
Introduction
Angiogenesis is the complex process by which new blood vessels
arise from the pre-existing vasculature (reviewed by Folkman,
1997). Localised breakdown of the extracellular matrix (ECM)
precedes the proliferation, migration and tissue infiltration of
capillary endothelial cells. In time these cells remodel back into
capillary structures, and a new ECM is deposited. Angiogenesis
is essential in embryonic development and wound healing as well
as in the female reproductive cycle and the formation and growth
of bone. However, its dysregulation contributes to several
pathological conditions, such as diabetic retinopathy, rheumatoid
arthritis and the development of solid tumours (Folkman, 1990;
Folkman and Hanahan, 1991).

The switch from the normal quiescent vasculature to
angiogenesis is induced by factors released predominantly by
surrounding pericytes and lymphocytes. Such angiogenic factors
include acidic fibroblast growth factor (aFGF), basic fibroblast
growth factor (bFGF) and thymidine phosphorylase (TP), which
are directly angiogenic, as well as transforming growth β (TGF-
β) and tumour necrosis factor α (TNF-α), which act indirectly.
However, the only growth factor that is observed almost
ubiquitously at sites of angiogenesis and whose levels correlate
most closely with the spatial and temporal events of blood vessel
growth is vascular endothelial growth factor (VEGF). 

Roles of VEGF in angiogenesis
VEGF receptor expression is almost exclusive to vascular
endothelial cells. Therefore, in contrast to other angiogenic

factors, the proliferative action of VEGF is predominantly
restricted to endothelial cells. Although VEGF is mitogenic for
lymphocytes (Praloran et al., 1991), retinal pigment epithelial
cells (Guerrin et al., 1995) and Schwann cells (Sondell et al.,
1999), binding of VEGF to other non-endothelial cells seems
to have alternative functions, such as the induction of monocyte
migration (Clauss et al., 1990). 

VEGF is essential to vasculogenesis, the de novo formation
of blood vessels from vascular precursor cells: loss of a single
VEGF allele in mouse models leads to gross developmental
deformities in the forming vasculature and embryonic death
between days 11 and 12 (Carmeliet et al., 1996; Ferrara et al.,
1996). Mice lacking either VEGFR-1 or VEGFR-2 die even
earlier, between embryonic days 8.5 and 9.5 (Fong et al., 1995;
Shalaby et al., 1995). 

As well as inducing endothelial cell proliferation and
migration VEGF has several other pro-angiogenic activities.
It induces endothelial expression of proteases such as
interstitial collagenase and the urokinase-type and tissue-type
plasminogen activators (uPA and tPA) (Pepper et al., 1991;
Unemori et al., 1992). These proteases release cells from
anchorage, allowing migration, and can generate by-products
that themselves affect angiogenesis. VEGF also stimulates
microvascular leakage (which allows tissue infiltration of
plasma proteins – hence the alternative name vascular
permeability factor (VPF); Senger et al., 1983; Connolly et al.,
1989; Keck et al., 1989) and hexose transport (to meet
increasing energy demands; Pekala et al., 1990). In addition
VEGF participates in the continued survival of nascent
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Vascular endothelial growth factor (VEGF) is a secreted
mitogen highly specific for cultured endothelial cells. In
vivo VEGF induces microvascular permeability and plays
a central role in both angiogenesis and vasculogenesis.
VEGF is a promising target for therapeutic intervention
in certain pathological conditions that are angiogenesis
dependent, most notably the neovascularisation of growing
tumours. Through alternative mRNA splicing, a single gene
gives rise to several distinct isoforms of VEGF, which differ
in their expression patterns as well as their biochemical and
biological properties. Two VEGF receptor tyrosine kinases
(VEGFRs) have been identified, VEGFR-1 (Flt-1) and
VEGFR-2 (KDR/Flk-1). VEGFR-2 seems to mediate
almost all observed endothelial cell responses to VEGF,
whereas roles for VEGFR-1 are more elusive. VEGFR-1

might act predominantly as a ligand-binding molecule,
sequestering VEGF from VEGFR-2 signalling. Several
isoform-specific VEGF receptors exist that modulate
VEGF activity. Neuropilin-1 acts as a co-receptor for
VEGF165, enhancing its binding to VEGFR-2 and its
bioactivity. Heparan sulphate proteoglycans (HSPGs), as
well as binding certain VEGF isoforms, interact with both
VEGFR-1 and VEGFR-2. HSPGs have a wide variety of
functions, such as the ability to partially restore lost
function to damaged VEGF165 and thereby prolonging its
biological activity.
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endothelial cells (Alon et al., 1995; Benjamin and Keshet,
1997).

Most tumour types overexpress VEGF mRNA. This
expression directly correlates with regions of angiogenesis and
high vascular density (see Ferrara and Davis-Smyth, 1997).
High levels of VEGF are generally associated with hypoxia,
an excess of soluble inducing factors or unregulated VEGF
expression. Vascular endothelial cells in the tumour vicinity
also appear to upregulate expression of VEGF receptors. The
newly formed blood vessels are inherently leaky, which
enhances the likelihood of metastasis. Studies relating VEGF
expression to tumour aggressiveness, metastatic potential and
the probability of relapse indicate that high levels of VEGF
expression correlate with poor prognosis (Toi et al., 1994;
Maeda et al., 1996).

The VEGF gene and protein structure
The human gene for VEGF resides on chromosome 6p21.3
(Vincenti et al., 1996). The coding region spans ~14 kb and
contains eight exons (Houck et al., 1991; Tischer et al., 1991).
Alternative splicing of a single pre-mRNA generates several
distinct VEGF species (Fig. 1). 

X-ray crystallography of a VEGF fragment (residues 8-109)
to 1.9 � resolution showed that VEGF belongs to the dimeric
cysteine-knot growth factor superfamily (Muller et al., 1997).
Each monomer is characterised by an intrachain disulphide
bonded knot motif at one end of a four-stranded β sheet
(McDonald and Hendrickson, 1993; Murray-Rust et al., 1993;
Sun and Davies, 1995). The superfamily is subdivided; VEGF
belongs to the platelet-derived growth factor (PDGF) family,
in which the monomers are held in a ‘side-by-side’ orientation,
the two β sheets lying perpendicular to the twofold-symmetry
axis. The structure of the VEGF165 heparin-binding region
(residues 111-165) has been solved separately by NMR and
represents a novel type of heparin-binding domain (Fairbrother
et al., 1998).

All VEGF isoforms are secreted as covalently linked

homodimers. Monomers associate initially through
hydrophobic interactions and are then stabilised by disulphide
bonding between Cys51 of one chain and Cys61 of the other
(Potgens et al., 1994). The signal peptide (exon 1 and four
residues of exon 2), which includes an amphipathic α-helix
(residues 12-19) essential for this dimerisation, is cleaved off
during secretion (Leung et al., 1989; Keck et al., 1989,
Siemeister et al., 1998b). A potential N-glycosylation site
exists at Asn74 that appears to have no effect on VEGF
function but is required for efficient secretion (Peretz et al.,
1992; Claffey et al., 1995).

Site-directed mutagenesis identified three acidic residues
(Asp63, Glu64 and Glu67) in exon 3 and three basic residues
(Arg82, Lys84 and His86) in exon 4 essential for binding to
VEGFR-1 and VEGFR-2, respectively. Three highly flexible
loops are clustered at each pole of VEGF at the dimer interface.
Loop II contains the VEGFR-1 binding determinants and lies
close to loop III of the opposing monomer, which binds to
VEGFR-2 (Keyt et al., 1996a). The positioning of these
receptor-binding interfaces at each pole of VEGF seems to
facilitate receptor dimerisation, which is essential for
transphosphorylation and signalling, because mutant dimers
that have only one receptor-binding site antagonise native
VEGF activity (Siemeister et al., 1998a). 

VEGF expression
Many cytokines and growth factors upregulate VEGF mRNA
or induce VEGF release. These include PDGF, TNF-α, TGF-
α, TGF-β, FGF-4, keratinocyte growth factor (KGF/FGF-7),
epidermal growth factor (EGF), IL-1α, IL-1β, IL-6 and
insulin-like growth factor 1 (IGF-1). Several lack direct
angiogenic effects but exert angiogenic activity through VEGF
and bFGF (Brogi et al., 1994; Pertovaara et al., 1994). The
cytoplasmic tail of tissue factor, a receptor for coagulation
factor VII/VIIa, also regulates VEGF production and may be
important at sites of wound healing (Abe et al., 1999). 

Hypoxia induces a rapid and strong increase in VEGF
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Fig. 1. The splice variants of human VEGF. The
human VEGFgene, through alternative mRNA
splicing, produces six isoforms, which differ by
the presence or absence of sequences encoded by
exons 6 and 7. Domain sizes (a.a., amino acid
residues) and the exons from which they derive are
shown at the foot of the figure. Sites of interaction
with VEGFRs, NRP1 and HSPGs are indicated on
the VEGF206 isoform, as are certain enzyme
cleavage sites. Note that it is not known where
uPA cleaves the exon-6-encoded region in relation
to the truncation point of this domain within
VEGF183 (*). The potential N-glycosylation site is
indicated by ‘Y’, whereas ‘?’ represents binding to
unknown components at the cell surface and in the
ECM.
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mRNA levels, which is particularly noticeable around necrotic
areas of tumours (Shweiki et al., 1992; Plate et al., 1992;
Minchenko et al., 1994). Interestingly, the other VEGF family
members and bFGF are not induced by hypoxia; therefore
VEGF might be the main mediator of hypoxia-induced
neovascularisation (Brogi et al., 1994; Enholm et al., 1997).
Adenosine released by hypoxic cells binds adenosine A2
receptors and upregulates VEGF through the cAMP-dependent
protein kinase (PKA) pathway (Takagi et al., 1996).

A hypoxia response element (HRE) acts upstream of the
VEGFgene as an enhancer (Levy et al., 1995; Liu et al., 1995).
This HRE contains a consensus binding site for hypoxia-
inducible factor 1 (HIF-1), a heterodimer of the bHLH-type
transcription factors HIF-1α and ARNT (Madan and Curtin,
1993; Forsythe et al., 1996). Low oxygen tension increases
HIF-1 levels at a post-transcriptional level and increases its
DNA-binding ability (Jiang et al., 1996; Salceda et al., 1996;
Semenza et al., 1997). 

The von Hippel-Lindau tumour suppressor (VHL)
negatively regulates hypoxia-induced genes, including VEGF
(Siemester et al., 1996; Iliopoulos et al., 1996). VHL
cytoplasmically sequesters PKCζ and PKCδ, preventing their
translocation to the cell membrane, subsequent MAPK
activation and induction of VEGF (Pal et al., 1997). Changes
in cell signalling through differentiation might also influence
VEGF expression through control of PKC and cAMP/PKA
pathways (Claffey et al., 1992; Garrido et al., 1993). The VEGF
promoter contains potential binding sites for the transcription
factors Sp1, AP-1 and AP-2, through which PKC and PKA can
influence gene expression (Tischer et al., 1991).

Hypoxia increases the half-life of VEGF mRNA, which is
intrinsically labile owing to the presence of three synergistic
sequence elements within the 5′ and 3′ untranslated regions
(Dibbens et al., 1999). Binding of a hypoxia-induced stability
factor (HuR) increases the half-life of this mRNA three- to
eight-fold (Levy et al., 1998). An alternative transcription-
initiation site allows VEGF mRNA translation from a
downstream ribosomal entry site. This might be advantageous
under hypoxic stress, when cap-dependent translation can be
inhibited (Stein et al., 1998; Akiri et al., 1998).

Several specific transformation events can also induce VEGF
expression, such as inactivation of the VHL gene (Stratmann et
al., 1997; Mukhopadhyay et al., 1997), activatory mutations of
p53 (Kieser et al., 1994, Mukhopadhyay et al., 1995) and
oncogenic mutation or amplification of RAS(Rak et al., 1995;
Grugel et al., 1995: Mazure et al., 1996). 

The VEGF splice variants
To date, six isoforms of human VEGF have been identified (see
Fig. 1), which range in length from 121 to 206 amino acid
residues (VEGF121-206) (Leung et al., 1989; Tischer et al.,
1991; Houck et al., 1991; Poltorak et al., 1997; Lei et al., 1998).
Murine immortal fibroblasts encode a shorter form, VEGF115,
which has a novel 37-residue C terminus, but no human
homologue has been isolated (Sugihara et al., 1998). Most
VEGF-producing cells appear preferentially to express
VEGF121, VEGF165 and VEGF189. VEGF183 also has a wide
tissue distribution and may have avoided earlier detection
through confusion with VEGF189 (Lei et al., 1999; Jingjing
et al., 1999). In contrast, VEGF145 and VEGF206 are

comparatively rare, seemingly restricted to cells of placental
origin (Anthony et al., 1994; Cheung et al., 1995). Bacic et al.
demonstrated tissue-specific VEGF mRNA splicing in rats but
the mechanisms that determine the relative expression levels
are as yet undetermined (Bacic et al., 1995). Interestingly
human skin mast cells normally express VEGF121, VEGF165
and VEGF189 but can be induced to express VEGF206 as well
by incubation with phorbol myristate acetate (PMA), which
stimulates PKC activity (Grutzkau et al., 1998).

Through alternative mRNA splicing, the VEGF isoforms
differ by the presence or absence of sequences encoded by
exons 6 and 7 (Tischer et al., 1991). VEGF165 is secreted as
~46-kDa homodimers, which have a basic character and
moderate affinity for heparin, owing to the presence of 15 basic
amino acids within the 44 residues encoded by exon 7 (Ferrara
and Henzel, 1989; Gospodarowicz et al., 1989; Plouet et al.,
1989). In contrast, VEGF121, which lacks this region, is a
weakly acidic protein and does not bind heparin. VEGF121 is
freely released from producing cells, whereas 50-70% of
VEGF165remains cell and ECM associated, probably owing to
heparan sulphate proteoglycan (HSPG) interactions (Houck et
al., 1992). VEGF189and VEGF206contain additional sequence
encoded by exon 6 and bind heparin strongly. These isoforms
are completely sequestered in the ECM and to a lesser extent
at the cell surface (Houck et al., 1992; Park et al., 1993). 

The exon-6a-encoded sequence of VEGF145 confers an
affinity for heparin similar to that of the exon-7-encoded
sequence of VEGF165 (Poltorak et al., 1997). However, this
sequence also mediates binding to components of the ECM that
is independent of heparin or heparan sulphate. ECM-bound
VEGF145 remains active as an endothelial cell mitogen
(Poltorak et al., 1997). The 24-residue exon 6 peptide contains
12 basic amino acids, including the sequence 126K-R-K-R-K-
K131 identified as a cell surface retention consensus sequence
(CRS). 60-72-kDa high-affinity CRS-binding proteins have
been identified on the cell surface that appear to be derived
from the same gene product, CRS-BP1; however, their
significance is unknown (Boensch et al., 1995). Since VEGF145
is freely released from producing cells, it is thought that a
combination of CRS-BP1 binding and heparan sulphate
interactions with the extended region derived from exons 6 and
7 is responsible for the cell-surface retention of VEGF189 and
VEGF206 (Poltorak et al., 1997; Jonca et al., 1997). Recently
the sequence encoded by exon 6 has also been shown to release
bioactive bFGF from the ECM and cell surface and thus
confers on VEGF189 the ability to exert some of its biological
effects through bFGF signalling pathways (Jonca et al., 1997).

VEGF isoforms in the ECM constitute a reservoir of growth
factor that can be slowly released by exposure to heparin,
heparan sulphate and heparinases or more rapidly mobilised by
specific proteolytic enzymes such as plasmin and urokinase-
type plasminogen activator (uPA) (Houck et al., 1992; Plouet
et al., 1997). These enzymes already contribute to angiogenesis
through ECM depolymerisation and, as well as releasing
sequestered VEGF from the cell surface and ECM, might also
regulate VEGF bioactivity. Recombinant VEGF189 and
VEGF206 are unable to stimulate endothelial cell mitogenesis
(Houck et al., 1991), because protein folding in these larger
isoforms obscures regions responsible for receptor binding.
VEGF189 binds VEGFR-1 but requires enzyme maturation by
uPA or plasmin to bind VEGFR-2 and exert its mitogenic
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effects on endothelial cells (Plouet et al., 1997; Fig. 1). uPA
cleavage towards the C-terminal end of the exon-6-encoded
region generates a truncated factor (uPA-VEGF189) that has an
endothelial cell mitogenicity equivalent to that of VEGF165.
Although not all VEGF isoforms contain a site for uPA
cleavage, they can all be cleaved by plasmin. This Pl-VEGF
(VEGF110), by comparison with VEGF165 and uPA-VEGF189,
elicits a 50-fold reduced mitogenic effect on endothelial cells,
which is similar to that observed for VEGF121 (Keyt et al.,
1996b; Plouet et al., 1997). This demonstrates that the VEGF
sequences encoded by exons 6 and 7 do more than just regulate
the bioavailability of VEGF through HSPG binding: they
actually enhance mitogenic signalling. 

VEGF-related proteins
VEGF shares ~20% amino acid sequence identity with PDGF.
Members of the PDGF/VEGF family contain eight conserved
cysteine residues and therefore have a common mode of
dimerisation and a similar structure within their receptor-
binding domains (see above). Several growth factors that have
significant sequence homology to VEGF share the same
receptors as VEGF and often impinge upon VEGF activity.

Placenta growth factor (PlGF) (Persico et al., 1999) shares
53% amino acid sequence identity with the PDGF-like region
of human VEGF (Maglione et al., 1991). Its expression is
restricted to the placenta, where alternative mRNA splicing
generates three isoforms: PlGF-1 (PlGF131), PlGF-2 (PlGF152)
and PlGF-3 (PlGF183) (Maglione et al., 1993; Cao et al., 1997).
Exon 6 encodes a highly basic 21 amino acid sequence unique
to PlGF-2, which confers binding to both heparin and the
neuropilin-1 receptor (Hauser and Weich, 1993; Park et al.,
1994; Migdal et al., 1998). The only signalling receptor
identified for PlGF is VEGFR-1 (Park et al., 1994; Kendall et
al., 1994). VEGF-PlGF heterodimers exist in vivo but have
weaker mitogenic activity than VEGF homodimers and might
represent a mechanism for modulating VEGF bioactivity
(DiSalvo et al., 1995; Cao et al., 1996). 

VEGF-B/VEGF-related-factor (Joukov et al., 1997b)
resembles PlGF in many aspects. VEGF-B has a wide tissue
distribution but is particularly abundant in the heart and
skeletal muscle (Olofsson et al., 1996a). Two isoforms exist,
owing to the use of alternative splice acceptor sites within exon
6 that utilise different reading frames (Grimmond et al., 1996;
Olofsson et al., 1996b). The VEGF-B167 C terminus retains
homology to VEGF and mediates binding to ECM and cell
surface HSPGs. However, VEGF-B186 contains a novel
hydrophobic sequence, rich in proline, serine and threonine
residues and O-glycosylated, possibly to aid its solubility
(Olofsson et al., 1996b). The VEGF-B isoforms bind and
activate VEGFR-1 (Olofsson et al., 1998) and can also bind
the neuropilin-1 receptor (Makinen et al., 1999). VEGF can
heterodimerise with both VEGF-B isoforms when coexpressed
(Olofsson et al., 1996a; Olofsson et al., 1996b). VEGF-
B167–VEGF heterodimers remain cell-surface associated,
perhaps indirectly controlling VEGF release and
bioavailability. 

VEGF-C/VEGF-related protein contains a region sharing
~30% amino acid identity with VEGF165 (Lee et al., 1996;
Joukov et al., 1996). However, it is more closely related to
VEGF-D/c-fos-induced growth factor, with which it forms a

subfamily of the VEGF-related proteins (Orlandini et al., 1996;
Yamada et al., 1997; Achen et al., 1998). Both proteins bind
and activate VEGFR-3 (Flt-4; a member of the VEGFR family
that does not bind VEGF) as well as VEGFR-2, and are
mitogenic for cultured endothelial cells (Lee et al., 1996;
Joukov et al., 1996; Achen et al., 1998). They are synthesised
as precursor proteins requiring proteolytic processing at the C-
and N-termini to release the VEGF-homology domain (Joukov
et al., 1996). This might control receptor specificity, because
incompletely processed VEGF-C binds VEGFR-3 with lower
affinity but does not bind VEGFR-2 at all (Joukov et al.,
1997a). VEGF-C is thought to participate in both vascular and
lymphatic development, but in adult tissues probably acts
as a paracrine factor involved in lymphangiogenesis and
maintenance of the lymphatic vessels (Kukk et al., 1996;
Jeltsch et al., 1997; Dumont et al., 1998). Although much less
mitogenic than VEGF, VEGF-C might also regulate
angiogenesis (Witzenbichler et al., 1998; Cao et al., 1998;
Pepper et al., 1998). Less is known of VEGF-D functions, but
expression patterns in mice indicate an important role in lung
development (Farnebo et al., 1999). 

VEGF-E is the collective term for a group of proteins having
significant homology to VEGF that are encoded by certain
strains of the orf virus, a pathogen of sheep, goats and
occasionally humans (Lyttle et al., 1994; Meyer et al., 1999).
Presumably the VEGFgene was acquired from a host genome
and has subsequently undergone genetic drift. Some biological
functions appear to be retained, because viral infection results
in skin lesions with acute microvascular proliferation and
dilation. All VEGF-E variants studied bind VEGFR-2, but not
VEGFR-1 or VEGFR-3 (Ogawa et al., 1998; Meyer et al.,
1999; Wise et al., 1999). One variant was further shown to bind
neuropilin-1. These viral proteins seem to be as potent as
VEGF165 at stimulating endothelial cell proliferation despite
lacking heparin-binding ability.

The VEGF receptors
VEGFR-1 and VEGFR-2 are both high-affinity receptors for
VEGF that, along with VEGFR-3, form the flt subfamily of
receptor tyrosine kinases. These are characterised by seven
extracellular immunoglobulin (Ig)-like domains followed by a
membrane-spanning region and a conserved intracellular
tyrosine kinase domain interrupted by a kinase insert sequence
(Fig. 2) (Shibuya et al., 1990; Matthews et al., 1991; Terman
et al., 1991; Pajusola et al., 1992).

The ~180-kDa glycoprotein VEGFR-1, the first VEGFR to
be identified (fms-like tyrosine kinase receptor/Flt-1; Shibuya
et al., 1990; de Vries et al., 1992), has the highest affinity for
VEGF (Kd 10-30 pM; de Vries et al., 1992; Quinn et al., 1993;
Waltenberger et al., 1994). VEGFR-1 is also shared by the
related growth factors PlGF and VEGF-B. Its expression in
mice is localised to the endothelium in adult and embryonic
tissues, as well as to the neovasculature of healing skin wounds
(Peters et al., 1993). The presence of VEGFR-1 mRNA in
quiescent as well as proliferating endothelial cells suggests a
continued role in endothelial maintenance. VEGFR-1 is
essential during vasculogenesis: VEGFR-1−/− mice die at
embryonic day 8.5 (Fong et al., 1995). In these mice,
endothelial cells form normally at both embryonic and extra-
embryonic sites but fail to assemble correctly into organised
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blood vessels. This defect appears to be a consequence of
increased commitment of mesenchymal cells to becoming
hemangioblasts, the common precursors of both blood cells
and endothelial cells (Fong et al., 1999).

Tyrosine phosphorylation of VEGFR-1 in response to VEGF
stimulation is hard to detect, and, in endothelial cells, no direct
proliferative, migratory or cytoskeletal effects mediated by this
receptor are apparent (Park et al., 1994; Waltenberger et al.,
1994; Seetharam et al., 1995). However, VEGFR-1 has been
implicated in upregulated endothelial expression of tissue
factor, urokinase-type plasminogen activator and plasminogen
activator inhibitor 1 (Clauss et al., 1996; Landgren et al., 1998;
Olofsson et al., 1998). In other cell types VEGFR-1 has
different roles, such as tissue factor induction and chemotaxis
in monocytes, and enhancing matrix metalloproteinase
expression by vascular smooth muscle cells (Barleon et al.,
1996; Clauss et al., 1996; Wang and Keiser, 1998). 

VEGFR-2 (also known as kinase-insert-domain-containing
receptor, KDR) is a 200-230-kDa high-affinity receptor for
VEGF (Kd 75-760 pM; Terman et al., 1992; Quinn et al., 1993;
Waltenberger et al., 1994), as well as for VEGF-C and VEGF-
D. Identified in humans through screening endothelial cDNA
for tyrosine kinase receptors (Terman et al., 1991), this receptor
shares 85% sequence identity with the previously discovered
mouse fetal liver kinase 1 (Flk-1) (Matthews et al., 1991;
Millauer et al., 1993; Quinn et al., 1993). VEGFR-2−/− mice
die by embryonic day 9.5, exhibiting defects in the

development of endothelial and haematopoietic precursors
(Shalaby et al., 1995). VEGFR-2 is normally expressed in
such precursors, as well as in endothelial cells, nascent
haematopoietic stem cells and the umbilical cord stroma.
However, in quiescent adult vasculature, VEGFR-2 mRNA
appears to be downregulated (Millauer et al., 1993; Quinn et
al., 1993; Eichmann et al., 1997). Although VEGFR-1 has
the greater affinity for VEGF, VEGFR-2 is tyrosine
phosphorylated much more efficiently upon ligand binding and
in endothelial cells leads to mitogenesis, chemotaxis and
changes in cell morphology (Quinn et al., 1993; Waltenberger
et al., 1994). 

Recent work has begun to elucidate the specific roles of
individual Ig-like domains in VEGFR function. The second
and third Ig-like domains of both receptors appear to be
necessary for high-affinity ligand binding (Davis-Smyth et al.,
1996; Barleon et al., 1997a; Wiesmann et al., 1997; Fuh et al.,
1998; Shinkai et al., 1998; Piossek et al., 1999). Deletion of
the second Ig-like domain in VEGFR-1 abolishes ligand
binding, whereas in VEGFR-2 the third Ig-like domain is most
critical. The fourth Ig-like domain is believed to mediate
receptor dimerisation in VEGFR-1 (Barleon et al., 1997a); this
may also apply to VEGFR-2. The fifth and sixth Ig-like
domains of VEGFR-2 seem to be required for VEGF retention
after binding, whereas the first Ig-like domain might regulate
ligand binding because its removal improves VEGF
association (Shinkai et al., 1998). Both VEGF receptors are

Fig. 2. The cell surface receptors for VEGF. Known examples of each receptor type are indicated and
identified ligands listed below. Where particular ligand isoforms are not specified, the receptor is believed
to bind all identified variants. VEGF tyrosine kinase receptors consist of seven extracellular Ig-like
domains (numbered), a transmembrane region and an intracellular tyrosine kinase domain interrupted by
a kinase-insert sequence. Potential truncation positions of VEGFR-1 to produce sFlt-1 (*1) and of
VEGFR-2 observed in the rat retina (*2) are shown. Heparan sulphate proteoglycans are represented here

by glypican-1, an endothelial cell HSPG known to interact with VEGF165. Ligands are bound through electrostatic interactions with specific
sequences of sulphation within the HS chains (shown in green). In the case of glypican-1 these HS chains are all attached to their core protein at
a site close to the cell membrane (shown in red). The neuropilins are isoform-specific receptors for certain VEGF family members. NRP1 acts
as a co-receptor for VEGFR-2, enhancing the binding and biological activity of VEGF165. The α1-α2 region has homology to components of
the complement system; β1-β2 shares homology with coagulation factors V and VIII, whereas the γ domain contains a MAM (Meprin,
A5/neuropilin, Mu) domain, a protein sequence also found in the meprin metalloproteinases and receptor tyrosine phosphatase µ.
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glycosylated; this is not essential for VEGFR-1 ligand binding
(Barleon et al., 1997a), but only the mature glycosylated form
of VEGFR-2 can efficiently autophosphorylate (Takahashi and
Shibuya, 1997). 

A soluble truncated form of VEGFR-1 (sFlt-1) that contains
only the first six Ig-like domains has been cloned from a
HUVEC cDNA library (Kendall and Thomas, 1993; Kendall
et al., 1996). sFlt-1 binds to VEGF as strongly as does full-
length VEGFR-1 and inhibits VEGF activity by sequestering
it from signalling receptors and by forming non-signalling
heterodimers with VEGFR-2. Particularly high levels of sFlt-
1 occur in the placenta, where it might control VEGF activity
at particular stages of pregnancy (Clark et al., 1998; He et al.,
1999). A truncated form of VEGFR-2, lacking the C-terminal
half of the kinase domain, is expressed in normal rat retina
(Wen et al., 1998). This truncated form is expressed at lower
levels than full-length VEGFR-2 in these cells, but seems to be
activated by VEGF at least as efficiently.

VEGFR-3 (Flt-4) is also a member of the flt subfamily of
receptor tyrosine kinases, but its expression becomes restricted
mainly to the lymphatic endothelium of adult tissues (Pajusola
et al., 1992; Finnerty et al., 1993; Kaipainen et al., 1995).
VEGFR-3 binds VEGF-C and VEGF-D, but not VEGF, and is
thought to control lymphangiogenesis (see above).

Receptor expression
Upstream control elements confer endothelial-cell-specific
transcription on both VEGFR-1and VEGFR-2(Morishita et al.,
1995; Patterson et al., 1995). Not surprisingly, hypoxia, as well
as inducing VEGF release, is also a potent stimulator of
VEGFR-1 and VEGFR-2 expression in vivo (Tuder et al.,
1995; Li et al., 1996). In common with VEGF, VEGFR-1has
a HIF-1 consensus in its promoter region (Gerber et al., 1997).
VEGFR-2has no similar sequence and transcription might be
slightly downregulated by hypoxia (Thieme et al., 1995;
Gerber et al., 1997). However, VEGFR-2 is thought to be
upregulated at the post-transcriptional level by an unidentified
paracrine factor released from ischaemic tissues (Brogi et al.,
1996; Waltenberger et al., 1996). 

Several growth factors, including VEGF (Wilting et al.,
1996; Barleon et al., 1997b), affect VEGF receptor expression.
VEGF stimulation of VEGFR-2 both upregulates expression of
the VEGFR-2 gene and increases cellular VEGFR-2 levels
(Shen et al., 1998). bFGF is known to synergise with VEGF in
inducing angiogenesis and one mechanism for this is through
upregulation of VEGFR-2 in endothelial cells (Pepper and
Mandriota, 1998). Interestingly cell-cell and cell-matrix
contact might also affect VEGF receptor expression: VEGFR-
2 levels vary according to cell density and the geometry of
the culture conditions (Pepper and Mandriota, 1998b), and
expression of both VEGFRs is influenced by the levels of
platelet endothelial cell adhesion molecule 1 (PECAM-1;
Sheibani and Frazier, 1998).

Signal transduction
Separate but overlapping VEGFR-1-binding and VEGFR-2-
binding sites exist at each pole of VEGF at the dimer interface.
The interaction of receptor monomers at these sites on VEGF
induces receptor dimerisation and subsequent activation

through transphosphorylation (Wiesmann et al., 1997; Fuh
et al., 1998). VEGFR-1 and VEGFR-2, as well as forming
homodimers, might also heterodimerise: sFlt-1 and VEGFR-2
can form non-signalling complexes (Kendall et al., 1996),
and PlGF-VEGF heterodimers that are both mitogenic and
chemotactic for endothelial cells exist in vivo (Cao et al.,
1996). 

VEGFR-2 seems to mediate almost all observed endothelial
cell responses to VEGF. In contrast, although VEGFR-1 can
induce monocyte migration (Barleon et al., 1996), endothelial
cell migration in response to VEGFR-1 has not been
demonstrated unequivocally. The lack of significant
endothelial cell responses to VEGFR-1 stimulation has led
some to speculate that its main role is as a decoy receptor that
sequesters VEGF from signalling through VEGFR-2 (Park et
al., 1994). Indeed mice embryos expressing VEGFR-1 that
lacks the tyrosine kinase domain show normal development
and angiogenesis; only VEGF-mediated macrophage
migration is affected (Hiratsuka et al., 1998). If VEGFR-1 acts
predominantly as a ligand-binding molecule, PlGF and VEGF-
B might exist mainly to free VEGF for VEGFR-2 binding.
Such competition would explain the potentiating activity of
PlGF on the bioactivity of low concentrations of VEGF (Park
et al., 1994). However, VEGFR-1 signalling should not be
dismissed, because site-directed mutagenesis has identified
several specific phosphorylated residues capable of interacting
with SH2-domain proteins (Igarashi et al., 1998).

Signal transduction events associated with VEGF have been
difficult to elucidate, owing to cell-specific and species-specific
differences in expression of VEGFRs and signal transduction
components. The presence of potential modulatory species,
such as HSPGs and the neuropilins, further complicates the
picture. Current understanding of VEGF signalling is beyond
the scope of this Commentary, but details can be found
elsewhere (Zachary, 1998; Petrova et al., 1999; Larrivee and
Karsan, 2000). 

Neuropilin-1 and other VEGF-binding molecules
Crosslinking experiments using 125I-labelled VEGF indicate
receptors for VEGF that do not correspond to the VEGFRs
exist (Gitay-Goren et al., 1996; Soker et al., 1996; Omura et
al., 1997). These receptors recognise the exon-7-encoded
domain of VEGF and therefore bind VEGF165 but not
VEGF121 (Soker et al., 1996). One such receptor is neuropilin-
1 (NRP1) (Fig. 2; Soker et al., 1998), a 120-130-kDa
glycoprotein previously characterised as a neuronal receptor
for certain secreted members of the collapsin/semaphorin
family (He and Tessier-Lavigne, 1997; Kolodkin et al., 1997).
NRP1 has a wide tissue distribution that includes some tumour-
derived cells and endothelial cells (Soker et al., 1998). NRP-1
on embryonic neurons is implicated in the control of axon
growth and guidance as a consequence of binding certain
members of the semaphorin family (Kawakami et al., 1996;
Takagi et al., 1995). Studies on mouse embryos suggest it also
has a role in angiogenesis and vasculogenesis. NRP1
overexpression causes death at day 17.5 with an excessively
high density of blood vessels, which are dilated and prone to
hemorrhaging (Kitsukawa et al., 1995). NRP1−/− mice die at
embryonic day 10.5-12.5 from cardiovascular anomolies
(Kitsukawa et al., 1997).
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NRP1 acts as a co-receptor for VEGF165, enhancing its
binding to VEGFR-2 and its bioactivity (Soker et al., 1998).
Interestingly both VEGFR-2 and NRP1 on endothelial cells are
upregulated by the indirectly acting angiogen TNF-α (Giraudo
et al., 1998). NRP1 has only a very short intracellular domain,
and no reponses to VEGF165 were observed on cells without
VEGFR-2 (Soker et al., 1998). However, Cai and Reed (1999)
recently identified a widely expressed NRP1-interacting
protein (NIP) that was previously implicated in membrane
trafficking. NRP1 signaling might also contribute to
hematopoiesis, given that VEGF165 binding leads to increased
erythropoietin and Flt-3 ligand expression in bone marrow
stromal cells (Tordjman et al., 1999).

Other VEGF-related growth factors also share the NRP1
receptor (Fig. 2). Both PlGF-2 and VEGF-B167 bind NRP1 and
HSPGs through regions homologous to the exon-7-encoded
domain of VEGF. However, the non-heparin-binding VEGF-
B186 requires proteolytic cleavage of its unique C-terminal
region to expose a short proline-rich sequence for NRP1
interaction (Makinen et al., 1999). The biological role of binding
of NRP1 to VEGF-B and PlGF-2 is unclear, because these
growth factors bind only to VEGFR-1, not VEGFR-2. PlGF-2
has no effect upon the proliferation of endothelial cells
expressing NRP1 and is no more efficient than PlGF-1 at
stimulating VEGFR-1-mediated migration (Migdal et al., 1998).

The NRP1 receptor plays roles in the diverse processes of
angiogenesis, vasculogenesis and the development of the
nervous system. Interestingly VEGF165 might act as a
neurotrophic factor stimulating axonal growth along with the
proliferation and survival of cells in the peripheral nervous
system (Sondell et al., 1999). Likewise the chemorepulsive
semaphorin Sema III, which binds NRP1 and inhibits axonal
motility, also inhibits endothelial cell motility and competes
with VEGF165 for NRP1-binding (Miao et al., 1999).

NRP1 can homomultimerise or form heteromultimers with
neuropilin-2 (NRP2), although the functional significance of
these complexes is not clear (Giger et al., 1998). NRP2 (Chen
et al., 1997) was identified during expression cloning of NRP1
from breast carcinoma cells, and therefore represents a separate
cell-surface VEGF165-receptor (Soker et al., 1998). Further
receptors might also exist, given that Omura et al. identified a
190-kDa VEGF165-specific receptor expressed on a glioma cell
line (Omura et al., 1997). Like NRP1, the binding of VEGF165
to this receptor does not seem to lead to tyrosine
phosphorylation.

Heparin and heparan sulphate proteoglycans
Heparin is a highly sulphated linear polysaccharide released by
mast cells that has well documented procoagulant activity.
Heparan sulphate (HS) is a closely related molecule that has a
much lower sulphate content and is found on the cell surface,
and in the ECM of almost all mammalian cells as a component
of heparan sulphate proteoglycans (HSPGs). The structures of
heparin and HS are key to their biological function because
distinct patterns of sulphation upon the polysaccharide chains
are recognised and bound by specific protein ligands. This can
serve simply to immobilise or protect bound ligands. However,
in several cases, such binding has been shown to modulate the
biological activity of proteins directly (Stringer and Gallagher,
1997; Lindahl et al., 1998). 

Gitay-Goren et al. demonstrated that binding of VEGF165 to
its receptors on vascular endothelial cells is dependent on cell-
surface-associated heparin-like molecules (Gitay-Goren et al.,
1992). Low concentrations (0.1-10 µg/ml) of heparin strongly
potentiate VEGF165 binding, whereas higher concentrations
are inhibitory. Depletion of cell surface heparin/HS by
heparinase treatment severely reduces such binding but can be
restored by the addition of exogenous heparin. These results
were subsequently found also to apply when VEGF165 binds
to VEGFR-2 or NRP1 (Tessler et al., 1994; Terman et al., 1994;
Soker et al., 1996; Soker et al., 1998). In contrast, the
VEGF121–VEGFR-2 interaction is unaffected by exogenous
heparin or heparinase (Gitay-Goren et al., 1996). The possible
participation of HS in VEGF165–VEGFR-2 complexes might
explain why some groups report this isoform as a more potent
endothelial cell mitogen than VEGF121 (Keyt et al., 1996b).
Interestingly, rather than affecting the dissociation constant for
VEGF165 binding, heparin/HS seems to have a receptor-
unmasking effect, increasing levels of VEGFR-2 available for
VEGF165 (Gitay-Goren et al., 1992; Terman et al., 1994).

The VEGFR-1 receptor behaves quite differently: both
VEGF165 and VEGF121 binding are potently inhibited by
exogenous heparin, even at concentrations lower than those
required for potentiation of VEGF165-VEGFR-2 binding
(Terman et al., 1994; Cohen et al., 1995). However, heparin-
like molecules are essential for VEGFR-1 function, because
heparinase treatment of cells abolishes the ability of VEGFR-
1 to bind both VEGF121 and VEGF165. Interestingly, whereas
exogenous heparin partially restores VEGF165 binding to such
cells, VEGF121binding remains lost (Cohen et al., 1995). Since
VEGF165, unlike VEGF121, is a heparin-binding protein,
heparin bound to VEGF165 must be able to complement the
loss of cell surface HS in a way that free heparin cannot to
allow some VEGF165–VEGFR-1 binding. It seems that HSPGs
are essential for VEGF binding to VEGFR-1, and presumably
exogenous heparin interferes with the normal functioning of
HSPGs at this receptor. Changes in local heparin concentration
or the levels and composition of cell surface HS might
modulate the interactions of the VEGF isoforms with VEGFR-
1.

Since VEGF121has no affinity for heparin/HS, some of these
effects of exogenous heparin and heparinase on VEGFR-1
must be mediated at the receptor level (Cohen et al., 1995).
Cell-surface heparin receptors are thought to exist and may
influence VEGFR functions (Gitay-Goren et al., 1992).
However, VEGFR-1 is a heparin-binding protein itself,
containing a potential heparin-binding domain in its fourth Ig-
like extracellular loop (Kendall et al., 1993; Park and Lee,
1999). Interestingly, this domain is implicated in VEGFR-1
dimerisation, and heparin/HS interactions might account for
the observed effects of these species on VEGF binding.
VEGFR-2 also appears to interact directly with heparin/HS
(Chiang and Flanagan, 1995; Dougher et al., 1997), perhaps
through the hexapeptide sequence RKTKKR between the sixth
and seventh Ig-like domains. Clearly the regulatory effects of
heparin/HS on VEGF binding to its receptors depend both
on the particular receptor subtype and the VEGF isoform
involved. 

Heparin/HS affinity can also affect VEGF function through
several other mechanisms. HSPGs affect VEGF bioavailability
through sequestration at the cell surface/ECM. This VEGF
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reservoir may be protected from enzymatic degradation
(Houck et al., 1992), although ECM-bound VEGF189 does not
appear to be protected from uPA or plasmin maturation (Plouet
et al., 1997). VEGF can displace other HSPG-bound growth
factors from the ECM, most notably bFGF, which can then
synergise with VEGF in stimulating angiogenesis (Asahara et
al., 1995; Jonca et al., 1997). Heparin/HS also protects the
heparin-binding isoforms from natural inhibitory and
degradatory processes by preventing their interaction with
proteins such as α2-macroglobulin and platelet factor 4 (Soker
et al., 1993; Gengrinovitch et al., 1995). 

A novel function of heparin may be in the restoration of
function to damaged VEGF. Oxidising agents and free radicals,
both common around areas of inflammation and wound
healing, can inactivate VEGF. Under such conditions, heparin
binding by VEGF165 could prolong its biological activity
compared with VEGF121 by partially restoring lost function
(Gitay-Goren et al., 1996). In fact, glypican-1, an HSPG known
to be present on endothelial cells, has been shown to play a
chaperone-like function by partially restoring VEGF165
activity after oxidative damage and promoting VEGFR-2
binding (Gengrinovitch et al., 1999). Since most experiments
use recombinant VEGF165, restoration of activity lost through
damage may explain some of the observed effects of
exogenous heparin.

Concluding remarks
Here, we have atempted to highlight the complexity of VEGF
signaling – from the various properties of the VEGF splice
variants to the wide range of molecules that can interact with
and modulate the activity of these different isoforms. Some
fundamental gaps in our knowledge are only now being
addressed through VEGF research. Why several isoforms of
VEGF exist and how they differ functionally have never been
fully explained. Spatial and temporal expression studies of
VEGF in mouse models may provide further insights. The
signaling events downstream of VEGFR activation are being
elucidated, but the cellular responses they elicit, at least as far
as VEGFR-1 is concerned, are still contentious. Is the primary
function of VEGFR-1 on endothelial cells to act as a decoy
receptor for VEGF and thereby reduce signaling through
VEGFR-2? Such a role would be unique among the receptor
tyrosine kinases.

The discovery of NRP1 as an isoform-specific co-receptor
for VEGF has opened up a whole new field of VEGF research
and has even revealed potentially new roles for VEGF in
hematopoiesis and axonal growth in the CNS. However, there
are certain aspects of this fascinating molecule that we are still
ignorant about – for example, what role does NRP1 play in
binding growth factors that do not interact with VEGFR2?

HSPGs at the cell surface and in the ECM carry out a variety
of distinct functions as a consequence of their interactions with
VEGF (all isoforms except VEGF121), VEGFR-1 and VEGFR-
2. Their recently identified ability to partially restore VEGF165
function lost due to oxidative damage represents a novel
function for these ubiquitous proteoglycans and underlines the
need for further study.

A great deal has been achieved since the discovery of VEGF
over a decade ago, but we are still a long way off understanding
how events both inside and outside cells work together to

control and coordinate VEGF activity. Such an understanding
will be vital in the future design of therapeutic agents to control
angiogenesis.
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