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Vascular endothelial growth factor (VEGF) is a homodimeric peptide growth factor which binds to two
structurally related tyrosine kinase receptors denoted
Fltl and KDR. In order to compare the signal transduction via these two receptors, the human Fltl and KDR
proteins were stably expressed in porcine aortic endothelial cells. Binding analyses using‘261-VEGFrevealed
Kdvalues of 16 PM for Fltl and 760 PM for KDR. Cultured
human umbilical vein endothelial (HWE) cells were
found to express two distinct populations of binding
sites with affinities similar to those for Fltl and KDR,
respectively. TheKDR expressing cells showedstriking
changes in cell morphology, actin reorganization and
membrane ruffling, chemotaxis and mitogenicity upon
VEGF stimulation, whereas Fltl expressing cells lacked
such responses.
KDR was foundto undergo ligand-inducedautophosphorylation in intact cells, and both Fltl and KDR were
phosphorylated in vitro in response to VEGF, however,
KDR much more efficiently
than Fltl. Neither the receptor-associated activity of phosphatidylinositol 3”kinase
nor tyrosine phosphorylation of phospholipase C-y were
affected by stimulation of Fltl or KDR expressing cells,
and phosphorylation of GTPase activating protein was
only slightly increased. Members
of the Src family such
as Fyn and Yes showed an increased level of phosphorylation upon VEGF stimulation of cells expressingFltl
but not in cells expressingKDR.
The maximal responses in KDR expressing porcine
aortic endothelial cells were obtained at higher VEGF
concentrations as compared to HUVE cells, Le. in the
presence of Fltl. This difference could possibly be explained by the formation of heterodimeric complexes
between KDR and Fltl, or other molecules, in HUVE
cells.

The endothelium representsa highly differentiated cell type,
which has specific requirements basedon its anatomical localization. It plays a central role during early stages of development and is involved in the structural and functional regulation of hemostasisandtissue
perfusion includingthe
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regulation of the vascular tone and vascular permeability
(1)as
well as angiogenesis (2). It furthermore playsa role in various
disease processes such as atherosclerosis (31, the growth of
solid tumors, as well as metastasis(4).A wide range of different
factors has been shown to regulate the various endothelial
functions such as vasconstrictors (e.g. angiotensin and endothelin), vasodilators (e.g. endothelial-derived relaxing factors),
pro- and anticoagulant factors, adhesion molecules, as well as
various growth inhibitors, growth factors and cytokines (e.g.
transforming growthfactor-@,and platelet-derived growth factor (PDGF)),’ and their imbalancedfunction andor expression
has been implicated to result in “endothelialdysfunction.”
The recently identified and characterized vascular endothelial growth factor (VEGF) (5), also described as vascular permeabilityfactor
(6)or vasculotropin (7), is a 46-kDa homodimeric proteinthatwas
found to specifically bindto
endothelial cells, t o stimulate endothelial cell growth in vitro
(8) and angiogenesis in vivo (9). It has been implicated t o be
involved in several endothelial-specific functions including endothelial proliferation and angiogenesis (8, lo), the regulation
of vascular permeability (8), and thrombogenicity (11).Moreover, VEGF is induced by hypoxia (12,13) and may therefore
be
regarded as an important regulatorof the endothelium.
Recently, two receptor-tyrosine-kinases have been shown to
specifically bind VEGF, namely the fms-like tyrosine kinase
Fltl(14) andKDR (151,the mouse homologue of which is called
Flk-1 (16-18) or NYWFLK-1 (19), and the rathomologue TKrI11 (20). Both receptors contain large insert sequences in their
intracellular kinase domains and seven immunoglobulin-like
domains in the extracellular NH,-terminals. Both have been
shown to be almost exclusively expressed in endothelial cells
(18,21) and therefore represent targets
for transducing signals
upon VEGF stimulation of the endothelium.
In order to elucidate the functional role of the two VEGF
receptors in the transduction
of the different effects of VEGF in
endothelial cells, we have expressed the two receptors separately in porcine aortic endothelial (PAE) cells which lack endogenous VEGF receptors. In this paper we report that Fltl
effects and compare some
and KDR transduce different cellular
of the initial signal transduction events.
MATERIALS AND METHODS
Establishment of Stably Zkansfected Cell Lines-A full-length
Fltl
cDNA (clone 3-7) (22) was cloned into the cytomegalovirus-based euI The abbreviations used are: PDGF, platelet-derived growth
factor;
VEGF,vascular endothelial growth factor; PAE cells, porcine aortic
endothelial cells; HUVE cells, human umbilical vein endothelial cells;
PBS, phosphate-buffered saline; FCS, fetal calf serum; PAGE, polyac3”kinase;
rylamide gel electrophoresis;PI3-K,phosphatidylinositol
PLC-y, phospholipase C-y; PDGFR, platelet-derived growth factor receptor; GAF’, GTPase activating protein.
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karyotic expression vector pcDNAI/Neo(Invitrogen).This construct was
transfected into PAE cells (23) using electroporation as described before
(24). In a similar way, KDR cDNA ligated into a modifiedpcDNAI
(Invitrogen) expression vector (15) was transfected into PAE cells together with p W 3 (24), a plasmid containing a neomycin resistance
gene. PAE cells were cultured in Ham's F-12 (Life Technologies, Inc. or
Biochrom) supplemented with penicillidstreptomycin (Life Technologies, Inc.), 10%fetal calf serum (Life Technologies, Inc.),and 0.4 mg/ml
of G418 sulfate (Geneticin", Life Technologies,
Inc.). Clones were picked
after 2 weeks and selected based on their ligand binding abilities, i.e.
clones 7 and 13 of PAE/Fltl and clones 11 and 23 of PAE/KDR.
Antisera-Polyclonal rabbit antisera against Fltl and KDR were
raised as describedpreviously (25) against synthetic peptides and
named according to the sequence of the three NH,-terminal amino
acids: EPK against amino acid residues 973-993 in the kinase insert
region of Fltl (22), VSE against amino acid residues 1300-1319, P1-3
against the COOH-terminalregion of Fltl(26),and NEF against the 25
amino acid residues of the ratTKr-I11 sequence (20) that correspond to
amino acid residues 935-959 in the human KDR (15). Some of the
peptide antisera were loaded on affinity columns containing the corresponding synthetic peptides coupled to CH-Sepharose 4B (Pharmacia
LKB), and the bound antibodies were eluted at pH 3, neutralized, and
dialyzed against PBS containing 10% glycerol. The polyclonal rabbit
antiserum R3 was used for immunoprecipitation of the PDGF P-receptor as described before (27). The monoclonal antibody PY20 (Upstate
Biotechnology Incorporated, UBI) was used for detection of phosphotyrosine, and as a secondary antibody, peroxidase-conjugatedrabbit antimouse Ig (Dakopatts); alternatively the horseradish peroxidase-conjugated phosphotyrosine antibody RC2OH (Transduction Laboratories)
was used. For detection of PLC-y, the monoclonal antibody PLC-y1
(Transduction Laboratories) was applied.
Affhity-purified rabbit antibodies recognizing the carboxyl-terminal
sequence of pp60""" (Src),p 5 9 (Fyn), andpp62''yes (Yes)(acst.1) as well
as antisera directed against Fyn (afyn.2) or Yes (cryes.6) were gifts of S.
Courtneidge (28). An antiserum (a GAP) against GTPase activating
protein was obtained from J. Downward, Imperial Cancer Research
Fund, London, and an antiserum recognizing the p85 subunit of phosphatidylinositol 3"kinase(P13-K) was obtained from M. Waterfield,
Ludwig Institute for Cancer Research, London.
Growth Factors-Recombinant VEGF expressed in the baculovirus
system (VEGF cDNA encoding the 165 amino acid form of VEGF) was
a gift of D. Gospodarowicz, Chiron Corp., Emeryville, CA. PDGF-BB
was recombinant protein expressed in the yeast strain Saccharomyces
cereuisiae (29).
Receptor-bindingAnalysis-Binding experiments were performedas
described in detail previously (30) on either transfected PAE or HUVE
cells grown to confluence in 24-well tissue culture plates under the
culture conditions described above and using iodinated VEGF (1-2 ng/
ml) and different concentrations of unlabeled VEGF. Iodination of
VEGF was performed using the chloramine-T method (31) to specific
activities of 2.5 x lo5 to 3.8 x lo5 counts/min/ng lZ5I-VEGF.The data
were subjected to Scatchard analysis (32) as described before (30).
Mitogenicity Assay-Cells were seeded sparsely in 12-well culture
dishes. Two days later, the medium was changed to serum-free Ham's
F-12 medium supplemented with 0.1 mg/mlbovine serum albumin.
After an additional 24 h of incubation, the medium was renewed, and
after a total of 40 h of serum-free incubation, the cells received VEGF
(0-100 ng/ml) or 5% FCS for another 24 h. During the final 2 h of
stimulation, 0.25pCiofL3H]thyrnidine/ml
(Amersham) was present.
High molecular weight3H radioactivity was then precipitated with 5%
trichloroacetic acid at 4 "C for 20min. After washing twice with ice-cold
H,O, 3H radioactivity was solubilized in 1 M NaOH (400 pVwell) for 20
min at room temperature, acidified by the addition of 2 M HCl (400
pVwell), and quantitated by liquid scintillation counting.
Actin Reorganization Assay and Changes in Cell Morphology-The
assay was performed as described previously (33). In brief, cells were
seeded sparsely onto microscope glass coverslips placed within 6-well
culture plates and allowed to grow for 2 days with one change of the
medium. VEGF (100 ng/ml) wasadded, and the cells wereincubated for
2-20 min at 37"C. The cellswerefixed
in freshly prepared 4%
paraformaldehyde in PBS at room temperature for 30 min, followed by
acetone fvtation at 4 "C for 5 min. After three washes in PBS, rhodamine-conjugated phalloidin was applied in a humidified chamber at
room temperature for about 60 min. After rinsing the coverslips in PBS
and distilled H,O, they were mounted onto objectglasses using Fluoromount C" (Southern Biotechnology). The slides wereviewed with a
Wild-Leitzepifluorescencemicroscope,
and photomicrographs were
taken using Kodak T-MAX film.

Chemotaxis Assay-The motility response of cells was assayed by
means of the leading front technique using a modified Boydenchamber
and 150-pm collagen-coated nitrocellulose filters, as described before
(34-36). For each set of experiments, the migration of the respective
cell-clone in Ham's F-12 medium with 10% FCS and with the same
medium below the filter (chemokinesis) served as a control and is referred to as 100% migration. All experiments were performed in duplicate for every concentration of VEGF, and several independent cell
clones expressing KDR or Fltl were analyzed.
Immunoprecipitation and in Vitro Immune Complex Kinase AssaySubconfluent or confluent cells were preincubated for 5 min at 37 "C
with 100 PM Na3V0, to inhibit phosphatase activity. They werestimulated for 8 min at 37 "C, or for 1h at 4 "C followed by 8 min at 37 "C,
with 1-100 ng/ml VEGF or with 50-100 ng/ml PDGF-BB. After a wash
with ice-cold PBScontaining 100 p~ Na,VO,, cells were solubilizedin a
lysis buffer (150mM NaCl, 20 m~ Tris-HC1, pH7.4,1% CHAPS (Sigma),
10 m~ EDTA, 10%glycerol, 100p~ Na3V0,, 1%Trasylol (Bayer), 1mM
phenylmethylsulfonyl fluoride). The cell lysates were centrifuged at
10,000 x g for 20 min, and the supernatants were precleared for 1h at
4 "C using 20 pl of Protein A-Sepharose CL 4B. The supernatant was
used for immunoprecipitation as described before (37) with receptorspecific antisera, antisera reactive with GAP, PLC-7, or with members
of the Src family. Alternatively, the monoclonal antibody PY20 recognizing phosphotyrosine was used. Immunoprecipitates immobilized on
Protein A-Sepharose CL4B wereusedfor immune complex kinase
assays by incubation in 40 pl of 50 mM HEPES, pH 7.4, 10 mM MnCl,,
1 mM dithiothreitol, and 5 pCi of [y-32PlATP(Amersham) for 7 min at
room temperature. The samples were analyzed bySDS-PAGE using
5-10% polyacrylamide. The gels were incubated for30min in 10%
acetic acid, 40% methanol, followedby a 30-min incubation in 2.5%
glutaraldehyde (38) in order to cross-link proteins to the gel, and further treated for l h at 55 "C in l M KOH to remove serine-bound
phosphate (39) beforegel drying and exposuretoHyperfilm
MP
(Amersham) was performed.
Phosphorylation in Intact Cells and Immunoblotting-Cell culture
and immunoprecipitation was performed essentially as described
above. Confluent cells (75 em2)were preincubated with 100 PM Na3V0,
for 5 min, stimulated with 50 ng/mlof VEGF for 60
min at 4 "C followed
by 8 min at 37 "C. Washing with PBS containing 100 p~ Na,VO, was
followed by solubilizationin Nonidet P-40lysis buffer (20 mM Tris-HC1,
pH 7.4, 150 mM NaC1, 1%Nonidet P-40 (Nonidet P-40, Sigma), 10 mM
EDTA, 10% glycerol, 100p~ Na3V0,, 1%Trasylol, 1mM phenylmethylsulfonyl fluoride, 1 r m zinc acetate). Lysates were used for immunoprecipitation, and the samples were subjectedto SDS-PAGE and blotted
onto a nitrocellulose membrane (Hybond C extra", Amersham). Phosphorylated proteins were detected by immunoblotting as described before (37), using PY20, and as a secondaryantibody,peroxidaseconjugated rabbit anti-mouse Ig (Dakopatts), or alternatively the horseradish peroxidase-conjugated phosphotyrosine antibody RC2OH was
used. A chemoluminescence-baseddetection system (ECL";Amersham)
was used for detection of immunoreactivity.
Phosphatidylinositol 3"KinaseAssay-Confluentcells,grown
in
Ham's F-12 containing 10% fetal calf serum, were stimulated with 50
ng/ml of either VEGF or PDGF-BB
in thepresence of 100 PM Na3V0, for
8 min at 37"C, washed once with ice-cold PBS containing 100 p~
Na3V0,, and lysed in Nonidet P-40 lysis buffer (see above) on ice. The
lysate was centrifuged at 10,000 x g for 20 min at 4 "C, and the supernatant was incubated with a receptor-specific antiserum or an antiserum recognizing the regulatory subunit p85 (5a)for 2 hon ice.Protein
A-SepharoseCL 4B (50 pl of a slurrycontaining 50% beads in PBS) was
added, and the incubation was prolonged for another 30 min. Analysis
of receptor-mediated stimulation of PI3-K wasessentially performed as
described earlier (40). In brief, the Sepharose beads were collected and
washed several times to remove nonspecific phosphatidylinositol 4'kinase activity. Phosphatidylinositol was used as a substrate for PI3-K
in uitro. The phospholipids were extracted with chloroform, separated
by thin layer chromatography, and detected by autoradiography.
RESULTS

PAEIFltl and PAEIKDR Cells Express High Affinity Binding Sites for VEGF: Comparisonwith HUVE Cells--In order to
study the properties of the endothelial cell-specific receptors
Fltl and KDR, porcine aortic endothelial cells were chosen as
recipient cells for the expression of these receptors. Receptor
binding analyses did not show any significant VEGF binding on
untransfected PAE cells (Fig. IC), whereas high affinity binding
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experiments.

sites were found on cell lines expressing Fltl or KDR (PAEI 10-50 ng/ml ofVEGF. Several different PAE cell clones exFltl and PAEIKDR cells, respectively). The affinities for the pressing F l t l were examined, and all failed to mediate an aptwo receptors differed significantly, with Kd values of about 16 preciable chemotactic response at concentrations of VEGF bePM for Fltl (50,000 receptors/cell; Fig. la) and 760 PM for KDR tween 0. l and 100 ng/ml. Untransfected PAE cells also failed to
(150,000 receptors/cell; Fig. lb). On HUVE cells two distinct migrate toward VEGF.
The abilitiesof KDR and Fltlt o transduce mitogenic signals
VEGF receptor populations were identified (Fig. Id) with Kd
values of 9 and 770 PM, i.e. comparable to those determined for were investigated using a L3H1thymidine incorporation assay.
Whereas untransfected PAE cells and PAE/Fltl cells failed to
Fltl and KDR.
Different Abilities of F l t l a n d KDR to Dansduce Ligand- increase the incorporation of 13H]thymidine upon stimulation
dependent Changes in Cell Shape, Membrane Rufling, Chemo- with VEGF, the PAEKDR cells responded in a dose-dependent
taxis, and Mitogenicity-The changes in cellular shape upon fashion to concentrations of1-10 ng/ml VEGF (Fig. 4). At a
ligand stimulation were determined by fixation and staining concentration of 30 ng/ml, the majority of cells had detached
with rhodamine-conjugated phalloidin in order tovisualize cy- from the culture dish after24 h of incubation allowing essentoskeletal structures. The addition
of 100 ng/ml VEGF to PAE/ tially no measurable incorporation and precipitation of L3H1thyKDR cells resulted in the
formation of cytoplasmic protrusions midine. Additionally, HUVE cells responded to VEGF and
and edge ruffles after 5 min of stimulation (Fig. 2). The forma- showed maximal response at 1 ng/ml, i.e. a significantly lower
tion of pili and major changes in thecell shape could be seen concentration than that giving maximal stimulation of PAE/
after 15 min of ligand stimulation, the edge ruffles still being KDR cells.
Fltl and KDR: Distinct Patterns of Phosphorylation and
partly present. Changesof very similar morphology and kinetway (Fig. Association with Cellular Proteins-Stimulation of intact PAE/
ics appeared inHUVE cells, when treated in the same
2). Under identical conditions, the Fltl expressing PAE cells KDR cells with VEGF (50 ng/ml) induces phosphorylation of
and untransfected PAE cells did not respond in changes of the 205-kDa receptor on tyrosine residues, as assessed by immunoprecipitation using theKDR-specific NEF antiserum and
cellular shape or cytoskeletal reorganization.
Chemotaxis of PAE cells expressing KDR or Fltl was exam- subsequent immunoblotting usingthe anti-phosphotyrosine
ined using a modified Boyden chamber technique. The migra- antibody PY20 (Fig. 5). The PDGF P-receptor expressed in PAE
tion distance of the leading frontof cells into a 150-pm nitro- cells (41) was tyrosine phosphorylated in a similar way, when
cellulose filter, toward increasingconcentrations of VEGF, was stimulated with 50 ng/ml of PDGF-BB. Using a similar assay
scored. Calf serum at 10% was present in both the upper and no VEGF-induced tyrosine-phosphorylation of Fltl was detectlower chamber, in order toavoid scoring for random migration able inPAEYFltl cells when precipitation was performed using
(chemokinesis). As seen in Fig. 3, an efficient chemotaxis of the EPK antiserum; it should be noted though that this antiKDR expressing cells was achieved using concentrations of serum has a lower titer than the NEF antiserum. The Fltl
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FIG.4. Incorporation of ['Hlthymidine. PAEKDR cells (O),PAEI
F l t l cells (0).untransfected PAE cells (0).
and HUVE cells (1)were
grown in 12-well tissue culture plates tosubconfluence in the presence
of 10%FCS, serum starvedfor 40 h, andconsecutively, stimulated with
VEGF (up to 50 ng/ml) for 24 h. Incorporation of 1,'Hlthymidine as
compared withthe unstimulated control was estimated. Data represent
the meanof triplicates, and similar results were obtained
at in
leasttwo
different experiments.
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FIG.2. Actinreorganizationuponstimulationwith
VEGF.
Sparsely seeded untransfected IPAEI and transfected PAE cells tPAEI
F l t l , P U I K D R ) a s well as HUVE cells (HUVE I, were stimulated with
100 ng/ml VEGF for 5 or 15 min, fixed with paraformaldehyde, permeabilized with acetone, and stained with rhodamine-phalloidin
for visualization of the actin filaments. After 5 min of stimulation, membrane
edge ruftles ("leadinglamellae") can be observed in PAEKDRcells (->)
as well as in HUVE cells 0). Photographs were taken using a LeitzWild microscope and Kodak TMY film.
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FIG.5. Phosphorylation of PDGFR-I%,KDR, and F l t l i n i n t a c t
cells. Confluent monolayers of PAEIPIXFR-p were stimulated with
PDGF-BB, and PAE/KDR and PAAEFltl cells werestimulatedwith
VEGF for 60 min a t 4 "C, followed by 8 min a t 37 "C. Lysates were
immunoprecipitated using thePDGFR-p-specific antiserum PDGFR-3,
or KDR- and Fltl-receptor-specific antisera (NEF and EPK,
respectively),separated by SDS-PAGE, andblottedonto
a nitrocellulose
membrane. Phosphotyrosine-containing proteinswerevisualized by
incubation with an anti-phosphotyrosine antibody (PY20) and a chemoluminescence-based detection system.

immunoprecipitation from PAE/Fltl cells using the EPK antiserum or PY20, followed by incubation of the immunoprecipitate with[y3'P]ATP, a phosphorylated205-kDa component was
VEGF [ ng/ml]
seen (Fig. 621). Using a similar assay and another Fltl-specific
FIG.3. Chemotactic response of PAEKDR cells (O), PAE2Fltl antiserum, VSE, a 205-kDa component was phosphorylated in
cells (O), and untransfected PAE cells (0)
to VEGF. Cells were
HUVE cells after stimulation withVEGF (Fig. 6c).However, a
suspended in Ham's F-12 medium supplemented with 10% FCS and
incubated for 6 h a t 37 "C in a modified Boyden chamber containing a much stronger phosphorylation was seenof the KDR protein in
150-pm nitrocellulose filter membrane. Data pointsare mean f S.E. of VEGF-stimulated HUVE cells precipitated with NEF(Fig. 7),
threeexperimentsperformedinduplicate
for PAEKDR cells. For as well as in PAE/KDR cells after immunoprecipitation with
PAE/Fltl and untransfected
PAE cells, data represent the mean
of NEF (Figs. 7 and 6 u )or withPY20 (Fig. 6a).In conclusion, both
duplicates.
Fltl and KDR aretyrosine phosphorylated in response to
VEGF in transfected PAE cells and in HUVE cells, but KDR
protein, however, can be demonstrated as a 205-kDa protein in appears to undergo autophosphorylation
much moreefficiently.
PAE/Fltl cells, when Fltl is enriched by EPK-specific immuA number of proteins were coprecipitated and phosphorylnoprecipitation followed by Western blot analysis with another ated together with the tyrosine kinase receptors Fltl
KDR
and
antiserum against Fltl (Pl-3; data notshown).
in thei n vitro kinase assay (Fig. 6, a - c ) . The sets of associated
Using an in vitro phosphorylation assay, VEGF-inducible ty- phosphoproteins differed substantially between Fltl and KDR
rosine phosphorylation of F l t l could be demonstrated; after
and were also different from those associated with the PDGF
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FIG.6. In vitro phosphorylation/
substrate association of VEGF receptors. a , KDR wasimmunoprecipitated
from PAE/KDR cells stimulatedornot
with VEGF, usingeitherthereceptorspecific polyclonal antiserum NEF or the
monoclonal anti-phosphotyrosine
antibody PY20. The immunoprecipitates were
subjected to an in vitrokinase assay and
analyzed by SDS-PAGE, followed by KOH
treatment of the gel, and autoradiography
(Hyperfilm MP, Amersham) for detection
of phosphoproteins.
Similar
analyses
were doneon EPK andPY20 immunoprecipitates of F l t l from PAEiFltl cells ( b ) ,
and on VSE immunoprecipitates of F l t l
from HUVE cells as well as on PY20 immunoprecipitates of HUVE cells (c).
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Signal Dansduction of Fltl and KDR: Association of Signal
Dansduction Molecules-Some of the known signal transduction molecules that associate with tyrosine kinase receptors
were tested with respect association
to
with and stimulationby
Fltl andKDR. Analyses of immunoprecipitates from PAEZltl
and PAEXDRcells stimulated or not withVEGF did not reveal
any P13-K activity associated with neither of the two VEGF
200 kDa receptors (Fig. 8); the same resultswere obtained independent
of whether receptor-specific antisera, or the antiserum 5a,diof P13-K was used
rected against the regulatory subunit (p85)
for immunoprecipitation prior to the i n vitro kinase reaction
(data not shown). In contrast,PI3-K activity was found associated with activated PDGF P-receptors, consistent with previ97 kDa ous findings( 4 2 4 4 ) (Fig. 8).Moreover, unlike in thecase of the
PDGF P-receptor no tyrosine phosphorylation of PLC-y was
found to be induced
by F l t l or KDR receptors (datanot shown).
In contrast, both Fltl and
KDR showed some ligand-dependent
association of Src family members (Fig. 91, as visualized by
immunoprecipitation with antibodies against Src
family mem69 kDa bers, namely~ 5 9 ' ~(Fyn)
"
andp ~ 6 2 ~ -(Yes),
- ~ " followed byin vitro
kinase assay; theassociation was, however, much weaker than
FIG.7. In uitro phosphorylation of KDR in PAEKDR and in
that to the PDGFP-receptor (Fig. 9B). Whereas VEGF stimuHUVE cells. Cell monolayers were stimulated with different concen- lation of F l t l expressing cells resulted in a 2.4-fold increase of
trations of VEGF and lysed. KDR-specific immunoprecipitation using
the NEF antiserum wasfollowed by an in vitro kinase assay; samples Fyn phosphorylation and a 2.1-fold increase in the phosphorylwere analyzed by SDS-PAGE, followed by KOH treatment of the gel, ation ofYes (Fig. 9A),the level of phosphorylation decreased for
and autoradiography on FUJI RX film.
both Src family members after stimulation of PAE/KDR cells.
Furthermore, there wasa weak VEGF-inducible stimulation of
tyrosine phosphorylation of GAP, but no significant association
P-receptor in the same cellular background (data not shown). of GAP with KDR or Fltl (Fig. 10).
The most prominentphosphoproteins that were coprecipitated
with KDR migrated a t sizes correspondingto 36,46,52,60,85,
DISCUSSION
and 140 kDa (Fig. 6a), and a phosphoprotein that associated
We show in the present paper that the
two VEGF receptors
with Fltl and increased after VEGF stimulation migrated at Fltl andKDR have different affinities for VEGF. Both Fltl and
about 140 kDa(Fig. 6, b and c).
KDR can be phosphorylated on tyrosine residues, but show
The dose-response of VEGF-induced phosphorylationof KDR different patternsof potential intracellular substrates in the
in
was assessed in both PAEXDR and HUVE cells using an i n vitro immune complex kinase assay, and they also mediate
vitro kinase assay(Fig. 7). The maximal response was higher in
different cellular responses.
PAE/KDR cells, which may at least in partbe explained by the
The transfected cell lines PAE/Fltl and PAEYKDR express
higher receptor number/cell and the highercell density in the functional VEGF receptors, assessed both by ligand binding
monolayer. The majordifference, however, was thedose depend- and ligand-dependent phosphorylation in the i n vitro kinase
ence in in vitro phosphorylation of KDR whereas the maximum assay. In HUVE cells, which express both Fltl andKDR recepin PAEXDR cells was reached at about 30 ng/ml VEGF, the tors (our data and Ref. 451, ligand-induced phosphorylation
1ng/ml or below in HUVE cells, which could be seen in a similar way. The extent of detectable phosmaximum was shifted to
upon VEGF stimulation, was
phorylation, both at base line and
express in addition toKDR also Fltl.
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phosphate ( P I P ) are indicated.

pj

Cells:
Anliserum:
PDGF-BB:
VEGF:

PIE1
PDGFR-P

?*E/

ocst.1

acrt.1

, --

+

KDR
~

.

?A€/
Flll
(1cst.1

+ , -

~

.

PA€/
KDR

dyn.2

. .

?&E/

?A€/
Fltl
dyn.2

PAEI

KDR
oye~.6

. .

Fltl

.y~~.6

. .

I

-

*

. .

I

-

* I

200 kDa

97 kDa

69 kDa

FIG.10. Assay of GAP phosphorylation. Transfected PhE cells
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samples were separated by SDS-PAGE and analyzed by autoradiography. Stimulation of GAP phosphorylation can be seen in all three
cases, whereas ligand-dependent association with GAP only occurs in
the PDGFR-P expressing cells.

attributed toa different sensitivity of the antisera used in this
study. The NEF antiserum
recognizing KDR has proven to be a
sensitive as well as specific tool in immunoprecipitation, immunoblotting,' as well as in immunohistochemistry (47). On
the other hand, the antisera EPK and
VSE recognized Fltl in
PAEFltl cells as well as in HUVE cells using the in vitro
kinase assay. However, their sensitivity was lower as compared
with NEF, and neitherof the antiserawere suitable for immunoprecipitation of detectable amounts of metabolically labeled
FIG.9.Assay of the phosphorylation of Src family members. A, Fltl protein in thesetwo cell lines. The reason for the difficulty
VEGF-dependent in vitro phosphorylation of Src family members in
in obtaining good polyclonal antisera against Fltl isunclear.
transfected porcine aortic endothelial cells expressing the PDGFR-p
Tyrosine phosphorylation of KDR can be shown by different
(PAEIPDGFR-P),
KDR (PAEIKDR),
or Fltl ( P M I F l t l ) .Followingimmethods including phosphorylation in the intact cell, whereas
munoprecipitation using different antisera against Src family members, samples were subjected to
in vitro kinase assay, separated by tyrosine phosphorylation of Fltl could onlybe demonstrated in
SDS-PAGE, and detectedby autoradiography. Changes in the extentof the in vitro immunocomplex kinase assay. This does not forphosphorylation were quantifiedon a phosphor-storage based detection mally exclude the possibility that another kinase was copresystem (PhosphorImager", Molecular Dynamics) and are given below
the figure of the gel. Moreover, in the case
of the cst.1 antiserum, a clear cipitated and mediated phosphorylation of Fltl.
In our system KDR transduced signalsfor mitogenicity, cheligand-induced association of Src family members and the PDGFR-P
can be seen. B, a longer exposure of the same gel (2 weeks a t -70 "C) motaxis, actin reorganization, and changes in gross morpholdemonstrates the association
of KDR and Fltl with Src family members ogy of the cell, whereas Fltl did not transduce any of these
and the changes inducedby ligand stimulation.
effects despite the fact thatbound
it VEGF with higher affinity
than KDR. Negative results may have trivial explanations,
e.g.
severalfold higher in PAE/KDR cells as compared with PAE/ a mutation in the cDNA used for transfection. It is, however,
Fltl cells and was somewhat weaker than PDGF-BB-stimuin
notable that also another group has been unable to demonlated PAEPDGFR-p cells expressing a similar number of re- strate mitogenic signaling using an
independently isolatedFltl
ceptors (46). This may be due to a difference in the intrinsic cDNA transfected into NIH3T3 cells.3 The reason for the difproperties of the kinases or t o different susceptibilities to dephosphorylation by phosphotyrosine phosphatases. It may also
J. Waltenberger, unpublished data.
in partreflect the lower number of Fltl receptors/cell or may be
T. P. Quinn and L. T. Williams, personal communication.
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ferences in theeffects mediated by KDR and Fltlis not known.
It is possible that PAE cells, a stable cell line that hadbeen in
culture for years (23), lack the particular signal transduction
molecules necessary for the transduction of F l t l signals, although PAE cells are of endothelial origin and display several
endothelial characteristics such as the expression of factor
vIII,4 theexpression of endoglin, and a cobblestone morphology
(23). It is also possible that Fltl is involved in other not yet
analyzed pathways. Similarto our resultsobtained for Fltl, the
product of the met proto-oncogene was found not to mediate
mitogenesis when expressedin NIH3T3 fibroblastsand stimulated with its specific ligand (48). Nonetheless, activation of
Met induced blood vessel formation in vivo (49). By analogy, it
is possible that Fltl stimulates other
endothelialfunctions
than mitogenicity. An alternative possibility to explain the lack
is funcof effects of F l t l per se would be to postulate that Fltl
a heterodimer with KDR or
tionally activeonly when present in
another molecule, similarly as for HERB, which can only be
activated by heregulin in the
presence of HER4 (50).This could
also explainthe different dose-response behavior of KDR phosphorylation in PAE/KDR and HUVE cells (Fig. 8). Heterodimerization (cooperativity)of the two VEGF receptors may
shift the maximum of the dose-response curve to lower values
in the case of HUVE cells, where both Fltl and KDR are expressed: mitogenicity and in vitro phosphorylation occurred at
a 10-fold lower concentration of VEGF in HUVE cells as compared with PAE/KDR cells. The concept of heterodimerization
of receptor tyrosine kinases is well established and has been
demonstrated for thestructurallysimilar
PDGFR-a and
PDGFR-P which form hetero- or homodimers, dependingon the
stimulating PDGF isoform (51,521. It is an interestingperspective that the four different VEGF isoforms known (53) would
differ intheir abilities to induce heterodimers versus homodimers. The recent discovery of Fltl processing into truncated receptors and soluble F l t l proteins (54) represents an
alternative and intriguing possibility to explain the lack of
cellular responses (e.g. mitogenesis), when PAE/Fltl cells (Fig.
4) or NIH3T3Pltl cells3 are stimulated withVEGF. This finding, however, does not rule out a potential role of Fltl for
intracellular signaling. In our system there was no indication
for processing of Fltl.
The receptors for VEGF do not appear to associate with
PI3-K, a signal transduction molecule which binds to many
other receptor tyrosine kinases such as the
receptors for PDGF
(55, 56) or the stem cell factor (c-Kit)(57). PI3-K binds to the
consensussequencephosphorylated
Tyr-Xaa-Xaa-Met (58).
KDR and Fltl contain only one such motif each; in both receptors they arelocated inside the kinasedomains and are therefore unlikely to serve as autophosphorylation sites mediating
binding to PI3-K or other signal transduction molecules. The
PDGFR-P has been shown to mediate the signal
for chemotaxis
via stimulation of P13-K (44, 59), which could be abolished by
mutations of the P13-K-binding site in the kinase insert
of the
receptor. KDR-induced chemotaxis is apparentlymediated
without a direct interaction between P13-K and the receptor,
since the receptor-bound PI3-K activity is not increased after
ligand binding; however, the possibility that PIS-K activity is
activated downstream in the signal transduction pathways
originating from activated KDR, e.g. via activation of Src family
kinases (60), has not been excluded. The effects of KDR and
Fltl on binding andactivation of members of the Srcfamily of
tyrosine kinases are interesting.Src-like molecules have been
implicated in mitogenic signaling via PDGF receptors(611, but
their exact roles in signal transduction remain be
toelucidated.

The expression of Fltl has been shown to be highly specific
for the endothelium (21). Similarly, KDR (Flk-1) expression is
largely restricted to capillaries and the endothelial layers of
blood vessels (17-191, but is also present in fetalliver cells (16),
the source of its original isolation. However, there is recent
evidence for the expression of KDRin pancreatic duct
cells (47),
demonstrating that KDR is not exclusively expressed in the
endothelium.
The significance of the regulationof endothelial function by
receptor tyrosine kinases is unclear. By now, several more or
less endothelial-specific receptor tyrosine kinases have been
described, namely the two VEGF receptors Fltl and KDR and
the receptors Tek (62, 631, Tie-1 (64, 651, and Tie-2 (65) for
which the ligands remain to be identified. Both KDR (17-19)
and Fltl(21) are
developmentally regulated, and an important
role in endothelial cell differentiation is assumed. The present
study demonstrates cellular responses and early events in the
signal transduction via VEGF receptors. KDR was found to
mediate essential functions such as chemotaxis, mitogenesis,
and cytoskeletal reorganizations, whereas the functional significance of the Fltl receptor remains to be determined. This
provides a basis for further characterization of the molecular
events involved in VEGF stimulation of normal endothelial
cells, notably with respect to theheterogeneity of the endothelium (66) as well as with respect to endothelial dysfunction and
related cardiovascular diseases, vascular remodeling (671, and
therapeutic angiogenesis (9).
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