ligand. However, FN-
induced FGFR1 phosphorylation was associated with more
than 2-fold increase of AKT activation with less prominent
effects on ERK (Fig. 24; although combined stimulation of FN
and FGF2 did provoke ERK activation), indicating differential
activation of the FGFR1 downstream signaling pathways of
AKT and ERK, in response to FN and FGF2, respectively. To
exclude the possibility of autocrine FGF2 from LEC after FN
stimulation, we performed studies in the presence of FGF2-
neutralizing antibody. This antibody blocked FGFR1 activation
by FGF2 but not by FN (supplemental Fig. 24). To further
establish the specificity of AKT activation by FN through
FGFR1, we modulated FGFR1 expression or activity by
performing different experiments using complementary
approaches, including retroviral overexpression, knockdown
by siRNA and lentivirus, and a pharmacologic FGFR1 inhibitor
PD173074 (27, 28). We found that FN-induced AKT activation
was enhanced by up-regulation of FGFR1 using FGFR1-WT
retrovirus infection, which was reversible with knockdown of
FGFR1 using FGFR1 lentiviral shRNA (Fig. 2B). Similarly, FN-
induced AKT activation could be reduced by knocking down
endogenous FGFR1 with FGFR1 siRNA (Fig. 2C) and by phar-
macological inhibition of FGFR1 activity (Fig. 2D). Indeed,
complete inhibition of AKT activation by disruption of FGFR1
function was not anticipated because FN is well known to acti-
vate AKT through pathways distinct from FGFR1 (29, 30).
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Therefore, AKT activation is ~40% attenuated by silencing of
FGFR1 levels by siRNA (~70% knockdown of FGFR1 by siRNA
as assessed by densitometry analysis of three knockdown exper-
iments) or 30% attenuated by pharmacological inhibition of
FGFR1 with PD compound. Similar results were observed in
MEEF cells treated with PD173074, indicating that FN activation
of AKT through FGFRI transactivation could be generalized to
other mesenchymal cell types (supplemental Fig. 2B). Thus, all
of these experiments indicate that FN activation of FGFR1 acti-
vates the AKT signaling pathway.

Because FN is known to provide guidance cues for cell migra-
tion and AKT is integral for cell migration (31, 32), we evaluated
chemotactic cell migration to FN in response to AKT inhibi-
tion. These experiments showed that FN-induced cell migra-
tion is inhibited in LEC transfected with AKT siRNA, suggest-
ing that FN-induced cell migration requires AKT (Fig. 34). To
further study the role of FGFR1 in FN-induced cell migration,
we evaluated the migration of FGFR1-WT cells in the presence/
absence of AKT inhibitor in the transwell assay. These studies
showed that FGFR1 overexpression promotes cell migration in
response to FN stimulation in a manner that is blocked by AKT
inhibitor (Fig. 3B), with Western blot analysis confirming that
AKT activation was blocked by AKT inhibitor even in FGFR1-
overexpressing cells (Fig. 3C).

Because Racl is an important molecule in cell migration, we
tested whether Racl contributes to FN/FGFR1-induced cell
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FIGURE 2. Fibronectin induces AKT activation downstream from FGFR1. A, serum-starved TSECs were plated on FN-coated or PBS-coated dishes overnight
and then stimulated with 1 ng/ml FGF2 or vehicle for 15 min. Phosphorylation of Tyr-653/654-FGFR1, AKT, and ERK and total FGFR1, AKT, and ERK were
evaluated by Western blot analysis from protein lysates. Top, representative blots; bottom, quantification of phosphorylation of AKT and ERK from multiple
blots, normalized by the ratio in the non-stimulated cells on a PBS-coated dish (n = 3; *, p < 0.05 between depicted groups). B, TSECs were transfected with
retrovirus encoding FGFR1-WT or YFP as control, with aliquots of FGFR1-WT-transfected cells also transfected with lentiviral FGFRT shRNA. 3 days after
transfection, cells were serum-starved and plated on FN-coated or PBS-coated dishes. Phosphorylation of FGFR1 at Tyr-653/654 and AKT and total FGFR1 and
AKT were evaluated. Left, representative blots; right, quantification from multiple blots, normalized by the ratio in the YFP-retrovirus-infected cells on an
FN-coated dish (n = 3;*, p < 0.05). C,endogenous FGFR1in TSECs was silenced by FGFR1 siRNA transfection (20 nm, 3 days, with non-targeting siRNA as control),
and cells were replated on an FN- or PBS-coated dish overnight in basal medium. Phosphorylation of FGFR1 and AKT, total FGFR1 and AKT, and GAPDH were
evaluated by Western blot. Top, representative blots; bottom, quantification from multiple blots, normalized by the ratio in the non-targeting
siRNA-transfected cells on a PBS-coated dish (n = 3; *, p < 0.05). D, TSECs were serum-starved and seeded on FN- or PBS-coated dishes in basal medium
overnight and then treated with PD173074 (40 nm) or DMSO as control for 2 h. Phosphorylation of FGFR1 and AKT and total FGFR1 and AKT were evaluated by
Western blot. Left, representative blots; right, quantification from multiple blots, normalized by the ratio in the DMSO-treated cells on a PBS-coated dish (n =
4;*,p < 0.05). Error bars, S.E.

migration using chemotaxis assays. Indeed, there was a dra-
matic increase of cell migration in response to overexpressing a
Racl constitutively active mutant, with FN further promoting
cell migration in cells transduced with the constitutively active
mutant but not in cells transduced with a dominant negative
Racl mutant (Fig. 3D). Racl activity assays revealed that Racl
activity was enhanced by FN, and this increase was abrogated by
AKT inhibitor (Fig. 3E). Taken in total, these studies reveal that
AKT and Racl are key signal transducers for cell motility that
occurs downstream from FN activation of FGFRI.

B1 Integrin Is Required for FN-induced FGFR1 Phosphoryla-
tion and AKT Activation—We next sought to discern if FN
transactivation of FGFR1 occurs through direct binding of FN
with FGFR1. To test if FN binds to FGFR1, LECs were seeded on
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dishes precoated with biotin-labeled FN in basal medium over-
night and then exposed to the intramolecular cross-linker
dithiobis(succinmidyl propionate) before harvesting for a
streptavidin-agarose pull-down assay to precipitate biotiny-
lated FN. Although FN was successfully pulled down with B1
integrin by the streptavidin-agarose beads as would be antici-
pated, FGFR1 was not detected in the protein complex but
rather remained in the supernatant after the pull-down, sug-
gesting that FN does not directly associate with FGFR1 in cells
under these experimental conditions (Fig. 44). Because integrin
protein family members and other focal adhesion proteins that
have been previously implicated in growth factor transactiva-
tion by matrix proteins require intact actin filaments for proper
function (33), we next utilized cytochalasin D (CD) as a phar-
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medium as control in the lower chamber of the insert. 4 h later, migrating cells on the bottom surface of the insert were visualized by DAPI staining. At least five
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normalized to non-targeting siRNA-transfected cells with no FN stimulation. (n = 3; ¥, p < 0.05). The representative blot on the right shows AKT protein levels
after siRNA transfection of cells. B, TSECs were infected with YFP retrovirus or FGFR1-WT retrovirus for 3 days and then serum-starved overnight and seeded in
the upper chamber of transwell inserts in the presence of DMSO or 100 nm AKT inhibitor, with basal medium or FN in the lower chamber. 4 h later, migrating
cells on the bottom surface of the inserts were evaluated by DAPI staining. At least four microscopic fields in each group were visualized and quantified. The
cell number was normalized by YFP retrovirus-infected cells with no FN stimulation (n = 3; *, p < 0.05 between depicted groups). C, the YFP retrovirus- or
FGFR1-WT retrovirus-infected TSECs were treated similarly as described above. The representative blot shows the pAKT and AKT level in the treated cells. D,
TSECs were infected with YFP- or Rac1 constitutively active mutant or dominant negative mutant retrovirus for 3 days, and then cell migration was evaluated
after seeding cells with or without FN in the lower chamber for 4 h. Left, ratio of cell migration normalized by YFP retrovirus-infected TSECs with no FN
stimulation (n = 3; *, p < 0.05). Right, representative blots showing the total Rac1 and GAPDH level in the retrovirus-infected TSECs. E, Rac1 activity was
evaluated in the TSECs treated by DMSO or AKT inhibitor after seeding on an FN- or PBS-coated dish. The representative blot from three independent
experiments shows active Rac1 and total Rac1 level in the treated cells. Error bars, S.E.

macologic tool to determine if its inhibitory effects on actin
polymerization-dependent pathways could inhibit FN-induced
FGFR1 phosphorylation because CD may block PDGF-stimu-
lated signaling transduction (34). Indeed, CD inhibited FN-in-
duced phosphorylation of both FGFR1 and AKT in a reversible
manner (Fig. 4, B and C). As anticipated, cells stimulated with
CD revealed a disruption in levels of polymerized actin fila-
ments and conformationally active integrin as assessed by phal-
loidin stain and HUTS stain, respectively (Fig. 4D). These initial
pharmacologically based findings pointed us toward a more
rigorous molecular evaluation of integrin and downstream
adaptor kinase proteins, such as Src family members, that
might mediate FN activation of FGFR1. Because the 81 and 33
integrin subclasses are known to bind FN and to be expressed in
endothelial cells (11, 35, 36), we first evaluated the cells used in
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these studies for expression of these integrin subclasses. We
found that B1 integrin was more predominantly expressed in
the liver cell models used in this study (supplemental Fig. 34).
Therefore, we focused our experimental model on 1 integrin,
although we cannot exclude a similar role for 83 integrin in
other cell models. Indeed, we consistently observed that 81
integrin was activated when endothelial cells were seeded on
EN (Fig. 5A) based on immunostaining for HUTS-4, which spe-
cifically recognizes the activated 1 integrin conformation-spe-
cific epitope (37). This was corroborated by detection of 81
binding with talin, an important binding partner of activated 1
integrin (Fig. 5B). Next, we more rigorously evaluated the role
of B1 integrin in FGFR1 activation by FN using complementary
neutralizing antibody (MAB13 antibody) and siRNA
approaches. These analyses revealed that FGER activation by
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staining (arrows point to activated integrin), whereas the bottom panels show B-actin staining under a fluorescence microscope (X60). Error bars, S.E.

coated FN is 40% less in the presence of MAB13 antibody than
in the absence of the antibody (Fig. 5C). Similar effects were
observed in response to soluble FN albeit quantitatively less
prominent, as might be anticipated from prior literature (38,
39) (supplemental Fig. 3B). In siRNA transfection studies, 1
integrin levels were reduced by 70% (based on quantitation of
densitometry from four knockdown experiments), which
resulted in significant attenuation of FN-induced phosphoryl-
ation of FGFR1 and AKT, by almost 50 and 30%, respectively,
whereas FGF2-induced FGFR1 phosphorylation was not
affected (Fig. 5D and supplemental Fig. 3C). These results indi-
cate that FN-induced FGFR1 phosphorylation is mediated by
B1 integrin.

FN-induced Phosphorylation of FGFR1 Requires Src—W'e
next sought to identify a potential kinase downstream of 81 that
could mediate FGFR1 phosphorylation by FN. Because the
non-RTK Src is implicated in growth factor receptor and
matrix cross-talk (13, 14, 40), we logically focused our initial
attention on this protein. First, we probed for activated Src in
endothelial cells exposed to FN, in the presence or absence of
PP2, a pharmacological antagonist of Src. PP2 almost entirely
inhibited FN-induced FGFR1 phosphorylation, at both Tyr-
653/654 and Tyr-766 sites, and AKT activation (Fig. 64 and
supplemental Fig. 44). To more directly and specifically assess
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the role of c-Src in FGFR1 activation by EN, we utilized a series
of Src mutant constructs that enhance or attenuate Src function
(22, 40). These included Src-Y419F, a constitutively inactive
mutant, and Y530F, a constitutively active mutant, as well as
Src-WT, each of which was individually overexpressed in the
TSEC endothelial cell line, which is amenable to retroviral
transduction. FGFR1 phosphorylation in the presence of FN
was most prominent in Src-Y530F mutant cells (2.5-fold),
whereas FGFR1 activation by FN was minimal in Y419F mutant
cells (Fig. 6B). FGFR1 phosphorylation was also observed in
Src-530F mutant cells in the absence of FN (supplemental Fig.
4B). These changes in FGFR1 phosphorylation in response to
Src-Y530F paralleled changes in AKT activation (2.7-fold) in
response to FN (Fig. 6B). Corroborative results were obtained
in a genetic analysis as well, in which MEF-SYF~/~ mutant
cells, which are genetically deficient in three Src family mem-
bers, Src, Yes, and Fyn, demonstrated a similar impaired FN-
induced FGFR1 activation and AKT activation compared with
control MEF-WT cells treated by PP2 compound (Fig. 6C). Fur-
thermore, overexpression of Src-Y530F in SYF mutant cells res-
cued FN-induced phosphorylation of FGFR1, whereas Src-
Y419F did not (Fig. 6D). Taken together, these data indicate
that Src kinase activity is required for FN- and 1 integrin-de-
pendent activation of FGFRI1.
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non-targeting siRNA transfected cells on an FN-coated dish and the other two groups). Error bars, S.E.

Tyrosine Residues 653/654 and 766 in FGFR Contribute to
FN/FGFR-induced AKT Activation and Chemotaxis—We next
sought to further dissect which tyrosine residues of FGFR1 may be
responsible for FN-B1-Src-mediated activation of FGFR1. There-
fore, we generated FGFR1 mutant TSEC cells by overexpressing
retroviral FGFR1 constructs with mutations at specific tyrosine
sites. Initially, we generated Y463F, Y583F/Y585F (double
mutant), Y653F/Y654F (double mutant), and Y766F, which
spanned nearly all of the previously described tyrosine sites on
FGEFR1 (15, 16). Double mutant constructs were generated for
tyrosine sites that were in close proximity and postulated to have a
similar mechanism of action. Mutant and wild type cells were
stimulated with FN, and cell lysates were analyzed by Western
blot. Overexpression of the Y653F/Y654F double mutant mark-
edly attenuated FN-induced FGFR1 phosphorylation at both Tyr-
653/654 and Tyr-766 (Fig. 7A). Overexpression of the Y766F
mutant also markedly attenuated FN-induced phosphorylation at
Tyr-766 with only minor changes seen at Tyr-653/654 (Fig. 7A),
consistent with prior studies showing that Tyr-766 phosphoryla-
tion occurs subsequent to Tyr-654 phosphorylation (41). Overex-
pression of the Y463F mutant or the Y583F/Y585F double mutant
did not influence phosphorylation of FGFR1 in response to FN at
Tyr-654 or at Tyr-766 (Fig. 7A) (data not shown).
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We next analyzed the effects of the mutant FGFR1 constructs
on AKT activation downstream of FGFR1 in response to FN.
Whereas overexpression of FGFR1 wild type increased AKT acti-
vation in response to FN, overexpression of constructs with muta-
tions at Tyr-653/654 or at Tyr-766 in FGFR1 attenuated AKT acti-
vation in response to FN (Fig. 7B). Therefore, Tyr-653/654 and
Tyr-766 residues are critical for FN-induced AKT activation.

Finally, we used the transwell assay to quantitatively compare
cell migration of the various FGER tyrosine mutant constructs
in response to FN. Cells expressing the Tyr-653/654 double
mutant or the Tyr-766 mutant evidenced a significant impair-
ment in FN-induced chemotaxis compared with cells overex-
pressing wild type FGER (Fig. 7C), indicating that Tyr-653/654
and Tyr-766 residues of FGFR1 are critical for FN-induced che-
motaxis (see schema in Fig. 8).

DISCUSSION

A coordinated signaling response to matrix proteins and sol-
uble growth factors is required for appropriate cellular homeo-
stasis and adaptation to diverse microenvironments. This is
particularly salient for endothelial cells in the context of migra-
tion and angiogenesis, processes that are highly influenced by
gradients of matrix and growth factor proteins (10, 11, 25). The

JOURNAL OF BIOLOGICAL CHEMISTRY 7197



Fibronectin Transactivation of Fibroblast Growth Factor Receptor

FN — +
A B Src
FN + lacZ lacz Wt Y419F  Y530F
DMSO DMSO PP2 pFGFR1
< (PY653/654)

p-Src

PFGFR
(pves3icse)| S
FGFR1 [ - Src

pAkt |

Akt
B-Actin

B-Actin |- .!
. *

" 35 —*’ OLlacz >
anen [ * -
> 2 BFn E‘ = Src-530 | %
- Q
GE> i B Fn+pp2 g -,
] ‘a %
B 4 I T g
5 a
o
05
° pFGFR1/FGFR1 pAKt/AKt PFGFRY/Actin PAKt/Akt
C MEF-Wt MEF-SYF-I- D Src constructs
Vehicle FN FN+PP2 FN Vector Wt Y419F Y530F
pFGFR1 = EEg— o R =
(pvessioss Lot W S DECFRT S o I S |
p ) — -
PSrc | ws — - - FGFR1
Transfected
Src| o — . pSrc MEF-SYF-/-
i cells on FN

pAKkt | -~ Src

B-Actin: o :;I; 1

FIGURE 6. Src is required for FN-induced FGFR1 phosphorylation. A, serum-starved TSECs were plated on PBS- or FN-coated dishes overnight in basal
medium and then treated with PP2 (10 um) or DMSO vehicle for 2 h. Phosphorylation of FGFR1 and AKT, total FGFR1 and AKT, and B-actin were evaluated by
Western blot. Top, representative blots; bottom, quantification from multiple blots, normalized by DMSO-treated cells on a PBS-coated dish (n = 4; *, p < 0.05).
B, TSECs were transduced with retroviruses encoding LacZ, Src-WT, a constitutively inactive form (Src-Y419F), or a constitutively active form (Src-Y530F),
serum-starved, and plated on FN-coated dishes overnight in basal medium. Phosphorylation of FGFR1, Src, and AKT was evaluated by Western blot. Top,
representative blots; bottom, quantification from multiple blots, normalized by LacZ retrovirus-infected cells on a PBS-coated dish (n = 4 for pFGFR1 and n =
3 for pAKT; *, p < 0.05 between depicted groups). C, MEF-WT or MEF-SYF /™ mutant cells were serum-starved and plated on PBS-coated or FN-coated dishes
overnight in basal medium and then treated with PP2 (10 um) or DMSO vehicle for 2 h. Phosphorylation of FGFR1 (tyrosine 653/654), Src, and AKT were
evaluated by Western blot from cell lysates. This is a representative blot from three independent experiments. D, MEF-SYF ™/~ mutant cells were transduced
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major finding in this study is that the provisional matrix protein
EN transactivates the chemotactic and angiogenic growth fac-
tor FGFR1 in liver endothelial cells. We uncover a number of
significant mechanistic insights that provide the basis by which
this receptor transactivation pathway occurs: 1) transactivation
requires 1 integrin along with an intact actin cytoskeleton; 2)
Src is the intracellular mediator that phosphorylates FGFR1; 3)
EN activation of FGFRI1 signals to AKT, Racl, and cell che-
motaxis; and 4) FGFRI1 tyrosine residues 653/654 and 766 are
important in FN-induced signal transduction pathways down-
stream of FGFR1 pathway. We also highlight redundancies and
distinctions of this pathway compared with the canonical path-
way utilized by FGF ligand. Thus, the work highlights an impor-
tant and distinct role of the matrix microenvironment in the
regulation of endothelial cell phenotype and function.
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EN is a provisional matrix protein that provides guidance
cues for directional cell migration during development and dis-
ease. Indeed, genetic deletion of FN leads to embryonic death
due to the indispensible role of FN in developmental branching
morphogenesis (42—44). Prior studies in endothelial cells have
revealed that the FN-integrin complex is requisite for FN-in-
duced chemotaxis and angiogenesis (45—48), with both av33
and «5B1 implicated in this process (35, 36, 39). Another study
on IGF-Ireceptor also found FN may transactivate this receptor
via 33 integrin to protect cells from apoptosis (49). In the pres-
ent study, perturbation of B1 integrin function significantly
suppresses FGFR1 activation by EN, indicating a requisite role
for B1 integrin in FN-induced RTK transactivation. Recent
studies have begun to elucidate such cross-talk between growth
factor and matrix pathways whereby signals from the matrix
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hoc test). Error bars, S.E.

microenvironment activate specific RTKs, such as EGFR, that
are responsible for specific downstream cellular functions (11,
50, 51). Our findings with 81 and FGER reveal some parallels
and distinctions from the EGFR model of transactivation. In the
EGFR model, activated B1 integrin recruits EGFR and induces a
conformational change to the RTK that leads to EGFR auto-
phosphorylation (6, 7). Although we initially postulated direct
binding between FGFR1 and FN, such interactions were not
experimentally evident in our studies. Rather, the abrogation of
FN/B1-induced transactivation of FGFR by perturbation of the
non-RTK Src supports a mechanism in our model whereby Src
and other proteins associated with the actin cytoskeleton are
required for FGFR transactivation in response to 31 integrin
interaction with FN.

In the canonical pathway, Src is situated downstream from
RTKs, such as FGFR1, in a manner whereby phosphorylation of
Src mediates signaling downstream of RTK activation (40, 52,
53). Here we reveal a distinct role for Src in the earlier step of
RTK activation mediated by 1 integrin. Indeed, Src can be
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recruited to focal adhesions upon integrin activation by virtue
of an SH2 domain-mediated interaction with phosphorylated
FAK (54, 55). More recent studies have also shown that Src can
bind and activate RTKs, such as FGFR1, by regulation of actin-
mediated receptor shuttling (52, 56 —58). Indeed, in the present
studies, pharmacologic and genetic inhibition of Src and actin
polymerization prevent FGFR1 transactivation by FN, high-
lighting the key role that Src and the actin cytoskeleton play in
matrix transactivation of RTKs, such as FGFR1.

Prior studies have characterized the spatially and temporally
coordinated autophosphorylation profile of FGFR1 in response
to FGF ligand (16, 26, 41, 59) while highlighting potential non-
canonical pathways as well (9). In the present study, FGFR1
activation by FN is mediated through Tyr-653/654 and Tyr-766
of FGFR with these FGFR1 phosphorylation events preferen-
tially leading to AKT activation. The autophosphorylation of
these residues in response to FN is consistent with what has
been observed previously in response to FGF ligand in order to
induce activation of FGFR kinase activity (26, 41). However, an
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important distinction between FN and FGF ligand activation of
FGEFR1 is the preference for different downstream signals.
Whereas FGF2 ligand preferentially activates ERK, the FN
transactivation of FGFR1 preferentially activates AKT and
Racl with a corresponding and prominent biological effect on
cell migration. Prior studies have shown that selective activa-
tion of FGFR1 at different tyrosine residues could contribute to
the differential activation of downstream signaling pathways by
virtue of a different profile of adaptor proteins that may be
recruited to dock with specific phosphotyrosine residues (60—
63). Although a number of adaptor proteins have been identi-
fied to interact with specific FGFR1 phosphotyrosine residues
(15,60 - 62, 64), it has been postulated that docking of the phos-
phorylated adaptor protein FGF receptor substrate 2 (FRS2)
could regulate the balance between ERK and AKT activation
downstream of FGFRI. In this postulated model, FRS2 recruit-
ment of growth factor receptor-bound protein-2 (GRB2) favors
ERK activation, and recruitment of GRB-associated binding
protein-1 (GAB1) favors AKT activation (65, 66). However, fur-
ther studies that elucidate the specific adaptor molecules that
bind FGEFR in response to FN stimulation may be required to
fully substantiate this model in the context of the transactiva-
tion pathway described in our study.

In summary, this study highlights the substantial effects of
extracellular matrix on RTK signaling, thereby providing a
mechanistic basis for distinct liver endothelial cell behaviors
that are observed when cells are exposed to diverse matrix
microenvironments. A specific pathobiological example is the
process of organ fibrosis, such as liver cirrhosis, in which myo-
fibroblast-derived matrix changes regulate endothelial cell
angiogenesis with these vascular changes further perpetuating
the fibrotic response (67, 68). Thus, the influence of the matrix
microenvironment and its non-canonical signal transduction
pathways may be substantial when considering chemotactic
endothelial cell responses and the associated pathological or
therapeutic angiogenesis that can ensue.
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