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SUMMARY

Interendothelial junctions play an important role in the

regulation of endothelial functions, such as vasculogenesis,

angiogenesis, and vascular permeability. In this paper we
show that vascular endothelial growth factor (VEGF), a
potent inducer of new blood vessels and vascular
permeability in vivo, stimulated the migration of endothelial
cells after artificial monolayer wounding and induced an
increase in paracellular permeability of human umbilical
vein endothelial cells (HUVECs). Furthermore, VEGF
increased phosphotyrosine labeling at cell-cell contacts.
Biochemical analyses revealed a strong induction of VEGF-
receptor-2 (flk-1/KDR) tyrosine-autophosphorylation by
VEGF which was maximal after 5 minutes and was followed

junctional adhesive molecule, was tyrosine phosphorylated
with similar kinetics in response to VEGF. In contrast,
activation of VEGF-receptor-1 (Flt-1) by its specific ligand
placenta growth factor (PIGF) had no effect on the tyrosine
phosphorylation of cadherins and catenins. Despite the
rapid and transient receptor activation and the subsequent
tyrosine phosphorylation of adherens junction proteins the
cadherin complex remained stable and associated with
junctions. Our results demonstrate that the endothelial
adherens junction is a downstream target of VEGFR-2
signaling and suggest that tyrosine phosphorylation of its
components may be involved in the the loosening of cell-cell
contacts in established vessels to modulate transendothelial

by receptor downregulation. 15 minutes to 1 hour after
VEGF stimulation the endothelial adherens junction
components VE-cadherinf3-catenin, plakoglobin, and p120
were maximally phosphorylated on tyrosine, while a-

catenin was not modified. PECAM-1/CD31, another cell-cell

permeability and to allow sprouting and cell migration
during angiogenesis.
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INTRODUCTION endothelial cells but seem to have different functional
properties. VEGF-receptor-1 (VEGFR-1; FLT-1), which is
Vascular endothelial growth factor (VEGF) and its receptorexpressed on endothelial cells (De Vries et al., 1992) and
represent a key regulatory system of endothelial growth angionocytes (Clauss et al., 1996), does not only bind VEGF but
differentiation in embryonic development as well as underlso the related placenta growth factor (PIGF) (Kendall et al.,
physiological and pathological conditions in the adult. At leasii994; Park et al., 1994). Data on the biological activity of
five different VEGF isoforms are known in human, which areVEGFR-1 in endothelial cells are limited (Clauss et al., 1996;
derived by alternative splicing of a single gene and differ irBarleon et al., 1997), whereas VEGF-receptor-2 (VEGFR-2;
their secretion and heparin-binding properties (Poltorak et alflk-1/KDR) has been shown to mediate the mitogenic and
1997). In contrast to most other angiogenic growth factorshemotactic effects of VEGF (Waltenberger et al., 1994).
VEGEF is an endothelial-specific mitogen and a potent vasculadditional studies indicate that the signaling effectors utilized
permeability factor (VPF) secreted by tumor cells (Senger diy the VEGF-receptors include phosphoinositide 3-kinase,
al., 1983; Keck et al.,, 1989). In addition, VEGF has beemhospholipase C, Src-proteins and MAP kinase (Waltenberger
reported to stimulate chemotaxis (Waltenberger et al., 1994} al., 1994; Cunningham et al., 1995; D’'Angelo et al., 1995;
and migration (Abedi and Zachary, 1997) of endothelial cell&Guo et al., 1995; Seetharam et al., 1995), but the endothelial
in a time- and dose-dependent manner. The VEGF-receptaspecific responses mediated by VEGFR-1 and VEGFR-2 as
are transmembrane receptor tyrosine kinases characterizedwgll as the downstream signal transduction pathways are not
seven immunoglobulin-like domains in the extracellular partet fully understood (for reviews see Breier and Risau, 1996;
and a split kinase domain in the cytoplasmic portion. Two higiRisau, 1997).

affinity receptors are known, which are coexpressed on VEGF and its receptors are expressed during embryonic and
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tumor angiogenesis (Plate et al., 1992; Breier et al., 1995) asovided evidence that VEGF stimulated the tyrosine
well as in fenestrated vascular beds in the adult (Breier et aphosphorylation and recruitment of p125FAK and paxillin,
1992). New blood vessel formation by angiogenesis involvewhich are involved in the regulation of cell-matrix adhesion.
the degradation of extracellular matrix combined within this paper we show that VEGF stimulation may also affect
sprouting and migration of endothelial cells from preexistingcell-cell adhesion by a rapid and transient tyrosine
capillaries. One of the first events that probably occurs duringhosphorylation of VE-cadherif;catenin, plakoglobin, p120
this process is the weakening of stable cell-cell contactand PECAM-1, suggesting that this is an important early step
between endothelial cells in the parent vessel and the transitionthe modulation of intercellular contacts during angiogenesis
of a quiescent stationary to a dynamic migratory endotheliand the regulation of vascular permeability.

cell (Ausprunk and Folkman, 1977). The regulation of motility

and adhesion of endothelial cells to the underlying extracellular

matrix and to each other is therefore an important aspect MATERIALS AND METHODS

angiogenesis. Furthermore, areas of replicating endotheligll .

cells exhibit increased vascular permeability (Caplan an aterials _ _
Schwartz, 1973). Laboratory reagents were purchased from Sigma (Deisenhofen,

- . o . ermany) unless otherwise stated. A rabbit polyclonal serum against
The mechanisms responsible for permeability regulation arﬁ(?1 use VEGFR-2, which also recognizes human VEGFR-2, was a

not entirely clear at present. Recently it has been shown, th : :

VEGF induces fenestrations (Roberts and Palade, 1995, 199&8@?&;:O;nm%ogsr?le%%pnezﬁg Ghﬁﬁ'];ﬂcg‘,géggf’f dwggybfféﬁ{aéed
Esser et al., 1998), which are involved in the modulation ofom Santa Cruz (Heidelberg, Germany). Mouse monoclonal
vascular permeability (Levick and Smaje, 1987). Alternativelyantibodies against VE-cadherin clone TEA1.31 (see Lampugnani et
VEGF might act on cell-cell junctions, which restrict al., 1995), PECAM-1 (clone 5F4, M. G. Lampugnani, unpublished
paracellular flow between endothelial cells. Cell-cell adhesioresults, and clone P-1 from BioGenex, San Ramon, CA), (320,
involves a variety of molecules, including the cadherin-catenifatenin, phosphotyrosine and p125FAK (Transduction Labs, Exeter,
complex and the immunoglobulin superfamily member platele¢’K) were used. Rabbit antibodies agaiostatenin,f-catenin and
endothelial cell adhesion molecule-1 (PECAM-1/CD31). TheP!akoglobin were kindly provided by Dr Rolf Kemler (Freiburg,
cadherins are single chain transmembrane polypeptides whif/many). For immunolabeling, rhodamine- or FITC-conjugated

diate h hil Ici d dent adhesi d ntibodies against rabbit or mouse immunoglobulins (Dianova,
mediateé homopnilic, calclum-dependent adhesion an arI%lmburg, Germany and DAKO, Glostrup, Denmark) and FITC-

specifically associated with the adherens junction region. IRpejed ~phalloidin~ (Sigma) were used. Peroxidase-conjugated
this membrane domain they form multiprotein complexes Withsecondary antibodies (reactive either with rabbit or mouse

the cytoplasmic catenin proteins. Whereas the armadillenmunoglobulins) were obtained from Pierce (Rockford, IL) or
proteinsp-catenin, plakoglobin and p120 can directly bind toAmersham (Braunschweig, Germany), respectively.
cadherinspi-catenin associates with the complex 4eatenin

or plakoglobin and thereby links it to the actin cytoskeletorf-€!l culture _ N _

(for review see Barth et al, 1997). Vascular endotheliafuman endothelial cells from umbilical veins (HUVECs) were
cadherin (VE-cadherin) is selectively expressed in endotheli&f€Pared by the method of Jaffe et al. (1973) as modified by Jarrell et
cells in culture (Lampugnani et al., 1992, 1995) and in sit I. (1984) and cultured as described in detail elsewhere (Lampugnani

L ) ; ; . t al., 1992, 1995). The cells were used from passages 2-5. Human
(Breviario et al., 1995; Breier et al., 1996; for review seq niical cords were kindly donated from the hospitals in the
Lampugnani and Dejana, 1997). It has previously beeRyetteray, Germany.
demonstrated that VE-cadherin is important for the regulation For comparison of endothelial cells at different cell densities,
of endothelial cell permeability, migration and assembly oHUVEC cells were seeded and cultured as described previously
new blood vessels (Breviario et al., 1995; Navarro et al., 199%,.ampugnani et al., 1995, 1997). Briefly, recently confluent cells had
Vittet et al., 1996). This is supported by our recent dataeached confluence no longer than 18 hours before the experiment,
showing that the adherens junction components VE-cadherig9ntained many cells undergoing mitosis, and were maximally spread
confluent and migrating, but not in tightly confluent endotheliafonfluency 48-72 hours before the experiment and showed only a few

Y . éemaining mitotic cells.
cells (Lampugnani et al.,, 1997). Increased tyrosin
phosphorylation at the sites of cell-cell and cell-matrix contactfnmunoprecipitation
has been correlated with a number of biological processes sugiyyec cells were grown to confluence, washed with serum-free
asllcel(lvmllgratlon, C?" ngktyg;adz mlataSta“C ipread |0f tllggcziMedium 199 and starved for 6 hours with endothelial cell basal medium
cells (Volberg et al., ) ; Matsuyoshi et al., {PromoCell, Heidelberg, Germany) supplemented with 1.5% FCS
Behrens et al., 1993; Hamaguchi et al., 1993; Shibamoto et alPAN, Nuernberg, Germany), 10 units/ml heparin, antibiotics and 2 mM
1994; Kinch et al., 1995; Takeda et al., 1995). Since growtblutamine. The cells were stimulated at 37°C with recombinant
factor receptor tyrosine kinase activation has been shown to W&EGF165, VEGF164 or PIGF152 (kindly provided by Dr Herbert
involved in the modulation of cell adhesiveness (for review seé/eich, Braunschweig, Germany or purchased from R & D,
Barth et al., 1997; Daniel and Reynolds, 1997), we analysedy[lf'rr‘r'l“&a‘\’/‘;'r']z d'\gtl\é) a?r?eprsglﬁsat\?vz:grw:sﬁ:é hmgge{greplégsxgh (t)ﬁé-n
a growth factor which .aﬁeas vascu_lar permeablllty MaYsolubilized on ice for 20 minutes with lysis buffer (150 mM NacCl, 10
reproduce the changes in adherens junctions that mark tgfv‘

. . . ; Tris-HCI, pH 7.5 [TBS], 1% Triton X-100) supplemented with a
functional state of endothelial cells. We therefore investigategh kil of phosphatase and proteinase inhibitors (1 mM vanadate, 10

the effects of VEGF stimulation on the biochemical andg/mi leupeptin, 10ug/ml aprotinin, 1 mM phenylmethylsulfonyl
functional properties of adhesion molecules in primaryfiuoride, 0.36 mM phenantrolin) with occasional gentle agitation. For
endothelial cells. A recent report (Abedi and Zachary, 19973tudies on VE-cadherin, PBS additionally containeé*@ad Mg,
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and the lysis buffer was supplemented with 2 mM €alBle cells were filters (0.4um pore size, Costar, Cambridge, MA) in 24-well dishes
scraped from the culture dishes and the lysates centrifuged at 13,080d cultured with 10Q Medium 199 with 20% newborn calf serum
rpm for 10 minutes at 4°C. Supernatants corresponding to the sarfg@rowth medium) in the upper chamber and §0@rowth medium
number of cells were either subjected to immunoprecipitation om the lower chamber. The cells were grown for three days without
aliquots were removed and boiled for 5 minutes after additionc of 4medium change until they had reached confluence. For the agbay 5
concentrated sample buffer (Laemmli, 1970). Immunoprecipitationsf FITC-dextran K 38.9x103, 10x10%, 4x10%, Sigma, final
were performed by adding precleared lysates to Protein A- or Geoncentration 1 mg/ml), FITC-inulinM; 3x103, Sigma, final
Sepharose beads (Pharmacia, Freiburg, Germany), to which tkencentration 2 mg/ml) or of the paracellular tracer molecule neutral
appropriate antibodies had been preabsorbed. After incubation forT2xas Red-dextran (Wong and Gumbiner, 199W) @0x10?,
hours at 4°C under continuous mixing, the Sepharose-bound immumiéolecular Probes, Leiden, The Netherlands, final concentration 0.5
complexes were washed four times with lysis buffer (containingng/ml) were added to the upper chamber. This was immediately
phosphatase and proteinase inhibitors), once with the same buffiellowed by addition of 5ul growth medium with or without
without detergent and then boiled in reducing sample buffer. AYEGF165 (final concentration 100 ng/ml). At the indicated time
controls, immunoprecipitations with antibody-coupled Sepharos@oints 50ul samples were taken from the lower compartment and
without addition of cell lysates were also performed. For generaleplaced with the same volume of growth medium to maintain
stimulation of tyrosine phosphorylation the cells were pretreated for 2Bydrostatic equilibrium. The samples were diluted to 1 ml with PBS
minutes at 37°C with the potent tyrosine phosphatase inhibitoand the fluorescent content was measured at 492/520 nm and 587/610
pervanadate, prepared by mixing equal volumes of IdOvanadate nm absorption/emission wavelengths for FITC- or Texas Red-
and 200 mM hydrogen peroxide. After incubating the solution for 2@conjugated dextran, respectively.
minutes at room temperature the mixture was used at a 1:1,000 dilution.

Northern analysis
Selective extractions with Triton X-100 Total cytoplasmic RNA was isolated from HUVEC cultures using the
After stimulation with VEGF, confluent HUVEC cultures were guanidinium thiocyanate method (Chomczynski and Sacchi, 1987).
washed twice with CGd- and Mdg*-containing PBS, followed by a 3 Equal amounts of RNA (1Qug/lane) were electrophoresed in 1%
minute extraction with 0.5% Triton X-100 (Boehringer Mannheim,agarose gels containing 2.2 M formaldehyde. Blotting and
Mannheim, Germany) in TBS. The extraction buffer was collectedhybridization was performed as described (Ikeda et al., 1995). The
centrifuged and the supernatant defined as the Triton-soluble fractiofollowing probes were used for hybridization: human Flt-1 cDNA
Following this extraction the cells appeared homogeneously adherefRlate et al., 1992), human KDR cDNA (Terman et al., 1991) and for
to the culture vessel with well preserved nuclei and cytoskeletal fibetandardization chicg-actin cDNA (Kost et al., 1983). Quantitative
as judged by phase contrast microscopy. The Triton-insolublanalysis was performed with the Phospholmager BAS-2500 (Fujifilm,
components were gently washed twice with TBS containing proteadRaytest, Straubenhardt, Germany).
and phosphatase inhibitors and then extracted with 0.5% SDS and 1%
NP-40 (Boehringer Mannheim) in TBS with inhibitors for 20 minutes
on ice. The extract was collected, vigorously pipetted, centrifuged and
the supernatant was used as the Triton-insoluble fraction. RESULTS

Immunoblotting VEGF stimulates migration and paracellular
Total cellular extracts or immunoprecipitates were separated by SDgermeability in HUVECs

in 79 i ) . .
PAGE in 7% gels, transferred onto Quéh nitrocellulose membranes XEGF has been previously shown to stimulate chemotaxis and

Schleicher and Schuell, Dassel, Germany), blocked with 3% BSA i . . i .
(PBS containing 0.1% Tween-20 and )?hen incubated with thanigration of endothelial cells (Waltenberger et al., 1994; Abedi

appropriate primary antibodies (1 hour at room temperature dgid Zachary, 1997) and to increase vascular permeability
overnight at 4°C). Immunoreactive bands were visualized by usingConnolly et al., 1989). In contrast, cell migration and
peroxidase-conjugated secondary antibodies and the ECL westgmonolayer permeability of cells transfected with the

blot detection system (Amersham). endothelial-specific adhesion molecule VE-cadherin was
) significantly reduced (Breviario et al., 1995; Navarro et al.,
Immunofluorescence microscopy 1995; Caveda et al., 1996). We therefore speculated that VEGF

The procedure has been previously described in detail (Lampugnaﬁ{ight mediate its effects by modulating cell-cell contact
et al., 1992, 1995, 1997). Briefly, cells on fibronectin coated glasgroteins. Previous migration assays have mostly used Boyden

coverslips (13 mm diameter) were fixed, permeabilized and the . - .
labeled with either phosphotyrosine or VE-cadherin antibodies. Thi hamber assays using single cell suspensions. In order to apply

was followed by incubation with rhodamine-conjugated secondar SVSte”.‘ more S"T!"ar to the in vivo sltuatlon, n which
antibodies in the presence of FITC-labeled phalloidin, and mountegndothelial cells emigrate from an established capillary tube

using Mowiol 4-88 (Calbiochem, La Jolla, CA). To preserveWhile still maintaining contact to neighboring endothelial cells,
phosphorylated residues, HUVEC cells were treated for 7 minutege used the in vitro wounding assay. As has been observed
with pervanadate before fixation as described by Lampugnani et ddefore (Waltenberger et al., 1994; Abedi and Zachary, 1997)
(1997). VEGF stimulated endothelial cell migration, the formation of
actin filaments and increased the number of transversally
oriented stress fibers (data not shown) in the wounded region.
hese effects were already visible 6 hours after VEGF addition
nd became more pronounced after 20 hours of treatment.
verall, these data indicate that VEGF promotes cell migration

Migration assay (in vitro wounding)

Confluent cultures of HUVEC cells on glass coverslips were treate
as previously described (Lampugnani et al., 1997). Briefly, the ce
monolayer was wounded with a plastic tip after medium aspiratio
washed and incubated in culture medium with or without VEGF (10

ng/ml) for the indicated time. and sprouting and thereby affects biological functions, which
are regulated by VE-cadherin.
Permeability assay We then studied the physiological effect of VEGF on the

HUVEC cells (2.%10% were seeded on fibronectin-coated Transwellintegrity of intercellular junctions by measuring the
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300 dextran permeability compared to control cells, which was
T significant after a delay of about 2-4 hours and persisted for at
250 E1 least 7 hours (Fig. 1). Experiments with fluorescent inbip (
l 3x10%) or the paracellular tracer molecule neutral Texas Red-
200+ vy coupled dextranM; 40x103) yielded similar results, although
150 A —o— control the effects with the latter tracer were less pronounced (data not

44444444 S VEGF ShOWn).

Since decreased cell-cell adhesion and increased motility
and permeability of epithelial and endothelial cell monolayers
has been associated with elevated tyrosine phosphorylation
levels of junction components (Shibamoto et al., 1994; Kinch

100+

fluorescence units

50

0 , . . et al., 1995; Staddon et al., 1995) we investigated, if VEGF
0 2 4 6 8 might transduce these effects in HUVECs by changing the
time (h) level of phosphotyrosine at intercellular contacts. The

phosphotyrosine signal in unstimulated long-confluent

of HUVEC cells on Transwell filter insets were used. Monolayer monolayers was very diffusr—.f i.n large overlapping. ceIIuIa_r areas
permeability after addition of 100 ng/ml VEGF was measured using @Nd_showed only weak staining at focal adhesions (Fig. 2a).
FITC-dextran KI; 40x10%) as described in Materials and Methods. ~ VEGF stimulated the phosphotyrosine labeling, which was

Fig. 1. VEGF stimulates permeability in HUVECSs. Confluent layers

Data are the mean + s.d. from triplicate samples and are evident already after 10 minutes (Fig. 2b) and still prominent
representative of seven independent experiments. The data were after several hours of treatment (Fig. 2c,d). In addition to an
compared by Studentistest and showed the following values: 2 increase in the immunofluorescence staining of focal
hours,P<0.003; 3.8 hour$<0.01; 5.25 hours?<0.001; 6.75 hours,  adhesions, VEGF induced an upregulation of the
P<0.002. Control, squares; VEGF, diamonds. phosphotyrosine signal in areas of cell-cell contact which was

apparent as a sharp continuous line at intercellular junctions.
These data are consistent with our previous observations
permeability of a confluent endothelial monolayer. Confluenindicating that phosphotyrosine localization at endothelial
monolayers of human endothelial cells cultivated on transwejunctions might accompany a condition of ‘looser’, non-
filter inserts were treated with VEGF (100 ng/ml) and thecompacted cell-cell adhesion (Lampugnani et al., 1997).
permeability of the monolayer for FITC-coupled dextran of
various sizes was determined at several time points bgxpression of VEGF-receptors in HUVEC
measuring the fluorescence intensity of the medium in th€ study whether VEGF induces the alteration of the
lower compartment. In control experiments without VEGF, thephosphotyrosine signal at the intercellular junctions by
level of dextran in the lower compartment increased slowlyncreasing the tyrosine phosphorylation of components of the
over time. When the cells were cultured in the presence akll-cell adhesion complex, we investigated the VEGF-induced
VEGF, we observed a significant time-dependent increase signaling pathways which might be responsible for these

Fig. 2. VEGF induces
redistribution of the
phosphotyrosine signal at
endothelial cell-cell contacts.
Confluent cultures of HUVECs §
were either left untreated (a) or &%
treated with 100 ng/ml
VEGF165 for 10 minutes (b), 1
hour (c) or 7 hours (d). The cells
were then pretreated with
pervanadate for 7 minutes, fixed
permeabilized and incubated <
with an antibody to
phosphotyrosine. Without
growth factor addition
phosphotyrosine labeling was
diffusely visible in large areas of §
apparent cell overlapping (a).
After VEGF treatment (c-d), 4
there was a marked increase in &
phosphotyrosine signal, which

the regions of cell-cell contacts
(arrowheads) as well as focal
contacts (arrows). Bar, 20m.
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Fig. 3.Expression of VEGFR-2 in HUVECs. Equal numbers of
recently confluent (rc) or long-confluent (Ic) cultures of HUVEC
cells were extracted, immunoprecipitated with anti-VEGFR-2
antibodies and analyzed by immunoblotting with antibody to
VEGFR-2. The position of the double band for the receptor is
indicated by arrowheads.
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effects. Confluent cultures of HUVECSs were first examined for
the expression of VEGF receptors. Total cell lysates of
HUVEC cells at different stages of confluency were analysed
by western immunoblotting and northern blotting analysis. The
polyclonal antibody recognizing VEGFR-2 detected a double
band around 205 kDa in total cell Ilysates and
immunoprecipitates (Figs 3 and 4). Differential glycosylation
of the extracellular domain of VEGFR-2 was shown to be
responsible for the appearance as a doublet (Takahashi and
Shibuya, 1997). The amount of VEGFR-2 protein was
increased in long-confluent compared to recently confluent
cells (Fig. 3). Northern blotting analysis of total RNA from
HUVEC and mouse brain endothelial cells corroborated these
results (data not shown). In contrast, immunoblotting with an
antibody against VEGFR-1 showed only a very weak
expression of VEGFR-1 protein in HUVECs which was also
confirmed on the message level by northern blotting analysis
(data not shown). In order to distinguish between VEGFR-2

b VEGF
5 30 4n 6h -
kDa min min
-— -
200 —
Blot:
116 — anti-PY
97 —
66 —

Blot: anti-
200 — L E T AR VEGFR-2

IP: anti-VEGFR-2

d PIGF VEGF
5 30 5 30
kDa min min 0 8" = in min 1h 60

200 — - - - > |

116 — ,,....__..._......_.--::
97 — = S
66 —

Total protein

Fig. 4. VEGF stimulates tyrosine phosphorylation of total cellular proteins and VEGFR-2 in HUVECs. Confluent cultures of HUVECs were
starved for 6 hours and incubated with 50 ng/ml VEGF165 (a,b), 100 ng/ml VEGF165 (c,d) or 100 ng/ml PIGF152 for differ&sltimes
were lysed and aliquots of whole cell extracts (a,d) or anti-VEGFR-2 immunoprecipitates (b,c) were analyzed by SDS-PAGHEoltimguno
analysis was performed with antibodies against phosphotyrosine (a, b and c, top) or VEGFR-2 (d). Blots of immunoprecipitaprslveel

with anti-VEGFR-2 antibody (b and c, bottom). The position of VEGFR-2 is indicated by arrowheads. Note that only the higér mzles

form of VEGFR-2 is tyrosine-phosphorylated in response to VEGF.
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VEGF with recent results (Takahashi and Shibuya, 1997). In contrast
to stimulation of HUVECs with VEGF, incubation of the cells
5 156 30 44 . with PIGF152 neither altered significantly the tyrosine
minmin_min kDa phosphorylation of total proteins (data not shown) nor
stimulated tyrosine phosphorylation of VEGFR-2 (Fig. 4c)
— 200 although it was found to be active in biological assays (see
Clauss et al., 1996, and data not shown). As shown in Fig. 4b,
Blot: B - .- the amount of VEGFR-2 decreased after stimulation with
anti-PY - VEGF in immunprecipitates as well as whole cell extracts (Fig.
— 97 4d) suggesting a rapid downregulation of receptor numbers
after stimulation. Already 5 minutes following stimulation, the
— 66 protein level of VEGFR-2 was reduced compared to
unstimulated cells, with a further decline after prolonged
incubation. Even 6 hours after VEGF addition, the amount of
Blot: R VEGFR-2 protein was still below control levels. Stimulation
anti-CD31 - 2 3 — 116 with PIGF152 did not show downregulation of VEGFR-2 (Fig.
4d).

IP: anti-CD31

Fig. 5. VEGF stimulates tyrosine phosphorylation of PECAM- _VEG.F induces 'FerSIne phosphorylation of
1/CD31 in HUVECs. Confluent cultures of HUVECs were starved Junctional proteins
for 6 hours and incubated with 50 ng/ml VEGF165 for different To examine whether VEGF-stimulated cell migration,
times. The cells were lysed, anti-PECAM-1/CD31 permeability and elevated phosphotyrosine signals at cell-cell
immunoprecipitates were prepared and immunoblotted with antibodgontacts involved modification of cell adhesion proteins,
trg52%2%*‘&%’;0;’;}9;;0&%I\Ihl‘icsgg‘le;’r'](t)itb‘(’)"g; EQEEOS#?Sﬁﬁ:%rgéB{tion immunoprecipitates of various cell adhesion molecules were
of PECAM-1/CD31 is indicated by an arrowhead. :cmmunoblotted with antl'-phosphotyrosme antibodies. We
ocused on two of the main transmembrane cell-cell adhesion
systems in endothelial cells; the PECAM-1 molecule and the
and VEGFR-1 signal transduction, we used the VEGFR-tadherin adhesion complex. VEGF induced the tyrosine
exclusive ligand PIGF152 as a control in the subsequemthosphorylation of PECAM-1 in HUVEC cells, with a
experiments. In addition, we used long-confluent cells for thenaximum level of phosphorylation after 15 minutes to 1 hour
further studies, because these cells exhibited established c€lFig. 5). This time course is similar to the phosphorylation
cell contacts (Lampugnani et al., 1995) and expressed hidtinetics of total cellular proteins, but is delayed with respect

amounts of VEGFR-2. to the phosphorylation of VEGFR-2. We next investigated,

) _ ) o whether components of the cadherin-catenin adhesion complex
VEGEF stimulation of tyrosine phosphorylation in were also tyrosine phosphorylated in HUVEC in response to
HUVECs VEGF. As shown in Fig. 6, VEGF stimulated the tyrosine

Concentrations of VEGF known to maximally induce phosphorylation of VE-cadherin as well as of two associated
autophosphorylation of VEGF-receptors (Waltenberger et alproteins, which were identified fiscatenin and plakoglobin.
1994) stimulated the tyrosine phosphorylation of multipleAlthougha-catenin was also coprecipitated with VE-cadherin,
proteins in HUVECs with major bands aroulti 205, 160, it was not found to be tyrosine phosphorylated at any time
120, 100, 80 and 60 (Fig. 4a). Under our culture conditiondpllowing VEGF treatment (Fig. 6b) nor after pervanadate
VEGF-induced phosphorylation of total cellular proteins wadreatment (data not shown). The effect of VEGF on VE-
already visible after 5-15 minutes of incubation with a furthercadherin phosphorylation was already visible after 5 minutes,
increase after prolonged stimulation. Maximal phosphorylatiotout the maximum increase was reached after 15 minutes to 1
was reached after 30 minutes to 1 hour of incubation. Aftelour of incubation time. After 6 hours of stimulation, tyrosine
several hours of VEGF-treatment tyrosine phosphorylation gbhosphorylation of cadherin and associated catenins had
proteins in HUVECs decreased, often to levels below théeclined. We also examined the effect of VEGF on another VE-
control values. Most of the tyrosine-phosphorylated proteinsadherin associated molecule, the armadillo protein p120.
were found in the Triton-soluble fraction, whereas themmunoprecipitation with an antibody recognizing the two
insoluble fraction showed only a weak phosphotyrosine signahajor p120 isoforms in endothelial cells detected two bands
(data not shown). In order to examine whether the 205 kDaround 120 and 100 kDa, with a higher intensity of the isoform
tyrosine-phosphorylated protein corresponded to one of thet 120 kDa (Fig. 6c¢). The effect of VEGF on pl20
VEGF-receptors, we immunoprecipitated VEGFR-2 fromphosphorylation was comparable to its action on VE-cadherin,
VEGF-treated HUVEC cultures. As shown in Fig. 4b, VEGFwith a detectable increase in tyrosine phosphorylation as early
induced the tyrosine phosphorylation of VEGFR-2. In contrasas 5 minutes after the addition of VEGF, a maximum between
to the phosphorylation time course of total proteins, tyrosind5 minutes to 1 hour and a decrease to control levels after 6
phosphorylation of VEGFR-2 was maximal after 5 minuteshours of stimulation (Fig. 6c). In most experiments
with a rapid decrease after 15 minutes and a further decline phosphoproteins around 160 kDa of unknown identity were
basal levels after several hours. Only the high molecular weiglesbprecipitated with both p120 and PECAM-1 (data not shown).
band of VEGFR-2 was found to be phosphorylated, althougRIGF152 had no effect on the tyrosine phosphorylation pattern
both forms were recovered by precipitation which is consister(flata not shown).
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Fig. 6. VEGF stimulates tyrosine phosphorylation of the adherens
200 — junction components VE-cadherrcatenin, plakoglobin and p120
in HUVECs. Confluent cultures of HUVECs were starved for 6
hours and incubated with 50 ng/ml VEGF164 (a) or 50 ng/ml
116 — . . . < Blot: VEGF165 (b,c) for different times. Cell extracts were subjected to
97 — anti-PY immunoprecipitation with antibodies against VE-cadherin (a,b) or
p120 (c). Precipitated proteins were analyzed by SDS-PAGE
followed by immunoblotting with an antibody to phosphotyrosine (a-
66 — ¢, all top). The same blots were then subsequently reprobed with
antibodies to either VE-cadherin (a, bottoogatenin f3-catenin
and plakoglobin (b, bottom) or p120 (c, bottom). The positions of

11 _ Blot: VE-cadherin and catenins are indicated by an arrowhead and arrows,
g? _ . . . . . 1 anti-p120 respectively, in a and b, and of p120 by arrowheads in c. The band
around 100 kDa recognized in VE-cadherin immunoblots
) corresponds to a degradation product of VE-cadherin, which was
IP: anti-p120 never found to be tyrosine-phosphorylated.
Effects of VEGF on junctional proteins amount of VE-cadherin was extracted under both conditions,

We subsequently examined whether VEGF-induced signdiut VEGF treatment had no significant effect on the level of
transduction led to changes in the formation or distribution o¥/E-cadherin in the detergent soluble or insoluble fractions at
the cadherin complex. As already shown, tyrosinell time points tested (Fig. 7). Similar results were obtained for
phosphorylation of VE-cadherirj-catenin and plakoglobin a-catenin,(3-catenin, plakoglobin, p120 and PECAM-1 (data
had no effect on the composition of the cadherin complexjot shown). When tyrosine phosphorylation of VE-cadherin
which remained intact even after prolonged VEGF stimulatiormand catenins was induced by treatment with pervanadate, the
(Fig. 6a,b). Moreover, the overall level of individual level of VE-cadherinB-catenin and plakoglobin also remained
components of the complex as well as the ratio of VE-cadherinnaltered (data not shown). The same was true for PECAM-
to the catenins remained essentially unchanged after VEGKFCD31 and the unphosphorylateecatenin protein (data not
stimulation. This was also true forcatenin, although it did shown).

not become tyrosine phosphorylated by VEGF stimulation. We To further examine the significance of VEGF action on
next investigated, if VEGF stimulation affected the distributioncadherin-associated junctions, the localization of cadherins and
of the cadherin-catenin complex between Triton-soluble andatenins was examined by immunofluorescent labeling. In
Triton-insoluble compartments in HUVECs. Solubility unstimulated long-confluent HUVEC cells, immunostaining of
changes under these conditions are interpreted to indicatéE-cadherin, catenins, p120 and PECAM-1 was localized at
altered interactions with the cytoskeleton. A considerabl¢he cell contact area (Fig. 8a and Ayalon et al., 1994;
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VEGF DISCUSSION
5 30 .. 6n - In this study we have shown that VEGF induces a strong
kDa min min increase in tyrosine phosphorylation of the adherens junction

components VE-cadheri§-catenin, plakoglobin, p120 and
the cell-cell adhesion molecule PECAM-1 in cultures of
confluent HUVEC cells. We have previously demonstrated
116 — .. . < Blot: anti- specific localization of phosphotyrosine signals in junctional
. Ral B B VE-cadherin areas of recently confluent and migrating cells which were
absent in long-confluent resting cells (Lampugnani et al.,
1997). Tyrosine phosphorylation of junctional proteins has
66 — been associated with loss of integrity of intercellular adhesions
(Matsuyoshi et al., 1992; Behrens et al.,, 1993). As VEGF
Total protein stimulates migration (Abedi and Zachary, 1997, and this report,
Triton-soluble data not shown) and permeability, both of which involve
destabilization of intercellular junctions, it appears that
tyrosine phosphorylation of VE-cadherin and catenins is
intimately linked to a functional change of intercellular
VEGF adhesion.
Under our culture conditions, VEGF stimulation led to
1h 6h = activation of VEGFR-2 as indicated by rapid
autophosphorylation and the subsequent downregulation of the
200 — receptor after longer periods of treatment. Because HUVEC
cells express two high affinity receptors for VEGF, VEGFR-1
- q - R and VEGFR-2, it was conceivable that also VEGFR-1
116 w e Egtéa?r::rm contributed to VEGF-mediated activation of cadherin
97 — phosphorylation. However, several observations argue against
a major role of VEGFR-1 in these processes. First, HUVEC,
66 — as well as various other endothelial cells express about ten
times more VEGFR-2 than VEGFR-1 (Plouet and Moukadiri,
Total protein 1990; Vaisman et al., 1990; Bikfalvi et al., 1991; Detmar et al.,
Triton-insoluble 1995). Consistent with these data, we observed only very low
and variable amounts of VEGFR-1 message and protein in
Fig. 7.VEGF does not alter the Triton-solubility of VE-cadherinin  HUVECs by northern and immunoblotting analysis (data not
HUVECs. Confluent cultures of HUVECs were starved for 6 hours  shown). Second, in cells transfected with either receptor alone,
and stimulated V\_/ith 50_ng/m| VEGF164 for different_times. Cells only the cells transfected with VEGFR-2 responded to VEGF
were separated into Triton-soluble (top panel) and -insoluble with changes in cell morphology, actin reorganization,
fractions (bottom panel) as described in Materials and Methods. membrane ruffling and chemotaxis (Waltenberger et al., 1994).

Aliquots of whole cell lysates were loaded on SDS-PAGE, followed . ; . . .
by immunoblotting with a specific antibody to VE-cadherin. The 100Th'rd’ our ex_perlmer_lts using P.IGF.152' \.Nh'Ch onl_y blnds_ to
EGFR-1, failed to induce a significant increase in tyrosine

kDa band in the Triton-soluble fractions corresponds to a degradatio ) .
product of VE-cadherin. phosphorylation of total cellular proteins and of adherens

junction components. We therefore conclude, that the observed
effects of VEGF in our system are mainly mediated by
Lampugnani et al., 1995). After VEGF stimulation, the VE-VEGFR-2, but we cannot exclude the possibility that
cadherin signal was still visible at intercellular junctions (Fig.neterodimers of VEGFR-1 and -2 are involved in these
8c,e,g). Although no significant quantitative difference inprocesses.

labeling intensity was discernible, we observed a striking Our results on the downregulation of VEGFR-2 in HUVECs
qualitative change in labeling pattern. 10 minutes to 1 houafter VEGF stimulation are probably due to rapid
after VEGF addition, when VEGF-induced cadherin andnternalization and downregulation of VEGF-occupied
catenin phosphorylation was maximal, the VE-cadherirreceptors in cultured cells (Bikfalvi et al., 1991; Omura et al.,
staining at cell-cell contacts redistributed in a zigzag patterr},997). Since PIGF152 had no effect on the expression level of
which differed considerably from the straight labeling patteri’VEGFR-2, ligand-induced receptor activation is a likely
observed at cellular junctions in control monolayers (Fig. 8ayprerequisite for this effect. However, in a cerebral slice culture
This redistributed VE-cadherin staining at the cell-cell contactsystem, VEGF upregulated VEGFR-2 (Kremer et al., 1997).
often appeared to be codistributed with F-actin rich filopodiaThis apparent contradiction might be explained by the very low
In response to VEGF, no gaps were ever visible between tlexpression of VEGF-receptors in brain in vivo (Plate et al.,
endothelial cells. 7 hours after VEGF incubation (Fig. 8g), thid992; Kremer et al., 1997), whereas most endothelial cells in
modification was no longer evident and the VE-cadherirculture already express high levels of VEGFR-2 under basal
staining appeared as a continuous linear labeling at cetonditions, preventing a further upregulation by certain factors.

adhesions which had almost returned to the pattern seen inTyrosine phosphorylation of adherens junction components
control cells. after stimulation of endothelial cells with VEGF has not been

200 —

5 30
kDa min min
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Fig. 8. Effect of VEGF on the
junctional localization of VE-
cadherin in HUVECs.
Confluent cultures of HUVECs
were either left untreated (a,b)
or treated with 100 ng/ml
VEGF165 for 10 minutes (c,d),
1 hour (e,f), or 7 hours (g,h).
Cells were fixed, permeabilized
and double immunostained for
VE-cadherin (a,c,e,g) and F-
actin (b,d,f,h). Although VE-
cadherin labeling was seen to
be localized at cell-cell
contacts at all time points
tested, the distribution assumed
a zigzag pattern codistributing
with actin-rich filopodia
(arrowheads) 10 minutes (d) to
1 hour (f) after VEGF
stimulation. The distribution
returned to a more linear
pattern similar to the one in
control cells 7 hours after
VEGF stimulation. Bar, 2fim.

previously observed. One possible reason might be the highTyrosine or serine phosphorylation of junctional
level of tyrosine phosphatases (e.g. PEAd HPTB) in components has been reported previously for cadherins and the
endothelial cells (Gaits et al., 1995). Since the activity as welirmadillo-catenins after stimulation with growth factors such
as the expression level of several phosphatases has been foaedEGF, HGF, PDGF and CSF-1 (Downing and Reynolds,
to be upregulated by cell density (Pallen and Tong, 1991; Gaif®9©91; Hoschuetzky et al., 1994; Shibamoto et al., 1994),
et al., 1995; Gebbink et al., 1995; Fuchs et al., 1996), and sinoacogene-activation (Hamaguchi et al., 1993; Kinch et al.,
cadherins as well as catenins have been shown to associate wifl®5; Takeda et al., 1995), phosphatase inhibition (Volberg et
tyrosine phosphatases (Bradykalnay et al., 1995; Balsamo a&it, 1992; Xu et al., 1997) or TPA-treatment (Nabeshima et al.,
al., 1996; Fuchs et al., 1996; Kypta et al., 1996), tyrosind997), and of PECAM-1 after TN&-treatment, mechanical
phosphorylation of adherens junction components in confluerstimuli or cell spreading and migration (Ferrero et al., 1996;
monolayers of HUVEC might be particularly difficult to detect. Lu et al., 1996; Osawa et al., 1997). Functionally, increased
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tyrosine phosphorylation @-catenin has been correlated with phosphorylation with VEGF. This is consistent with previous
conditions which perturb cell-cell adhesion (Matsuyoshi et al.glata showing that VEGF-induced tyrosine phosphorylation and
1992; Volberg et al., 1992; Behrens et al., 1993; Shibamoto @hmunolocalization of pl125FAK and paxilllin to focal
al., 1994; Kinch et al., 1995; Takeda et al., 1995), whereamdhesions (Abedi and Zachary, 1997), and TPA-induced
other data indicated that phosphorylation Btatenin on tyrosine phosphorylation of E-cadherin and catenins
tyrosine is not required for a shift from the strong to the weakNabeshima et al., 1997) did not change their distribution in
state of adhesion (Takeda et al., 1995). Which functions atbese compartments. In contrast, other authors have observed
influenced by the biochemical modification of the junctionala redistribution to the detergent soluble fractior3afatenin
molecules by VEGF? A comparison of the time courses for thand p120 after tyrosine phosphorylation (Hoschuetzky et al.,
VEGF-induced effects in our study suggests a correlatioh994; Papkoff, 1997). It is possible that the actual changes in
between tyrosine phosphorylation of junctional molecules andubcellular protein distribution might reflect variations
the modulation of cell-cell adhesion. In contrast to VEGFR-Detween cell types or differences in the effects of various
activation, which was maximal after 5 minutes, tyrosinegrowth factors and signaling molecules on protein interactions
phosphorylation of junctional proteins was visible after 5-15with the cytoskeleton. The finding that VEGF treatment had no
minutes, and was maximal around 1 hour after VEGFsignificant effect on the junctional localization of VE-cadherin
stimulation. Thus, phosphorylation of the cadherin-catenimules out the possibility that increased cell motility and
complex showed similar kinetics as the VEGF-inducedermeability are associated with disappearence of cell
tyrosine phosphorylation at cell-cell contacts and the modifieddhesion components from the cell-cell contact area. Recently,
junctional distribution of VE-cadherin (Figs 2 and 8). Thean interesting mechanism has been proposed (Yap et al., 1997)
VEGF induced tyrosine phosphorylation of cell adhesiorsuggesting that modulation of the adhesion functions of
proteins might also be involved in endothelial migration anccadherins is independent of their expression level, complex
paracellular permeability, although a delay is seen in the onsftrmation with catenins, cytoskeletal activity or signaling, but
of these biological effects. This might be due to an earlys regulated by the distribution of cadherin binding sites
triggering of cytoskeletal rearrangements and of the functionglresented at the cell surface. VEGF-induced modification of
modulation of cadherins and catenins, which would lead tadhesion molecules might therefore change the lateral
changes in adherens junction composition and function at @ustering of the extracellular domains of junctional proteins
later stage mediated by as yet unknown pathways. Anothsuch as VE-cadherin and consequently alter cadherin adhesive
function of the modified tyrosine phosphorylation could be thestrength. It remains to be examined whether the redistribution
regulation of endothelial proliferation and morphogenesispf VE-cadherin at cell-cell contacts in a zigzag pattern, which
since also other growth factors without any primary role irhas been correlated before with a destabilization of endothelial
permeability, e.g. EGF, HGF and PDGF, increase the tyrosirjanctions (Lampugnani et al., 1995; Rabiet et al., 1996) reflects
phosphorylation of adherens junction components (Downinghis kind of activity. Alternatively, VEGF may have an effect
and Reynolds, 1991; Hoschuetzky et al., 1994; Shibamoto eh the interactions of the cadherin complex with the small
al., 1994). The weakening of intercellular contacts by tyrosin&TPases rac and rho, which have been demonstrated to be
phosphorylation could therefore be important for the roundingequired for the establishment of cadherin dependent cell-cell
up of cells, cell division and reorganization of the endotheliatontacts (Braga et al., 1997; Takaishi et al., 1997; Tokman et
layer, which all take place during morphogenetic andal., 1997). It is also possible that ZO-1, which has been
angiogenic processes. This mechanism is reinforced by oweported to be involved in cadherin-based cell adhesion in non-
recent observation that tyrosine phosphorylation of endotheli@pithelial cells through its direct bindingdecatenin and actin
adherens junction components is specifically observed in lofilaments (Itoh et al., 1997), plays a role in the regulation of
density cultures, which are actively proliferating and where th¥ EGF-modulated cell-cell adhesion.
adherens junctions are under reshaping/reorganizing The signaling pathways through which VEGF induces cell
conditions (Lampugnani et al.,, 1997). Taken together, thesmigration, chemotaxis and permeability as well as the nature
results suggest, that VEGF-induced modification of celbf the kinase(s) responsible for the tyrosine phosphorylation of
contact proteins initiates a transition to a more flexible stagdhe junctional proteins remain to be identified. We did not
of cell adhesion linked to the destabilization of intercellularobserve any direct association of VEGFR-2 with components
contacts. of the cadherin-catenin complex, as has been demonstrated for
The mechanisms by which tyrosine phosphorylation mighthe EGF-receptor anfl-catenin (Hoschuetzky et al., 1994).
lead to loosening of cell-cell adhesion were investigated hereherefore, VEGF-induced tyrosine phosphorylation of VE-
and in previous reports (for review see Daniel and Reynoldsadherin and catenins might be mediated by recruitment and
1997). After VEGF stimulation, the cadherin-catenin complexactivation of other tyrosine kinases downstream of the VEGF-
still remained intact. This has been observed before by severaiceptors. For example, Src-kinases, which are enriched at cell-
authors (Matsuyoshi et al., 1992; Behrens et al.,, 1993ell contacts, have been shown to be directly involved in the
Hamaguchi et al., 1993; Reynolds et al., 1994; Shibamoto ghosphorylation of cadherins and catenins independently of
al., 1994; Shibata et al., 1994; Papkoff, 1997). In contrasgrowth factor receptor activation (Tsukita et al., 1991; Behrens
dissociation of tyrosine phosphorylat@dcatenin from the et al, 1993; Reynolds et al., 1994; Papkoff, 1997).
complex has been reported in the case of N-cadherin and Exerestingly, Src-kinases have also been identified as
cadherin (Kinch et al., 1995; Balsamo et al., 1996). In oucomponents of the VEGF-receptor signaling pathway
experiments there was no considerable redistribution dfWaltenberger et al., 1994).
cadherins and catenins between Triton-soluble and Triton- Taken together, the results presented here indicate that
insoluble  fractions after stimulation of tyrosine VEGF affects vascular permeability in vitro by inducing
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tyrosine phosphorylation of adhesion molecules such as theand expression of murine vascular endothelial cadherin in early stage
VE-cadherin complex and PECAM-1/CD31. Since tyrosine development of cardiovascular systetood 87, 630-641. ,
phosphorylation ofjunctional proteins have been implicated i'EIireler, G. and Risau, W.(1996). The role of vascular endothelial growth

. ' factor in blood vessel formatiofirends Cell Biol6, 454-456.
the modulation of cell adhesiveness, we propose that VEGIEreviario, F., Caveda, L., Corada, M., Martin-Padura, 1., Navarro, P.,

mediates increased vascular permeability and endothelialGolay, J., Introna, M., Gulino, D., Lampugnani, M. G. and Dejana, E.
migration during angiogenesis at least partially through (1995). Functional properties of human vascular endothelial cadherin
modulation of VE-cadherin function. Further work is necessary (7B4/cadherin-5), an endothelium-specific cadhefirterioscler. Thromb.

. . . Vasc. Biol.15, 1229-1239.
to define the VEGF-dependent signaling pathways aneaplan, B. A. and Schwartz, C. J(1973). Increased endothelial cell turnover

m0|eFU|eS involved in the regulation of cell-cell adhesive in areas of in vivo Evans Blue uptake in the pig adktherosclerosid 7,
functions. 401-417.
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