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Abstract Endothelial cell migration, a key process in angiogenesis, requires the coordinated integration of motogenic
signals elicited by the adhesion of endothelial cells to extracellular matrices and by angiogenic cytokines such as the
vascular endothelial growth factor (VEGF). In this study, we found that addition of VEGF to human umbilical vein
endothelial cells cultivated on vitronectin triggers a synergistic interaction between the VEGF receptor VEGFR2 and
the clustered integrin receptor «,B;. The interaction between VEGFR2 and «,f; is required for full phosphorylation of
VEGFR2 and to drive the activation of motogenic pathways involving focal adhesion kinase (FAK) and stress-activated
protein kinase-2/p38 (SAPK2/p38). The signal emanating from the VEGFR2 and «,3; interaction and leading to SAPK2/
p38 activation proceeds directly from VEGFR2. The chaperone Hsp90 is found in a complex that coprecipitates with
inactivated VEGFR2, and the association is increased by VEGF and decreased by geldanamycin, a specific inhibitor
of Hsp90-mediated events. Geldanamycin also impairs the phosphorylation of FAK that results from the interaction
between VEGFR2 and «,3,, and this is accompanied by an inhibition of the recruitment of vinculin to VEGFR2. We
conclude that a necessary cross talk should occur between VEGFR2 and the integrin «,, to transduce the VEGF
signals to SAPK2/p38 and FAK and that Hsp90 is instrumental in the building up of focal adhesions by allowing the
phosphorylation of FAK and the recruitment of vinculin to VEGFR2.

INTRODUCTION

Vascular endothelial growth factor-A (VEGF) is a major
angiogenic agent that regulates key steps of the angio-
genic process. It promotes endothelial cell proliferation
and migration, and it increases the production of plas-
minogen activators and the permeability of the vascular
endothelial layer (Neufeld et al 1999). VEGF exerts its ef-
fects after binding to 2 homologous membrane tyrosine
kinase receptors present on the surface of human endo-
thelial cells: VEGFR1, encoded by Fit1, and VEGFR2, en-
coded by KDR/FIk1 (Mustonen and Alitalo 1995; Petrova
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et al 1999). VEGFR1 and VEGFR2 belong to the platelet-
derived growth factor (PDGF) receptor subfamily, which
consists of 7 immunoglobulin (Ig) homology domains in
its extracellular part and of an intracellular tyrosine ki-
nase domain that is split by a kinase insert of 65-97 hy-
drophobic residues. This kinase insert is important for
substrate recognition (Petrova et al 1999). On endothelial
cells, VEGF also binds to neuropilin, a coreceptor that
increases the affinity of VEGFR2 for VEGF (Soker et al
1998). VEGFR1 and VEGFR?2 are essential for vasculogen-
esis and angiogenesis, and knockout mice for both recep-
tors are embryonic lethal (Fong et al 1995; Shalaby et al
1995).

Like other tyrosine kinase receptors, VEGFRs undergo
ligand-induced homodimerization and oligomerization,
which activates their intrinsic tyrosine kinase activity. The
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formation of heterodimers between VEGFR1 and
VEGEFR?2 has recently been reported, but their role is still
ambiguous (Rousseau et al 2000a; Sato et al 2000Db).
VEGEFR1 is poorly autophosphorylated in response to
VEGEF in endothelial cells. Moreover, mice expressing a
truncated form of VEGFR1, which lacks the tyrosine ki-
nase domain, possess normal vasculature conversely to
the full-VEGFR1 knockout animals. This indicates that
VEGEFR1 is weakly involved in transducing the VEGF an-
giogenic signals and supports the concept that it might
act as a decoy receptor rather than as a signal-transducing
molecule (Petrova et al 1999). In contrast, ligand-induced
homodimerization of VEGFR2 leads to a strong auto-
phosphorylation of VEGFR2 on tyrosine residues, which
drives the activation of major signaling pathways that in-
clude extracellular regulated kinase (ERK) and stress-ac-
tivated protein kinase-2/p38 (SAPK2/p38) mitogen-acti-
vated protein (MAP) kinases (Seetharam et al 1995; Rous-
seau et al 1997). Activation of ERK leads to increased pro-
liferation of endothelial cells, whereas activation of
SAPK2/p38 triggers the cytoskeleton remodeling that is
required to drive actin-based motility (Huttenlocher et al
1995; Rousseau et al 2000b). Major autophosphorylation
sites on VEGFR2 have been ascribed as Y1175 and Y1214
(Takahashi et al 2001). Other putatively important phos-
phorylated sites include Y951 and Y996 in the kinase in-
sert domain and Y1054 and Y1059 in the tyrosine kinase
catalytic domain. These tyrosine residues, when phos-
phorylated, are involved as docking sites to recruit mol-
ecules containing src homology 2(SH2) and 3(SH3) do-
mains, or phosphotyrosine-binding (PTB) domain and to
convey signals to downstream pathways (Petrova et al
1999). In particular, phosphorylation of Y1175 by VEGF
is crucial to initiate the activation of phospholipase C-y
(PLCy) as well as to convey ERK-mediated signal to deox-
yribonucleic acid (DNA) synthesis (Takahashi et al 2001).
The adapter protein VEGF receptor-associated protein is
possibly involved in connecting phosphoinositide 3-ki-
nase and PLCy to VEGFR2, presumably through inter-
action with Y951 (Wu et al 2000). Shc is recruited to a
yet unknown tyrosine on the phosphorylated VEGFR?2,
which triggers connection to the adapter protein Grb2
and then transmits the mitogenic signals to Sos, Ras, and
ERK (Kroll and Waltenberger 2000). The adapter mole-
cules and the tyrosine residues that couple VEGFR2 to
SAPK2/p38 or FAK remain to be identified. In the case
of FAK, its association with VEGFR2 required the last 125
amino acids of the C terminal tail but seems to be inde-
pendent of the Y residues present in this region (Qi and
Claesson-Welsh 2001).

Integrins are transmembrane adhesion receptors con-
sisting of a and B chains, which associate into dimers on
binding with their respective extracellular matrix (ECM)
ligands. Integrins are involved in an active bidirectional
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signaling between the cells and the ECM, and they con-
tribute to the linkage between ECM and cells (Schoen-
waelder and Burridge 1999). Notably, activation of the in-
tegrins allows the functional connection between focal
contacts and actin cytoskeleton that is required to drive
cell migration (Klemke et al 1997; Giancotti 2000). There
is a wealth of evidence that supports that integrins and
growth factor signaling pathways interact to coordinately
integrate the message initiated by both types of receptors.
For example, o, integrin mediates fibronectin-induced
epithelial cell proliferation through activation of the epi-
dermal growth factor (EGF) receptors (Kuwada and Li
2000). Similarly, o, B, integrin associates with PDGFf and
VEGEFR?2 to potentiate their activity (Soldi et al 1999; Bor-
ges et al 2000). Little is known, however, on how the sig-
nals initiated by growth factor—integrin receptor com-
plexes are integrated by the cells to activate the appro-
priate targets. Focal adhesion kinase (FAK) appears to in-
tegrate the signal generated by integrins and the EGF and
PDGEF receptors, and integrin-linked kinase (ILK) inte-
grates the insulin and fibronectin-dependent signals
(Dedhar et al 1999; Sieg et al 2000).

Hsp90 is an abundant and highly conserved chaperone
protein, which is involved in a vast array of cellular re-
sponse. It acts as a scaffolding protein that maintains the
nuclear receptors for steroids, the ErbB2 receptors, and
the signaling molecules such as Src, Raf, Akt in a confor-
mational state, which allows signaling (Pratt 1997; Sato et
al 2000a; Xu et al 2001, 2002). The in vivo functions of
Hsp90 require adenosine triphosphate (ATP) binding and
ATP hydrolysis by intrinsic adenosine 5'-triphosphatase
(ATPase) activity (Obermann et al 1998). Inhibiting ATP
binding with geldanamycin, an ansamycin derivative,
specifically suppresses the ATPase activity of Hsp90 and
disrupts its functions (Obermann et al 1998). In particu-
lar, inhibition of Hsp90 by geldanamycin blocks the as-
sembly of Hsp90 heterocomplexes and destabilizes pre-
formed heterocomplexes (Pratt 1998). Hsp90 is impor-
tantly involved in VEGF signaling, being required for
VEGFR2-mediated activation of endothelial NO synthase
and FAK tyrosine phosphorylation in endothelial cells
stimulated with VEGF (Garcia-Cardena and Folkman
1998; Rousseau et al 2000b). Interestingly, recent studies
indicated that o,B, integrin—-mediated adhesion of platelet
to collagen is involved in modulating the disassembly of
a signaling modulatory complex that contains Hsp90 and
phosphatase-1 (Polanowska-Grabowska et al 1997; Polan-
owska-Grabowska and Gear 2000).

In this study, we show that integrin o, 8, synergistically
interacts with VEGFR2 and demonstrate for the first time
that this leads to the activation of SAPK2/p38 and tyro-
sine phosphorylation of FAK and to endothelial cell mi-
gration in response to VEGE We also report for the first
time that Hsp90 is present in a complex that coprecipi-



tates with VEGFR2 and that it has a crucial role in reg-
ulating the recruitment of vinculin to VEGFR2, which
then initiates the building up of the nascent focal adhe-
sions.

MATERIALS AND METHODS
Reagents

VEGF165, endothelial cell growth supplement (ECGS),
endotoxin-free cell culture-tested bovine serum albumin
(BSA), and geldanamycin were obtained from Sigma, St.
Louis, MO, USA. Contortrostatin was a generous gift
from Dr Frank Markland (USC Keck School of Medicine).
Chemicals for electrophoresis were purchased from Bio-
Rad, Mississauga, ON, Canada and Fisher, Montreal,
Quebec, Canada. Plasma bovine vitronectin was from
Sigma.

Antibodies, peptides, and adenovirus

Anti-FAK used for immunoprecipitation is a rabbit poly-
clonal antibody obtained from Pharmingen (La Jolla, CA,
USA), and anti-FAK used for Western blotting is a mouse
monoclonal antibody from Transduction Laboratories,
Mississauga, ON, Canada. Anti-VEGFR2 blocking (KF1-
6.64) and nonblocking (KF2-5.52) antibodies were gifts
from ImClone Systems (New York, NY, USA) (Witte et al
1998; Zhu et al 1998). Other anti-VEGFR2 antibodies were
from Santa Cruz, Santa Cruz, CA, USA, (Flk-1, clone
1158) and Sigma (Kdr, clone 2). Function-blocking anti-
body against integrin 1 subunit (clone P4C10) was from
Life Technology, Burlington, ON, Canada. Neutralizing
anti-integrin o, (clone LM609) and o 5 (clone P1F6)
antibodies were obtained from Chemicon (San Diego, CA,
USA). Anti-mouse IgG-horseradish peroxidase (HRP)
and anti-rabbit IgG-HRP were from Jackson Laboratories,
West Grove, PA, USA. Monoclonal antiphosphotyrosine
antibody (clone PY20) and anti-Hsp90 mouse were from
Transduction Laboratories. Antiphospho p38 was from
New England Biolabs, Beverly, MA, USA. Anti-p38 anti-
body was given by Dr Jacques Landry (Laval University,
Québec). Anti-vinculin antibody was from Sigma. Anti-
mouse IgG-Alexa 568 antibody was purchased from Mo-
lecular Probes, Eugene, OR, USA. pEGFP-C1 was pur-
chased from Clonetech, Mississauga, ON, Canada and
FAK-related nonkinase protein (FRNK) construct was giv-
en by Dr Jun-Lin Guan (Cornell University). The adeno-
virus expressing a dominant negative mutant of p38 was
prepared as follows: the kinase-inactive p38a:Arg-Gly-
Phe (AGF) complementary DNA (Raingeaud et al 1995)
was cloned in an adenovirus transfer plasmid and made
into a replication-incompetent Ad-5 (delE1, E3) virus as
described (Valerie 1999; Rosenberg et al 2001). The virus
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expresses p38a (T3, GY — AGF) with a Flag-tag at its
amino terminus. Infection of human keratinocytes with
this virus completely inhibits the activation of p38 by ul-
traviolet B (Chouinard et al 2002).

Cells

HUVEC were isolated by collagenase digestion of umbil-
ical veins from undamaged sections of fresh cords. The
umbilical vein was cannulated, washed with Earle’s basic
salt solution (EBSS), and perfused for 10 minutes with
collagenase (1 mg/mL) in EBSS at 37°C. After perfusion,
the detached cells were collected, the vein was washed
with 199 medium, and the wash-off pooled with the per-
fusate. After washing, cells were plated on gelatin-coated
75-cm? culture dishes in MXV medium (199 medium con-
taining 20% heat-inactivated fetal bovine serum [FBS],
ECGS [60 pg/mL], glutamine, heparin, and antibiotics).
Subcultures were obtained by trypsination and were used
at passages <4. The identity of HUVEC as endothelial
cells was confirmed by their polygonal shape or by de-
tecting their immunoreactivity for factor VIll-related an-
tigens. For all experiments, treatments were done on HU-
VEC that were cultivated on 3 pg/mL of vitronectin and
that were made quiescent after incubation for 16-20 hours
in ECGS-free medium containing 5% FBS, glutamine, and
antibiotics. Cultures were maintained at 37°C in a hu-
midified atmosphere containing 5% CO,.

Gene transfer

Gene transfer was achieved by using adenoviral con-
structs containing B-galactosidase or p38 AGE a domi-
nant negative form of SAPK2/p38a, given by Drs Claude
Gravel (Laval University, Québec) and Kristoffer Valerie
(Virginia Commonwealth University, Richmond, VA), re-
spectively. Briefly, HUVEC were plated for 24 hours in
35-mm petri dishes. Five microliters of adenoviral vector
suspension was then added for 8 hours to the monolayers
of HUVEC cultures. The infection media were then
changed for fresh media. Twenty-four hours later, the
cells, 80% of which expressed p38 AGE were treated and
processed for migration assays as described below. Elec-
troporated gene transfer was obtained with 30 ug of DNA
construct per 1 X 10° HUVEC. Suspended cells were left
on ice in minimal media with DNA for 3 minutes and
then were electroporated at 25 wF and 300 V. Cells were
then left on ice for an additional 10 minutes and seeded
with complete media in 60-mm petri dishes. Four hours
later, media were changed for fresh media. Twenty-four
hours later, the cells were treated and processed for mi-
gration assays as described below. Cotransfection of a
green fluorescent protein (GFP) construct allows an esti-
mation of the transfection efficiency as 30%. This has been
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done in fluorescence microscopy by evaluating the per-
centage of cells that express GFP.

Immunoprecipitation

For tyrosine phosphorylation of FAK, the cells plated
were scraped and extracted in 75 uL of boiled denatur-
ation buffer containing 1% sodium dodecyl sulfate (SDS),
1 mM Na,VO,, and 10 mM Tris (pH 7.4). The further
steps were done at 4°C. For assays in suspension cultures,
cells were trypsinized, kept in suspension in 1.5 mL of
ECGS-free medium for 20 minutes at 37°C and 5% CO,.
Incubation in the presence of the blocking antibodies last-
ed for all the suspension time. VEGF was added for the
last 5 minutes. Cells were centrifuged at 200 X g for 5
minutes at 4°C, washed with phosphate-buffered saline
(PBS), and lysed in 75 pL of boiled denaturation buffer.
Extracts were boiled twice for 5 minutes. Samples were
immediately used for immunoprecipitation or were
stored at —80°C. Proteins were quantified according to
Bradford assay, and 65 wg of proteins was diluted 10
times in B buffer containing 150 mM NaCl, 50 mM Tris-
HCI (pH 7.5), 1% Triton X-100, 0.1% sodium deoxycho-
late, 2 mM ethylenediaminetetraacetic acid, 2 mM ethyl-
ene glycol-bis(aminoethylether)-tetraacetic acid, 1 mM
Na,VO,, 1 mM leupeptin, 50 pg/mL pepstatin, and 1 mM
phenylmethane sulfonyl fluoride and was incubated for 2
hours at 4°C with 2 uL of FAK antibody preincubated
with 12 pL of protein A Sepharose (50% v/v). Immuno-
precipitated proteins were separated through 7.5% SDS-
polyacrylamide gel electrophoresis (PAGE) and trans-
ferred onto nitrocellulose as previously described (Rous-
seau et al 2000b) and processed for Western blotting. For
the detection of VEGFR2 and proteins associated with
VEGEFR?2, cells were extracted as for FAK immunoprecip-
itation, except that they were lysed in 250 pL of buffer B
containing 0.1% Triton X-100. After protein quantifica-
tion, 250 pg of proteins was incubated with 20 pL of anti-
VEGFR?2 antibody preincubated with 20 uL of protein A
Sepharose (50% v/v). Proteins were separated through
7.5% SDS-PAGE, transferred onto nitrocellulose, and pro-
cessed for Western blotting using antiphosphotyrosine,
anti-VEGFR2, anti-Hsp90, or antivinculin. For detection
of SAPK2/p38, cells were extracted as for VEGFR2 im-
munoprecipitation, except that they were lysed in 100 wL
of SDS-PAGE loading buffer. After protein quantification,
30 wg of proteins were separated through 10% SDS-
PAGE, transferred onto nitrocellulose, and processed for
Western blotting.

Western blotting
After reacting membranes with appropriate primary an-

tibody, antigen-antibody complexes were detected with
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anti-IgG HRP antibody and then proteins were revealed
using an enhanced chemiluminescence kit. SAPK2/p38
activity was evaluated using antibody that recognizes the
phosphorylated form of SAPK2/p38 (New England Bio-
labs). Anti-VEGFR2 was detected using anti-Kdr (clone 2
from Sigma). For stripping, nitrocellulose membranes
were first washed in Tris-buffered saline (TBS) 1X con-
taining 0.1% Tween. Then, they were incubated for 30
minutes at 68°C in stripping buffer (62.5 mM Tris-HCl
[pH 6.8], 2% SDS, and 42 mM fresh B-mercaptoethanol)
and washed again in TBS containing 0.1% Tween. In
some experiments, the immunoreactive bands were quan-
titated by scanning densitometry using the NIH Image
Software.

Adhesion assays

Ninety-six-well plastic dishes (Nunc) were coated with
150 ng of bovine vitronectin contained in 50 wL of PBS
for 1 hour at 37°C and then were saturated with 1% BSA
in PBS. After detachment, cells (3 X 10%) were resuspend-
ed in 100 pL of MXV medium in the presence or absence
of blocking antibodies and then were seeded in 96-well
dishes precoated with vitronectin. Cells were left to ad-
here at 37°C for 1 hour. After 2 washes with medium,
attached cells were fixed with glutaraldehyde 1% for 30
minutes, stained with 50 pL of 0.1% (w/v) crystal violet,
and lysed with 0.1 mL of 1% SDS. Optical density was
measured at 550 nm.

Cell migration assay

Cell migration was assayed using a modified Boyden
chamber assay (Waltenberger et al 1994; Rousseau et al
1997). Exponentially growing cells were harvested with
trypsin, counted, centrifuged, and resuspended at 0.5 X
10° cells/mL in migration buffer (199 medium, 10 mM
N-2-hydroxyethylpiperazine-N’-2-ethane-sulfonic acid
[pH 7.4], 1 mM MgCl,, 0.5% BSA). Cells were either not
preincubated or preincubated for 20 minutes in suspen-
sion with blocking antibodies against integrins, and they
were then added on an 8.0-um-—pore size polycarbonate
membrane that was coated on both sides with vitronectin
(8 wg/mL in PBS) and that separated the upper and lower
chambers of a 6.5-mm transwell. VEGF was added to the
lower chamber. Four hours later, cells on the upper face
of the membrane were scraped using a cotton swab, and
cells on the lower face were fixed with 3.7% formalde-
hyde and stained with Mayer’s hematoxylin solution. The
number of migrating cells on the lower face of the filter
was counted in 5 fields under 100X magnification. In
transfected cells expressing FRNK or GFP (or both), the
number of fluorescent cells that have crossed the mem-
brane was determined using an inverted fluorescence mi-



croscope. Assays were done in triplicates and repeated at
least 3 times.

Immunofluorescence microscopy

LabTek (Nunc) wells were coated with 600 ng of bovine
vitronectin contained in 200 L for 1 hour at 37°C. Cells
(2 X 10*) were seeded in each chamber in 300 pL of MXV
medium and then were made quiescent. After treatments,
quiescent cells were washed twice with PBS (pH 7.5),
fixed with formaldehyde 1% for 20 minutes at 37°C, and
permeabilized with 0.2% Triton X-100 in PBS for 3 min-
utes. Vinculin was detected using the hVIN-1 monoclonal
antibody. Vinculin antigen-antibody complexes were de-
tected with anti-mouse IgG coupled to Alexia 568. Anti-
bodies were incubated in 3% BSA, 0.05% Tween 20, and
0.08% sodium azide. Slides were observed by confocal
microscopy with a Nikon Diaphot-TDM equipped with a
60X objective lens with a 1.4 numerical aperture.

RESULTS

Endothelial cell migration induced by VEGF on
vitronectin depends on VEGFR2 and o, 8; integrin and
requires the activation of SAPK2/p38 and FAK

Endothelial cell migration is driven by the coordinated
integration of the motogenic messages elicited by the in-
teraction of adhesive molecules and angiogenic cytokines
with their respective receptors. In this study, we investi-
gated the role of integrins and VEGF receptors in medi-
ating the motogenic signals induced by VEGF in endo-
thelial cells cultivated on vitronectin, a major constituent
of the basal membrane, which separates endothelial cells
from vascular smooth muscle cells. Four integrins rec-
ognize vitronectin: o, B;, o,Bs, a;Bs and o B;. Of these,
aBs aBs and «,B, are expressed by endothelial cells
(Felding-Habermann et al 1997; Erdreich-Epstein et al
2000). To understand the role of these integrins in cell
migration, we first verified their involvement in mediat-
ing the adhesion of HUVEC on vitronectin. Cells in sus-
pension were either not pretreated or pretreated for 20
minutes with various concentrations of anti-o,3;, anti-
a,Bs, and anti-B, blocking antibodies and then were add-
ed to a vitronectin matrix. Adhesion was assessed after
60 minutes. Results showed, for the maximally effective
concentrations of the antibodies, that the anti-o,8; and
anti-a B5 reduced the adhesion of HUVEC to vitronectin
75% and 25%, respectively, whereas the anti-B, antibody
did not affect cell adhesion (Fig 1A, data not shown).
Consistent with their role in cell adhesion, both « 8, and
a,B5 integrins were involved in regulating the matrix-as-
sociated cell migration because both the anti-o,f, and
anti-o, 85 inhibited basal cell migration (Fig 1B). However,
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only a,B; was required to mediate the VEGF-induced in-
crease in migration of HUVEC. This is illustrated in Fig-
ure 1B, which shows that the neutralizing anti-o, 3, in-
tegrin antibody completely inhibited chemotactic cell mi-
gration induced by VEGE The anti-o, 85 neutralizing an-
tibody did not affect chemotactic cell migration excluding
the participation of o, 5. Integrin o, or other integrins
were not involved either because no migration was ob-
served when both «,8, and o,; were concomitantly
blocked. The «,B;-mediated, increased chemotactic cell
migration required the activation of the VEGF receptor
VEGFR?2 because it was reduced down to basal level by
pretreating the cells with an anti-VEGFR2 neutralizing
antibody (Fig 1C). In contrast, a binding but not neutral-
izing anti-VEGFR2 antibody had no effect on VEGF-in-
duced endothelial cell migration. We previously reported
that the VEGF-induced, increased migration of HUVEC
cultivated on gelatin, another matrix that binds integrin
a,B;, required an enhanced SAPK2/p38 MAP kinase ac-
tivity and FAK activation (Petitclerc et al 1999; Rousseau
et al 2000b). In accordance with these findings, we found
that adenovirus-mediated overexpression of a dominant
negative form of SAPK2/p38 (p38 AGF) almost complete-
ly blocked the VEGF-induced increase of cell migration
(Fig 2A). Similarly, transfection of a dominant negative
regulator of FAK (FRNK) blocked the VEGF-induced, in-
creased endothelial cell migration (Fig 2B). The major
conclusion drawn from Figures 1 and 2 is that the VEGFE-
induced endothelial cell migration on vitronectin de-
pends on both VEGFR2 and integrin o3, and requires
the activation of SAPK2/p38 and FAK.

Activation of SAPK2/p38 and FAK by VEGF
requires a synergistic interaction between VEGFR2
and «, B, integrin

We next ascertained the role of both VEGFR2 and «,B,
integrin receptors in activating SAPK2 /p38 and FAK. Un-
treated HUVEC adhering on vitronectin have a low level
of SAPK2/p38 activity as illustrated by the weak basal
phosphorylation level of SAPK2/p38 (Fig 3A). However,
addition of VEGF (5 ng/mL) induced, within 5 minutes,
a 3-fold increase in SAPK2/p38 activation (Fig 3A). In-
hibiting VEGFR2 with an anti-VEGFR2 antibody inhib-
ited the activation of SAPK2/p38 (Fig 3A). This indicated
that activation of VEGFR2 was required to trigger the
VEGEF-induced activation of SAPK2/p38 in endothelial
cells cultivated on vitronectin. Similarly, we found that
VEGF in concentration (5 ng/mL) that maximally en-
hanced activation of SAPK2/p38 and cell migration in-
duced, within 5 minutes, a 2.5-fold increase in FAK ty-
rosine phosphorylation. The effect was also mediated by
VEGEFR?2, being totally inhibited by the anti-VEGFR2
blocking antibody (Fig 3B). Intriguingly, the activities of
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Fig 1. VEGF-induced migration of HUVEC on vitronectin is medi-
ated by VEGFR2 and integrin «,f;. (A) HUVEC in suspension were
either not incubated or incubated for 20 minutes with optimal con-
centrations or dilutions of anti-o,8; (1 pg/mL), anti-a, 85 (1 pwg/mL),
or anti-B1 (1:1000) integrin antibodies. Cells were then plated in 96-
well culture dishes precoated with 3 wg/mL vitronectin. After 60 min-
utes at 37°C, adhering cells were stained with crystal violet and
quantified by optical density (550 nm). Data points represent means
+ SD of triplicate samples from 3 different experiments. (B) HUVEC
in suspension were either not preincubated or preincubated for 20
minutes with anti-o.,3; (1 pg/mL), anti-o,Bs (1 pg/mL), or anti-g1 (1:
1000) integrin antibodies. (C) HUVEC in suspension were preincu-
bated in the presence or absence of a VEGFR2 blocking (VEGFR2-
ba 10 pg/mL, 20 minutes) or nonblocking antibody (VEGFR2-nba
10 pg/mL, 20 minutes). After treatments, in both B and C, cells were
seeded on the upper part of a vitronectin-coated membrane in a
modified Boyden chamber either containing or not containing VEGF
(5 ng/mL) in the lower part. After 4 hours of migration, cells on the
upper part of the membrane were scraped, and the cells on the lower
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SAPK2/p38 and FAK in the presence of VEGF remained
near basal level in suspension cultures of HUVEC (Fig 3
A,B). However, both kinases were still activable by Il-13
(data not shown). This suggested that binding of VEGF
to VEGFR2 was not sufficient by itself to initiate activa-
tion of SAPK2/p38 and FAK. Because activation of inte-
grin a,B; was required to trigger the VEGF-induced che-
motactic cell migration and because cell suspension is a
condition that precludes activation and clustering of in-
tegrins, the findings strongly suggested that o, 3; integrin
was involved in mediating activation of SAPK2/p38 and
FAK on HUVEC maintained on vitronectin. We next con-
firmed the role of o, B, in activating SAPK2/p38 and FAK
in response to VEGE HUVEC in suspension were either
not treated or treated for 20 minutes in the presence of
the anti-o, 8, neutralizing integrin antibody. Then, they
were put on vitronectin and left to adhere for 55 minutes
before addition of 5 ng/mL VEGF for 5 minutes. Using
this special suspension/55 minutes readhesion protocol,
VEGEF induced the activation of SAPK2/p38 and FAK but
to a lesser level than in HUVEC that were maintained for
longer periods on vitronectin (Fig 3 C,D vs 3 A,B). In both
cases, the anti-a,3; neutralizing integrin antibody inhib-
ited the activation of SAPK2/p38 and the tyrosine phos-
phorylation of FAK (Fig 3 C,D), which supported the
point that o,B; was specifically involved in modulating
the VEGF signal associated with VEGFR2 and that led to
activation of SAPK2/p38 and phosphorylation of FAK.
Signaling from integrins depends on their clustering
after their binding to appropriate binding sites on the
ligand protein. To ascertain the role of integrin «,3; clus-
tering or activation as a prerequisite to the stimulation of
SAPK2/p38 by VEGF/VEGFR2, we used contortrostatin,
a snake venom disintegrin that specifically induced clus-
tering of integrin «,B; (Schmitmeier et al 2000). HUVEC
were pretreated in suspension with 10 nM contortrostatin
in the presence or absence of VEGF and the neutralizing
anti-VEGFR2. Results showed that contortrostatin in-
duced activation of SAPK2/p38 in the presence of VEGF
but not in its absence. Moreover, contortrostatin failed to
activate SAPK2/p38, even in the presence of VEGE when
VEGFR2 was blocked by the anti-VEGFR2 neutralizing
antibody (Fig 4A). In contrast, treating the cells in sus-
pension with an arginine-glycine-aspartic acid (RGD)
peptide to induce the engagement but not the clustering
of integrin did not contribute to the activatation of
SAPK2/p38 (data not shown). This suggests that cluster-

-

part were stained with Mayer’'s hematoxylin. The cells of each well
were counted in 5 fields at 100X magnification. Data points repre-
sent means from triplicate samples taken from at least 3 different
experiments. VEGF, vascular endothelial growth factor; HUVEC, hu-
man umbilical vein endothelial cells; VEGFR2, VEGF receptor 2.
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Fig 2. VEGF-induced migration of HUVEC on vitronectin is mediated by activation of SAPK2/p38 and FAK. (A) HUVEC were infected with
adenoviral vectors expressing Lacz or p38 AGF, a dominant negative form of p38a. (B) HUVEC were electroporated at 25 pF and 300 V
with a total of 30 ug of a GFP construct with or without a FRNK construct. In both A and B, infected and transfected cells were seeded on
the upper part of a vitronectin-coated membrane in a modified Boyden chamber either containing or not containing VEGF (5 ng/mL) in the
lower part. After 4 hours of migration, cells on the upper part of the membrane were scraped. In A, the cells on the lower part were stained
with Mayer’'s hematoxylin and counted in 5 fields at 100X magnification. In B, fluorescent cells, on the lower part, expressing FRNK or GFP
(or both) were counted in 7 fields using an inverted fluorescence microscope at 200X. Data points represent means of triplicate samples.
VEGF, vascular endothelial growth factor; HUVEC, human umbilical vein endothelial cells; SAPK2/p38, stress-activated protein kinase-2/p38;
FAK, focal adhesion kinase; GFP, green fluorescent protein; FRNK, FAK-related nonkinase protein.

ing or activation of a,f; was required to modulate the
VEGEF signal to SAPK2/p38 but was not sufficient by it-
self to activate the kinase. In corollary, this suggests that
the VEGEF signal to SAPK2/p38 does not emanate directly
from integrin but rather proceeds from VEGFR2 or mol-
ecules associated with VEGFR2. Tyrosine phosphoryla-
tion of FAK is a typical event that derives from integrin
clustering. Accordingly, contortrostatin induced the ty-
rosine phosphorylation of FAK in suspension, which con-
firms its reported efficacy in clustering integrin o3, (Fig
4B; Schmitmeier et al 2000). Interestingly, the tyrosine
phosphorylation of FAK by contortrostatin was enhanced
by VEGE Taken together, the results indicate that both
VEGFR2 and «,; are required to activate SAPK2/p38
and FAK in response to VEGE They also suggest that a
synergistic interaction between VEGFR2 and «,(3; drives
the VEGE-induced activation of SAPK2 and FAK. This is
consistent with the findings that both receptors interact
in untreated HUVEC and that the interaction is markedly
increased on stimulation with VEGF (Soldi et al 1999;
Borges et al 2000; Byzova et al 2000).

Integrin «,B; enhances the phosphorylation of VEGFR2
in response to VEGF

We investigated next how the association of integrin a3,
with VEGFR2 modulates the activation of VEGFR2. Sig-
nals elicited from tyrosine kinase receptor such as
VEGEFR? are initiated after activation of their intrinsic ty-
rosine kinase activity. This results in the auto- and trans-

phosphorylation of the receptor on specific tyrosine res-
idues. The phosphorylated residues then serve as docking
sites for signaling molecules involved in transducing fur-
ther the signal to downstream pathways such as SAPK2/
p38. As shown in Figure 5A, VEGF increased the level of
tyrosine phosphorylation of VEGFR2 in HUVEC main-
tained on vitronectin. In contrast, VEGF did not increase
the tyrosine phosphorylation of VEGFR2 under a condi-
tion, such as suspension, that impairs clustering of «,f,.
However, inducing the clustering of a8, with contortros-
tatin resulted in a 1.5-fold increase in the phosphorylation
of VEGFR2 in suspension cultures of HUVEC treated
with VEGF (Fig 5B). These results suggested that integrin
clustering was essential to allow the synergistic interac-
tion between o, and VEGFR2, which then contribute to
phosphorylation of VEGFR2. Hence, one of the first events
that result from the binding of VEGF to VEGFR2 in
monolayer culture might be to increase the clustering of
integrin «,3;, which in turn facilitate the interaction with
VEGFR?2 and trigger full phosphorylation of VEGFR2 and
the activation of downstream targets.

Role of Hsp90 in VEGFR2- and «,, integrin—mediated
VEGF signaling

The chaperone Hsp90 is essential for VEGF-induced en-
dothelial cell migration because geldanamycin and radi-
cicol, 2 inhibitors of Hsp90-mediated events, inhibit en-
dothelial cell migration by VEGF and because overex-
pression of Hsp90 reverts this inhibition (Rousseau et al
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Fig 3. VEGF-induced SAPK2/p38 activation and FAK tyrosine phosphorylation require both VEGFR2 and integrin «,8,. (A) Quiescent
HUVEC on vitronectin or in suspension were either not pretreated or pretreated with a VEGFR2 blocking antibody (VEGFR2-ba 10 pg/mL,
20 minutes) and then were either treated or not treated with VEGF (5 ng/mL, 5 minutes). Cells were then extracted and subjected to SAPK2/
p38 assay. Extracts were separated by SDS-PAGE and transferred to a nitrocellulose membrane. The membrane was processed by Western
blot for phospho p38 detection. The membrane was stripped and reprobed for total p38 to ensure equal protein loading. Data points represent
means = SD of duplicate samples from 2 separate experiments. Representative blots are shown. (B) Quiescent HUVEC were maintained
on vitronectin or put in suspension for 20 minutes. Adhering cells were either not pretreated or pretreated with a VEGFR2 blocking antibody
(VEGFR2-ba 10 pg/mL, 20 minutes) and then were treated with VEGF (5 ng/mL, 5 minutes). Cells in suspension were either not pretreated
or pretreated with the VEGFR2 blocking antibody (VEGFR2-ba 10 pwg/mL, 20 minutes), and VEGF (5 ng/mL) was added for the last 5 minutes
of suspension. Cells were then extracted and subjected to FAK immunoprecipitation, separated on SDS-PAGE, and transferred to a nitro-
cellulose membrane. The membrane was processed for phosphotyrosine detection. The membrane was stripped and reprobed for total FAK
to ensure equal protein loading. Data points represent means * SD of duplicate samples from 2 separate experiments. Representative blots
are shown. (C, D) Cells in suspension were either not pretreated or pretreated with anti-integrin «,8, antibody (1 wg/mL, 20 minutes) and
then were plated on vitronectin for 60 minutes. After 55 minutes, cells were either not treated or treated with VEGF (5 ng/mL, 5 minutes). In
C, cells were extracted and subjected to p38 assay as in A. In D, cells were extracted and subjected to FAK assay as in B. Data points
represent means of triplicate samples. Representative blots are shown. VEGF, vascular endothelial growth factor; SAPK2/p38, stress-acti-
vated protein kinase-2/p38; FAK, focal adhesion kinase; HUVEC, human umbilical vein endothelial cells; VEGFR2, VEGF receptor 2; SDS-
PAGE, sodium dodecyl sulfate—polyacrylamide gel electrophoresis.
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2000Db). In the present study, we show that Hsp90 copre-
cipitated with unstimulated VEGFR2 in HUVEC main-
tained on vitronectin (Fig 6). Exposure to VEGF increased
2-fold the amount of Hsp90 associated with VEGFR2. In-
hibiting Hsp90 by geldanamycin impaired the VEGF-in-
duced increased association between Hsp90 and VEGFR2
(Fig 6). However, it did not blunt tyrosine phosphoryla-
tion level of the receptor (Fig 5). This is consistent with
the fact that geldanamycin did not impair the activation
of SAPK2/p38 and ERK, 2 events associated with phos-
phorylation of VEGFR2 (Fig 7A; Rousseau et al 2000b).
In contrast, geldanamycin markedly inhibited the tyro-
sine phosphorylation of FAK induced by VEGE confirm-
ing the role for Hsp90 in the process (Fig 7B). As ex-
pected, geldanamycin did not inhibit the integrin o, ;-
mediated tyrosine phosphorylation of FAK by contortros-
tatin in HUVEC in suspension, which suggested that the
direct activation of FAK by integrin is independent of
Hsp90 (data not shown).

Tyrosine phosphorylation of FAK is an important de-
terminant of focal adhesion assembly, being involved in
the recruitment of proteins such as vinculin to the nascent
focal adhesions plaques. We thus verified next whether
the Hsp90-dependent phosphorylation of FAK was asso-
ciated with the assembly of focal contacts. We found that
vinculin was quickly recruited to ventral focal adhesions
after activation of HUVEC by VEGF and that geldana-
mycin did inhibit the recruitment of vinculin to the
plaques (Fig 8A). Interestingly, vinculin was recruited to
VEGEFR? in response to VEGE and geldanamycin also in-
hibited this recruitment (Fig 8B). These results are con-
sistent with the possibility that Hsp90, by facilitating the
phosphorylation of FAK, allows the recruitment of vin-
culin to VEGFR2 and raises the possibility that a
VEGFR2-Hsp90-a,3; complex is formed and acts as an
anchorage point to the building up of the nascent focal
contacts in response to VEGE

DISCUSSION

Angiogenesis, the formation of new blood vessels from
preexisting ones, is closely associated with endothelial
cell migration. The process requires the coordinated in-
tegration of motogenic signals elicited by the adhesion of
endothelial cells with ECM and by angiogenic cytokines
such as VEGF (Rousseau et al 2000a). In the present
study, we found that cell migration induced by VEGF in
HUVEC maintained on vitronectin required a synergistic
interaction between the VEGF receptor VEGFR2 and the
integrin o, ;. This leads to activation of motogenic path-
ways involving SAPK2/p38 and FAK.

HUVEC have a low basal capacity to migrate across a
polycarbonate membrane coated with vitronectin, a major
component of the basement membrane matrix, which sep-
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tatin. Then, they were either not treated or treated with VEGF (5 ng/
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VEGFR2 blocking antibody (VEGFR2-ba 10 pg/mL). Cells were then
extracted and processed for SAPK2/p38 assay as in Figure 3A. Data
points represent means of triplicate samples for each condition. Re-
sults are representative of 2 different experiments. (B) Quiescent
HUVEC maintained on vitronectin were left to adhere or were put in
suspension for 20 minutes. Adhering cells were either not treated or
treated with VEGF (5 ng/mL, 5 minutes). Cells in suspension were
either not pretreated or pretreated with 10 nM contortrostatin for the
last 10 minutes of suspension and were either not treated or treated
with VEGF (5 ng/mL, last 5 minutes of suspension). Cells were then
extracted and subjected to FAK phosphorylation assay as in Figure
3B. Data points represent means of duplicate samples. Results are
representative of 2 different experiments. VEGF, vascular endothe-
lial growth factor; SAPK2/p38, stress-activated protein kinase-2/p38;
FAK, focal adhesion kinase; VEGFR2, VEGF receptor 2; HUVEC,
human umbilical vein endothelial cells.

arates endothelial cells from vascular smooth muscle
cells. This matrix-driven cell migration was abolished by
inhibiting integrins a8, and «,; with appropriate neu-
tralizing antibodies, which suggested that binding of
both integrins to their ligands was able to elicit motogenic
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Fig 5. Integrin «,B; mediates tyrosine phosphorylation of VEGFR2

in response to VEGF. (A, B) Quiescent HUVEC were maintained on
vitronectin or put in suspension for 20 minutes. Adhering cells (A)
were either not pretreated or pretreated with geldanamycin (GA, 1
wg/mL, 60 minutes) and then were either not treated or treated with
VEGF (5 ng/mL, 5 minutes). For cells in suspension (B), contortros-
tatin (CN, 10 nM) was either not added or added for the last 10
minutes of suspension, and VEGF (5 ng/mL) was either not added
or added for the last 5 minutes. Cells were then extracted and sub-
jected to VEGFR2 immunoprecipitation. Thereafter, they were sep-
arated on sodium dodecyl sulfate—polyacrylamide gel electrophore-
sis and transferred to a nitrocellulose membrane to detect phospho-
tyrosinated VEGFR2. The membrane was stripped and reprobed for
total VEGFR2 to ensure equal protein loading. In the blank track (A,
B), no cellular extract was added. Results are representative of 2
different experiments. VEGF, vascular endothelial growth factor;
VEGFR2, VEGF receptor 2; HUVEC, human umbilical vein endo-
thelial cells.

signals. In contrast, basal cell migration was not inhibited
by an anti-B, neutralizing antibody, indicating that this
integrin, which is also expressed by HUVEC and recog-
nized by vitronectin, was not involved in the process. Lit-
tle is known on how integrins can by themselves initiate
motogenic signals. The matrix-derived activation of mo-
togenic pathways downstream of integrins can differ be-
tween cell types. In HUVEC, «, B, integrin—driven cell mi-
gration on vitronectin is associated with a sustained ac-
tivation of ERK MAP kinase (Eliceiri et al 1998). In mouse
embryonic fibroblasts on fibronectin, o, B, integrin re-
quires functional MAP kinase ERK kinase 1 (MEK1) to
trigger haptotaxis, a form of chemotaxis induced by in-
soluble component of the ECM, but is independent of the
activation of ERK downstream of MEK1 (Giroux et al
1999). In HT29 colon carcinoma cells, activation of protein
kinase C mediates haptotaxis induced by several inte-
grins including o,B; (Rigot et al 1998). The capacity of a
given integrin to activate diverse signaling pathways de-
pending on cell types may well explain why the impor-
tance of a given integrin to drive haptotaxis and matrix-
driven migration also varies with cell types. For instance,
we found in HUVEC that o35 was as important as o3,
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Fig 6. Hsp90 coprecipitates with VEGFR2. Quiescent HUVEC
maintained on vitronectin were either not pretreated or pretreated for
60 minutes with geldanamycin (1 pg/mL) and then they were either
not treated or treated with VEGF (5 ng/mL, 5 minutes). Cells were
then extracted and subjected to VEGFR2 immunoprecipitation and
were processed for immunodetection of Hsp90, as described in Ma-
terials and Methods. Data points are means = SD of duplicate sam-
ples from 2 different experiments. Representative blots are shown.
VEGF, vascular endothelial growth factor; VEGFR2, VEGF receptor
2; HUVEC, human umbilical vein endothelial cells.

in driving basal cell migration, whereas it was not in-
volved in regulating the migration of mouse embryonic
fibroblasts (Giroux et al 1999). In keratinocytes, o, 35 me-
diates the locomotion on vitronectin but not on fibronec-
tin (Kim et al 1994; Koivisto et al 1999). The functional
role of the low basal level of haptotaxis and matrix-as-
sociated cell migration of endothelial cells is still unclear.
Mathematical models have been developed, suggesting
that haptotaxis has a role to play during the early phases
of angiogenesis (Orme and Chaplain 1996, 1997).
Addition of VEGF enhanced the migration of endothe-
lial cells on vitronectin. This effect was inhibited by im-
pairing the binding of «,B; to vitronectin with an anti-
o, B; integrin. In contrast, the anti-o, 35 integrin antibody
did not inhibit the VEGF-induced cell migration. Thus,
whereas o,B; and «, 5 are both involved in modulating
matrix-associated increase in cell migration, only «, B, in-
tegrin is able to sustain chemotactic migration induced
by VEGE This suggests that the VEGF receptors should
interact with «,B; integrin to initiate VEGF signaling to
cell migration. VEGF binds to 2 tyrosine kinase receptors
on endothelial cells, VEGFR1 and VEGFR?2. It also binds
to neuropilin, a coreceptor that increases the affinity of
VEGEFR?2 for VEGF (Petrova et al 1999). In this study, we
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Fig 7. Geldanamycin does not inhibit
SAPK2/p38 activation induced by
VEGF, but it does block tyrosine phos-
phorylation of FAK. (A, B) Quiescent
HUVEC on vitronectin were either not
pretreated or pretreated for 60 minutes
with geldanamycin (1 pg/mL) and then
they were subsequently either not
treated or treated with VEGF (5 ng/mL,
5 minutes). Cells were then extracted,
separated on sodium dodecyl sulfate—
polyacrylamide gel electrophoresis,
and SAPK2/p38 (A) and tyrosine phos-
phorylation of FAK (B) were assessed
as described in Figure 3. Data points
represent means *= SD of triplicate
samples from 2 different experiments.
Representative blots are shown.
SAPK2/p38, stress-activated protein ki-
nase-2/p38; VEGF, vascular endothe-
lial growth factor; FAK, focal adhesion
kinase; HUVEC, human umbilical vein
endothelial cells.

VEGF

FAK Tyrosine Phosphorylation (-Fold)

found that activation of VEGFR2 was required to drive
migration of endothelial cell because an anti-VEGFR2
neutralizing antibody totally inhibited migration of HU-
VEC across a polycarbonate membrane coated with vit-
ronectin. This confirms the findings from a previous
study in which we showed, in porcine aortic endothelial
cells stably expressing VEGFR1 or VEGFR?2, that VEGF
induces cell migration only in the cells that express
VEGFR2 (Rousseau et al 2000b). Similarly, VEGFR2-se-
lective binding mutants of VEGF are as effective as wild
type VEGF to increase migration of HUVEC, whereas
VEGEFRI1-selective binding VEGF mutants are unable to
increase cell migration over background level (Gille et al
2001). Overall, these results are consistent with the fact
that endothelial cell migration induced by VEGF requires
a synergistic interaction between VEGFR2 and integrin
o, B

The findings that inhibiting SAPK2/p38- and FAK-me-

diated events by overexpression of dominant negative
regulators of the kinases (p38 AGF for SAPK2/p38 and
FRNK for FAK) impaired cell migration are conclusive
indications that activation of the SAPK2/p38 and FAK
pathways is essential to transduce the motogenic signals
initiated by VEGFR2 and «,3; in response to VEGE Ac-
tivation of cell migration by stimulation of SAPK2/p38
results from an increased phosphorylation of Hsp27 that
triggers the actin polymerization and remodeling that is
required for cell migration (Rousseau et al 2000a; Lafer-
riere et al 2001). In particular, SAPK2/p38-Hsp27-me-
diated increased actin polymerization contributes to the
formation of lamellipodiae (Lavoie et al 1993; Piotrowicz
et al 1998) and stress fibers (Rousseau et al 1997), which
allows both the protruding (lamellipodiae) and contract-
ing (stress fibers) forces required for cell migration. The
role of SAPK2/p38 in cell migration is in line with the
finding that SAPK2/p38 null mice present variable defi-
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Fig 8. VEGF-mediated recruitment of
vinculin to VEGFR2 and focal adhesion
assembly are inhibited by geldanamy-
cin. (A) Quiescent HUVEC plated on
vitronectin-coated labtek chamber were
either not pretreated or pretreated with
geldanamycin (1 pg/mL, 60 minutes)
and then were either not exposed or
exposed for 15 minutes to VEGF (5 ng/
mL). Cells were fixed, and vinculin was
detected with vinculin antibody and
then revealed with anti-mouse 1gG cou-
pled to Alexa 568. Cells were exam-
ined by fluorescence microscopy. Rep-
resentative fields are shown. (B) Qui-
escent HUVEC on vitronectin were ei-
ther not pretreated or pretreated for 60
minutes with geldanamycin (1 wg/mL),
and they were subsequently either
treated or treated with VEGF (5 ng/mL,
5 minutes). Cells were then extracted
and subjected to VEGFR2 immunopre-
cipitation, separated on sodium dode-
cyl sulfate—polyacrylamide gel electro-
phoresis, and transferred to a nitrocel-
lulose membrane. The membrane was
then processed by Western blot for im-
munodetection of vinculin. Data points
represent means = SD of triplicate
samples from 3 different experiments.
Representative blots are shown.
VEGF, vascular endothelial growth fac-
tor; VEGFR2, VEGF receptor 2; HU-
VEC, human umbilical vein endothelial
cells.

ciencies in vascularization of the embryo (Ihle 2000). In
the case of FAK, its involvement in triggering cell migra-
tion has been ascribed to its role in the assembly/disas-
sembly process of focal adhesions (Aplin et al 1998; Rous-
seau et al 2000a). For example, tyrosine phosphorylation
of FAK is increased in migrating HUVEC, and both FAK
localization to focal adhesion sites and cell migration are
impaired by overexpression of FRNK (Romer et al 1994;
Gilmore and Romer 1996). By regulating the turnover of
focal adhesions assembly, activation of FAK contributes,
in concert with increased actin polymerization generated
through the SAPK2/p38 pathway, to the induction of the
actin remodeling, which is necessary to drive cell migra-
tion.

Because VEGFR2 and «,f; are both essential to VEGF-
induced chemotaxis, this suggests that both receptors are
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involved in activating SAPK2/p38 and FAK. The fact that
VEGEFR? is required to activate SAPK2/p38 and FAK is
directly supported by the finding that the neutralizing
antibody against VEGFR2 specifically inhibits the acti-
vation of both kinases. The fact that «,; is required to
activate SAPK2/p38 and FAK is directly supported by the
finding that activation of VEGFR2 by VEGF cannot by
itself trigger cell migration when «,; integrin is blocked.
It is also indirectly supported by the observation that the
VEGFR2-mediated activation of SAPK2/p38 and FAK
was reduced to near basal level in endothelial cells main-
tained in suspension, a condition that precludes cluster-
ing of integrins (Germer et al 1998; Stupack et al 1999).
The requirement of integrin o, clustering to transduce
the VEGF signal to SAPK2/p38 is further supported by
our findings that VEGF activates SAPK2/p38 in suspend-



ed cells when they are treated with contortrostatin. In-
deed, contortrostatin is a snake venom disintegrin that
specifically induces the engagement and clustering of
o, B; (Ritter et al 2000), just as it occurs after addition of
VEGF to HUVEC on vitronectin. The fact that contor-
trostatin by itself cannot activate SAPK2/38 in suspended
cells indicates that activation of this kinase is not directly
downstream of clustered «,; which suggests that the
VEGEF signal that leads to the activation of SAPK2/p38
emanates directly from VEGFR2. Of note, a previous re-
port showed that the MAP kinase ERK was not directly
downstream of « B, either because it could be activated
by contortrostatin, even in cells that do not express o, 3,
(Ritter and Markland 2000). The findings that contortros-
tatin does activate ERK but not SAPK2/p38 in suspen-
sion, however, are intriguing and indicate that the cell
signaling induced by this disintegrin is multiple.

How VEGFR?2 and «,; integrins interact to synergis-
tically transduce signals that converge to SAPK2/p38 and
FAK remains to be elucidated. On binding with their li-
gands, receptors like VEGFR2 dimerize and oligomerize,
which contribute to activate tyrosine kinase activities in-
trinsically associated with the receptors. This leads to
auto- and transphosphorylation of the receptor on specific
tyrosine residues, which triggers recruitment, to the new-
ly phosphorylated receptors, of adapter proteins that con-
tain SH2 or PTB domains (or both). These adapter pro-
teins become themselves phosphorylated on tyrosine res-
idues and then recruit other signaling molecules that
transmit the signals further downstream. An important
finding in our study was that VEGFR2 from HUVEC in
suspension was not phosphorylated in response to VEGF
in comparison with the cells maintained on vitronectin.
Most importantly, inducing the clustering of o 8, with
contortrostatin allows tyrosine phosphorylation of
VEGFR2 by VEGF in suspension cultures. This suggests
that engagement and clustering of a,B, integrin, as in
VEGF-treated HUVEC maintained on vitronectin, are re-
quired for the phosphorylation of VEGFR2. Intriguingly,
both receptors are known to associate in unstimulated
condition, and exposures to VEGF increased the amount
of o, B; that associates with VEGFR?2. It is thus plausible
that the increased recruitment of o, 3, integrin to VEGFR2
is required to trigger phosphorylation and activation of
VEGFR2 (Soldi et al 1999; Byzova et al 2000). Whereas
the constitutive association of VEGFR2 and « B, takes
place outside the cell (Borges et al 2000), it is not clear
whether the recruited association or localization also
takes place outside the cells and whether it involves the
« or the B chain of «,B;. The basal amount of the o,
constitutively associated with VEGFR2 by the external
portion of the receptors might help to maintain VEGFR2
in a conformation that favors binding of VEGF to
VEGFR2. Upon VEGF binding, this will allow the quick
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initiation of the signals needed to trigger the recruitment
of the additional o, f; molecules required for full phos-
phorylation of VEGFR2. How the additional a,(3; integrin
is recruited to VEGFR? is still unclear. The simplest pos-
sibility is that binding of VEGF to VEGFR2 first induces
lateral movement in the membrane, allowing VEGFR2 to
interact with «, ;. Then, the o, integrin newly recruited
to VEGFR2 bound to VEGF might induce a configuration
change in VEGFR2 that will allow full phosphorylation
and productive signaling. It is possible that the associa-
tion of a,B; integrin with VEGFR2 might protect VEGFR2
against the activity of phosphatase, thus contributing to
maintain the phosphorylation of VEGFR2 (Soldi et al
1999). The finding that activation of SAPK2/p38 follows
the same pattern as the tyrosine phosphorylation of
VEGFR?2 and the fact that, in suspension, both events are
not induced by contortrostatin except in the presence of
VEGEF bring further support to the point that the signal
to SAPK2/p38 proceeds from phosphorylated VEGFR2.
Interestingly, phosphorylation of FAK is enhanced by in-
ducing clustering of integrin o, ; even in the absence of
VEGE which indicates that activation of a3, is signaling
to FAK. Incidentally, a recent study has shown that the
formation of the VEGFR2-«, 3, integrin complex activates
a,B; and then triggers signaling from this integrin (By-
zova et al 2000).

Hsp90 is a molecular chaperone that forms heterocom-
plexes with multiple signaling molecules that include the
nuclear receptor for steroid hormones, the tyrosine kinase
receptor ErbB2, and the signaling molecules Raf, Src, and
Sch (Pratt 1997; Xu et al 2001). The role of Hsp90 is to
maintain the associated proteins in an activable form
(Young et al 2001). Notably, Hsp90 is essential to maintain
the stability of both newly synthesized and mature Erb2
(Xu et al 2002). A major contribution of our study was to
have shown that Hsp90 coprecipitates with VEGFR?2,
which indicates that both proteins are associated. We fur-
ther obtained evidence that the association of Hsp90 with
VEGEFR? is functionally important because specifically in-
hibiting Hsp90 with geldanamycin quickly abolished the
association of Hsp90 with VEGFR2, thereby decreasing
the VEGF-induced tyrosine phosphorylation of FAK, the
increased association of vinculin with VEGFR2, and the
recruitment of vinculin to focal adhesions. We propose
that the Hsp90 associated with VEGFR2, by assuring the
proper phosphorylation of FAK, is required for the build-
ing up of the focal contacts at the receptor site. The fact
that geldanamycin did not reduce the quick tyrosine
phosphorylation increase of VEGFR2 that followed ex-
posure to VEGF nor the activation of SAPK2/p38 indi-
cates that Hsp90 has a specific role in facilitating the
transduction of the VEGF signal to FAK. Moreover, this
suggests that the quick inhibition of FAK phosphorylation
by geldanamycin may occur independently of a possible
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long-lasting effect of Hsp90 on maintaining the stability
of VEGFR? in contrast to what has been reported for Erb2
(Xu et al 2002). In fact, short exposures (1 hour) to gel-
danamycin do not affect the cellular level of FAK even if
these decrease its tyrosine phosphorylation (Rousseau et
al 2000b). Of note, long exposures (>12 hours) to geldan-
amycin increase the breakdown of FAK, which raises the
possibility that FAK might be a client protein for Hsp90
(Ochel et al 1999). However, we were unable to see a di-
rect association between Hsp90 and FAK in immunopre-
cipitation experiments (LeBoeuf et al, in preparation). In-
terestingly, geldanamycin decreases the level of the c-Met
receptor even if c-Met is not associated with Hsp90 (Mau-
lik et al 2002). A possible explanation is that FAK or c-
Met becomes degraded by ubiquitination in response to
prolonged exposure to geldanamycin. Src is an important
regulator of FAK by VEGE and Hsp90 is known to be
involved in Src-mediated events (Pratt 1997; Garcia-Car-
dena et al 1998; Takahashi et al 1999). A challenging pos-
sibility raised by finding that VEGF increased the asso-
ciation of Hsp90 with VEGFR2 is that Hsp90 is instru-
mental in recruiting Src and then FAK to VEGFR2.

In summary, we confirm in the present study that
VEGFR? and «, 3, integrin synergistically interact and we
demonstrate, for the first time, that this interaction initi-
ates the motogenic signals that lead to activation of
SAPK2/p38 and FAK in endothelial cells exposed to
VEGE Activation of SAPK2/p38 proceeds from phos-
phorylated VEGFR2, whereas activation of FAK results
from o,B; associated with VEGFR2. We also report, for
the first time, that Hsp90 associated with VEGFR2 plays
crucial roles in FAK phosphorylation in response to VEGF
and in recruiting vinculin to VEGFR2 and focal contacts.
These novel findings add important new concepts that
help to better understand the complex regulation of en-
dothelial cell migration induced by VEGE
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