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Abstract

The Vascular Endothelial Growth Factor (VEGF) family of secreted proteins and their receptors
are major regulators of blood vessel development (hemangiogenesis) and lymphatic vessel
development (lymphangiogenesis). VEGF acts through a complex system of receptor tyrosine
kinases, which can be membrane-bound or soluble. New data concerning the receptor system are
still emerging, thus contributing to the complexity of the system. Very recently a soluble form of
VEGFR-2, termed sSVEGFR-2, that is a result of alternative splicing has been discovered. It has
been shown earlier that a secreted/soluble form of VEGFR-1, termed sVEGFR-1, is produced by
alternative splicing and exerts an anti-hemangiogenic effect by binding VEGF-A. The newly
discovered spliced variant of SVEGFR-2 binds the lymphangiogenic growth factor VEGF-C and
thus inhibits VEGF-C-induced activation of VEGFR-3, consequently inhibiting lymphatic
endothelial cell proliferation. Its inactivation in murine embryos permits hyperplasia of dermal
lymphatics and invasion of lymphatics into the cornea. Tumor lymphangiogenesis seems to
influence the metastatic behavior of malignant cells. A correlation has been found between the
downregulation of SVEGFR-2 and the malignant progression of neuroblastoma, which is
characterized e.g. by lymphogenic metastases in progressed stages. Data show that
lymphangiogenesis is regulated by both activators and inhibitors, and its balance is crucial in
health and disease.

Introduction

Angiogenesis and lymphangiogenesis, processes which are associated with tumor growth
and metastasis, are regulated by several different growth factors and their associated
receptors. The most potent growth factors in these processes are members of the vascular
endothelial growth factor (VEGF) family of proteins,1 which consists of VEGF-A, -B, -C, -
D, -E and PIGF (Placenta Growth Factor). VEGF-A is a key regulator of angiogenesis and
vasculogenesis, VEGF-C and VEGF-D are key regulators of lymphangiogenesis.

The VEGF Family

VEGF-A occurs in several isoforms due to alternative splicing: VEGF-A1»1, VEGF-Aqgs,
VEGF-A1g9 and VEGF-Aygg being the major ones. All except VEGF-A1»1 have heparin
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binding domains, which enables anchoring of VEGF-A to heparin sulphate proteoglycans in
the extracellular matrix and their presentation to VEGF receptors.2°3 Each VEGF isoform
preferentially binds to specific receptor subtypes that activate distinct signaling pathways.4
VEGF-A is functional as a homodimeric glycoprotein and is able to build heterodimers with
other members of the VEGF family, such as PIGF and VEGF-B,576 thereby not losing its
mitogenic ability. In fact, by heterodimerization with VEGF-A some ligands even attain
mitogenic abilities. For example, PIGF as a homodimer does not bind VEGFR-2, but as a
heterodimer with VEGF-A1g5 gains the ability to bind both membrane-bound and soluble
murine vegfr-2 and induce its activation.7

VEGF-C and VEGF-D are specific ligands of VEGFR-3, which is exclusively expressed on
lymphatic endothelial cells. They are both involved in lymphangiogenesis. Proteolytically
processed forms of VEGF-C also bind VEGFR-2 thereby stimulating endothelial cell
proliferation and migration, indicating that besides its role in lymphangiogenesis, it also
plays a role in hemangiogenesis.8 VEGF-D is structurally and functionally related to VEGF-
C8 and the unprocessed full-length form preferentially binds VEGFR-3, thus inducing
lymphangiogenesis, i.e. cell survival and migration of lymphatic endothelial cells.9711 The
proteolytically-cleaved, mature form of VEGF-D has an equally strong affinity to VEGFR-2
and demonstrates multiple biological responses including eNOS activation, cell survival,
migration, tubulogenesis of human umbilical vein endothelial cells (HUVECS), and
stimulates angiogenesis in vivo.12

VEGF-E is a VEGF-related protein derived from the Orf-virus genome. It binds exclusively
to VEGFR-2 and induces angiogenesis with less pronounced edema and inflammation in
mice.13

Although multiple VEGF ligands bind the same receptors, several studies have shown that
the activation of the same receptor by different ligands are differentially regulated and exert
differential biological effects (differential effects on receptor phosphorylation and signaling,
gene expression, proliferation, migration, survival, tubulogenesis and angiogenesis in vivo).
12

VEGF Receptors

VEGF activity is mediated through three protein-tyrosine kinase receptors (VEGFR-1, -2
and -3) and two non-protein kinase co-receptors (neuropilin-1 and -2).14 Heparan sulphate
proteoglycans, which are situated in the extracellular matrix, are also considered co-
receptors of VEGF. All protein-tyrosine kinase receptors have an extracellular domain
consisting of seven immunoglobulin-like loops (D1-D7), a single transmembrane domain
and an intracellular split catalytic tyrosine kinase domain.15 VEGFR signaling is initiated
upon ligand dimer binding to the extracellular region, homo- or heterodimerization of the
receptor, phosphorylation of the intracellular domain and cell signaling.16 Ligand binding
occurs at the second and third Ig-like domain of VEGF receptors (D2, D3), domains 5-7
(D5-7) are important for stabilizing the ligand-receptor complex, whereas the membrane-
proximal domain D7 is crucial for ligand-induced tyrosine phosphorylation and cell
signaling. Ligand binding promotes receptor homo- or heterodimerization, phosphorylation
of the intracellular domain and signal transduction.17 VEGF receptors require dimerization
in order to be activated and one VEGF-A dimer binds two molecules of the extracellular
domain of VEGFR-2. The main mechanisms of receptor dimerization, however, remain
unclear: the receptors may be present as inactive dimers, thus being activated upon the
binding of a ligand, or a ligand may bind receptor monomers on the cell surface, which then
dimerize and complete activation.17°18 VEGF-A has been shown to have approximately
100-fold higher affinity towards VEGFR-2 dimers in comparison to receptor monomers,
supporting the hypothesis that VEGF-A binds to a pre-dimerized VEGFR-2.19 A recent
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study using receptor constructs carrying artificial dimerization-promoting transmembrane
domains also demonstrates that the latter is most probable. Furthermore, this study shows
that although dimerization is necessary for receptor activation, it is not sufficient, due to
distinct orientation of receptor monomers, which is required to instignate transmembrane
signaling and that activation and signaling of VEGFR is dependent on co-receptors
(neuropilins and heparin sulphate proteoglycans). Furthermore, as mentioned above, VEGF-
VEGFR interactions differ with each VEGF isoform.

The VEGF ligands A, B and PIGF-1 and -2 bind the VEGFR-1 (FIt-1), which is expressed
on vascular endothelial cells, macrophages and on certain types of tumor cells.20 VEGF-A
binds this receptor with high affinity, but induces weak tyrosine kinase activity.13 This led
to the hypothesis that VEGFR-1 is primarily a “decoy” receptor, which traps VEGF-A and
in this manner prevents binding to, and activation of the VEGFR-2, thereby suppressing the
pro-angiogenic effect of VEGF-A.21 VEGFR-1 knock-out mice demonstrated a severe
disorganization of the vasculature with excessive proliferation of hemangioblasts resulting
in intra-uterine death of mice embryos.22 This observation that VEGFR-1 negatively
regulates physiological vasculogenesis and angiogenesis in the embryo supports the
hypothesis of VEGF-A trapping. That VEGFR-1 is important for VEGF-A trapping (in its
extracellular domain) is shown in a further report demonstrating that VEGFR-1 lacking its
tyrosine-kinase domain is sufficient for normal angiogenesis in mice.23

In adulthood, VEGFR-1 stimulates inflammation, tumor growth and metastasis in an, at least
to a degree, macrophage-dependent manner.13 For VEGF-A-induced chemotaxis of
monocytes, the activation of the tyrosine domain of VEGFR-1 is required. VEGFR-1
signaling has been furthermore implied in tumor progression due to releasing of increased
amounts of matrix metalloprotease-9 from human vascular smooth muscle cells 24 and has
through this mechanism been implied in lung-specific metastasis.25

Due to alternative splicing of VEGFR-1 mRNA,12: 26727 but also by proteolytic shedding
of the extracellular domain,28 this receptor exists as a soluble, truncated form (SVEGFR-1),
and is composed of the first six of seven extracellular immunoglobin-like domains. The
soluble form retains its affinity for VEGF-A ligands, the neuropilin-1 (NRP-1) co-receptor
and extracellular heparin sulphate proteogycans, as well its capacity for homo/
heterodimerization with mbVEGFR-1 and VEGFR-2.12' 29732 By VEGF-A trapping and
formation of inactive heterodimers with VEGF receptors, SVEGFR-1 acts predominately
negative on VEGF-A action.32 Indeed, SVEGFR-1 has been shown to have potent anti-
hemangiogenic features, e.g., it is essential for the avascularity of the cornea during mouse
development.33 Furthermore, SVEGFR-1 has been implicated in the pathophysiology of
eclampsia.34735 Soluble VEGFR-1 is secreted by endothelial cells in vitro.36

Through binding and activating the VEGFR-2 (KDR), which is expressed primarily on
endothelial cells, VEGF-A acts predominantly and potently pro-angiogenic. Lower
expression levels of VEGFR-2 are observed on hematopoietic cells, neuronal cells,
osteoblasts, pancreatic duct cells and retinal progenitor cells, all of which the biological
significance remains unclear.37 VEGF-C and -D are also ligands of VEGFR-2, through
which they may direct their hemangiogenic activity.

Within tumors, tumor cells express high levels of VEGF-A and low levels of VEGFR-2,
whereas endothelial cells within the tumors demonstrate a 3.5 fold higher expression of
VEGFR-2, compared to normal vasculature.38 This suggests a paracrine loop of VEGF-A
and VEGFR-2 between tumor cells and vascular endothelial cells for the stimulation of
angiogenesis.1' 39740 A truncated form of VEGFR-2 (Flk-1) consisting of the complete
extracellular domain (seven Ig-like domains) and a small portion of intracellular domain was
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firstly described by Wen and coworkers in the rat retina. This short form was shown to be
functional as demonstrated by the increase of cytoplasmatic calcium, an in vitro test of
VEGF-A activity.41

Furthermore, a naturally occurring soluble form of VEGFR-2 (sVEGFR-2) present in mouse
and human plasma has been described. This extracellular domain of the VEGFR-2 was
detected by immunoprecipitation and ELISA, using anti-VEGFR-2 antibodies raised against
the extracellular domain of mouse or human VEGFR-2. Furthermore, SVEGFR-2 was found
in conditioned media of mouse and human endothelial cells, suggesting that this soluble
receptor form may be secreted by endothelial cells or be proteolytically cleaved.42 The
mouse-derived svegfr-2 described by this group had a weight of 160 kDa in its glycosylated
form, and approximately 90 kDa when deglycosylated, and was capable of binding VEGF-
A-coated plates. The human sVEGFR-2 was not further characterized.

Recombinant murine svegfr-2 and recombinant human sVEGFR-2, obtained by cloning of
the complete extracellular domain of the membrane-bound receptor was described by Huang
et al. and Roeckl et al. Using far-western blotting and solid-phase assays Roeckl et al. have
shown that VEGF-A1g5 binds to recombinant human sVEGFR-2 only if either the ligand or
the receptor is immobilized in the presence of heparin. Unlike sVEGFR-1, sVEGFR-2 did
not efficiently antagonize binding of VEGF-Ayg5 to human microvascular endothelial cells
(MVE) (which express both mbVEGFR-1 and -2 in culture) and consequently did not inhibit
VEGF-A-induced mitogenesis.43 44

Most recently, Albuquerque and coworkers45 described a naturally occurring truncated,
soluble form of mouse and human VEGFR-2. They discovered that each consists of six of
the seven Ig-like extracellular domains and are the result of alternative splicing. The mouse
svegfr-2 contains a 13 amino acid carboxy-terminal sequence and the human sVEGFR-2
contains a unique 16-amino acid carboxy-terminal sequence, both of which are not present
in mbvegfr-2/mbVEGFR-2. They are the result of partial intron 13 retention with in-frame
termination of 39 nucleotides downstream from the exon 13-intron 13 junction in the mature
mMRNA. A rabbit polyclonal antibody that binds the C-terminus of svegfr-2/sVEGFR-2 and
therefore selectively recognizes the soluble receptor form and does not cross-react with
membrane-bound vegfr-2/VEGFR-2 or with svegfr-1/sVEGFR-1, was raised and used to
identify the localization of svegfr-2/sVEGFR-2 in tissues. Soluble VEGFR-2 mRNA has
been identified in HUVE cells in vitro and found to be present in the human cornea by
immunostaining using the aforementioned antibodies.45 We have shown the presence and
differential distribution of the SVEGFR-2 protein and mbVEGFR-2 in the human foreskin
(Figures 1 2). Soluble vegfr-2 protein and/or mRNA was found to be present in various
tissues of the wild-type mouse, such as the skin, heart, spleen, kidney, ovary and, as
previously described, in plasma. Furthermore, immunostaining and western blotting with the
aforementioned antibodies revealed the presence of the svegfr-2 protein throughout the
cornea (produced in corneal epithelium) of newborn and adult wild-type mice, but the
absence of mbvegfr-2. No svegfr-2 was present in the conjunctiva.45

In order to determine the function of svegfr-2, LeCre;vegfr-219XP/1oxP mice were created,
using the Cre-loxP approach.46°47 These mice express Cre recombinase in the cornea under
the control of a paired box-6 promoter and specifically lack svegfr-2 in the cornea. Vegfr-2
knock-out mice were not used, as such mice die in utero at an early stage.48 It was found
that the LeCre; vegfr-2!0%P/1xP moyse corneas were invaded by lymphatic vessels at
postnatal day 0, suggesting an anti-lymphangiogenic activity of svegfr-2 (Figure 3).
Lymphatics were identified by Lyve-1 staining of CD31 weakly positive vessels, by co-
expression of the lymphatic endothelial cell marker Prox-1 and by the presence of typical
morphology in transmission electron microscopy. Blood vessels were not present, as
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confirmed by the lack of MECA-32, a blood vessel-specific marker. All control corneas
lacked both blood and lymphatic vessels. These results indicated that the developing mouse
cornea is exposed to lymphangiogenic stimuli that are counterbalanced by svegfr-2. A
hypothesis evolved that svegfr-2 traps vegf-c and disables its binding and activation of
vegfr-3, thus inhibiting lymphangiogenesis. To support this hypothesis, Albuguerque et al.
have demonstrated the presence of vegf-c in wild-type newborn mouse cornea. Soluble
vegfr-2 contains the vegf-c binding site and interacts with vegf-c. In vitro experiments
demonstrated that svegfr-2 inhibits vegf-c-induced vegfr-3 activation and proliferation of
lymphatic endothelial cells. Intra-corneal administration of a svegfr-2 plasmid in wild-type
mice inhibited vegf-c-induced lymphangiogenesis, demonstrating the anti-lymphangiogenic
effect of svegfr-2 in vivo.

Vegf-c (protein and RNA) is not present in adult wild-type mouse corneas. Augmentation of
svegfr-2 expression in wild-type mouse corneas using in vivo transfection with psvegfr-2,
reduced suture injury-induced lymphangiogenesis and did not influence hemangiogenesis,
confirming a selective anti-lymphangiogenic effect of svegfr-2 in vivo. Besides the cornea,
svegfr-2/sVEGFR-2 has been shown to be present in the epidermis, which lacks mbvegfr-2/
mbVEGFR-2 (Figure 2). In the skin of PO K14Cre;vegfr2!0xP/1oxP mice which specifically
lack svegfr-2 in the epidermis and hair follicules, marked enlargement of lymphatic vessels
compared to those of controls was found. These findings furthermore support the concept
that svegfr-2 is an in vivo antagonist of vegf-c.45 The distribution of SVEGFR-2 in the
human skin and cornea is similar to that in mice, suggesting it has a similar role in
maintaining an alymphatic state. Since human lymphangioma endothelial cells (LaECs)
produce VEGF-C and express VEGFR-3, the potential anti-lymphangiogenic properties of
SVEGFR-2 were tested in vitro on these cells. Soluble VEGFR-2 was found to abolish
VEGF-C-induced proliferation of LaECs. These results give rise to the possibility of an anti-
lymphangiogenic treatment of lymphangiomas.45

To summarize, Albuquerque et al. revealed that the previously described, naturally
occurring truncated soluble form of human and murine SVEGFR-242 is the result of
alternative splicing and consists of six Ig-like domains with a unique 13 or 16 amino acid
carboxy-terminal sequence. Furthermore, the authors show that SVEGFR-2 secreted by
human embryonic kidney cells, mouse corneal epithelial cells and Chinese hamster ovary
cells are present in monomeric and not in dimeric form. Soluble VEGFR-2 does not abolish
VEGF-A mitogenic activity in vitro nor inhibits VEGF-A-mediated hemangiogenesis in vivo
after suture injury of the cornea. These data corroborate the previously reported in vitro
differential VEGF-A binding avidity between monomeric and dimeric forms of VEGFR-2,
indicating that SVEGFR-2 does not play a role in hemangiogenesis.19' 44

Based on the novel finding that SVEGFR-2 is an inhibitor of VEGF-C-induced
lymphangiogenesis, which is a crucial process in tumor progression, the role of SVEGFR-2
in progressed stages of neuroblastoma versus regional neuroblastoma was investigated.
Neuroblastoma is the most common malignant childhood solid tumor. It arises from the
sympathic nervous system, and frequently originates in the adrenal medulla or sympathetic
abdominal ganglia, but also in the neck, chest and pelvis. The International Neuroblastoma
Staging System (INSS) differentiates 4 stages of neuroblastoma. Stages 1 and 2A are
characterized by localized tumors, stage 2B is a localized tumor with ipsilateral lymph node
involvement, stage 3 is characterized by tumor progression, with tumor expanding over the
midline and invading regional lymph nodes, and stage 4 includes disseminated metastases
into distant organs and lymph nodes. The unique neuroblastoma stage 4s is characterized by
its occurrence in infants (<1 year of age), its dissemination and capability of spontaneous
regression. Five-year survival rates of the progressed, stage 4 neuroblastoma is
approximately 30%, compared to 95% of non-disseminated stages 1 and 2. Besides the
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child’s age and stage of neuroblastoma, several molecular features, such as the amplification
of the proto-oncogene MYCN and segmental chromosome alterations such as 1p and 11q
deletions, and 1q gain represent risk factors and are associated with poor survival.49
Progressed neuroblastoma is highly vascularized and several studies have demonstrated the
significance of angiogenesis and lymphangiogenesis in neuroblastoma progression,
correlating high expression levels of VEGF-A, C and D with advanced neuroblastomas and
poor outcome.50°53 However, the expression of VEGF-A and C did not correlate to
established risk-factors, for e.g. MYCN.

In order to further elucidate the significance of lymphangiogenesis and hemangiogenesis in
the progression of neuroblastoma, we have investigated the expression of VEGFs and their
receptors, including the naturally occurring splice variant of VEGFR-2 (SVEGFR-2), in
primary untreated neuroblastomas.54 There were no significant differences in the expression
levels of VEGF-A, VEGF-C and VEGF-D in advanced neuroblastoma (stages 3, 4, 4S)
compared to localized neuroblastoma (stages 1 and 2). However, a significant difference
between localized and metastatic stages was found for sSVEGFR-2. Soluble VEGFR-2 was
highly expressed in stages 1 and 2, and barely detectable in stages 3, 4 and 4s (Fig. 4). These
data imply that sSVEGFR-2 besides being an inhibitor of lymphangiogenesis in normal
(mouse) tissues, also seems to play a role in malignant tumor progression in humans.
Furthermore, we have investigated how sVEGFR-2 is expressed in stage 4 neuroblastoma
with MYCN amplification, a predictor of poor survival. We found that sVEGFR-2 and
VEGFR-1 are mostly downregulated in tumors and VEGF-A and VEGF-D mostly
upregulated in neuroblastoma tissue. However, this was statistically not significant.54

In summary, recent data have elucidated the molecular identity and cellular source of
SVEGFR-2 and demonstrated its role as an endogenous inhibitor of lymphangiogenesis in
the human and mouse cornea. The data also imply a role for SVEGFR-2 in the progression
of neuroblastoma, a malignant tumor. Figure 5 schematically presents an overview of
VEGFs and VEGF receptors in light of the latest data.
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mbVEGFR-2

Figure 1.

Immunostaining of membrane-bound VEGFR-2 (mbVEGFR-2) in human foreskin (green)
shows its localization on blood vascular and lymphatic endothelial cells (the latter are red by
anti-Prox-1 nuclear staining). Dapi staining (blue) was used to demonstrate cell nuclei. A)
Bar = 100pum. B) Bar = 50um.
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Figure 2.

Immunostaining of SVEGFR-2 in human foreskin. A) Dapi staining of nuclei. B) Anti-
SVEGFR-2. C) Merged picture. D) Negative control. Soluble VEGFR-2 is primarily
expressed in the epidermis and in blood vessels in the dermis. Non-specific fluorescence is
visible in the hornifying layer of the epidermis. Bar = 200um.
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Figure 3.

In?munostaining of the cornea of a LeCre;svegfr-2!0XP/1oxP newhorn mouse, which
selectively lacks svegfr-2 in the cornea. A) CD31, a pan-endothelial cell marker is stained
red corneal vessels. B) A specific marker for lymphatic endothelial cells, Lyve-1 (lymphatic
vascular endothelial hyaluronan receptor-1) stains corneal lymphatics in green. C) Merged
image of CD31 and Lyve-1 staining demonstrates that all vessels within the cornea are
lymphatic vessels, whereas in the limbus both types of vessels are present. The arrows point
to typical blind-ended morphology of lymphatic vessels.
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Figure 4.

Expression of sSVEGFR-2 in 49 neuroblastoma (NB) tissue samples, as determined by real-
time RT-PCR. The expression levels (bars, and standard error of the mean) are shown
separately for each tumor stage. Tumor stages 3, 4 and 4s (progressed NB) demonstrate
statistically (p < 0.05) significantly lower levels of sSVEGFR-2 compared to localized stages
1 and 2. Primers used for RT-PCR were: SVEGFR-2 fwd: 5'-
GCCTTGCTCAAGACAGGAAG -3'; SVEGFR-2 rev: 5'- CAACTGCCTCTGCACAATGA
-3". B-Actin fwd: 5'- GCATCCCCCAAAGTTCACAA -3'; B-Actin rev: 5'-
AGGACTGGGCCATTCTCCTT -3..
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Figure 5.

Schematic presentation of the VEGF ligands and their interaction with membrane-bound and
soluble (secreted) VEGF receptors. Notably, inhibitory effects are exerted by sSVEGFR-1
(anti-hemangiogenesis) and SVEGFR-2 (anti-lymphangiogenesis). ). Neuropilin-2 (NRP-2)
also interacts with VEGFR-3 on lymphatic endothelial cells, which is not shown in this
scheme . NRP-1: Neuropilin-1. Modified from:
http://www.rosenthallab.com/gallery/images/VEGF_VEGFR.jpeg
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