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Interaction between integrin o,fB; and extracellular
matrix is crucial for endothelial cells sprouting from
capillaries and for angiogenesis. Furthermore, integrin-
mediated outside-in signals co-operate with growth
factor receptors to promote cell proliferation and motil-
ity. To determine a potential regulation of angiogenic
inducer receptors by the integrin system, we investi-
gated the interaction betweeruo, 3 integrin and tyrosine
kinase vascular endothelial growth factor receptor-2
(VEGFR-2) in human endothelial cells. We report that
tyrosine-phosphorylated VEGFR-2 co-immunoprecipi-
tated with B3 integrin subunit, but not with Bl or
B5, from cells stimulated with VEGF-A5, VEGFR-2
phosphorylation and mitogenicity induced by VEGF-
A1g5 Were enhanced in cells plated on the,f; ligand,
vitronectin, compared with cells plated on the asf;
ligand, fibronectin or the o,B; ligand, collagen. BV4
anti-B3 integrin mAb, which does not interfere with
endothelial cell adhesion to vitronectin, reduced (i)
the tyrosine phosphorylation of VEGFR-2; (ii) the
activation of downstream transductor phosphoinositide
3-OH kinase; and (iii) biological effects triggered by
VEGF-A 145 These results indicate a new role foo, 3
integrin in the activation of an in vitro angiogenic
program in endothelial cells. Besides being the most
important survival system for nascent vessels by regu-
lating cell adhesion to matrix, o3 integrin partici-
pates in the full activation of VEGFR-2 triggered by
VEGF-A, which is an important angiogenic inducer in
tumors, inflammation and tissue regeneration.
Keywords angiogenesis/endothelial cells/integrin/
tyrosine kinase receptor/vascular endothelial growth
factor

Introduction

Integrin-mediated cell-matrix interactions regulate often
divergent biological events including cell adhesion, migra-
tion, proliferation, differentiation and survival (Giancotti,
1997; Schwartz, 1997). Upon binding to matrix proteins,
integrins transmit ‘outside-in’ signals to the cell, which

include (i) activation of kinases, such as focal adhesion
kinase, pp68° mitogen-activated protein (MAP) kinase,
Jun kinase, protein kinase C; (ii) changes in cytosolic
ions, such as proton and calcium; and (iii) production of
lipid mediators (Clark and Brugge, 1995; Schwastzal.,
1995; Yamada and Miyamoto, 1995; Parsons, 1996;
Frisch and Ruoslahti, 1997). Many of the integrin-induced
signaling pathways can also be activated by binding of
soluble growth factors to their receptors, which suggests
the existence of co-ordinate mechanisms between integrins
and growth factors in the control of cellular functions.
Cell adhesion has been shown to increase autophosphoryl-
ation of the epidermal growth factor (EGF) and platelet-
derived growth factor (PDGF) receptors in response to
their cognate ligands (Miyamotet al, 1996). Ligation
of specific integrins is followed by activation of the MAP
kinase through the engagement of the adaptor molecule,
Shc, and the Ras pathway (Wasyal., 1996), of the focal
adhesion kinase (Schlaepfetral., 1994), and engagement
of phosphoinositide 3-OH kinase (P1 3-kinase) (Ketal,
1997). Cell adhesion is also specifically required for the
induction of cyclin D1 (Zhuet al, 1996). Within the
integrins, a,B; engagement in cell-matrix interactions
seems to be strictly involved in the co-ordinated activation
of tyrosine kinase receptors. Thereforg,3; associates
with the tyrosine-phosphorylated PDGF and insulin recep-
tor (Vuori and Ruoslahti, 1994; Rousseat al, 1997)
and its natural ligand vitronectin enhances the biological
activity of PDGF8 (Schnelleret al.,, 1997; Woodaret al.,
1998). Alternatively, this integrin complex can interact
with tenascin-C, thus favoring the clustering of EGF
receptors and EGF-dependent growth (Jogtes., 1997).
Interaction between integria,3; and the extracellular
matrix has been identified as the most important survival
system for nascent vessels. Integoiyf3; is expressed in
high quantities on angiogenic endothelial cells (Brooks
et al, 1994a), where it suppresses the activity of p53 and
the p53-inducible cell-cycle inhibitor p24F/CIP1 and
increases the Bcl-2:Bax ratio, with a consequent anti-
apoptotic effect (Stromblaet al., 1996). It is also involved
in a late and sustained activation of mitogen-activated
protein kinase in the chorionallantoic membrane stimulated
by basic fibroblast growth factor (Eliceigt al, 1998).
Thus, both the cell cycle and apoptotic signaling cascades
are balanced by this integrin complex. Furthermorgi;
antagonists induce apoptosis of growing endothelial cells
and reduce the invasive behavior of breast carcinoma in
human skin by blocking tumor angiogenesis (Broekal.,
1994b, 1995). During vasculogenesis, angioblasts and
early endothelial cells secrete into extracellular matrix
Dell, which is a recently discovered ligand for3;
involved in vascular remodeling (Hidat al, 1998). In
addition, ligation of this integrin complex also promotes a

trigger a large array of intracellular signaling events. These calcium influx required for endothelial motility (Leavesley
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Cooperation between VEGFR-2 and integrin

et al, 1993). The expression af,f35 integrin is induced A o C il Eumaniion
in microvascular endothelial cells by vascular endothelial . 1 oo A
growth factor-A (VEGF-A) (Sengegt al., 1997), a highly

specific activator ofn vitro endothelial cell migration and 203 kD

proliferation andin vivo angiogenesis (Thomas, 1996; 205 kDa - S o "

Ferrara and Davis-Smyth, 1997).

VEGF-A is a 40-45 kDa homodimer belonging to the
cysteine knot family of growth factors. It exists as five ~ IO
different isoforms of 121, 145, 165, 189 and 206 amino sk i “
acids (Thomas, 1996; Ferrara and Davis-Smyth, 1997).
On adult endothelial cells it exhibits high-affinity binding B D

sites corresponding to two distinct tyrosine kinase recep-
-]l . - B

tors, the VEGF receptor (VEGFR)-1 encoded Bl-1
(De Vrieset al, 1992) and VEGFR-2 encoded I{DR/ _ . .
. MG Fig. 1. VEGF-Agsinduced phosphorylation in adherent and
Flk-1 (Terman et al.,, 1991; Millaueret al., 1993)' The suspended endlgtielial cells. Quiescent and confluent or suspended

|atte_r .is also specifically.activated by H|\('1'Tat protein  endothelial cells obtained as detailed in the Materials and methods
Albini et al., 1996b; Ganjwet al., 1998), a viral molecule  were stimulated for 10 min with VEGF-s (10 ng/ml) or vehicle

]
which contributes to angiogenesis associated with Kaposi's alone for 10 min at 37°C. Cells were lysed and immunoprecipitated
sarcoma (Ensolet al,, 1994). Although endothelial cells ~ With anti-VEGFR-2 Ab & ar‘ld B) dOLW'th BV10 a”“f'C”De‘l dmt')“b-
both receptors, recent findings suggest that-'mmunOpreC-'p'tate was analyzed by SDS-PAGE followed by
express bo p ! . g g_g immunoblotting with anti-phosphotyrosine mAb (A aay.
VEGFR-2, but not VEGFR-1, is able to mediate the Subsequently, blots were re-probed with anti-VEGFR-2 Ab (B) or with

mitogenic and motogenic effect of VEGF-A (Millauer BV10 mAb anti-CD31. D) Immunoreactive bands were detected by

et al.. 1993: Waltenbergeet al. 1994)_ ECL tgchnique. The results are representative of three identical
In this report we present evidence th@8 integrin ~ SXPeriments.

subunit associates with stimulated-VEGFR-2 and a mAb c

directed to33 molecule blocks signaling events elicited _FN__cCol _WN VN PL

by VEGF-A critical to the induction of the angiogenic  VEGF-Aws — + — + — +  VEGFAws — + — +

program in endothelial cells.
205 kDa — - .- ' 205 kDa —

',

Tyrosine phosphorylation of VEGFR-2 is increased 97 kDa — 97 kDa —
in endothelial cells adherent on vitronectin B D
To examine the role of cell adhesion on VEGFR-2

activation, we evaluated the phosphorylation of the recep- 205 kpa— g === - - - 205 kDa — de e W —
tor in adherent or suspended endothelial cells treated with

VEGF-A6s Confluent and quiescent cells were detached Fig. 2. Effect of different endothelial cell adhesion substrates on the
from the plastic surface by calcium chelant or left adherent gﬂojgmfeyc'ﬁﬂo’%borLXCEe(t?;E%}Zéo'?l’;dzt:iign%eg)s v?/';f% ?dzonﬂuence
and .Cha”engeq with VEG.F-AET Proteins \_Nere Immuno- quiescent and then stimulated wit% VEGRgAas in Figure 1. For the
precipitated with an anti-VEGFR-2 antibody and then experiments with poly-lysine, quiescent endothelial cells were
subjected to Western blotting using an anti-phosphotyros- incubated fo 2 h with cycloheximide (1uM) and then fo 1 h with

ine mAb (Figure 1). The results show that the phosphoryla- monensin (2uM) to block the synthesis of extracellular matrix. Then

; ; they were detached in cold PBS containing 2 mM EGTA, washed
tion of the receptor was enhanced in adherent cells. In -2 " =" oo containing 1% FCS and then plated Toh o poly-L-

SUSpended cells, the eﬁ(:f'Ct of VEGhgwas markedly lysine (PL) C andD). Cells were lysed and immunoprecipitated with

lower. The phosphorylation level of CD31, a cell-cell anti-VEGFR-2 Ab. Immunoprecipitates were analyzed by SDS—PAGE
interaction protein which is phosphorylated on tyrosine followed by immunoblotting with anti-phosphotyrosine mAb (A and C).
residues (Sagawat al, 1997), was not increased by Subsequently, blots were re-probed with anti-VEGFR-2 Ab (B and D).

_ - : Immunoreactive bands were detected by ECL technique. The results
VEGF Ases IN adherent or suspended cells (Flgure 1)' are representative of two identical experiments. The different degree of

Subsequent eXPerimen_tS haV_e been pefqumed t0 teSteceptor phosphorylation of cells plated on vitronectin between (A)
whether a specific matrix protein has a role in VEGFR-2 and (C) was caused by the treatment with cycloheximide and monensin.

activation. Endothelial cells were plated on vitronectin,

fibronectin or collagen I, which are the ligands fyf35, different substrates was similar (not shown), thus excluding
agB.andasfq, respectively, (Kuhn and Eble, 1994), or on the possibility that the effect of vitronectin on VEGFR-2
the irrelevant substrate polylysine, and quiescent cells  phosphorylation was caused by differences in cell
were stimulated with VEGF-fs Cell lysates were  attachment.

immunoprecipitated by an anti-VEGFR-2 antibody. Pro-

teins were separated by SDS—PAGE and then blotted with The mitogenic activity of VEGF-A 45 is enhanced
anti-phosphotyrosine mAb. Figure 2 shows that VEGFR-2 by «, 3 ligand substrate

is more phosphorylated in VEGF14y-stimulated endothel- ~ The evidence that vitronectin facilitates the phosphoryla-
ial cells plated on vitronectin, than in cells plated on tion of VEGFR-2 prompted us to investigate whether the
fibronectin, collagen or poly-lysine, suggesting a activation of endothelial cells by VEGF-A, as well as by
specific involvement ofi,3; integrin in the activation of ~ HIV-1-Tat, another ligand of VEGFR-2 which stimulates
VEGFR-2. The adhesion of endothelial cells to the migration and proliferation of endothelial and Kaposi's
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Table I. Effect of extracellular matrix and BV4 mAb af integrin on BrdU incorporation in endothelial cells stimulated by VEGfsAnd

HIV-1-Tat

Conditions Unstimulated cells VEGF;Asstimulated cells HIV-1-Tat-stimulated cells
ODys0 ODgs50 ODys0

Cells plated on BSA 47 4 62 = gab 60 + 42b

Cells plated on fibronectin 10 10 198+ 8° 186 + 3¢

Cells plated on collagen 114 5 227+ 37° 180 + 8°

Cells plated on fibrinogen 112 9 288+ 102bc 258 + 5abe

Cells plated on vitronectin 11¢ 9 292 + 21abc 280 + 113bc

Cells plated on vitronectin-

mAb BV4 antif33 integrin 115+ 31 156+ 18 145+ 20

Cells plated on vitronectin-

mAb anti-MHC class | antigen 16 7 291+ 162be 277 = 9abe

Cells plated on poly-lysine 85+ 3 116 = 1062P 100 + 520

Endothelial cells (2.510% were plated in 96-well plates coated with different proteins and grown for 12 h in Medium 199 containing 5% FCS.
Cells were then washed, starved for 12 h in Medium 199 containing 5% BSA, and then stimulated with \{EG¥F-AIV-1-Tat (both used at

10 ng/ml) for 24 h in presence or absence of mAb [@0@ml), and during the lds3 h in thepresence of BrdU. Meart SD of three experiments
done in quadruplicate. Statistical analysis were performed by one-way analysis of vaFarc802.99) and by Student-Newman-Keuls test.

3 <0.05 versus stimulated cells plated on fibronectin.
bp <0.05 versus stimulated cells plated on collagen I.
’p <0.05 versus unstimulated cells.

sarcoma cells (Albiniet al., 1996b; Ganjuet al., 1998),
was enhanced by specific substrates. After plating on

several matrix proteins, quiescent sub-confluent cells were

stimulated with either VEGF-fs or HIV-1-Tat and the
mitogenic activity was evaluated by 5-brom6&«oxyuri-
dine (BrdU) incorporation. Table | shows that the prolifera-
tion of endothelial cells after challenge with the two
VEGFR-2 ligands was higher on vitronectin (145 and
135% stimulation with VEGF-Agsand HIV-1-Tat, respect-
ively) and on fibrinogen, another specific ligand af3;
(Kuhn and Eble, 1994) (168 and 141% stimulation with
VEGF-A;gsand HIV-1-Tat, respectively) than on collagen |
(99 and 57% stimulation with VEGF-fs and HIV-1-Tat,
respectively), or on fibronectin (85 and 73% stimulation
with VEGF-Ajgs and HIV-1-Tat, respectively) or
poly-L-lysine (36 and 17% stimulation with VEGF4
and HIV-1-Tat, respectively).

VEGFR-2 phosphorylation is inhibited by anti-c,

and anti-B; antibodies

Next we evaluated whether mAbs raised against integrin
subunits3; and a, could interfere with the VEGFR-2
phosphorylation stimulated by VEGF14, We used BV4,

an antif3; subunit mAb. [This antibody was developed in
the laboratory of Dr E.Dejana (Mario Negri Insitute,
Milano, Italy) by immunizing mice with human endothelial
cells.] BV4 is able to immunoprecipitate the 93 kB8
integrin subunit in human endothelial cells (G.Tarone,
unpublished results; see also Figure 11). The effect of
BV4 mAb on endothelial cell adhesion to vitronectin was
compared with the effects elicited by mAbs B212 (anti-
B3; Thiagarajaret al.,, 1985), LM609 (ant@, 33 integrin
complex; Brookset al, 1994a) and 0.165 [anti-major
histocompatibility complex (MHC) class | antigen]. Cells
were incubated with increasing concentrations of mAbs

Table Il. Effect of antifi3 integrin subunit mAbs on endothelial cell
adhesion to and detachment from vitronectin

mAb Cell adhesion Cell detachment
ODs40 ODs40
BV4 1 ug/ml 338+ 23 412+ 25
BV4 10 pg/ml 344+ 17 400+ 29
BV4 20 pg/mi 355+ 29 425+ 45
B212 1pg/ml 158+ 78 390 + 23
B212 10ug/ml 192+ 122 206 = 347
B212 20ug/ml 155+ 107 190 + 23°
LM609 1 pg/ml 195+ 37 345+ 34
LM609 10 pg/ml 153+ 122 164 = 252
LM609 20 pg/ml 156+ 172 134 + 43R
0.165 20ug/ml 345+ 35 420+ 33
None 385+ 15 453+ 27

Endothelial cell adhesion to vitronectin was assayed as described
previously (Defilippiet al, 1991a). Cells were detached in PBS
containing 2 mM EGTA, washed twice in M199 containing 1% FCS
and then incubated with increasing concentrations of mAbs for 20 min
at 4°C. Cells (X10% were plated in 96-well plates and after 1 h
incubation at 37°C were fixed, stained by crystal violet and the
absorbance was read at 540 nm in microtiter plate spectrophotometer
(EL340, Bio-tek Instruments, Highland Park, VT). The adhesion of
endothelial cells to BSA, used as negative control, wast23. To

study cell detachment, confluent endothelial cells grown on vitronectin
in 96-well plates were incubatedrfé h in M199 medium containing

5% human serum albumin at 37°C with the mAbs. After two washes
with pre-warmed M199 medium, cells were processed as described
above. Meant SD of four samples in one typical experiment out of
three performed with similar results.

3 <0.05 versus untreated cells, evaluated by one-way analysis of
variance F = in 201.12) and Student-Newman-Keuls test.

not interfere in the mechanisms involved in endothelial
cell adhesion to vitronectin.

Confluent and quiescent endothelial cells were pre-
incubated for 20 min at 4°C with mAbs againsy, 3

for 20 min at 4°C and then were plated in the adhesion andf1 integrin subunits, washed and then stimulated with
assay. Alternatively, confluent endothelial cells grown VEGF-Asgsat 37°C. Cell lysates were immunoprecipitated
on vitronectin were incubated for 6 h with increasing by anti-VEGFR-2 Ab, and the proteins separated by SDS—
concentrations of the mAbs. The results reported in Table PAGE were probed with anti-phosphotyrosine mAb. Anti-
I show that BV4 does not inhibit cell adhesion to substrate a, and antiB3 mAbs inhibited the VEGFR-2 phosphoryla-
nor does it cause cell detachment, suggesting that it doestion, but BV7 (antiB1 mAb) was ineffective (Figure 3).
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Fig. 3. Effect of BV4 mAb antifi3, BV7 mAb antifi1, and mAb anti-
ay, on VEGF-Ajgsinduced phosphorylation of VEGFR-2. Quiescent,
confluent endothelial cells were pre-incubated for 20 min at 4°C with
specific or irrelevant Abs, washed and then stimulated with
VEGF-A45 as in Figure 1. Cells were lysed and immunoprecipitated
with anti-VEGFR-2 Ab. Immunoprecipitate was analyzed by SDS—
PAGE followed by immunoblotting with anti-phosphotyrosine mAb.
Subsequently, blots were re-probed with anti-VEGFR-2 Ab.
Immunoreactive bands were detected by ECL technique. The results
are representative of six similar experiments.
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Fig. 4. Densitometric analysis of the inhibitory effect of BV4 mAb
antif33 and mAb anti-a,, on VEGF-Ajgsinduced phosphorylation of
VEGFR-2. The phosphorylated protein recognized by anti-phospho-
tyrosine mAb corresponding to VEGFR-2 in the experiments detailed
in Figure 3 were analyzed by densitometric analysis performed with a
GS250 Molecular Imager (Bio-Rad, Hercules, CA). Results (mean
SD) indicate % inhibition induced by mAbs of the phosphorylation in
tyrosine residues of VEGFR-2 in endothelial cells stimulated by
VEGF-A45 in the presence of irrelevant Ig.

The inhibition of VEGFR-2 phosphorylation caused by
antif33 and antie, ranged from 100 to 50% (Figure
4). As a positive control, a neutralizing anti-VEGFR-2
antibody inhibited the receptor phosphorylation induced
by VEGF-Ag5 (data not shown). Thus, these experiments
indicate thata,; integrin, but notfl, is crucial in
mediating tyrosine phosphorylation of VEGFR-2.

The B3 integrin is necessary for the activation of Pl
3-kinase in endothelial cells stimulated by
VEGF-A 45

Cooperation between VEGFR-2 and integrin
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Fig. 5. Dose-dependent effect of wortmannin on VEGEsAinduced
endothelial cell migration. Suspended endothelial cells were incubated
for 15 min at 37°C with increasing concentrations of wortmannin and
their ability to migrate across aam pore-size polycarbonate filter in
response to VEGF-fs (10 ng/ml) (black bar), HIV-1-Tat (hatched
bar) or vehicle (open bar) was evaluated in a Boyden’s chamber. At
the end of the incubation (37°C, 4 h), filters were removed, stained
with Diff-Quik (Baxter Spa, Rome, Italy) and five high power
oil-immersion fields were counted. Results (mearSD) of one
experiment (performed in triplicate) representative of at least three
independent experiments are showp.<0.05 versus wortmannin-
untreated cells.
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Fig. 6. Inhibitory effect of BV4 antif3 integrin subunit mAb and
anti-VEGFR-2 Ab on VEGF-Agsinduced p85 phosphorylation.
Quiescent, confluent endothelial cells were pre-incubated for 20 min at
4°C with specific or irrelevant Ig, washed and then stimulated with
VEGF-Ag5 (10 ng/ml) for 15 min at 37°C. Cells were lysed and
immunoprecipitated with anti-p85 mAb. Immunoprecipitate was
analyzed by SDS—-PAGE followed by immunoblotting with anti-
phosphotyrosine mAbA). Subsequently, blots were re-probed with
anti-p85Ab B8). Immunoreactive bands were detected by ECL
technique. The results are representative of two similar experiments.

by the phosphorylation of its regulatory protein p85 (Guo
et al, 1995). As shown in Figure 5, wortmannin used at
nanomolar concentrations specific for Pl 3-kinase inhibi-
tion (Arcaro and Wymann, 1993), reduced the human
endothelial cells migration induced by VEGR# To
determine whethef3 integrin interferes in Pl 3-kinase
activation occurring after VEGFR-2 stimulation, we evalu-
ated the effect of BV4 (an33 subunit mAb) on the
phosphorylation in tyrosine residues of the p85 subunit
and on the catalytic activity of the enzyme. After pre-
incubation with BV4 or with anti-VEGFR-2 Ab for 20
min at 4°C, cells were stimulated with VEGF&, Cell

Pl 3-kinase belongs to the intracellular signals triggered lysates were immunoprecipitated with anti-p85 mAb, and

by VEGF-A in bovine endothelial cells, as demonstrated

the separated proteins by SDS—PAGE were probed with
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Fig. 7. Inhibitory effect of BV4 antiB3 mAb and anti-VEGFR-2 Ab

on VEGF-Aggsinduced PI 3-kinase activation. Quiescent, confluent
endothelial cells were pre-incubated for 20 min at 4°C with specific
or irrelevant mAb, washed and then stimulated with VEGfgA

(20 ng/ml) or with HIV-1-Tat (10 ng/ml) for 15 min at 37°C. PI 3-
kinase assay was performed on immune complexes done with anti-
phosphotyrosine mAb from lysates of endothelial cells. PIP,
phosphatidylinositol; PIP2, phosphatidylinositol (4)P; PIP3,
phosphatidylinositol (3,4)P2. Protein A indicates a PI 3-kinase assay
done on protein A alone.

anti-phosphotyrosine mAb. VEGF4& increased the
tyrosine phosphorylation of p85, but it failed to phos-
phorylate the Pl 3-kinase subunit when endothelial cells
were pre-incubated with anfi3 or anti-VEGFR-2 anti-
bodies (Figure 6). Similarly, BV4 and anti-VEGFR-2
inhibited the catalytic activity of PI-3 kinase induced by
VEGF-Ag5 and by HIV-1-Tat (Figure 7). BV7, anfil
mAb (not shown) and irrelevant Ig did not affect p85
phosphorylation and the increase of Pl 3-kinase activity
triggered by both ligands (Figures 6 and 7).

The 3 integrin is required for the activation of the
angiogenic program in endothelial cells

Through activation of VEGFR-2, endothelial cells change
their phenotype and start to proliferate and migrate
(Thomas, 1996). To verify the biological relevance of the
B3 integrin subunit on VEGF-fysmediated endothelial
cell activation, we have studied the effect of the anti-
B3 subunit mAb, BV4, on polarization, migration and
proliferation of endothelial cells challenged with either
VEGF-Aggs or HIV-1-Tat. BV4 inhibited by 40, 32 and
47%, respectively, the migration, polarization (Figure 8)
and proliferation (Table 1) induced by VEGF&;, and to

a similar extent the activities triggered by HIV-1-Tat
(Figure 8; Table I). BV7 (antPl integrin mAb) did not
inhibit migration and polarization induced by both ligands
(Figure 8). An anti-MHC class | mAb was ineffective in
all experimental conditions tested (Figure 8; Table I),
whereas a neutralizing anti-VEGFR-2 antibody inhibited
migration, polarization and proliferation (data not shown).

Effects of BV4 on binding displacement of
[I"*°]VEGF-A g5 on endothelial cells

A5 to the surface of endothelial cells, indicating tigat
integrin is not involved directly in the binding of VEGF-
A5 to its specific binding sites, nor did it cause a steric
hindrance. In contrast, cold VEGF& inhibited the
binding to endothelial cells with an apparent$@f 60 pM.

Integrin 3 becomes associated with VEGFR-2

upon VEGF-Aqg5 stimulation

We next tested the possibility that VEGFR-2 stimulation
by its ligand induces the formation of a complex with
B3 integrin. The membrane surface of endothelial cells
was biotinylated and then cells were challenged with
VEGF-Aigs Only in the B3 immune complexes from
VEGF-Agsstimulated cells was a 205 kDa band
detected (Figure 10), this being the molecular weight of
VEGFR-2 (Thomas, 1996). To identify this protein, cell
lysates were immunoprecipitated with the BV4 mAb. The
presence of VEGFR-2 in the immune complexes was
investigated by performing a second immunoprecipitation
on solubilized proteins with an anti-VEGFR-2 antibody
and immunoblotting with anti-VEGFR-2 or with anti-
phosphotyrosine Abs. As shown in Figure 11, in absence
of the ligand, VEGFR-2 was not present in the §i8i-
immunoprecipitate. However, the receptor was associated
in phosphorylated form witf33 integrin in the presence
of VEGF-Ajes The B1 or 5 immunoprecipitates from
stimulated and unstimulated endothelial cells, did not
contain VEGFR-2 (Figure 11). The amount of tyrosine-
phosphorylated receptor associated wil3 integrin
visualized in double-immunoprecipitation experiments
seemed to be lower than the overall amount of phos-
phorylated receptor (i.e. Figure 1). A quantitative investi-
gation of the amount of VEGFR-2 associated wjiB
integrin has been done on biotinylated endothelial cells.
Figure 12 shows that the amount of a 205 kDa protein
immunoprecipitated by anti-VEGFR-2 or by BV4 anti-
bodies in VEGF-Agsstimulated cells was similar to that
associated witlfs3 integrin. This experiment suggests that
themajor fraction of VEGFR-2 is associated wifi8
integrin after ligand challenge. The discrepancy observed
in the level of tyrosine phosphorylation studied by
immunoprecipitating VEGFR-2 from cell lysate or from
B3 integrin, in double-immunoprecipitation experiments,
could be caused by a poor recovery of the receptor during
the second step of immunoprecipitation.

Discussion

VEGFR-2 is a tyrosine kinase receptor which is responsible
for the angiogenic activity of VEGF-A (Millaueet al.,
1993; Waltenbergeet al, 1994). The tyrosine kinase
activity of the receptor and its autophosphorylation begin
when two molecules of VEGFR-2 bind the N-terminal
110 amino acids of two dimerized monomers of VEGF-
A (Keyt et al., 1996; Mulleret al,, 1997). At least for the
interaction between VEGF-As; and VEGFR-2, it has
been demonstrated that neuropilin-1 acts as a co-receptor

In order to assess the mechanisms leading to the inhibitorywhich enhances the affinity of the receptor for the ligand

effect of BV4, we have evaluated the effect of this mAb
on the binding of [FPJVEGF-A.¢5 on endothelial cells.
Figure 9 shows that the pre-incubation of endothelial cells
with increasing concentrations of BV4 mAb or anti-MHC
class | mAb did not inhibit the binding of labeled VEGF-
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(Sokeret al.,, 1998). Through its phosphorylated tyrosine
residues, the activated VEGFR-2 associates with the
adapter molecules Shc, Grb2 and Nck, to Ras GTPase
activating protein, p59", pp62¢sand phospholipase\C
and to the tyrosine phosphatases SHP-1 and SHP-2
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Fig. 8. Effect antibodies specific for integrin subunits or VEGFR-2 on migrationgnd polarization B) of endothelial cells induced by VEGF14g

or HIV-1-Tat. Suspended endothelial cells were incubated for 20 min at 4°C with BV4antitegrin mAb), BV7 (antiBl integrin mAb), 0.165
(anti-MHC class | mAb) and anti-VEGFR-2 antibody. Cells were washed and then stimulated with VEGE® ng/ml) (black bar), HIV-1-Tat

(10 ng/ml) (hatched bar) or vehicle alone (open bar). Migration was evaluated by Boyden’s chamber technique as shown in detail in Figure 5. The
percentage of polarized cells was obtained by counting bipolar cells in suspension by phase-contrast microscopynaigéiization. Meant SD

of four experiments performed in triplicate. Data were analyzed by one-way analysis of variance [experiments showh i 68)35; experiments
shown in (B):F = 50.01) and Student-Newman-Keuls tegi.<0.05 between unstimulated and stimulated cellg #*0.05 between stimulated

cells and cells stimulated after mAb-pretreatment.
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Fig. 10. Effect of VEGF-Ag5 0n association of biotinylated membrane

Fig. 9. Effect of BV4 mAb anti83 integrin subunit on the binding at proteins toB3 integrin subunit. Surface membrane proteins of
equilibrium of L2A]VEGF-A 65 to endothelial cells. Cell monolayers confluent and quiescent endothelial cells were labelled with the

were incubated for 90 min at room temperature in 0.2 ml of binding ~ membrane-impermeable NHS biotin and then incubated for 10 min at
buffer with 0.05 nM [23]VEGF, with or without the indicated 37°C with VEGF-Ag5 (10 ng/ml). Cells were lysed and immuno--
concentrations of unlabeled VEGF (®), BV4 mAb (#) and anti- precipitated with BV4 mAb antB3 integrin. The l:_notmylgted proteins
MHC class | antigen &). At the end of incubation, the cells were were analyzed by SDS-PAGE followed by blotting stained with
washed, solubilized with 2% SDS and the radioactivity was counted. ~ avidin—-peroxidase and enhanced chemiluminescence technique. The
Data are the mearr SD of three determinations in one experiment figure is representative of two experiments which gave similar results.

out of two with similar results.

(Guo et al, 1995; Abedi and Zachary, 1997; Kroll and
(Waltenbergeet al., 1994; Kroll and Waltenberger, 1997; Waltenberger, 1997; Rousseat al, 1997; Hood and
Takahashi and Shibuya, 1997). The formed transductosomeGranger, 1998; Pedrast al, 1998), which are putative
mediates the activation of MAP kinase, Pl 3-kinase, Jun mediators of chemotaxis, mitogenicity, actin reorganiza-
kinase, cGMP-dependent kinase and focal adhesion kinasdion and gross morphology changes in endothelial cells.
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Fig. 11. Phosphorylated VEGFR-2 becomes associated @8thbut not withB1l andf5 integrin subunits.A) Cell lysate from quiescent and
confluent endothelial cells labeled witfP§]methionine were immunoprecipitated with mAbs BV4 #i8i-BV7 antifi1 or with Ab antif85
integrins. Soluble immune complexes were eluted by boiling beads in 1% SDS and analyzed by 6% SDS—-PAGE in non-reducing conditions. The
pattern shown by this picture is not modified by cell treatment with VEGEs£not shown). (B and C) Quiescent and confluent endothelial cells
were incubated for 10 min at 37°C with VEGF# (10 ng/ml) and cell lysate were immunoprecipitated with mAb BV4 @8ti-BV7 antifi1 or Ab
antif35. After protein solubilization from protein A—Sepharose, samples were subjected to a second immunoprecipitation with anti-VEGFR-2
antibody. Samples were analyzed by SDS—PAGE followed by immunoblotting with anti-phosphotyrosine arBipdgiybsequently, the blot was

reprobed with anti-VEGFR-2Q). The figure is representative of three similar experiments. For each experiment, the same batch of endothelial cells

was used.
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Fig. 12. Recovery of VEGFR-2 expressed on endothelial cell surface
in immunocomplexes anfi3 and anti-VEGFR-2 antibodies. Surface
membrane proteins of confluent and quiescent endothelial cells were
labeled with the membrane-impermeable NHS.biotin and then
incubated for 10 min at 37°C with VEGF14s (10 ng/ml). Cells were
lysed and immunoprecipitated with BV4 mAb afi- integrin or with
anti-VEGFR-2 Ab. The biotinylated proteins were analyzed by SDS—
PAGE followed by blotting stained with avidin—peroxidase and
enhanced chemiluminescence technique. The picture is representative
of two experiments performed with similar results.

VEGF-Aws = —

The findings in this work add new insights to the
mechanism of activation of an angiogenic program in
vascular endothelial cells stimulated by VEGF-A. Cell
adhesion is critical for receptor activation based on
two experimental observations: (i) VEGF#A-dependent
VEGFR-2 phosphorylation was strongly activated in

dimerization (Guoet al, 1995). Furthermore, this mAb
reduced the mitogenic and the motogenic effects of two
ligands of VEGFR-2: VEGF-As and HIV-1-Tat. The
lack of effect of the BV4 mAb on endothelial cell adhesion
to vitronectin (Table 1), and the observed inhibitory
effects on VEGFR-2, suggest that tf& integrin subunit
is involved directly in VEGFR-2 activation. This hypo-
thesis is strongly supported by the result that VEGF-
Agsstimulated, tyrosine phosphorylated VEGFR-2 was
associated witl83 integrin. The specificity of the model
was restricted tat, 35 integrin. In fact, we did not observe
antif31 mAb inhibition of endothelial cell migration and
polarization induced by VEGF-fs or HIV-1-Tat.
Fibronectin, the ligand odisf3;, and collagen |, the ligand
of a,B;, were also unfavorable substrates for the ligand-
dependent phosphorylation of VEGFR-2. Furthermore, the
observed selectivity of VEGFR-2 fg83 integrin is not
simply due to its high level of expression in endothelial
cells. In our experimental conditions, the level§38fand
B5 were similar and lower than that @1 (Figure 11).
Furthermore, it has been reported previously that the
amount ofa, 35 in cultured endothelial cells is lower than
that of a,3; and asB,(Defilippi et al, 1991b) and similar
to that ofa, 35 (Bhattacharyeet al., 1995).

The relevance ofu,f3;3 integrin in the activation of
tyrosine kinase receptors has been achieved in three

adherent cell, but showed a substantially reduced responsdlifferent models. In rat vascular smooth muscle cells, the

in suspended cells; and (ii) the ligand-induced phospho-

rylation of VEGFR-2, migration and proliferation of

clustering of33 integrin favor the EGF-dependent tyrosine
phosphorylation of EGF receptor and cell growth (Jones

endothelial cells were enhanced when the cells were et al, 1997). Furthermore, a neutralizing aotjBs mAb

plated on vitronectin or fibrinogen, which bind tq,3;.
Furthermoref33 integrin is required for the full activation

inhibits the effect of EGF in terms of receptor phosphoryla-
tion and proliferation induction (Jonest al., 1997).

of VEGFR-2, by a mechanism possibly independent of In human foreskin fibroblastsq,3; is associated with

its role in cell adhesion. The BV4 ari3 integrin mAb,
which does not inhibit cell adhesion (see Table Il and

activated insulin and platelet-derived growth factor
(PDGF){f receptors and potentiates the growth and the

Materials and methods), markedly reduced the VEGFR-2 motility response to PDGF-BB (Schnellet al., 1997).

phosphorylation triggered by VEGF14;, the activation

Similar results have been reported by Woodard and col-

of PI 3-kinase, which is a downstream event to VEGFR-2 leagues on rat endothelial cells (Woodatdal., 1998).

888



The nature of the connection betwemyf3; and VEGFR-2
remains to be elucidated. TR& integrin subunit is associ-
ated with the phosphorylated form of VEGFR-2. This effect
is specific, becaudés, which has been demonstrated to be
involved in angiogenic response to VEGF-A (Friedlander
et al, 1995), ang31 integrins did not associate to VEGFR-

Cooperation between VEGFR-2 and integrin

co-workers reported that VEGF-A was capable of inducing
the phosphorylation of Pl 3-kinase (Gebal., 1995), but

successively it has been reported that VEGF-A did not
activate the catalytic activity of the enzyme in human
endothelial cells (Abedi and Zachary, 1997). We believe
that this discrepancy could be due to differences in experi-

2. Furthermore, the pre-treatment of quiescent endothelialmental conditions, in particular to a different time-course

cellswith BV4 anti$3 mAb, but not with BV7 ant@1 mADb,

reduces the receptor activation as well as the activation of

or to a difference in conditions of cell culture.
Consistent results have demonstrated a crucial role for

downstream signals (i.e. activation of Pl 3-kinase). These extracellular matrix in the development of vasculature in

data suggest that,3;is a molecular component specifically
required for a correct function of the receptor. The lack of
inhibition exerted by BV4 on the binding of VEGF45to

endothelial cells and on cell adhesion excludes the possi-

bility that the inhibitory effect of the BV4 mAb was due to
interference in ligand-receptor interaction or to a block of

physiological and pathological conditions (Ingber and
Folkman, 1989; Bussolinet al., 1997), and in particular,
a prominent role is attributed ta, 5 integrin (Brooks
et al, 1994a,b; Friedlandest al., 1996; Stromblackt al,
1996; Sengeket al, 1997; Eliceiriet al, 1998), at least
in adult life (Baderet al., 1998). Besides being expressed

adhesion machinery. The chemical basis of the associationin vivo on endothelial cells of angiogenic vessels (Brooks

betweerf33 integrin subunit and VEGFR-2 is unknown. We

et al, 1994a; Friedlandeet al, 1996) andin vitro

can not exclude the possibility that molecules associatedby microvascular endothelial cells after treatment with

with VEGFR-2, such as a insulin receptor substrate-1-like
molecule that has been demonstrated to lip@s (Vuori

VEGF-A (Sengeet al,, 1997),a,3; integrin takes part in
thein vitro endothelial angiogenic program with different

and Ruoslahti, 1994), or that neuropilin-1, the co-receptor and temporally distinct roles. First, as demonstrated here,

of VEGFR-2 (Sokeret al., 1998), have docking sites for
3 integrin. It has been reported tha3 integrin can be
phosphorylated on tyrosine residues (Blystenal., 1996;
Law et al, 1996). Indeed the SH2 or PTB domains of
different signaling molecules associated with VEGFR-2
(Waltenbergeet al., 1994; Kroll and Waltenberger, 1997;
Takahashi and Shibuya, 1997) may also bind directly to
3 cytoplasmic tail. In endothelial cells, an anti-apoptotic
signal is started by, 35 clustering (Strombladt al., 1996).
However, we have shown that the clustering@8fintegrin
obtained by subsequent cell incubation with a specific mAb
followed by a secondary goat anti-mouse IgG did not
enhance the VEGFR-2 phosphorylation induced by VEGF-
A165(S.Mitola and F.Bussolino, unpublished results). This
suggests that in our model the rolegf3; can not be limited

to the formation of specialized cytoskeleton structures
enriched with signaling molecules, which collaborate with
growth factor-dependent signaling (Miyametboal., 1996;
Giancotti, 1997; Jonest al., 1997; Schwartz, 1997). One
possibility is thatf3 association might protect VEGFR-2

against the activity of phosphatases. Consistent with this,

o, B3 co-operates with an angiogenic receptor (i.e. VEGFR-
2) for its full activation triggered by the ligand; next it is
necessary for the second wave of activation of MAP
kinase induced by an angiogenic activator (Eliceirial.,
1998); and finally, most probably through the MAP kinase
pathway, it regulates the expression of genes which control
the cell cycle (Stromblaét al., 1996).

Materials and methods

Cells

Human endothelial cells from umbilical cord veins, prepared and
characterized as previously described (Bussokoal, 1992), were
grown in M199 medium (Gibco-BRL, Grand Island, NY) supplemented
with 20% fetal calf serum (FCS) (Irvine, Santa Ana, CA), endothelial
cell growth factor (100ug/ml) (Sigma Chemical Co., St Louis, MO)
and porcine heparin (Sigma) (1Q@/ml). Cells were used at second
passage and growth on a plastic surface coated with porcine gelatin
(Sigma), unless specified.

Antibodies
The rabbit polyclonal antibody against the C-terminus peptide of
VEGFR-2 was purchased from Santa Cruz Biotecnology Inc. (Santa

protein tyrosine phosphatases SHP-1 and SHP-2 arecruz, CA; C-1158), the rabbit neutralizing (Albirét al, 1996a)

associated with VEGFR-2 (Kroll and Waltenberger, 1997).
Furthermore, it is possible th@8 is needed to ensure the
correct subcellular juxtaposition of cytoplasmic tails of the
dimerized VEGFR-2. Both hypotheses agree with the
observation that the activation of the catalytic activity of Pl
3-kinase and the tyrosine phosphorylation of its regulatory
subunit p85 induced by VEGF+s and HIV-1-Tat also
requiredf3 integrin, as inferred by the inhibitory role of
BV4 mAb. PI 3-kinase is at least involved in cell survival

polyclonal anti-VEGFR-2 antibody was kindly provided by Dr H.Weich,
(Gesellschaft fuer Biotechologische Forschung, Braunschweig,
Germany). The rabbit polyclonal anti-p85 antibody and the anti-phospho-
tyrosine mAb (clone G410) were purchased from Upstate Biotechnology
Incorporated (Lake Placid, NY). mAb BV7 81 integrin (class 1g@
(Martin-Padureet al., 1994), BV4 toB3 integrin (class Ig@ and BV10

to CD31 (class lg@ (Lampugnanet al., 1992) were originally described

by Dr E.Dejana (Istituto Mario Negri, Milano, Italy) and obtained by
Bioline (Torino, Italy). B212 mAb toB3 integrin (Thiagarajaret al.,
1985) was a gift from Dr P.Thiagarajan (Jefferson Medical Collge,
PA). Anti-a, integrin subunit mAb was purchased from American

and in cytoskeleton rearrangement by co-operating with the Type Cell Collection (Bethesda, MD). The polyclonal apfi-

integrin system (Khwaj&t al., 1997; Toker and Cantley,

1997), and therefore the observed activation in endothelial

cells challenged with VEGF-£s and HIV-1-Tat agrees
with its known functions. In this study, a relationship
between Pl 3-kinase activation and biological activation of

endothelial cells stimulated by VEGFR-2 ligands has been
achieved by the use of wortmannin, employed at low doses

considered specific for Pl 3-kinase inhibition (Arcaro and
Wymann, 1993). In bovine aortic endothelial cells, Guo and

integrin subunit Ab was raised against the C-terminal sequence
(NH,-KTENKFNKSYNGTVD-COOH) (Bioline). A mAb anti-MHC
class | antigen (0.165 mADb, class IgGvas kindly provided by Professor
F.Malavasi (Istituto di Biologia e Genetica, Ancona, Italy). LM609,
which recognizes, 33 integrin complex, was a gift from Dr D.A.Cheresh
(The Scripps Research Institute, La Jolla, CA).

Endothelial cell labeling with [*®SImethionine

Endothelial cell were grown at confluence and labeled wit]methion-
ine (800 Ci/mmol; Amersham, UK) by overnight incubation in methion-
ine-free medium (Sigma) with 5% FCS and AGi/ml of radioisotope.
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Endothelial cell surface biotinylation or human fibrinogen (Kabivitrum Stockholm, Swedish) (0.001%), and
Confluent endothelial cells were incubated for 20 min at room temperature grown for 12 h in M199 containing 5% FCS. Then, they were washed
with Sulfo-NHS-biotin (Pierce, Rockford, IL) dissolved in phosphate- and maintained for 12 h at 37°C in serum-free M199 containing 5%
buffered saline (PBS) at 1 mg/ml. After washing the cells once with human serum albumin, and subsequently stimulated with 10 ng/ml of
PBS, the residual NHS groups were reacted with 0.1 M glycine in PBS VEGF-Ag5 or HIV-1-Tat for 24 h. BrdU was added to the cells for an
on ice for 15 min. After several washes, the cells were processed for additional time of 3 h. Fixed cells were treated according to the
specific immunoprecipitation followed by electrophoresis and blotting manufacturer’s instruction and the resultant color developed by the anti-
as specified below. Biotinylated proteins were visualized with avidin- BrdU peroxidase-labeled immune complexes was read at 450 nm in
peroxidase and developed using the enhanced chemiluminescence techmicrotiter plate spectrophotometer (EL340, Bio-tek Instruments).

nigue (Amersham).

Treatment of endothelial cells with specific antibodies

. . To study the effect of specific antibodies on the experimental designs

7

Confluent endothelial cells ©10° cells/ 150 qrﬁ d'ShO) were made o, above (experiments of VEGFR-2 phosphorylation, migration and polar-

ﬂmescent by 20”;1 stgrvitlon mBI\_/Ils_)Q_ cli)ntamlr:g IO'SA’ FCS eénd g%/" ization), endothelial cells were incubated in M199 with (1§ anti{33
uman seruom albumin (Farma Biagini, Lucca, tay), pre-incubated for (BV4 mADb), antifl (BV7 mAb) or anti-MHC class | antigen (0.165

15min ﬁt 37 C\’I\I"thhl ?%NW anr:] tlhef‘ strllmulatedr\]/wth VEGF"I%(Er . mADb), or with a neutralizing anti-VEGFR-2 antibody, or with irrelevant
H.Weich, Gese .Sr:: aft"fuBiotec 009'?‘: e I;orsc ung, Braunsc we|gf, mouse or rabbit IgG (Sigma) at 4°C for 20 min. Cells were washed

Germany) or with HIV-1-Tat (Intracel, London, U.K.) in presence of yice in cold M199 containing 1% human serum albumin and then

hepar_ln_ (1 U/mt). Cells V\I’erﬁ IyS(_ed in a 50 mM Tris—HCI buffer F;]H 7';1' exposed to stimuli. To evaluate the effect of the above mAbs in BrdU

containing 150 mM NaCl, 1% Triton X-100, and protease and phosphat- jycornoration, the antibodies (2@y/ml) were added in the last 27 h.

ase inhibitors (50ug/ml pepstatin, 50pg/ml leupeptin, 10pg/ml

aprotinin, 1 mM PMSF; 50Qug/ml soybean trypsin inhibitor, 100M Binding disol ¢

ZnCly, 1 mM NaVOy, Sigma). After centrifugation (20 min, 10 0@), Inaing displacement assay o o

supernatants were pre-cleared by incubation for 1 h with protein A- In a previous study, we demonstrated that the equilibrium of binding of

Seph_arose or .W'th anti-mouse Ig-agarose (Slgma)_. Samples (1 mg oflabelled VEGF-A v_wth its high affinity sites on endothelial cells is

pien) Vet e i e B B e e e egainop

Cruz), or BV4 (antiB3 integrin subunit) mAbs, BV7 (anfid integrin), ) !

amiogs, oSS SLCON (AIT) G S e B 0

integrin for 1 h at 4°C and immune complexes were recovered on ' eral . 199 C g

prot(:]indAf—Sepharose_ c;‘r Iant_i—ntﬁ)o]yfse Ig—_agar(_)ze .hlmmuno;:)refcripitayehs Were%grsg}/mefhslg];’gg;afg;iB[‘?;}ﬁ?gig??gﬁglac)5\‘;;9&)690"; 7n§? %] iL/(yEOGBFSA

washed four times with lysis buffer, twice with the same buffer without g/ oy [ / L .

Triton X-100 and once with TBS. In some experiments, #8tier anti- (specific activity 14QuCi/lig) (Amersham) and increasing concentrations

B1 integrin immune complexes recovered on agarose beads were boiledof cold BV4 mAb anti3, mAb anti-MHC class | or VEGF'Pss The

for 2 min in a solubilization buffer containing 0.4% SDS, 50 mM cells were WaShed twice with PBS, solubilized with 2% SDS in PBS

triethanolamine chloride (pH 7.4), 100 mM NaCl, 2 mM EDTA, and the radioactivity was measured.

10% glycerol and protease and phosphatase inhibitors, and 2 mM

2B-mercaptoethanol. After boiling, iodacetamide was added to a

concentration of 10 mM (Soldét al, 1997). These extracts were again ~ Acknowledgements

|mmunopre9|p|tated with antl-yEGFR-Z antlboc_iy (Santq _Cruz). Proteln_s ] ] ) ] o L

were solubilized under reducing or non-reducing conditions (Laemmli, We wish to thank Dr Elisabetta Dejana (lIstituto ‘Mario Negri’, Milano,

1970), separated by SDS—-PAGE (8 or 10%), and transferred to Immobi- Italy) and Dr Andrea Gra;iani for helpful criticism's, and Dr Herbert

lon-P sheets (Millipore, Bedford, MA) and probed with anti-phosphotyro- Weich (GBF, Braunschweig, Germany) who provided anti-VEGFR-2

sine, or with anti-VEGFR-2 mAbs (Santa Cruz). The enhanced antibody and recombinant VEGF4s This study was supported by

Immunoprecipitation and immunoblotting

chemiluminescence technique (Amersham) was used for detection. ~ grants from European Community (Biomed-2 Project: BMHL-CT96-
0669), Italian Association for Cancer Research (A.LLR.C.), lIstituto
PI 3-kinase Superiore di SanitgX AIDS Project, Program on Tumor Therapy),
Pl 3-kinase assay was performed directly on anti-phosphotyrosine Centro Nazionale delle Ricerche (Progetto Finalizzato Biotecnologie)
immunoprecipitates as described before (Augfeal., 1989; Soldiet al., and Ministero dell’ Universita della Ricerca Scientifica e Tecnologica

1994) except that the beads were also washed twice with Tris-buffered (60% and Programmi di Ricerca di Rilevante Interesse Nazionale-1998).
saline containing 0.5 M LiCl. Briefly, inmunoprecipitates were incubated S.M. and M.S. are supported by grants from FIRC.

with 40uM ATP, 50-100uCi [y-32P]ATP (Amersham), and a presonicated

mixture of phosphatidylinositol (4,5)Pand phosphatidylserine (50g/

ml final concentration of both lipids, Sigma), in 25 mM HEPES pH 7.4, References

and 1 mM EGTA. The reaction was stopped after 10 min incubation at
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