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part of the first b-domain. The VEGF binding domain of npl was
mapped following the identification of the VEGF binding properties
of the neuropilins. It was found that the VEGF binding site partially
overlaps the s3a binding site so that VEGF and s3a compete for binding
to np1.# Interestingly, it was possible to introduce mutations into the
ligand binding domain of npl which resulted in the complete nullifica-
tion of the VEGF binding ability, but did not compromise the binding
of s3a to npl, indicating that the binding domains of VEGF and s3a
overlap but are not identical.*’ In contrast, the binding of s3f to np2
is not inhibited by VEGF¢s indicating that the binding sites of s3f
and VEGF on np2 are independent.’® The last three amino-acids of
npl contain a SEA sequence which functions as a docking site for the
PSD-95/Dlg/Z0-1 (PDZ) domain containing protein NIP, also known
as RGS-GAIP-interacting protein (GIPC) and synectin.’' Therefore,
although repulsion of np1 expressing growth cones does not require the
presence of the intracellular domain of np1,°? it may yet turn out to be
required for additional np1 functions. This notion is also supported by
the identification of an np2 splice form in which the c-terminal domain
(including also the transmembrane domain) is completely exchanged to
yield np2b (Fig. 3).>? It is unknown whether these two np2 forms have
different biological functions, but their mere existence indicates that the
intracellular domains of the neuropilins, although short, are likely to
possess functions which have yet to be discovered.

5. Vascular Endothelial Growth Factors and Their Receptors

Vascular endothelial growth factor (VEGF) (also known as VEGF-
A) is considered to be a major angiogenic factor that plays an essen-
tial role in embryonic vasculogenesis and angiogenesis as well as in
tumor angiogenesis.>* Multiple forms of VEGF are produced as a
result of alternative splicing (Fig. 4), but three of these forms, VEGF 1,
VEGF;¢s, and VEGF g9 are considered to be the major forms that are
most frequently encountered. All the VEGF forms bind and activate the
VEGEFR-2 tyrosine kinase receptor which seems to be essential for the
transmission of VEGF-induced angiogenic signals.>>>® The VEGFR-1
tyrosine kinase receptor®’ and its soluble form>® which also binds all
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Fig. 4. The VEGF splice forms and their interaction with VEGF receptors. Shown are
the various splice forms of VEGF. The active forms of the various VEGF forms are
disulfide-linked homodimers. Exons 1-5 are contained in all splice forms and contain
the domains that enable VEGF to bind to the VEGFR-1 (R1) and VEGFR-2 (R2)
tyrosine-kinase receptors. The presence of the heparin binding peptide encoded by
exon-7 enables binding to npl and np2 while the heparin binding peptide encoded
by exon-6 enables binding to np2 but not to npl. In VEGF 45, exon-8 is exchanged
with exon-9 turning this VEGF form into an inhibitory molecule. There are several
longer VEGF forms that are synthesized from alternative CUG translation initiation
sites. Their function is unclear at the moment and they encode non-secreted forms.
Stars designate the most commonly encountered splice forms.

the VEGF forms are also required for developmental angiogenesis.>®
However, the role of VEGFR-1 in developmental angiogenesis had been
considered to be primarily an inhibitory role until recently, because of
experiments that demonstrated that the intracellular part of VEGFR-1
is not required for correct vascular development.®® Nevertheless, recent
experiments employing VEGFR-1 function blocking antibodies indi-
cate that contrary to previous assumptions, this receptor also plays an
important active role in VEGF-induced angiogenesis, presumably as
a recruiter of bone marrow derived precursor cells to sites of active
angiogenesis.®!
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Several VEGF splice forms are produced from the single VEGF gene.
These VEGF splice forms usually differ with respect to the expression of
exons-6 and -7 of the VEGF gene. Exons-6 and -7 encode independent
heparin binding domains that are incorporated into the longer VEGF
forms. In contrast, the shortest VEGF splice form, VEGF,;, lacks
exons-6 and -7 altogether and does not bind to heparin. Research aim-
ing to characterize differences between the VEGF splice forms lead to
the identification of splice form-specific VEGF receptors in endothe-
lial cells.! These receptors turned out to be the neuropilins.> It was
found that the heparin binding domains contained in exons-6 and -7
of the VEGF gene also allow VEGF forms that contain these exons to
bind to neuropilin receptors. Thus VEGF3; does not normally bind
to neuropilins (although it is able to bind to np2 in the presence of
the VEGFR-1 receptor”’). In contrast VEGF¢s, which contains the
peptide encoded by exon 7 binds to npl and to np2 while VEGF 45, a
VEGF form that contains exon-6 but not -7, binds to np2 but not to
npl.2392 Recent evidence indicates that these VEGF splice forms pos-
sess somewhat different biological properties. Mice expressing VEGF ¢4
exclusively (in mice all VEGF forms are one amino acid shorter than
human VEGF) appear to develop normally, while mice that express only
VEGF ;0 oronly VEGF i3s3 do not.%37% These differences are attributed
in part to differences in heparan-sulfate binding ability which result in
different diffusion rates of these VEGF forms in the heparan-sulfate
rich extracellular matrix, but may also be attributed in part to the dif-
ferential neuropilin binding properties of the different VEGF forms.

The VEGF family contains four additional angiogenesis promoting
members. These are the angiogenic factors PIGF and VEGF-B and
the lymphangiogenesis promoting agents VEGF-C and VEGF-D.%°
VEGF-C and VEGF-D bind to the VEGFR-2 receptor and induce
angiogenesis, but in contrast to VEGF both factors do not bind to
VEGFR-1.%7 However, both VEGF-C and VEGF-D bind in addition
to the third member of the VEGF tyrosine-kinase receptor subfamily,
VEGFR-3,%:9 which is primarily expressed on lymphatic endothelial
cells, enabling them to induce proliferation of lymphatic endothelial
cells and lymphangiogenesis.”®~ 72 It was shown that VEGF-C binds to
np2, which is highly expressed in lymphatics,®’? but the role of np2 in
VEGF-C signal transduction is unclear.
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demonstrated that s3a can inhibit developmental angiogenesis in chick
embryo forelimbs® and vascular branching in the developing chick
brain.”> However, no effects of s3a on tumor progression or tumor
angiogenesis have been reported to date.

Even though VEGF binds efficiently to np2,? it does not inhibit the
binding of the np2-specific s3f to np2.%° Nevertheless, in vitro experi-
ments have shown that s3f can inhibit both VEGF-and bFGF-induced
proliferation of endothelial cells, and that s3f is also able to inhibit
bFGF- and VEGF¢s-induced angiogenesis.”! S3f also repels endothe-
lial cells in in vitro experiments indicating that it could also affect angio-
genesis through repulsion of migrating endothelial cells.”> Both S3f
and s3b were identified as tumor suppressor genes whose loss is asso-
ciated with tumor progression of small cell lung carcinoma.?>26:107 It
is therefore not surprising that both s3f and s3b inhibit tumor forma-
tion from small cell lung carcinoma-derived cells.!”-1%8 Interestingly,
it was recently shown that s3f also affects the behavior of tumor cells
directly, via npl and np2 receptors expressed on the tumor cells. S3f
inhibits the VEGF-induced spreading, of MCF-7 breast cancer cells
by inhibiting np1 mediated signaling,'” and repulses C100 breast can-
cer cells as a result of its binding to np2 receptors expressed by this
cell type.!1? Similarly, s3b was found to antagonize the anti-apoptotic
effects of VEGF in NCI-H1299 lung cancer-derived cells, probably by
interfering with neuropilin-mediated VEGF signaling in these cells.'!!
These findings indicate that s3f can suppress tumor angiogenesis and
that s3b and s3f can directly affect the behavior of tumor cells expressing
neuropilins.

S3c is a semaphorin that seems to signal through np2 or through
npl/np2 complexes. Like s3f, it can bind to npl and as such can act
as an antagonist of s3a.!!> Recently, it was found that in the presence
of plexin-D1, s3c can induce signal transduction via npl as well as
via np2.8! The heart of mice lacking a functional s3c gene does not
develop normally, and mice lacking a functional plexin-D1 gene suffer
from heart defects and vascular patterning defects.?*3%-31 It follows that
plexin-D1-mediated s3c signaling plays an important role in vascular
development, although it is unclear whether these effects are the result
of inhibition of endothelial cell migration and proliferation.
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8. Modulation of Angiogenesis by Semaphorins that Bind
Directly to Plexins

It was recently reported, that contrary to previous assumptions, not all
the class-3 semaphorins require neuropilins as binding receptors. It was
found that s3e binds directly to plexin-D1 and induces signal transduc-
tion without neuropilins. Interestingly, it was found that s3e can disrupt
developmental angiogenesis in chick embryos, indicating that s3e may
function as a regulator of angiogenesis. This was also verified in gene
targeting experiments in which it was shown that disruption of the s3e
gene in mice leads to disruption of intersomitic vascular patterning.’!

It was recently observed that s4d, a membrane-bound semaphorin
that binds and activates plexin-B1, is an inducer of angiogenesis. Inter-
estingly, following the binding of s4d to plexin-B1, plexin-B1 forms com-
plexes with the Met tyrosine-kinase receptor. Met serves as a receptor
for the angiogenic factor hepatocyte growth factor (HGF) also known
as scatter factor. Interestingly, s4d-activated plexin-B1 can activate Met
in the absence of HGF resulting in phosphorylation of Met-associated
tyrosine residues and induction of angiogenesis.'!3!!* Interestingly,
all three B-class plexins can form complexes with Met and with the
Met-related receptor Ron,!! indicating that other semaphorins that
interact with B-type plexins such as s5a® may also be able to induce
angiogenesis.
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