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Abstract

VEGFR-3 is essential for vascular development and maintenance of lymphatic vessel�s integrity. Little is known about its coop-
erative effect with other receptors of the same family. Contrary to VEGFR-2, stimulation of VEGFR-3 by VEGF-C and -D failed to
enhance its phosphorylation either in HEK293T or in PAE cells. These ligands were unable to induce angiogenesis of PAEC express-
ing VEGFR-3 alone. In the presence of VEGFR-2, VEGF-C and -D induced heterodimerization of VEGFR-3 with VEGFR-2. This
heterodimerization was associated with enhanced VEGFR-3 phosphorylation and subsequent cellular responses as evidenced by the
formation of capillary-like structures in PAE cells and proliferation of primary human endothelial cells expressing both receptors.
Taken together, these results show for the first time that VEGFR-3 needs to be associated to VEGFR-2 to induce ligand-dependent
cellular responses.
� 2004 Elsevier Inc. All rights reserved.
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Angiogenesis is a crucial component in normal and
pathological vascular development [1]. The most impor-
tant mediators of angiogenesis are members of the vas-
cular endothelial cell growth factor (VEGF) family [2].
The VEGF family of proteins binds to three structurally
related receptor tyrosine kinases [3]; known as VEGFR-
1 which binds VEGF-A, PlGF, and VEGF-B; VEGFR-2
which binds VEGF-A, VEGF-C, VEGF-D, and VEGF-
E; and VEGFR-3 which binds VEGF-C and VEGF-D.
VEGFR-1 and -2 are expressed on vascular endothelial
cells, whereas the expression of VEGFR-3 has been
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detected in developing blood vessels [4,5]. In the adult,
VEGFR-3 is found on the endothelial cells of lymphatic
vessels [5].

In contrast to VEGFR-2, little is known about the sig-
naling and the cellular functions associatedwithVEGFR-
3. Even though VEGFR-3 appears to be required for the
regulation of the development of the lymphatic system [6],
several studies suggest that VEGFR-3 alone is not suffi-
cient to induce the sprouting of lymphatic vessels and
appears to require the co-expression ofVEGFR-2.Never-
theless, heterodimerization of VEGFR-2 and VEGFR-3
is still a matter of debate. While Pajusola et al. [7] showed
that VEGFR-2 is not able to heterodimerize with
VEGFR-3 in endothelial cells, it has been shown very re-
cently that the two receptors can associate in response to
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VEGF-C andVEGF-D [8]. Here, we have studied the sig-
naling and the functional consequences on endothelial cell
angiogenesis of VEGFR-3. We then showed the funda-
mental role of VEGFR-2 in the regulation of VEGFR-3
activity.
Materials and methods

Cells, antisera, and other reagents. Polyclonal antiserum to Flk-1/
KDR (VEGFR-2) was from Santa Cruz Biotechnology (Heidelberg,
Germany). Recombinant human VEGF-A and VEGF-D were ob-
tained from R&D Systems (Lille, France) and VEGF-C was from
ReliaTech (Braunschweig, Germany). The horseradish peroxidase
(HRP)-conjugated monoclonal antibody anti-phosphotyrosine PY20
was from Zymed, San Francisco, CA. Agarose-conjugated monoclonal
anti-HA antibody and the HRP-conjugated anti-HA were from Santa
Cruz Biotechnology (Heidelberg, Germany).

Constructs. Human VEGFR-3 deleted in its signal peptide was
amplified frompECE-Flt4 (kindly providedbyDr.Birnbaum, INSERM

U.119, Marseille) encoding the full length VEGFR-3L, and cloned in
pDisplay in-frame with the signal peptide and the HA Tag (Invitrogen).
For co-transfection in PAEC, pDisplay-VEGFR-3 was digested with
BamHI andNotI, and theVEGFR-3HAproductwas subcloned into the
same sites of pCDNAZeo (Invitrogen). Mutation of the active site of
VEGFR-2 was done using the X-L Quick mutagenesis kit (Stratagene)
and the following oligonucleotides: ACCGTGGCCGTGCGAATGC
TGAAAGAGG and CCTCTTTCAGCATTCGCACAGCCACGGT.

Quantitative real-time PCR. Quantitative RT-PCR assays for hu-
man VEGFR-2, VEGFR-3, and TATA-box binding protein (TBP)
genes were carried out, in triplicate, using Assays-on-demand Gene
Expression Products (PE Applied Biosystems, Weiterstadt, Germany).
Real-time PCR conditions were: UNG activation at 50 �C for 2 min,
initial denaturation at 95 �C for 10 min, 40 cycles, each cycle consisting
of denaturation at 95 �C for 15 s, annealing and extension at 60 �C for
1 min. Accumulation of fluorescently labeled PCR products was
monitored cycle-by-cycle by the GeneAmp 7000 Sequence Detection
System (PE Applied Biosystems). Dilutions of known amounts of
cloned VEGFR-2, VEGFR-3, and TBP cDNA fragments were used to
generate standard curves.

Cell culture and transfection. PAEC (wild-type) and PAEC trans-
fected with VEGFR-2 (PAEC-R2) were cultured in Ham�s F-12 med-
ium (Biochrom) containing 10% fetal calf serum (FCS) and glutamine,
at 37 �C and 5% CO2. PAEC were transfected using the Lipofectamine
method (Gibco/BRL, Carlsbad, CA). HEK293T cells were maintained
in DMEM supplemented with 10% FCS and glutamate. The day before
transfection, 3 · 105 cells were seeded on 10-cm Petri dishes and
transfection was done using the Fugen 6 (Roche, Indianapolis).
HUVECs were electroporated with the HUVEC Nucleofector kit
(Amaxa Biosystems). For each transfection, 106 cells were combined to
3 lg VEGFR-3-plasmid or vector alone. The day after electroporation
HUVECs were harvested and used for cell proliferation assay.

Cell proliferation assay. HMVECs (Biowittaker) or HUVECs
(Tebu) were seeded (2 · 103 cells/well) in 96-well plates coated with
0.3% gelatine. Cells were incubated with saline or VEGF-D at the
indicated concentrations. Recombinant proteins were added to the
medium every other day. Seven days later, the amount of viable cells
was quantified using the cell Titer-glo luminescent cell viability assay
(Promega).

Stimulation and cell lysis. Twenty-four hours after transfection, cells
were washed and starved overnight in a serum-free medium supple-
mentedwith 0.01 mg/mlBSA.Cells were treatedwith orthovanadate for
1 h at 37 �C and then stimulated or not for 10 min at 37 �C, with the
indicated concentration of VEGF-A, VEGF-C or VEGF-D. After
washing with ice-cold PBS containing 100 lM Na3VO4, cells were
resuspended in lysis buffer containing 150 mMNaCl, 20 mMTris–HCl,
pH 7.4, 10 mM EDTA, 1% Triton X-100, 100 lM Na3VO4, and 1 mM
phenylmethylsulfonyl fluoride. The cell lysates were centrifuged at
10,000g for 15 min and the supernatants were collected.

For analysis of VEGFR-2 phosphorylation in PAE cells, stably
expressing VEGFR-2 cells were seeded in Petri dishes (106 cells per
dish) and incubated overnight at 37 �C, 5% CO2. Cells were serum-
starved for 2 h and then incubated with 100 ng/ml VEGF-A, VEGF-C
or VEGF-D for 10 min at 37 �C. After stimulation, cells were washed
with PBS containing 100 lM Na3VO4, lysed, and total protein extracts
were subjected to Western blot analysis.

Immunoprecipitation and Western blotting. HA-tagged proteins
were immunoprecipitated using an agarose-conjugated anti-HA anti-
bodies. Immune complexes were washed five times with 1 ml lysis
buffer. Proteins were eluted by incubation with 50 ll of 2· SDS sample
buffer and boiling, separated on Novex polyacrylamide gels (Invitro-
gen), and transferred onto Hybond ECL nitrocellulose membranes
(Amersham Pharmacia, Orsay France). Following incubation with 5%
non-fat milk in PBS, the membranes were incubated with: HRP-PY20,
1:1000; HRP-anti-HA,1:5000; or anti-VEGFR-2 (1:1000; Sigma,
Lyon, France). Membranes were revealed using ECL detection system
and exposure to autoradiography.

In vitro angiogenesis. Growth factor reduced Matrigel (BD Bio-
sciences) was diluted in collagen (1/6 v/v), added to each well of 8-well
culture slides pre-coated with type I rat-tail collagen, and left at 37 �C
for 1 h. Following gel formation, a suspension of cells, mixed or not
with VEGFs, was added and incubated at 37 �C in a humidified 5%
CO2 incubator. After 24 h, cells were rinsed twice with PBS, fixed for
30 min with 4% PFA, and then stained with Masson�s Trichrome stain.
The extent of the microcapillary network was measured using an
automated computer-assisted image analysis system (Imagenia, Bio-
com, Les Ulis, France), and the total length of the capillaries in each
well was determined. The mean microcapillary network length (lm)
was calculated for each experimental condition. Experiments were
performed in triplicate and repeated three times.
Results

Angiogenesis of PAEC expressing VEGFR-2 or VEGFR-3

PAEC stably expressing either VEGFR-2 or VEGFR-
3 were subjected to VEGF-A, -C or -D in the Matrigel
model. Morphology of the cells in Matrigel is illustrated
in Fig. 1A and the quantification of the total tubules
length is shown in Fig. 1B. The results indicate that in
PAEC expressing VEGFR-2, VEGF-A induced a potent
angiogenic response, whereas VEGF-C had a less pro-
nounced effect and VEGF-D was totally inactive. In
VEGFR-3-expressing PAEC, none of the three ligands
were able to induce tubule formation (Fig. 1B). These
results indicate that VEGFR-3 alone is not sufficient to
induce a ligand-dependent angiogenesis in endothelial
cells.

VEGF-C- and -D-induced VEGFR-3 phosphorylation

We then examined the phosphorylation status of
VEGFR-3 in response to its ligands in HEK293T cells.
The results shown in Fig. 2A indicate that, in the pres-
ence of a phosphatase inhibitor (orthovanadate),
VEGFR-3 was phosphorylated in a ligand-independent



Fig. 1. In vitro angiogenesis of PAEC transfected with VEGFR-2 or
VEGFR-3. (A) PAEC–VEGFR-2 (transfected or not) were plated
onto the chamber slides and left untreated or stimulated for 24 h with
100 ng/ml VEGF-A. Cells were fixed, stained with Masson�s Tri-
chrome, and photographed at a 40· magnification. (B) Quantitative
analysis of tube length in the PAEC-R2 and PAEC-R3 cells in
response to VEGF-A, -C, and -D.

Fig. 2. Effect of VEGFR-2 on the phosphorylation of VEGFR-3.
HEK293T cells were transfected with HA-VEGFR-3 (A) or VEGFR-2
(C), treated with orthovanadate (1 mM), and incubated for 10 min
with the vehicle, VEGF-A (10 ng/ml), VEGF-C (100 ng/ml) or VEGF-
D (100 ng/ml). After immunoprecipitation, the receptor was immu-
noblotted with anti-PY and anti-HA or-VEGFR-2 antibodies. (B)
PAEC wt and three clones of PAEC expressing different levels of
VEGFR-3 were pre-incubated with orthovanadate and then subjected
or not to stimulation with VEGF-C. (D) Phosphorylation of VEGFR-
2 was assessed as described in Materials and methods.
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manner. When the cells were further challenged with dif-
ferent VEGFs (-A, -C or -D), no apparent increase in
tyrosine phosphorylation was observed. This result
was confirmed in several clones of PAEC expressing dif-
ferent levels of VEGFR-3 (Fig. 2B). Under similar
experimental conditions, overexpression of VEGFR-2
in HEK cells was associated to spontaneous phosphory-
lation of the receptor that was enhanced by VEGF-A
and VEGF-D (Fig. 2C). Similarly, in PAEC stably
expressing VEGFR-2, in the absence of orthovanadate,
the phosphorylation of VEGFR-2 was enhanced by
VEGF-A and VEGF-C but not by VEGF-D (Fig.
2D). These latter results were consistent with the results
obtained with VEGF-D (Fig. 1B) and with recent obser-
vations published by Jia et al. [9] showing that VEGF-
D, in contrast to VEGF-A, induced a much weaker
and slower VEGFR-2 phosphorylation and had little
detectable effect on the proliferation of HUVECs. Taken
together, these results indicate that neither VEGFR-2
nor VEGFR-3 alone can be activated by VEGF-D.

Interaction of VEGFR-3 with VEGFR-2

Since some receptor tyrosine kinases such as Tie-1
had to be associated with other tyrosine kinase receptors
[10] to induce ligand-dependent cellular signaling, we
hypothesized that VEGFR-3 could initiate cell signaling
as a result of an interaction with another tyrosine kinase
receptor. Since VEGFR-2 has been shown to be always
present in VEGFR-3-expressing cells [11–15], we consid-
ered VEGFR-2 as a potential regulator of VEGFR-3. In
this context, the ability of VEGFR-3 to interact with
VEGFR-2 in a ligand-dependent manner was evaluated.
HEK293T cells were transfected with HA-VEGFR-3,
VEGFR-2 alone or co-transfected with both receptors.
Cells were then left untreated or stimulated with
VEGF-A or -D. VEGFR-3 was immunoprecipitated
and proteins were submitted to Western blot analysis.
As shown in Fig. 3A, VEGFR-2 was co-immunoprecip-
itated with VEGFR-3. Co-immunoprecipitation was in-
creased in cells incubated with VEGF-A or -D. These
results show that VEGFR-2 and VEGFR-3 could phys-
ically associate in a ligand-dependent manner.

To evaluate the consequences of this ligand-depen-
dent VEGFR-2/R3 association on the phosphorylation
of VEGFR-3, the immunoprecipitate was blotted with
anti-PY antibodies. The results obtained show that
VEGF-A and VEGF-D significantly increased the level
of phosphorylation of VEGFR-3 (Fig. 3A), indicating
that VEGFR-3 interaction with VEGFR-2 resulted in
a ligand-dependent VEGFR-3 phosphorylation.

Interestingly, CEP-5214, a new potent VEGFR- tyro-
sine kinase inhibitor [16], blocked VEGFR-3 phosphor-
ylation while it did not modify the ligand-dependent
heterodimerization (Fig. 3B). These results demonstrate
for the first time that heterodimerization of these two
receptors is a prerequisite for phosphorylation and sig-
naling through the VEGFR-2/VEGFR-3 complex.
Moreover, the signaling through VEGFR-3 required



Fig. 3. Association of VEGFR-2 and VEGFR-3. HEK293T cells were
transfected with an empty vector (plasmid), HA-VEGFR-3, VEGFR-2
(A,B) or VEGFR2-Tki (C), or co-transfected with both receptors. The
co-transfected cells were challenged as in Fig. 2 except in (C) where
10 nM of CEP-5214 was added to the cells. Cells were then lysed and
subjected to immunoprecipitation with an anti-HA antibody. The
immunoprecipitated proteins were probed with anti-HA, anti-
VEGFR-2 or anti-PY antibodies.

Fig. 4. In vitro angiogenesis of PAEC expressing VEGFR-2 and/or
VEGFR-3. (A) Quantitative analysis of tube length in the PAEC-R2/
R3 challenged as in (A). (B) Western blot analysis of VEGFR-2
phosphorylation in response to 100 ng/ml VEGF-A, VEGF-C, and
VEGF-D.
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heterodimerization with an active VEGFR-2 since the li-
gand-dependent phosphorylation of VEGFR-3 was
abrogated when VEGFR-3 was expressed in the pres-
ence of a tyrosine kinase inactive mutant of VEGFR-2
(VEGFR-2-Tki; Fig. 3C).

Angiogenesis of PAEC expressing VEGFR-2 and

VEGFR-3

To assess the physiological significance of the forma-
tion of VEGFR-2/VEGFR-3 heterodimers, we evalu-
ated whether VEGF-A, -C or -D was able to induce
tubule formation in PAEC expressing both receptors.
These cells were able to form tubules not only in re-
sponse to VEGF-A and VEGF-C but also in response
to VEGF-D (Fig. 4A). This result confirms that a coop-
erative interaction between VEGFR-2 and VEGFR-3 is
required for VEGF-D-induced cellular responses. Fur-
thermore, VEGF-D was able to induce the phosphoryla-
tion of VEGFR-2 (Fig. 4B), showing that VEGFR-3
has to be physically associated to VEGFR-2 to induce
the formation of capillary-like tubular structures in re-
sponse to VEGF-C and/or VEGF-D.

Expression of VEGFR-2 and VEGFR-3 in primary cells

To further confirm the requirement of both VEGFR-
2 and VEGFR-3 in response to VEGF-D, we first eval-
uated by quantitative RT-PCR, the expression levels of
VEGFR-2 and -3 mRNA in primary human endothelial
cells. The results shown in Fig. 5A indicate that the
mRNAs of both receptors are expressed in human
microvascular endothelial cells (HMVECs) whereas
HUVECs express mostly VEGFR-2. Even though
HMVECs expressed two times less VEGFR-2 than
HUVECs, proliferation assays indicated that HMVECs
responded more efficiently than HUVECs to VEGF-D
(Fig. 5B). Ectopic expression of VEGFR-3 in HUVECs
induced an enhanced cell proliferation in response to



Fig. 5. Proliferation of primary endothelial cells expressing either
VEGFR-2 alone or with VEGFR-3, in response to VEGF-D. (A)
Real-time quantitative expression of VEGFR-2 and VEGFR-3 mRNA
in HMVECs and HUVECs, normalized to TBP mRNA levels. (B)
Proliferation of HUVECs and HMVECs in response to vehicle (empty
bars) or VEGF-D (300 ng/ml; black bars). (C) HUVECs were
transfected with an empty vector or with VEGFR-3 (at least fivefold
increase in VEGFR-3 mRNA level was routinely obtained). Cells were
then subjected to proliferation assay as described in (B). The results
shown are means of three independent experiments performed in
triplicate.
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VEGF-D compared to cells transfected with the empty
vector (Fig. 5C). Taken together, these results confirm
the requirement of both VEGFR-2 and VEGFR-3 for
an efficient response of endothelial cells to VEGF-D.
Discussion

In this paper, we have demonstrated for the first time
that VEGF-C and VEGF-D are unable to enhance the
basal level of VEGFR-3 phosphorylation unless it is
co-expressed with VEGFR-2. Our results indicate that
the VEGFR-3 kinase function is not defective per se
but that the receptor alone did not seem to be able to
couple to one or several cellular signal transduction mol-
ecules. Using ‘‘wild-type’’ VEGFR-3 constructs, phos-
phorylation of the receptor was undetectable unless
the cells were pre-incubated with phosphatase inhibitors
such as orthovanadate or H2O2 [17,18] or after an in vi-
tro activation step following cell lysis [8]. Using a chime-
ric receptor comprising the extracellular domain of
CSF-1R and the VEGFR-3 kinase [7,19,20], CSF-1
has been shown to induce VEGFR-3 phosphorylation,
suggesting that the extracellular domain of VEGFR-3
contains structural domains that negatively regulate
VEGFR-3 signaling. Finally and more importantly, in-
crease in VEGFR-3 phosphorylation by its ligands was
only observed in cells naturally co-expressing VEGFR-2
and VEGFR-3 [11,18,21].

We have demonstrated that VEGFR-3 heterodimer-
izes with VEGFR-2 in a ligand-dependent manner.
CEP-5214, a VEGFR-tyrosine kinase inhibitor, blocked
the phosphorylation of VEGFR-3 without affecting its
heterodimerization with VEGFR-2, indicating that the
signaling cascade of this hetero-complex is similar to
that occurring under activation of homodimer tyrosine
kinase receptors. Moreover, enhancement of VEGFR-
3 phosphorylation by its ligands was dependent on the
kinase activity of VEGFR-2. These results suggested
for the first time that one potential mechanism for initi-
ating a cellular response of VEGFR-3 would be through
the creation of phosphotyrosine docking sites on the
receptor by transphosphorylation following heterotypic
interaction with VEGFR-2. We also showed that PAEC
expressing both receptors became sensitive to VEGF-D,
which induced VEGFR-2 phosphorylation and tubule
formation. The same results were also obtained in a pro-
liferation assay using primary HMVECs expressing
VEGFR-2 and VEGFR-3 or with HUVECs after ecto-
pic expression of VEGFR-3. These results are in agree-
ment with the evidence now emerging from a range
of studies suggesting that in addition to VEGFR-3,
VEGFR-2 may also be required for lymphangiogenesis:
Indeed, VEGFR-3 is involved in the regulation of the
lymphatic vessel growth and development, since primary
human lymph edema has been mapped to missense
mutations inactivating the VEGFR-3 kinase [22]. How-
ever, signaling through VEGFR-3 does not seem to be
sufficient for lymphangiogenesis in vivo. On one hand,
chronic delivery of VEGF-C156S (VEGFR-3-specific)
or intradermal injection of a VEGF-C156S-encoding
adenovirus predominantly induced lymphatic enlarge-
ment, on the other hand overexpression of VEGF-C
and VEGF-D, which recognize VEGFR-2 as well
VEGFR-3, in transgenic mice leads to vessel enlarge-
ment, but also lymphatic endothelial cell proliferation
and induced lymphatic vessel sprouting during embryo-
genesis [23–26]. A soluble VEGFR-3-Fc fusion protein,
that blocks the interaction of VEGF-C and -D with
VEGFR-2 and VEGFR-3, inhibits lymphangiogenesis
[13,27]. Moreover, VEGFR-2 is expressed in collecting
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lymphatic vessels and in cultured lymphatic endothelial
cells [13,28]. In light of our observations, these results
indicate that VEGF-C and VEGF-D, through an inter-
action with both VEGFR-3 and VEGFR-2, play an
important role in lymphangiogenesis through the forma-
tion of VEGFR-3/VEGFR-2 heterodimers.

Finally, we showed that VEGF-A enhanced not only
the heterodimerization of VEGFR-3 with VEGFR-2
but also the phosphorylation of VEGFR-3. Similar re-
sults were previously described with the EGF/ErB
family of receptors. The EGF-like growth factors acti-
vate ErbB receptors by promoting receptor-mediated
homodimerization or alternatively, by the formation of
heterodimers with the orphan ErbB-2 receptor [29]. In
addition to the ErB receptor family, a number of studies
have demonstrated a regulation of a tyrosine kinase
receptor in heterodimeric complexes. It has been shown
that heterodimers of VEGFR-1 and -2 may also be
formed in VEGF-A-treated cells. The heterodimers
formed signal with an efficiency equal to or greater than
that of the VEGFR-2 homodimers [30]. Recently, it has
also been demonstrated that Tie-1 and Tie-2 exist as a
pre-formed complex and that Tie-1 induces signaling
only by heterodimerization with Tie-2 [10].

Altogether, these results indicate that VEGFR-3
should be added to the growing list of tyrosine kinase
receptors that function by heterodimerization with an-
other tyrosine kinase receptor.
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