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bstract

Vascular endothelial cells are ordinarily quiescent in adult humans and divide less than once per decade. When tumors reach a size of about
.2–2.0 mm in diameter, they become hypoxic and limited in size in the absence of angiogenesis. There are about 30 endogenous pro-angiogenic
actors and about 30 endogenous anti-angiogenic factors. In order to increase in size, tumors undergo an angiogenic switch where the action of
ro-angiogenic factors predominates, resulting in angiogenesis and tumor progression. One mechanism for driving angiogenesis results from
he increased production of vascular endothelial growth factor (VEGF) following up-regulation of the hypoxia-inducible transcription factor.
he human VEGF family consists of VEGF (VEGF-A), VEGF-B, VEGF-C, VEGF-D, and placental growth factor (PlGF). The VEGF family
f receptors consists of three protein-tyrosine kinases and two non-protein kinase receptors (neuropilin-1 and -2). Owing to the importance

f angiogenesis in tumor progression, inhibition of VEGF signaling represents an attractive cancer treatment.

2007 Elsevier Ireland Ltd. All rights reserved.
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. Vasculogenesis and angiogenesis

.1. Definitions

The intricately branched circulatory network of vascular
ndothelial and supporting cells is essential for transport-
ng oxygen, nutrients, and signaling molecules to and the
emoval of carbon dioxide and metabolic end products
rom cells, tissues, and organs [1]. Neovascularization, or
ew blood vessel formation, is divided into two com-
onents: vasculogenesis and angiogenesis. Embryonic or
lassical vasculogenesis is the process of new blood ves-
el formation from hemangioblasts that differentiate into
lood cells and mature endothelial cells [2]. In the embryo
nd yolk sac, early blood vessels develop by aggrega-
ion of angioblasts into a primitive network of simple
ndothelial tubes [3]. As primitive vessels are remodeled
nto a functioning circulatory system, they undergo local-

zed proliferation and regression, as well as branching
nd migration. In contrast, angiogenesis is the process of
ew blood vessel formation from pre-existing vascular net-
orks by capillary sprouting. During this process, mature

c
l
m
h

ndothelial cells divide and are incorporated into new capil-
aries. Vascular endothelial growth factor (VEGF) signaling
s required for the full execution of vasculogenesis and
ngiogenesis.

Many observations associated with tissue ischemia and
umor formation are consistent with the concept that vascu-
ogenesis also occurs during postnatal vessel development
4]. Asahara et al. were the first to describe the existence
f endothelial progenitor cells in adult human blood that
an differentiate into endothelial cells [5]. These progenitor
ells normally reside in the bone marrow but may become
obilized into the circulation by cytokine or angiogenic

rowth factor signals [6]. During adult vasculogenesis, mobi-
ized progenitor cells promote vessel formation by integrating
nto vessels and by supplying growth factors. Bone-marrow-
erived endothelial progenitor cells may be recruited to sites
f infarction, ischemia, or tissue trauma where they differ-
ntiate into mature endothelial cells and combine with other

ells to form new vessels. These findings suggest that vascu-
ogenesis and angiogenesis might constitute complementary

echanisms for postnatal neovascularization. Not all studies,
owever, support the concept of adult vasculogenesis [7], and
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Table 1
Selected endogenous pro-angiogenic factors

Factor MW (kDa)a Swiss prot
accession no.

Acidic fibroblast growth
factor (aFGF, FGF1)b

17.5 P05230

Angiogeninb 16.6 P03950
Angiopoietin-1 57.5 Q15389
Angiopoietin-2 56.9 O15123
Basic fibroblast growth factor

(bFGF, FGF2)b
17.3 P09038

Ephrin-A1 23.8 P20827
Ephrin-B1 38.0 P98172
Ephrin-B2 36.9 P52799
Epidermal growth factor

(EGF)b
134 P01133

Granulocyte
colony-stimulating factor
(GCSF)

16.3 P09919

Macrophage-granulocyte
colony-stimulating factor
(GM-CSF)

16.3 P04141

Hepatic growth factor (HGF,
scatter factor)b

83.1 P14210

Interleukin-8 (Il-8, CXCL8)b 11.1 P10145
Leptin 18.6 P41159
Placental growth factor

(PlGF)b
24.8 P49763

Platelet-derived endothelial
growth factor (PD-EGF)b

50.0 P19971

Platelet-derived growth
factor-A (PDGF-A)b

24.0 P04085

Platelet-derived growth
factor-B (PDGF-B)b

27.3 P01127

Transforming growth factor-�
(TGF-�)b

17.0 P01135

Transforming growth factor-�
(TGF-�)b

44.3 P01137

Tumor necrosis factor
(TNF-�)b

25.6 P01375

Vascular endothelial growth
factor (VEGF-A)b

27.0 P15692

VEGF-Bb 21.6 P49765
VEGF-Cb 46.9 P49767
VEGF-Db 40.4 O43915

c

e
i
p
v
v
t
e
t
i
c
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dditional work will be required to sort out the inconsisten-
ies.

.2. Physiological and non-physiological angiogenesis

Adult human vascular endothelial cells constitute an esti-
ated 1 kg of tissue and line the vessels of every organ [1].
hese endothelial cells correspond to an estimated surface
rea of 1000 m2, about the size of a tennis court [8]. In
dult humans, most endothelial cells are quiescent; only 1
n every 10,000 endothelial cells is in the cell division cycle
t any one time [9]. However, there is an increased rate of
ndothelial cell mitosis and angiogenesis during wound heal-
ng and tissue repair, during ovarian corpus luteum formation,
nd during placental development establishing pregnancy
10]. Inhibition of angiogenesis represents a potential therapy
or disorders with non-physiological angiogenesis includ-
ng neovascular age-related macular degeneration of the eye,
iabetic retinopathy, endometriosis, psoriasis, rheumatoid
rthritis, and tumor growth and metastasis [10]. Decipher-
ng the mechanisms of developmental, physiological, and
berrant angiogenesis has assumed considerable biomedical
mportance during the past 35 years.

.3. Activators and inhibitors of angiogenesis

Angiogenesis, which is regulated by both endogenous
ctivators and inhibitors, is under stringent control [9]. There
re about 30 known endogenous pro-angiogenic factors, sev-
ral of which are listed in Table 1. Three families of receptor
rotein-tyrosine kinases play pivotal roles in vasculogenesis
nd angiogenesis. The VEGF/VEGFR (vascular endothelial
rowth factor/VEGF receptor) family is the most studied reg-
lator of vascular development, and it is the central focus
f this review. The angiopoietin/Tie system controls vessel
aturation and quiescence [11] while the eph/Ephrin system

ontrols positional guidance cues and arterio-venous asym-
etry [12]. Acidic and basic fibroblast growth factors also

lay important and well-studied roles in angiogenesis [13].
There are about 30 endogenous anti-angiogenic factors;

everal of these are listed in Table 2. The most studied neg-
tive regulators include angiostatin [15], endostatin [16],
nd thrombospondin [17]. Under most physiological con-
itions in mature animals, the action of negative regulators
redominates and angiogenesis is quiescent. Under certain
athological conditions, for example, during tumor progres-
ion, the vasculature undergoes the so-called angiogenic
witch, the action of positive regulators predominates, and
ngiogenesis is active [9]. In the context of this review, tumor
rogression represents the process of tumor growth occurring
n conjunction with new blood vessel formation.
.4. Sprouting and non-sprouting angiogenesis

Angiogenesis in tumors and elsewhere is an intricate
rocess that involves interactions between regulatory and

j
i
c
w

a Molecular weight (MW) corresponding to the unprocessed human pre-
ursor.
b Commonly found in human tumors.

ffector molecules. Pepper divided classical angiogenesis
nto a phase of sprouting and a phase of resolution [18]. The
hase of sprouting consists of six components: (i) increased
ascular permeability and extravascular fibrin deposition, (ii)
essel wall disassembly, (iii) basement membrane degrada-
ion, (iv) cell migration and extracellular matrix invasion, (v)
ndothelial cell proliferation, and (vi) capillary lumen forma-
ion. The phase of resolution consists of five components: (i)
nhibition of endothelial cell proliferation, (ii) cessation of
ell migration, (iii) basement membrane reconstitution, (iv)

unctional complex maturation, and (v) vessel wall assembly
ncluding recruitment and differentiation of smooth muscle
ells and pericytes, both of which are mural cells (mural,
all).
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Table 2
Selected endogenous anti-angiogenic factorsa

Inhibitor Description MW (kDa)b Swiss prot
accession no.

(A) Derived from the extracellular matrix
Anastellin Fragment of fibronectin 263 P02751
Arresten Fragment of type IV collagen �1 chain 161 P02462
Canstatin Fragment of type IV collagen �2 chain 168 P08572
Chondromodulin-1 Secreted cartilage glycoprotein 37.1 O75829
EFC-XV Endostatin-like fragment from type XV collagen 142 P39059
Endorepellin Fragment of perlecan, a basement membrane-specific

heparan-sulfate-proteoglycan core protein
469 P98160

Endostatin Fragment of collagen type XVIII (residues 1334–1516) 154 P39060
Fibulin fragments Fibulins 1–5 are secreted extracellular matrix and

basement membrane proteins
≈77 P23142, P98095,

Q12805, O95967,
Q9UBX5

Thrombospondin-1 and -2 Extracellular matrix glycoproteins that are proteolyzed
to produce anti-angiogenic proteins; Tsp-1 was the first
recognized naturally occurring angiogenesis inhibitor

129 P07996, P35442

Tumstatin Fragment of type IV collagen �3 chain 162 Q01955

(B) Non-matrix derived factors
Angiostatin Fragment of plasminogen (residues 98–465) 90.6 P00747
Antithrombin III (cleaved) Fragment of antithrombin III 52.6 P01008
Hemopexin-like domain (PEX) Fragment of MMP-2 73.9 P08253
Interferon-�, -�, -� Cytokines ≈22 P01574, P01574,

P01579
Interleukin-1, -4, -12, -18 Cytokines ≈17 P01584, P05112,

P29459, Q14116
2-Methoxyestradiol Endogenous estrogen metabolite
Pigment epithelium-derived factor (PEDF) Growth factor 46.3 P36955
Plasminogen kringle-5 Fragment of angiostatin/plasminogen 90.6 P00747
Platelet factor-4 Released by platelets 10.8 P02776
Prolactin fragments 8- and 16-kDa fragments of prolactin 25.9 P01236
Prothrombin kringle-2 Fragment of prothrombin 70.0 P00734
Semaphorin-3F VEGF family antagonist 88.4 Q13275
Soluble VEGFR1 Fragment of VEGFR1 151 P17948
TIMP-2 Tissue inhibitor of metalloprotease-2 24.4 P16035
Troponin I Inhibitory subunit of muscle troponin 21.2 P48788
TrpRS Fragment of tryptophanyl-tRNA synthetase 53.2 P23381
Vasostatin Fragment of calreticulin 48.1 P27797
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a Adapted from ref. [14].
b Molecular weight (MW) corresponding to the unprocessed human precu

Besides classical angiogenesis, various forms of non-
prouting angiogenesis have been described in tumors [19].
hese include intussusceptive vascular growth, co-option,

ormation of mosaic vessels, and vasculogenic mimicry. Dur-
ng intussusceptive vascular growth, a column of interstitial
ells is inserted into the lumen of a pre-existing vessel,
hereby dividing the lumen and yielding two vessels [20].
he column is invaded by fibroblasts and pericytes and accu-
ulates extracellular matrix proteins. This process does not

equire the immediate proliferation of endothelial cells but
ather the rearrangement and remodeling of existing ones.
he advantage of this mechanism of growth over sprouting

s that blood vessels are generated in a metabolically eco-
omic process because extensive cell proliferation, basement

embrane degradation, and invasion of the surrounding tis-

ue are not required. By yet another mechanism, developing
umors can surround vessels in the tissue or organ of origin
nd incorporate, or co-opt, these vessels [21]. Co-option may

b
d
s
m

e important when tumors arise in or metastasize to vascular
rgans such as the lung or brain.

Tumor cells, along with endothelial cells, may together
orm the luminal surface of capillaries thus generating a
osaic vessel [22]. Chang et al. found that about 15% of

essels in human colon carcinoma implants (xenografts) in
thymic hairless, or nude, mice and in biopsies of human
olon carcinomas were mosaic channels lined with both
ndothelial and tumor cells [22].

In vasculogenic mimicry, first described in ocular
elanoma, vascular channels develop that are extracellular-
atrix-rich tubular networks [23]. These tubular networks or

hannels lack endothelial cells but contain circulating red
lood cells. Vasculogenic mimicry has been described in

reast, lung, ovarian, and prostate carcinoma and in rhab-
omyosarcoma [24]. However, Auguste et al. point out that
ome investigators disagree with the concept of vasculogenic
imicry [19].
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Table 3
VEGF receptor ligands and VEGF family isoforms that bind to heparan sulfate proteoglycansa

VEGFR1 VEGFR2 VEGFR3 Neuropilin-1 Neuropilin-2 Syndecanb

VEGF VEGF (110–165)c Pro- and mature VEGF-C VEGF-165 VEGF (145–165)c VEGF (145–206)c

VEGF-B VEGF-C Pro- and mature VEGF-D PlGF-152 PlGF-152 PlGF-152, PlGF-224

PlGF VEGF-D Pro-VEGF-Cd Pro- and mature VEGF-Cd VEGF-B167
VEGF-E Pro-VEGF-Dd Pro-VEGF-Dd

Semaphorin-3C Semaphorin-3C
Semaphorin-3F Semaphorin-3F
Semaphorin-3A
VEGF-B
VEGF-E

a From ref. [30] unless otherwise noted.
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b One form of heparan sulfate proteoglycan.
c Isoforms within the range of the specified number of amino acids.
d From ref. [31].

Sprouting angiogenesis, which is the most studied
echanism of new blood vessel formation, occurs under

hysiological and non-physiological conditions as does intus-
usceptive vascular growth [19]. It is uncertain whether
o-option, mosaic vessels, or vasculogenic mimicry play a
ole in physiological vasculogenesis or angiogenesis. The
ature of the factors that determine which combinations of
hese angiogenic processes occur during tumor progression
s unknown.

.5. Tumor vessel morphology

Tumor vessels exhibit abnormal morphology while nor-
al vessels are organized in a hierarchical fashion with

rterioles, capillaries, and venules that are readily distin-
uishable [2,25]. Pioneering work by Algire and Chalkley
sing tumors grown in a transparent chamber in rats in
ivo demonstrated that capillaries in rapidly growing tumors
re about five times the diameter of those in normal tissue
26]. These capillaries rarely differentiated into arterioles
r venules. Moreover, three-dimensional microscopy of
umor vascular casts revealed an absence of normal arteri-
le, capillary, and venule structure with arteriolar–venular
hunts, frequent blind endings, and incomplete and abnor-
al endothelial cell lining [27]. Tumor vessels often develop

nto disorganized bundles containing numerous vascular
prouts while exhibiting irregular vessel lumen diameters
28]. Owing to the abnormal organization and structure of
umor vessels, blood flow in tumors is chaotic [27].

. The vascular endothelial growth factor (VEGF)
amily

The VEGF family plays an integral role in angiogen-
sis, lymphangiogenesis, and vasculogenesis. The human

EGF family consists of five members: VEGF (or VEGF-A),
EGF-B, VEGF-C, VEGF-D, and placental growth factor

PlGF) [10,29]. Each of these proteins contains a signal
equence that is cleaved during biosynthesis. Moreover, alter-

g
1
f

ative splicing of their corresponding pre-mRNAs generates
ultiple isoforms of VEGF, VEGF-B, and PlGF. There are

hree receptor protein-tyrosine kinases for the VEGF fam-
ly of ligands (VEGFR1, VEGFR2, and VEGFR3) and two
on-enzymatic receptors (neuropilin-1 and -2). Moreover,
everal of the VEGF family ligands bind to heparan sul-
ate proteoglycans that are found on the plasma membrane
nd in the extracellular matrix. See Table 3 for a list of the
EGF receptor ligands and the VEGF isoforms that bind to

he extracellular matrix heparan sulfate proteoglycans.
VEGF binding sites were identified on vascular endothe-

ial cells [32,33] corresponding to VEGFR1 (Flt-1) [34]
nd VEGFR2 (Flk-1/KDR) [35–37]. This distribution on
ndothelial cells accounts for the selectivity and speci-
city of action of VEGF. VEGFR3 (Flt-4) [38], which is

n the same receptor family, binds VEGF-C and VEGF-D.
ach of these receptors is a type V (five) protein-tyrosine
inase that consists of an extracellular component containing
even immunoglobulin-like domains, a single transmem-
rane segment, a juxtamembrane segment, an intracellular
rotein-tyrosine kinase domain that contains a kinase insert
f 70–100 amino acid residues, and a carboxyterminal tail
see ref. [39] for a description of types I–IX receptor protein-
yrosine kinases). The three VEGF receptors are related to
he platelet-derived growth factor receptors (� and �), the
broblast growth factor receptors (1–4), the stem cell factor
eceptor (Kit), the Flt ligand receptor (Flt-3), and the colony-
timulating factor-1 receptor (CSF-1R), all of which contain
xtracellular immunoglobulin domains and a kinase insert
39,40].

. Properties and expression of the VEGF family

.1. VEGF-A
The discovery of VEGF (VEGF-A) represents the conver-
ence of work by several groups beginning in the 1980s. In
983, Senger et al. isolated and partially purified a protein
rom ascites fluid and from conditioned medium induced by
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guinea pig hepatocellular carcinoma, which was assayed
y its ability to induce vascular permeability [41]. In 1989,
errara and Henzel purified a protein from media conditioned
y bovine pituitary folliculostellate cells, which was assayed
y its vascular endothelial cell mitogenic activity [42]. Its
mino-terminal sequence was Ala-Pro-Met-Ala-Glu. Gospo-
arowicz et al. also isolated this factor, which was assayed
y its vascular endothelial cell mitogenic activity, and found
he same N-terminal sequence [43].

Connolly et al. purified vascular permeability factor
VPF) from medium conditioned by a guinea pig hepato-
ellular carcinoma, which was assayed by its permeability
nhancing activity, and showed that this factor unexpect-
dly stimulated vascular endothelial cell proliferation [44].
ts amino-terminal amino acid sequence corresponded to that
eported by Ferrara and Henzel [42] and Gospodarowicz et al.
43]. Connelly et al. prepared an antibody directed toward the
mino-terminal 21 amino acids of VPF and showed that this
ntibody blocked both: (i) vascular permeability and (ii) vas-
ular endothelial cell mitogenic activities thereby providing
trong evidence that a single entity possesses both activi-
ies, a surprising result at the time. Moreover, they showed
hat 131I-VEGF/VPF binds to vascular endothelial cells with
igh affinity, and the factor can be chemically cross-linked
o a high-molecular weight cell-surface receptor. The factor
as specific for enhancing vascular endothelial cell mitogen-

sis and failed to stimulate the proliferation of bovine smooth
uscle cells, human and mouse fibroblasts, bovine chondro-

ytes, human lymphocytes, or mouse myelomonocytes.
Senger et al. [45] showed that the protein isolated

rom hepatocellular-carcinoma-conditioned medium has the
mino-terminal sequence that corresponds to that described
y Ferrara and Henzel [42], Gospodarowicz et al. [43], and
onnelly et al. [44]. Moreover, Plouët et al. isolated and char-
cterized a vascular endothelial cell mitogen produced by rat
ituitary AtT-20 cells, and they found that its amino-terminal
equence was Ala-Pro-Thr-Thr-Glu [46], which is reminis-
ent of the sequence reported by the other investigators. All
f these groups used heparin-Sepharose chromatography as
art of their purification scheme indicating that the chief
soforms produced by these various sources bind to hep-
rin, a negatively charged molecule. Furthermore, Levy et al.
solated an endothelial cell growth factor from medium con-
itioned by the mouse neuroblastoma NB41 cell line [47].
hey demonstrated that this factor, with an amino terminal
equence of Ala-Pro-Thr-Thr-Glu, stimulated human umbili-
al vein endothelial cell (HUVEC) mitogenesis but not that of
broblasts. These workers used concanavolin A-Sepharose,
ligand for glycoproteins, in their purification scheme.

Ferrara and Henzel, Gospodarowicz et al., Plouët et
l., and Levy et al. reported that the molecular weight of
EGF determined by denaturing gel electrophoresis under

on-reducing conditions was about 46 kDa and that under
educing conditions was about 23 kDa [42,43,46,47]. Con-
elly et al. and Senger et al. reported that the molecular
eight under non-reducing conditions ranged from about

-
t
i
s
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4 to 42 kDa and that under reducing conditions was
bout 17–24 kDa [44,45]. The range of molecular weights
ay be due to partial proteolysis, different degrees of
-glycosylation, or to the production of isoforms related

o alternative splicing of pre-mRNAs. However, all of
hese groups proposed that VEGF/VPF is a disulfide-linked
omodimer based upon the molecular weight differences
bserved under reducing and non-reducing conditions and
he occurrence of a single N-terminal amino acid sequence.

Leung et al. reported the complete sequences of human
nd bovine VEGF deduced from cDNAs isolated from
uman HL60 leukemia cells and bovine folliculostellate cells,
espectively [48]. Keck et al. independently reported the
equence of this protein based upon a cDNA analysis of
library derived from human histiocytic lymphoma cells

U937) [49]. The deduced amino acid sequence for bovine
EGF corresponds to the reported amino-terminal sequence

42,43]. Moreover, Conn et al. determined the cDNA struc-
ure of rat VEGF [50], and the deduced amino-terminal amino
cid sequence corresponded to that reported by Plouët et
l. [46]. These independent analyses converged and demon-
trated that the molecules with vascular endothelial mitogenic
ctivity (VEGF) and that which enhances vascular permeabil-
ty (VPF) are the same.

VEGF is a mitogen and survival factor for vascular
ndothelial cells [42,51,52] while also promoting vascular
ndothelial cell and monocyte motility [53–55]. Moreover,
EGF selectively and reversibly permeabilizes the endothe-

ium to plasma and plasma proteins without leading to injury
2,45]. All of these properties are required for angiogenesis.

VEGF, which contains an N-linkage glycosylation site,
onsists of nine isoforms that result from alternative splicing
f pre-mRNA transcribed from a single gene containing eight
xons [29,56,57]. VEGF mRNA and protein are expressed in
any tissues and organs [58–61]. Berse et al. reported that

he highest level of VEGF mRNA in adult guinea pigs occurs
n the lung, a very vascular organ [58]. They reported that
uinea pig adrenal, heart, and kidney also express high lev-
ls of VEGF mRNA while gastric mucosa, liver, and spleen
xpress lower levels of these transcripts. Moreover, VEGF
RNA and protein are expressed in a wide variety of human
alignancies including those of breast, colorectal, non-small

ell lung, and prostate carcinomas [29]. As described later,
EGF represents an important anti-cancer target.
The largest human precursor protein contains 232 amino

cids. Removal of the signal sequence of 26 residues yields a
ature protein, VEGF-206, which contains 206 amino acids

Fig. 1). VEGF-165 is the predominant isoform followed by
he 189 and 121 residue molecules as determined by cDNA
nalysis of a variety of cell types, tissues, and tumor spec-
mens. The other isoforms, which represent minor species
n vivo, include VEGF-183, -165b (an inhibitory isoform),

162, -148, and -145. See refs. [29,30,57] for a description of
he pre-mRNA alternative splicing that generates each of the
soforms of VEGF. Mouse VEGF isoforms are one residue
horter than the human proteins owing to the deletion of a
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Fig. 1. Major splice variants and functional components of human VEGF.
The pre-protein is shown in the upper diagram, and the processed proteins
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re shown below. The mouse isoforms are one residue shorter owing to a
lycine deletion in exon 2. MMP, Matrix metalloprotease; Np, neuropilin;
PA, urokinase type of plasminogen activator.

lycine residue at position 8 in the mature protein or residue
4 in the preprotein.

Although, many first messengers including cytokines and
rowth factors participate in angiogenesis and vasculogen-
sis, the VEGF family is of paramount importance. VEGF
ull mice, which die at embryonic Day 8.5, exhibit impaired
asculogenesis and blood-island formation indicating that
EGF participates in the earliest stages of embryonic vas-

ulogenesis [62,63]. Moreover, loss of a single VEGF allele
n mice leads to vascular deformities and embryonic death
etween Days 11 and 12. These investigators reported that
he formation of blood vessels was abnormal, but not abol-
shed, in heterozygous VEGF-deficient (VEGF+/−) embryos.
his heterozygous lethal phenotype, which differs from the
omozygous lethality in VEGF or VEGF-receptor-deficient
mbryos, is indicative of an exactingly important dose-
ependent regulation of embryonic vessel development by
EGF.
Muller et al. determined the X-ray crystallographic

tructure of humanVEGF8–109 and found that it forms an
ntiparallel homodimer covalently linked by two disulfide
ridges between Cys51 and Cys60 [64]. The dominant fea-
ure within each monomer is a cystine knot motif that consists
f an eight-residue ring formed by the disulfide bridges
ys57–Cys102 and Cys61–Cys104 with a third disulfide
ond (Cys26–Cys68) passing through the ring forming a
not.

.2. VEGF-B

VEGF-B consists of two isoforms that result from alter-
ative splicing of pre-mRNA synthesized from a single gene
ontaining seven exons [65]. After removal of the 21-residue
ignal peptide, VEGF-B167 (containing 167 amino acids)
nd VEGF-B186 (containing 186 amino acids) are produced.

EGF-B186 is secreted from cells and is freely diffusible.
EGF-B167, which is the predominant isoform, binds to
eparan sulfate proteoglycan and is not freely diffusible
n vivo. Both VEGF-B isoforms exist as disulfide-linked

t
V
V
g
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omodimers. The tertiary structure of VEGF-B is nearly
uperimposible with that of VEGF [66]. The ability of VEGF
o bind and the inability of VEGF-B to bind to VEGFR2 may
e due to subtle structural differences in the �5–�6 loop.

On embryonic Day 14 in mice, a high level of VEGF-B
RNA occurs in the heart and the central nervous system. In

dult mice, the highest levels of VEGF-B transcripts occur in
rain, heart, kidney, and testes while lower levels are found in
iver, lung, and spleen [67]. VEGF-B mRNA is expressed in
everal human neoplasms including benign thymoma, breast
arcinoma, fibrosarcoma, non-Hodgkins lymphoma, and pri-
ary and metastatic melanoma [68].
The function of VEGF-B is unclear [69]. VEGF-B null

ice are viable but exhibit abnormal cardiac conduction [70].
EGF-B seems to be required for normal heart function in

dults but is not required for cardiovascular development or
or angiogenesis. However, its expression in human tumors
nd its ability to activate VEGFR1 and neuropilin-1 indicate
hat VEGF-B represents a potential anti-cancer target.

.3. VEGF-C

VEGF-C is synthesized as a prepro-protein that under-
oes intricate proteolytic processing to generate the mature
orm of the growth factor [71,72]. A signal sequence of 31
mino-terminal residues is removed from the 419 amino-
cid-residue prepro-protein to yield a pro-protein of 388
esidues. Two VEGF-C precursors form an antiparallel
omodimer linked by disulfide bonds extending from each of
he two C-terminal to N-terminal propeptides. Before secre-
ion, this dimer undergoes proteolysis after dibasic residues
Arg-227, Arg-228) by the Steiner mechanism [73]. This pro-
essing may involve subtilisin-like proprotein convertases
C5, PC7, or furin [74]. Each of the C-terminal 228–419
esidues remain attached to the opposite N-terminus. The
ast step of processing, which occurs extracellularly by an
ll-defined mechanism, removes residues 32–111 yielding

ature VEGF-C. Although, the mature dimeric VEGF-C
ontains the eight homologous cysteine residues that occur in
EGF and VEGF-B, VEGF-C exists as a homodimer lacking

nter-subunit disulfide bonds.
The VEGF-C gene contains seven exons [75]. Human

dult heart, ovary, placenta, skeletal muscle, and small intes-
ine contain high levels of VEGF-C mRNA [71]. Several
ther adult tissues produce modest amounts of VEGF-C tran-
cripts including kidney, lung, pancreas, prostate, spleen,
nd testes. Moreover, mesenchymal cells of mouse embryos
xpress VEGF-C transcripts, particularly in the regions where
he lymphatic vessels undergo sprouting from embryonic
eins, including the axillary, jugular, and urogenital regions
nd the developing mesenterium [76]. An unprocessed form
f VEGF-C binds to VEGFR3, which is an important par-

icipant in lymphogenesis [72]. The fully processed form of
EGF-C binds to both VEGFR2 and VEGFR3 (Table 3).
EGF-C participates in lymphangiogenesis during embryo-
enesis and in the maintenance of differentiated lymphatic
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ndothelium in adults [77]. Moreover, VEGF-C is expressed
y a significant fraction of human tumors including those
f breast, cervix, colon, lung, prostate [74,78], and stomach
79]. Thus, VEGF-C represents a potential anti-cancer target.

About half of VEGF-C null mice die between embryonic
ays 15.5 and 17.5 and none survive gestation, indicating

he essential nature of this factor [80]. Lymphatic vascular
evelopment is also defective in VEGF-C+/− mice, which
xhibit lymphedema. VEGF-C is not needed for cell commit-
ent to the lymphatic endothelial lineage. However, VEGF-C

ignaling is required for the migration and survival of lym-
hatic endothelial cells and for the formation of lymph sacs.
lthough VEGFR2 and VEGFR3, which bind VEGF-C, are

ssential for blood vessel development, blood vessels develop
ormally in VEGF-C null mice. VEGF-C is thus indispens-
ble for embryonic lymphangiogenesis [80].

.4. VEGF-D

Like VEGF-C, VEGF-D is synthesized as a prepro-protein
hat undergoes intricate proteolytic processing to generate
he mature form of the growth factor [81]. The precursor for
EGF-D contains amino- and carboxy-terminal extensions

hat are cleaved to yield the mature product as described
or VEGF-C. Mature VEGF-D is a non-covalent homod-
mer. Although an unprocessed form of VEGF-D binds to
EGFR3, which is important in lymphangiogenesis, the fully
rocessed form binds to both VEGFR2 and VEGFR3 [31,81].

The VEGF-D gene contains seven exons and is found on
he X chromosome [82,83]. In contrast to VEGF-C null mice,
EGF-D null mice are viable and exhibit normal lymphan-
iogenesis during development and normal lymphatics in
ature animals [84]. It is clear that VEGF-C and perhaps

ther factors can substitute for VEGF-D.
Adult colon, heart, lung, skeletal muscle, and small intes-

ine contain high levels of VEGF-D transcripts while ovary,
ancreas, prostate, spleen, and testes contain low levels [85].
EGF-D is up-regulated in breast [86], colorectal [87], gas-

ric [79], and thyroid [88] carcinomas, cervical intraepithelial
eoplasia [89], glioblastoma [90], and melanoma [91]. Its
xpression correlates with lymph node metastasis in colorec-
al [92], lung [93], and ovarian carcinomas [94]. VEGF-D
ignaling thus represents a potential anti-cancer and anti-
etastasis target.

.5. Placental growth factor (PlGF)

Placental growth factor is a homodimeric glycoprotein
hat shares 42% amino acid sequence identity with VEGF
95]. PlGF possesses the VEGF family core of eight cysteine
esidues that participate in inter- and intra-subunit disulfide
ond formation as described for VEGF. The tertiary struc-

ure of PlGF is similar to that of VEGF [96]. The PlGF gene
ontains seven exons and expresses four isoforms (PlGF-
31, -152, -203, and -224) based upon alternative pre-mRNA
plicing [97–99]. PlGF-152 and PlGF-224, which contain

(
[
6
c
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asic residues, bind to negatively charged heparan sulfate
roteoglycans. PlGF isoform transcripts occur primarily in
lacenta. However, breast [100], gastric [101], prostate [102],
nd non-small cell lung cancer cells [103], and normal heart
104], skeletal muscle [105], retina [106], and skin [107,108]
xpress various isoforms of PlGF. PlGF null mice are viable
nd fertile, but they exhibit diminished vascularization of the
etina and the corpus luteum [109]. PlGF enhances VEGF sig-
aling, and PlGF expression may obviate anti-VEGF based
herapy [109].

.6. VEGF-E

VEGF-E, a non-human factor, is encoded by the Orf
arapoxvirus [110]. VEGF-E stimulates chemotaxis, prolif-
ration, and sprouting of cultured vascular endothelial cells
nd angiogenesis in vivo. VEGF-E binds with high affinity to
EGFR2 but fails to bind to VEGFR1 (Table 3). This factor

upports the angiogenesis associated with parapoxvirus-
nfected lesions. VEGF-E has vascular permeability activity
imilar to that of VEGF [110].

. VEGF receptors

.1. VEGFR1 (Flt-1)

VEGFR1 (Flt-1, fms-like tyrosyl kinase-1, where fms
efers to feline McDonough sarcoma virus) binds to VEGF,
lGF, and VEGF-B (Table 3) [53,111,112]. VEGFR1, which
as a molecular weight of about 210 kDa, has variable func-
ions that depend upon the developmental stage and the
ocation of the endothelial cells that produce the receptor
113]. Peters et al. used in situ hybridization to show that, in
dult mouse, VEGFR1 is expressed in endothelial cells [114].
oreover, VEGFR1 is expressed in populations of embry-

nic cells from which endothelium is derived including early
olk sac mesenchyme.

VEGFR1 has higher affinity for VEGF than VEGFR2
≈10 pM versus 75–750 pM) [53,113–115]. In contrast to
EGFR2, VEGFR1 has weak tyrosine kinase phosphoryla-

ion activity following stimulation by VEGF [53]. Activation
f VEGFR1 has no direct proliferative or cytoskeletal effects
53]. However, activation of VEGFR1 is implicated in the
ncreased expression of urokinase type of plasminogen acti-
ator and plasminogen activator inhibitor-1 in endothelial
ells [112]. As noted later, these molecules play a role in
xtracellular matrix degradation and cell migration. More-
ver, VEGFR1 plays a role in monocyte chemotaxis [55].

The human VEGFR1 gene, which contains 30 exons,
s located at chromosome 13q12. Alternative splicing of
EGFR1 pre-mRNA produces a soluble receptor isoform
sVEGFR1) that can bind to and inhibit the action of VEGF
116]. After the signal peptide is cleaved, sVEGFR1 contains
61 amino acids corresponding to the first six of seven extra-
ellular immunoglobulin domains. Excessive sVEGFR1 that
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s generated by human placenta and released into the circula-
ion of the mother leads to the hypertension and proteinuria
f preeclampsia [117,118]. Park et al. found that PlGF
inds to HUVEC samples, which express both VEGFR1 and
EGFR2, and displaces only a fraction of bound 125I-VEGF-
65 [111]. This result is consistent with the supposition that
lGF binds only to VEGFR1. Although high concentrations
f PlGF are unable to stimulate bovine adrenal cortical capil-
ary endothelial cell proliferation in culture, PlGF potentiates
he mitogenesis of these cells when suboptimal concentra-
ions of VEGF are added. Such potentiation by PlGF may
ontribute to angiogenesis during tumor progression. Park
t al. suggested that VEGFR1 binds to and inhibits VEGF
ction, acting as a decoy by preventing VEGF binding to
EGFR2 [111].
The level of autophosphorylation of VEGFR1 in response

o VEGF is modest and can be detected readily only in
ells that overexpress the receptor [53]. Activation of the
eceptor protein-tyrosine kinases and the initiation of sig-
al transduction involve autophosphorylation of tyrosine
esidues [40]. Most receptor protein-tyrosine kinases undergo
utophosphorylation in the so-called activation loop that
eads to increased enzyme activity. However, VEGFR1 fails
o undergo significant activation loop autophosphorylation
nd activation [119]. Six residues in the C-terminal tail
f VEGFR1 including tyrosines 1169, 1213, 1242, 1309,
327, and 1333 have been identified as phosphorylation sites
Fig. 2) [119–121]. Phosphotyrosine 1169 is implicated in
he binding and activation of phospholipase C-�1 (PLC-�1)
eading to the activation of the mitogen-activated protein
MAP) kinase signal transduction pathway [120]. Elucidat-
ng the signal transduction mechanisms initiated by VEGFR1
ctivation has been problematic owing to the low levels of
utophosphorylation under physiological conditions.

Although, VEGF and PlGF activate VEGFR1, the phos-
horylation sites differ. For example, Autiero et al. found
hat human VEGF-165 stimulates Tyr1213 phosphorylation
hereas human PlGF-152 stimulates only Tyr1309 phos-
horylation as determined by mass spectrometry in cells
xpressing only mouse VEGFR1 receptors [122]. Although
EGF-165 and PlGF-152 both bind to VEGFR1, these results

ndicate that they activate this receptor differently. Even
hough VEGF-165 stimulates VEGFR1 phosphorylation, it
ails to alter the gene expression profile of mouse primary
apillary endothelial cells. In contrast, mouse PlGF treatment
roduces changes in the expression of more than 50 genes.

Although VEGF-165 and PlGF bind to VEGFR1, they
xert distinct biological effects suggesting that each activates
EGFR1 in a dissimilar fashion. Autiero et al. suggested

hat the mechanism responsible for these differences may be
ue to the ability of these ligands to induce different con-
ormational changes in VEGFR1 [122]. However, the X-ray

rystal structures of VEGF or PlGF bound to the second
mmunoglobulin domain of human VEGFR1 fail to reveal
ny differences in conformation [123,124]. The elucida-
ion of the mechanism for the disparate autophosphorylation
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atterns of the same receptor in response to stimulation
y two different ligands promises to add new insight into
rotein–protein signaling interactions.

.2. VEGFR2 (Flk-1/KDR)

VEGFR2 (Flk-1/KDR, Fetal liver kinase-1/Kinase
omain-containing Receptor) binds to lower molecular
eight forms of VEGF (110–165 amino acid residues),
EGF-E, and the fully processed forms of VEGF-C and
EGF-D (Table 3). VEGFR2, which has a molecular weight
f about 210 kDa [53], is the predominant mediator of VEGF-
timulated endothelial cell migration, proliferation, survival,
nd enhanced vascular permeability [125–127]. Although
EGFR2 has lower affinity for VEGF than VEGFR1,
EGFR2 exhibits robust protein-tyrosine kinase activity in

esponse to its ligands.
VEGF induces the dimerization of VEGFR2 that leads to

eceptor autophosphorylation and activation. Autophospho-
ylation occurs in trans: one kinase of the dimer catalyzes
he phosphorylation of tyrosine residues in the second, and
he second catalyzes the phosphorylation of tyrosine residues
n the first. Autophosphorylation of tyrosine residues within
he activation loop of the kinase domain stimulates cat-
lytic activity while autophosphorylation of tyrosine residues
t other locations generates docking sites for modular Src
omology 2 (SH2) and phosphotyrosine binding (PTB)
omains that recognize phosphotyrosine in sequence-specific
ontexts.

Takahashi et al. demonstrated that Tyr1175 and Tyr1214
re the two major phosphorylation sites in VEGFR2 [126].
ther sites of tyrosine autophosphorylation include residues
51, 1054, and 1059 (Fig. 2) [127–129]. Autophospho-
ylation of residues 1054 and 1059 within the activation
oop of VEGFR2 leads to increased kinase activity [130].
EGFR2 phosphorylation leads to PLC-� activation that

n turn leads to protein kinase C activation. To determine
hich residue interacts with PLC-�, Takahashi et al. infected
urine spleen stromal (MSS31) cells, which are derived

rom endothelial cells, with adenovirus vectors express-
ng wild type and various VEGFR2 mutants [126]. They
eported that the Tyr1175Phe mutant receptor fails to phos-
horylate PLC-� in response to VEGF treatment whereas
ild type and Tyr1214Phe mutants are effective. They also

ound that VEGF-induced phosphorylation of MAP kinase
s reduced in the Tyr1175Phe mutant but not in the wild
ype or Tyr1214Phe mutant. Furthermore, they reported that
yrosine 1175 is essential for VEGF-induced proliferation of
EGFR2-expressing bovine aortic endothelial cells. These

esults emphasize the importance of Tyr1175 in VEGFR2
ignaling (Fig. 2).

The adaptor protein Shb is involved in signaling pathways

nvolving several growth factor receptors including VEGFR2
131]. Shb consists of an SH2 domain, a central PTB domain,
our central probable tyrosine phosphorylation sites, and a
roline-rich N-terminus. Holmqvist et al. demonstrated that
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Fig. 2. VEGFR phosphorylation sites and signal transduction. Intracellular domains of VEGF receptors are shown with tyrosine-phosphorylation sites indicated
by numbers. A circled R indicates that the use of the phosphorylation site is dependent upon the angiogenic state of the cell (VEGFR2), by a particular ligand
(VEGFR1) or by heterodimerization (VEGFR3). Dark blue points in the receptors indicate positions of tyrosine residues. The dashed lines represent ill-defined
transduction pathways. DAG, diacylglycerol; EC, endothelial cell; eNOS, endothelial nitric oxide synthase; FAK focal adhesion kinase; HPC hematopoietic
progenitor cell; HSP27, heat shock protein-27; IQGAP, GTPase with four IQ protein motifs; MAPK, mitogen-activated protein kinase; MEK, MAPK and ERK
kinase; p42/44 MAPK, Erk1/2; PI3K, phosphatidylinositol 3-kinase; PKC, protein kinase C; PLC�, phospholipase C-�; Sck, Shc-related protein; Shb, SH2
and beta-cells; TSAd, T-cell-specific adaptor. Reprinted from ref. [121] by permission from Macmillan Publishers Ltd.
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hb is phosphorylated and binds directly to tyrosine 1175 fol-
owing VEGF stimulation of porcine aortic endothelial cells
tably expressing human VEGFR2 [131]. By use of the small
nterfering RNA (siRNA) methodology directed against Shb,
hey found that it is required for VEGF-mediated stress fiber
ormation, cell migration, and activation of phosphatidyl-
nositol (PI) 3-kinase.

Autiero et al. studied the interaction of VEGFR1 and
EGFR2 in immortalized capillary endothelial cells pre-
ared from mice not expressing PlGF; these mouse cells
ere used because such endothelial cells respond to exoge-
ous PlGF while those prepared from wild-type mice are
nresponsive to PlGF [122]. They reported that mouse PlGF
which stimulates VEGFR1 only) fails to increase the phos-
horylation of VEGFR2 whereas VEGF-E (which stimulates
EGFR2 only) produces a four-fold increase in VEGFR2
hosphorylation when compared with unstimulated samples.
owever, a combination of PlGF and VEGF-E produces a
3-fold increase in VEGFR2 phosphorylation. These work-
rs suggested that VEGFR2 is transactivated by VEGFR1
hrough an intermolecular reaction between VEGFR1 and
EGFR2 homodimer pairs. Transactivation by homodimer
airs represents a novel interpretation in receptor protein-
yrosine kinase research where it is generally assumed that
ransactivation occurs between heterodimers.

When Sf9 insect cells expressing VEGFR1 and VEGFR2
ere treated with human PlGF-152, VEGFR2 phosphory-

ation was increased by 150% [122]. Its phosphorylation
as not increased when cells expressing only VEGFR2 are

reated with human PlGF-152. When a kinase-dead mutant of
EGFR2 is co-transfected with VEGFR1, human PlGF-152

timulates VEGFR2 phosphorylation. However, this phos-
horylation fails to occur if the cells are expressing wild-type
EGFR2 and a kinase-dead mutant of VEGFR1. These

xperiments are consistent with the notion that VEGFR2
s transactivated by VEGFR1. Moreover, these results pro-
ide evidence that transphosphorylation of VEGFR1 and
EGFR2 occurs and indicates that cross-talk between recep-

or signaling pathways is possible.
Autiero et al. then studied the extent of VEGFR1

nd VEGFR2 association in immortalized mouse capillary
ndothelial cells [122]. In the absence of any ligand, VEGFR1
as consistently found in anti-VEGFR2 immunoprecipi-

ates demonstrating that these receptors spontaneously form
omplexes. They found that mouse homodimeric VEGF-
64 and human heterodimeric VEGF/PlGF each increase
EGFR1/VEGFR2 complex formation by about 140%.
EGF-164 and VEGF/PlGF bind to both VEGFR1 and
EGFR2. In contrast, mouse homodimeric PlGF, which only
inds to VEGFR1, fails to enhance VEGFR1-VEGFR2 asso-
iation. Although, VEGFR1 and VEGFR2 are able to form
omplexes in the absence of activating ligand, increased asso-

iation results only from stimulation by ligands that bind to
oth receptors.

Like VEGFR1, Ebos et al. described a soluble and circu-
ating form of VEGFR2 [132]. As noted previously, soluble

s

V
t
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EGFR1 is implicated in the pathogenesis of preeclampsia
117,118]. However, the physiological or possible pathologi-
al functions of soluble VEGFR2 are obscure, and additional
nvestigation of the actions of sVEGFR2 is certainly war-
anted. The expression of VEGF and VEGFR1, but not
EGFR2, is augmented by hypoxia [133]. The role of the
ypoxia-inducible transcription factor in this regulatory pro-
ess is described later.

.3. VEGFR3 (Flt-4)

VEGFR3, which has a molecular weight of about 170 kDa,
s the third member of this receptor family [134,135].
EGFR3 plays a key role in remodeling the primary cap-

llary plexus in the embryo and contributes to angiogenesis
nd lymphangiogenesis in the adult. This receptor occurs in
mbryonic vascular endothelial cells where its production
ecreases during development and is subsequently restricted
o lymphatic vessels after their formation [136]. Inactivat-
ng mutations in the catalytic loop of the kinase domain of
EGFR3 lead to human hereditary lymphedema (Milroy’s
isease) that is characterized by a chronic and disfiguring
welling of the extremities owing to defective cutaneous
ymphatic vessels; VEGFR3 is the only VEGF receptor
or which naturally occurring mutations have been found
121]. VEGFR3 undergoes a proteolytic cleavage in the sixth
mmunoglobulin domain; the two components of the origi-
al chain remain linked by a disulfide bond [134]. Hypoxia
ncreases VEGFR3 expression in differentiating embryonic
tem cells in culture [137].

Dixelius et al. studied the phosphorylation catalyzed by
EGFR3 in VEGF-C-stimulated porcine aortic endothelial

ells overexpressing VEGFR3, transiently transfected human
EK293T cells expressing VEGFR3, or human primary lym-
hatic endothelial cells physiologically expressing VEGFR2
nd VEGFR3 [138]. After stimulation, the cells were lysed,
mmunoprecipitated with anti-VEGFR3, and phosphoryla-
ion was performed with [�-32P]ATP in the immunocomplex.
hey identified five tyrosine residues (1230, 1231, 1265,
337, and 1363) in the C-terminal tail of human VEGFR3
s autophosphorylation sites (Fig. 2). Phosphotyrosine 1337
erves as the binding site for Shc and Grb2, which occur
t the beginning of the MAP kinase signal transduction
odule. Using human primary lymphatic endothelial cells,
ixelius et al. found that, following VEGF-C treatment (but
ot VEGF treatment), VEGFR2 was co-immunoprecipitated
ith VEGFR3 using anti-VEGFR3. Moreover, VEGFR3

esidues 1337 and 1363 were not autophosphorylated in
he VEGFR2-VEGFR3 immunocomplex. These results sug-
ested that the interaction of the two receptors influenced the
attern of transphosphorylation and signal transduction by
reventing the phosphorylation of the Shc and Grb2 binding

ites.

Alam et al. studied the phosphorylation catalyzed by
EGFR3 in VEGF, VEGF-C, and VEGF-D-stimulated

ransiently transfected human HEK293T cells expressing
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EGFR2, VEGFR3, or both receptors. Following vari-
us treatments, the cells were lysed, immunoprecipitated
ith anti-VEGFR2 or anti-VEGFR3. The immunoprecip-

tates were probed with anti-VEGFR2, anti-VEGFR3, or
nti-phosphotyrosine antibodies. These studies provide infor-
ation on the phosphorylation state that occurs within the

ell. In contrast to the results of Dixelius et al. [138], Alam
t al. reported that VEGF-C failed to increase the phospho-
ylation of VEGFR3 expressed in HEK293T cells [139].
hese investigators found that VEGF and VEGF-D led to:

i) the formation of a VEGFR2-VEGFR3 complex detected
y immunoprecipitation and to (ii) the increased phospho-
ylation of the receptors. When VEGFR3 and a kinase-dead
utant of VEGFR2 were co-expressed in the HEK293T cells,
EGF and VEGF-C led to increased receptor phosphoryla-

ion. These authors concluded that VEGFR3 must interact
ith VEGFR2 in order to catalyze substrate phosphorylation.
Dixelius et al. reported that VEGF-C induced VEGFR3

hosphorylation in immunoprecipitates derived from cells
xpressing only this receptor [138], while Alam et al. found
hat VEGF, VEGF-C, or VEGF-D failed to induce VEGFR3
hosphorylation in such cells [139]. This difference may
e related to the cellular versus the immunocomplex phos-
horylation methodology performed in vitro. Although both
roups found that VEGF-C induced the heterodimerization of
EGFR2 and VEGFR3, only Alam et al. found that VEGF-

nduced heterodimerization [138,139]. The reason for this
iscrepancy is unclear. However, the results of both groups
oint to the formation of VEGFR2-VEGFR3 heterodimers
nd resultant receptor signaling cross-talk.

.4. Neuropilin-1 and -2

.4.1. Properties and expression
Based upon chemical cross-linking studies, Soker et al.

dentified a VEGF receptor in HUVEC samples that differed
rom VEGFR1 and VEGFR2 [140]. These investigators puri-
ed this receptor from human MDA-MB-231 breast cancer
ells and showed that it is identical to neuropilin-1, a surpris-
ng result at the time owing to its initial characterization as

neuronal recognition molecule and a neuronal cell adhe-
ion molecule [141,142]. Subsequent work by Chen et al. led
o the discovery of the related neuropilin-2 [143]. Numer-
us observations indicate that these receptors play a crucial
ole in tumor progression [144,145]. The neuropilins, which
ccur in several types of tumors, may mediate tumor growth
y enhancing angiogenesis or by directly influencing tumor
ells per se.

Neuropilins are transmembrane non-protein-tyrosine
inase co-receptors for both the semaphorin family and the
EGF family. Semaphorins are glycoproteins that serve as

hemorepulsive axon guidance molecules capable of col-

apsing axonal growth cones and repelling axons of ganglia
uring neurogenesis. Of the seven classes [146], neuropilins
ecognize selected members of class III semaphorins [147].
emaphorin-3A binds to neuropilin-1 while semaphorins 3C

t
n
s
n

ig. 3. Architecture of neuropilin-1 and -2. The a1, a2, b1, b2 and c domains
re indicated. IC, Intracellular segment.

nd 3F bind to both neuropilin-1 and -2 (Table 3) [148].
EGF-165, PlGF-152 (the heparan sulfate-binding isoform),

nd both isoforms of VEGF-B bind to neuropilin-1 [148,149].
EGF-145, VEGF-165, PlGF-152 and VEGF-C bind to
europilin-2 [150,151]. VEGF-121 is not a ligand for either
europilin-1 or -2.

Neuropilins act as co-receptors with large (≈250 kDa)
ransmembrane plexins that transduce semaphorin signaling
nd as co-receptors with VEGFR1, VEGFR2, and VEGFR3
hat transduce VEGF family signaling. The neuropilins are
hus unusual because they participate as co-receptors in cell
ignaling initiated by two entirely different families of pro-
ein ligands (vascular endothelial growth factors and the
emaphorins) in combination with two different classes of co-
eceptors (VEGF receptors and plexins). The VEGF receptors
re protein-tyrosine kinases while the mechanism of action
f the plexins is ill defined. Neuropilins also function as
eceptors for VEGF isoforms independently of VEGFR1,
EGFR2, or VEGFR3.
Neuropilins are glycoproteins with a molecular weight of

20–140 kDa [143]. The neuropilins contain a large extracel-
ular component, a transmembrane segment, and a short (≈40
mino acid residue) intracellular portion [152] Although, the
ntracellular domain is too small to function as a catalyst, it is
ossible that it serves as a docking site for downstream sig-
aling molecules alone or in conjunction with co-receptors.
ig. 3 depicts the architecture and functional components of

he neuropilins.
Although, neuropilin-1 and -2 received their name from

heir neuronal localization, they are expressed with par-
ially overlapping patterns in a wide variety of adult human

issues. Neuropilin-1 occurs in sensory and sympathetic
eurons while neuropilin-2 occurs in sympathetic but not sen-
ory neurons [153]. Cultured HUVEC samples express both
europilin-1 and -2 with neuropilin-2 predominating [144].
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Table 4
Neuropilin expression by human neoplasms and tumor cell linesa

Tumor type/origin Np-1 Np-2 Citation

Astrocytoma + ND [155]
Bladder ND + [156]
Breast + ND [140]
Colorectum + ND [157]
Esophagus + ND [158]
Gall bladder + ND [158]
Glioma + ND [159]
Melanoma + ND [160]
Neuroblastoma + + [161]
Non-small cell lung cancer + + [162]
Pancreas + + [163,164]
Prostate + + [165,166]
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europilin-1 occurs in a variety of non-neuronal and non-
ascular cells types under physiological conditions including
one marrow fibroblasts and adipocytes, dendritic immune
ells, osteoblasts, renal mesangial, and renal glomerular
pithelial cells [145].

Kärpänen et al. studied the functional interaction of
EGF-C and VEGF-D with the neuropilins [31]. As noted

bove, the signal peptide is hydrolytically removed from
he prepro-protein to yield a pro-protein. Formation of the

ature protein requires two additional proteolytic cleavages
o yield the C- and N-termini of the growth factors [71,72,81].
ärpänen et al. prepared soluble neuropilin-Ig (immunoglob-
lin) fusion proteins and found that partially processed and
ature VEGF-C bind to neuropilin-2, whereas the partially

rocessed, but not mature, VEGF-C binds to neuropilin-1
Table 3). They found that unprocessed but not mature VEGF-

binds to both neuropilin-1-Ig and neuropilin-2-Ig fusion
roteins. These investigators found that VEGF-C binds to the
1b2 domains of both neuropilins as well as it binds to the
xtracellular domains of the a1a2-b1b2 constructs. VEGF-C
ails to bind to the a1a2-b2 construct, which indicates that the
1 domain participates in this interaction. These investigators
howed that semaphorin-3F competes with VEGF-C binding
o the neuropilin-1-Ig and neuropilin-2-Ig fusion proteins.

Kärpänen et al. found that porcine aortic endothelial
ells engineered to produce neuropilin-2 and VEGFR3
xhibited VEGF-C-induced internalization of a neuropilin-
-VEGFR3 complex [31]. VEGF-C-induced internalization
f VEGFR3 occurs in cells expressing VEGFR3 alone,
ut induced internalization of neuropilin-2 fails to occur in
ells expressing neuropilin-2 alone. Thus, VEGF-C-induced
europilin-2 endocytosis is dependent on VEGFR3. More-
ver, they observed VEGF-D-induced internalization and
o-localization of neuropilin-2 and VEGFR3 in endocytic
esicles prepared from human lymphatic or blood vascular
ndothelial cells. Although, VEGF-165 binds to neuropilin-
, this factor failed to induce the internalization of this
o-receptor in lymphatic endothelial cells. The authors sug-
ested that the mechanism by which neuropilin-2 conveys
EGF-C and VEGF-D signaling likely involves its interac-

ion with VEGFR3 [31].
Favier et al. treated porcine aortic endothelial cells that

ere engineered to express both human VEGFR2 and
europilin-2 with VEGF-C and performed immunoprecip-
tation studies. Although there was some association of
EGFR2 and neuropilin-2 in the absence of VEGF-C, they

ound that VEGF-C increased the formation of the complex.
oreover, they found that neuropilin-2 decreased the con-

entration of both VEGF and VEGF-C required for VEGFR2
utophosphorylation in aortic endothelial cells.

Favier et al. transfected human microvascular endothe-
ial cells with neuropilin-2 cDNA, a procedure that leads to

verexpression of this protein [154]. These cells ordinarily
xpress VEGFR2, VEGFR3, and neuropilin-2. This protein
xpression pattern most closely resembles that of lymphatic
ndothelial cells, which was confirmed by the presence of two

t
t
g
n

tomach + ND [167]
mall cell lung cancer + + [162]
a Adapted from ref. [145]; Np, neuropilin; ND, not determined.

ymphatic markers (Prox1 and LYVE-1) in these cells. They
ound that neuropilin-2 overexpression leads to increased cell
urvival and cell migration evoked by VEGF or VEGF-C,
esponses that are inhibited by semaphorin-3F. These results
re consistent with the finding that semaphorin-3F blocks
EGF and VEGF-C binding to neuropilin-2 [31] and thereby

nhibits these growth-factor responses. Moreover, Favier
t al. found that VEGF- and VEGF-C-induced VEGFR2
utophosphorylation in untransfected human microvascular
ndothelial cells and that treatment of these cells with a
mall interfering RNA targeting neuropilin-2 inhibits ligand-
timulated VEGFR2 autophosphorylation [154].

Evidence exists for the formation neuropilin-1-VEGFR1,
europilin-2-VEGFR1, neuropilin-2-VEGFR2, and neuro-
ilin-2-VEGFR3 complexes [31,145,154]. Whether
europilin-1-VEGFR2 or neuropilin-1-VEGFR3 complexes
orm physiologically or during tumor progression remains
o be established.

.4.2. Tumor progression
Neuropilin-1 and -2 occur in a variety of neoplasms

Table 4). Not surprisingly, the level of expression of the
wo receptors is often unequal. For example, neuropilin-2
xpression in melanoma and glioblastoma exceeds that of
europilin-1 [144].

In an effort to determine the potential function of
europilin-1 in tumors, Miao et al. overexpressed it in
unning rat prostate carcinoma AT2.1 cells using a

etracycline-inducible promoter [165]. Increased expression
f neuropilin-1 augments VEGF-165 binding to AT2.1 cells
n culture. Following injection of the AT2.1-neuropilin-1
ells into rats, tumor size increased several fold following
europilin-1 induction by doxycycline when compared with
he non-induced controls. The larger tumors with induced
europilin-1 expression exhibited increased microvessel con-

ent and endothelial cell proliferation. These results show
hat neuropilin-1 expression in tumor cells promotes angio-
enesis and tumor progression, a result that indicates that
europilin-1 represents a potential anti-cancer target.
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Parikh et al. examined the role of neuropilin-1 in human
olon tumor growth and progression [168]. They reported
hat neuropilin-1 mRNA and protein were expressed in 20 of
0 human colon adenocarcinoma specimens but not in adja-
ent non-malignant colon mucosa. Furthermore, they found
hat neuropilin-1 mRNA and protein were expressed in seven
f seven human colon adenocarcinoma cell lines. They pre-
ared a human colon carcinoma cell line (KM12SM/LM2)
hat was engineered to stably overexpress neuropilin-1 and
ound that such subcutaneous xenografts in athymic nude
ice exhibit increased tumor growth and angiogenesis when

ompared with cells not overexpressing neuropilin-1. These
orkers also found that the cells overexpressing neuropilin-1

xhibit a two-fold increase in cell migration in response to
EGF-165. Using cultured human colon carcinoma HT29

ells, they found that epidermal growth factor and insulin-
ike growth factor-1, but not interleukin-1� or transforming
rowth factor-�, increased neuropilin-1 mRNA and protein
xpression. The epidermal growth factor (EGF) response was
locked by anti-EGF receptor antibody. These investigators
hus uncovered a potential mechanism for growth factor par-
icipation in tumor progression by augmenting neuropilin-1
xpression.

In studies designed to determine the identity of signal
ransduction pathways involved, Parikh et al. found that
he phosphatidylinositol (PI) 3-kinase inhibitor, wortman-
in, and the extracellular-signal-regulated kinase (Erk 1/2)
nhibitor U0126 diminish both basal and epidermal growth
actor-stimulated neuropilin-1 mRNA expression in HT29
ells [168]. Inhibition of basal expression implicates an
utocrine mechanism for activating these pathways. Because
he colon cell lines express neuropilin-1 but not VEGFR2,
hese investigators hypothesized that VEGF-165 may bind
imultaneously to neuropilin-1 on tumor cells and VEGFR2
n adjacent endothelial cells thereby activating endothelial
ells and providing a juxtacrine mechanism for neuropilin-1
nduction of angiogenesis and tumor progression.

Wey et al. engineered human pancreatic carcinoma cells
FG) to stably overexpress neuropilin-1 [169]. Neuropilin-

overexpression decreased detachment-induced apoptosis
anoikis) and decreased sensitivity to: (i) gemcitabine and
ii) 5-fluorouracil, cytotoxic drugs that are used to treat pan-
reatic and other malignancies. They found that neuropilin-1
verexpression increased unstimulated Erk 1/2 phosphoryla-
ion six-fold and Jun N-terminal kinase (Jnk) phosphorylation
our-fold. The authors surmise that activation of Erk or Jnk
ignaling may account for the observed chemoresistance to
he two cytotoxic agents.

Using a different pancreatic cancer cell line (PANC-1),
ey et al. found that, in contrast to the FG cells, neuropilin-1

xpression increased the sensitivity of cells to gemcitabine
nd 5-flourouracil [169]. Based upon experiments with the

G cells, the authors suggested that expression of neuropilin-
in pancreatic cancer cells may be one of the factors that

eads to their widespread chemoresistance [169,170], and
nhibiting neuropilin-1 signaling may lead to increased sen-

c
t
M
t
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itivity to cytotoxic agents [145,169]. However, the disparate
esults obtained with FG cells (neuropilin-1 expression leads
o decreased sensitivity to cytotoxic agents) and PANC-1
ells (neuropilin-1 expression leads to increased sensitivity)
mphasize the importance of the context in which neuropilin-
signaling occurs, and additional work will be required to

ort out the inconsistencies.
Barr et al. examined the role of neuropilin-1 in VEGF-

ediated survival of human MDA-MB-231 breast cancer
ells [171]. They reported that this cell line expresses
europilin-1 and -2 but neither VEGFR1 nor VEGFR2.
oreover, this cell line constitutively expresses VEGF. Treat-
ent of these cultured cells with a neuropilin-1 peptide

ntagonist, which corresponds to the sequence of exon 7 of
EGF-165, produces apoptosis. These workers thus showed

hat neuropilin-1 plays a crucial role in pro-survival signaling
y VEGF in these breast cancer cells and that neuropilin-
blockade induces tumor cell apoptosis. Using confocal
icroscopy, these investigators also demonstrated that anti-

europilin-1 binds to both co-cultured tumor and human
mbilical vein endothelial cells whereas anti-VEGFR2 binds
nly to the endothelial cells. Castro-Rivera et al. reported
hat human semaphorin-3B inhibits tumor cell growth and
nduces apoptosis in a human breast cancer cell line (MDA-

B-231) [172]. This effect was reversed by VEGF-165 but
ot VEGF-121. This finding is consistent with the exper-
ments demonstrating that semaphorin-3B and VEGF-165,
ut not VEGF-121, bind to neuropilin-1 (Table 3). VEGF,
hich is widely expressed, thus has the potential to act as a
ro-survival factor on a variety of cells expressing neuropilin-
in the absence of VEGFR1 and VEGFR2.
Besides their participation in apoptotic signaling, the

europilins play a role in breast cancer cell migration.
asarre et al. demonstrated that VEGF-165 promotes, while

emaphorin-3F inhibits, cell spreading and membrane ruf-
ing in two human breast cancer cell lines: MCF7 and
100 [173]. The MCF7 cell line expresses neuropilin-1 but
ot neuropilin-2, and the semaphorin-3F inhibition of cell
preading was blocked by anti-neuropilin-1. In contrast, the
100 cell line expresses neuropilin-2 and lower levels of
europilin-1, and the semaphorin-3F signaling was blocked
y anti-neuropilin-2. The VEGF-165 induced membrane ruf-
ing was blocked by semaphorin-3F, which is consistent with

he concept that semaphorin-3F competes with VEGF-165
or binding to the neuropilins.

In a follow up study, Nasarre et al. developed an assay
o determine whether motile human C100 breast cancer
ells would migrate to or from semaphorin-3F-containing
ones [174], a procedure initially used to study nerve growth
one guidance. They reported that C100 cells migrate away
rom semaphorin-3F, and this migration is blocked by anti-
europilin-1 antibodies. In less motile MCF7 human breast

ancer cells, semaphorin-3F induces the loss of cellular con-
acts with partial delocalization of E-cadherin and �-catenin.

oreover, MCF7 cell proliferation decreases in response
o Semaphorin-3F. These investigators suggested that
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emaphorins maintain cellular boundaries, and loss of this
unction would enhance cell migration during tumor progres-
ion. Loss of semaphorin-3F expression as a result of chro-
osomal deletion (see below) is hypothesized to enhance cell
igration and contribute to tumor spread and metastasis.
Semaphorin-3B and semaphorin-3F were originally iden-

ified from a recurrent 3p21.3 homozygous deletion in small
ell lung cancer cell lines suggesting that these might repre-
ent tumor suppressors [175–177]. Kusy et al. established
uman lung cancer cell lines (NCI-H157 and NCI-H460)
hat stably express semaphorin-3F [178]. Each of these cell
ines was implanted via the trachea into the left lobe of
thymic nude rats to produce lung tumors. Pulmonary cancer
ell lines are generally more tumorigenic when implanted in
heir usual, or orthotopic, location than when they are when
njected into an ectopic subcutaneous location [178]. The
umorigenicity of H157 cells producing semaphorin-3F was
iminished when compared with the non-producing cells. In
ontrast, the tumorigenicity of the H460 was not diminished
n the semaphorin-3F producing cells. All of these cell lines
xpress comparable levels of plexin-A1, plexin-A3, plexin-
1, and plexin-B2, VEGFR1, and VEGFR2. The sensitive
157 cells express neuropilin-2 whereas the resistant H460

ells lack this receptor while both the sensitive and insen-
itive cells express neuropilin-1. The authors thus ascribed
he sensitivity of the H157 cells to semaphorin-3F to the
xpression of neuropilin-2. Overall, these studies suggest
hat semaphorin-3F has anti-tumor activity in neuropilin-2-
xpressing cells in this lung cancer paradigm.

Kessler et al. studied the role of semaphorin-3F on angio-
enesis in HUVEC samples [179]. They found that it inhibits
EGF-165 and basic fibroblast growth factor stimulation of
UVEC proliferation. Semaphorin-3F inhibits the binding of
EGF-165 to neuropilin-2, but it does not inhibit the binding
f fibroblast growth factor to its receptors. The mechanism
f inhibition of the latter by semaphorin-3F is thus unclear.
emaphorin-3F also inhibits VEGF-165 and basic fibroblast
rowth factor stimulation of angiogenesis in vivo. Overex-
ression of semaphorin-3F in tumorigenic human embryonic
idney (HEK293) cells inhibits their tumor-forming ability in
thymic nude mice but fails to alter their proliferation in cell
ulture. These findings suggest that semaphorin-3F restrains
umor growth by inhibiting tumor angiogenesis and not tumor
ell proliferation.

Gagnon et al. reported that neuropilin-1, like VEGFR1 and
EGFR2, exists as a soluble isoform that contains the extra-

ellular ligand binding a1a2 and b1b2 domains but lacks the c,
ransmembrane, and cytoplasmic components [180]. Soluble
europilin-1, like the membrane isoform, binds to VEGF-
65 but not VEGF-121. The soluble and membrane isoforms
ave different patterns of expression. The membrane isoform
s associated with blood vessels, whereas the soluble form

as a more widespread distribution including hepatocytes
nd renal proximal and distal tubules. Gagnon et al. prepared
unning rat prostate carcinoma cells that expressed soluble
europilin-1 and found that expressing and non-expressing
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ells have the same growth rate in culture. Following subcuta-
eous injection into rats, however, they found that the tumors
xpressing soluble neuropilin-1 possessed large hemorrhagic
enters and exhibited extensive apoptosis but little prolifera-
ion. In contrast, the non-expressing tumor cells were solid,
ascular, and exhibited sparse apoptosis but extensive pro-
iferation [180]. Soluble neuropilin-1 presumably binds to
EGF and decreases its signaling, which impairs tumor vas-

ularization. The possible physiologic and tumorigenic roles
f soluble neuropilin-1, however, are largely unknown.

Growth factors and oxygen regulate neuropilin expres-
ion. For example, VEGF [181], epidermal growth factor
163,167,168], insulin-like growth factor-1 [168], and
ypoxia [182] lead to the increased expression of neuropilin-
. Moreover, cerebral ischemia leads to increased expression
f both neuropilin-1 and -2 [183]. Whether hypoxia per
e leads to increased levels of neuropilin-2 remains to be
etermined.

In summary, there is considerable evidence that
europilin-1 and -2 participate in tumor progression. As
o-receptors for VEGFR1, VEGFR2, and VEGFR3, the neu-
opilins function as part of protein-tyrosine kinase cascades.
s co-receptors for the semaphorins, the neuropilins inter-

ct with plexins where the nature of signal transduction is
ll defined. Perhaps the neuropilin-plexin complex interacts
ith downstream components directly or after the complex

s phosphorylated by yet unidentified protein kinases. More-
ver, the activated neuropilins per se initiate a signaling
ascade independently of the VEGF receptors or the plexins.
he nature of neuropilin signal transduction warrants further
tudy. Whether neuropilin-2 (like neuropilin-1) participates
n pro-survival signaling and whether the neuropilins partici-
ate in pro-survival signaling under physiological conditions
s opposed to tumorigenic conditions are open questions.

.5. Essential nature of the VEGF receptors

Fong et al. showed that VEGFR1 null mice are embryonic
ethal [184]. Endothelial cells form normally in both embry-
nic and extra-embryonic sites in these mice, but the cells fail
o assemble into organized blood vessels. However, Hiratsuka
t al. found that mice expressing the VEGFR1 extracellular
igand-binding and transmembrane segments but lacking the
yrosine kinase (TK) and its insert domain (VEGFR1-TK−/−)
re viable [185]. This observation indicates that the ligand-
inding domain is the essential part of the receptor during
evelopment. This finding is consistent with the concept that
he chief function of VEGFR1 in embryos is to sequester
EGF and modulate the concentration of the free ligand.
Shalaby et al. reported that VEGFR2 null mice die between

mbryonic Days 8.5 and 9.5 as a result of defects in the devel-
pment of hematopoietic and endothelial precursors [186].

olk-sac blood islands were absent at 7.5 days, organized
lood vessels were not observed in the embryo or yolk sac
t any stage, and hematopoietic progenitors were severely
educed. These findings indicate that VEGFR2 is essential
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or yolk-sac blood-island formation and vasculogenesis in
he mouse embryo and are consistent with the concept that
EGFR2 is one of the earliest markers of embryonic endothe-

ial cells.
Dumont et al. showed that VEGFR3 null mice died

y embryonic Day 9.5 and exhibited defective blood ves-
el development [187]. Vasculogenesis and angiogenesis
ccurred, but large vessels became abnormally organized
ith defective lumens, leading to fluid accumulation in the
ericardial cavity, and cardiovascular failure. Thus, VEGFR3
as an essential role in the development of the embryonic car-
iovascular system before the emergence of the lymphatic
essels where VEGFR3 also plays a pivotal role.

Neuropilin-1 is an active participant in angiogenesis [188].
itsukawa et al. demonstrated that its overexpression in mice

esults in excessive capillary and blood vessel formation and
ethal hemorrhaging in embryos [189]. This group showed
hat Np1 null mice die in utero at Days 10.5–12.5 owing
o anomalies in the cardiovascular system as well as in the
ervous system [190]. The anomalies include: (i) impairment
f neural vascularization, (ii) transposition of large vessels,
nd (iii) inadequate development of vascular networks in the
olk sac.

Np2 null mice have an apparently normal vascular
henotype [191,192]. However, Yuan et al. reported that
europilin-2 expression is restricted to veins and lymphatic
essels and Np2 null mice exhibit an absence or severe reduc-
ion of small lymphatic vessels during development [193].
hus, strong cases can be made that neuropilin-1 plays an

mportant role in vascular development and angiogenesis and
hat neuropilin-2 plays a crucial role in lymphatic develop-

ent.
Takashima et al. studied the effects of mutations of both

europilin-1 and -2 in mice [194]. Np1−/−NP2−/− mice died
n utero at embryonic Day 8.5 with totally avascular yolk
acs. Np1+/−Np2−/− or Np1−/−Np2+/− were also embryonic
ethal and survived to embryonic Day 10. The yolk sac lacked
apillary beds and branching arteries and veins. The embryos
ossessed unconnected blood vessel sprouts and blood ves-
els heterogeneous in size. Moreover, the mutant embryos
ere about half the length of wild-type mouse embryos and

xhibited multiple hemorrhages. These mice, which have a
ore severe vascular phenotype that either Np1 or Np2 null
ice, resemble those of VEGF and VEGFR2 null mice. The

uthors concluded that both neuropilin-1 and -2 are required
or embryonic vessel development.

. Proteolysis of VEGF isoforms and release from
eparan sulfate proteoglycans

.1. VEGF isoforms
All VEGF isoforms are hydrophilic and freely diffusible in
imple buffered solutions. However, VEGF-165, VEGF-189,
nd VEGF-206 contain heparan sulfate proteoglycan-binding

p

o
t
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omains that limit their diffusibility in vivo because of their
ffinity for anionic proteoglycans located on the plasma mem-
rane of cells and in the extracellular matrix [30]. Exons
a, 6b, and 7 each encode heparan sulfate-binding domains
Fig. 1) that limit VEGF diffusibility. VEGF-121 lacks these
inding domains and is freely diffusible in vivo. VEGF-165,
hich is the predominantly expressed isoform, lacks exons
a and 6b. However, it contains a heparan sulfate-binding
egment that is encoded by exon 7. Fifteen of the 44 amino
cids encoded by exon 7 are basic. As a result, between 50%
nd 70% of VEGF-165 remains cell and extracellular-matrix
ssociated thereby making this isoform partially diffusible
n vivo [195]. The larger isoforms, which contain residues
ncoded by exons 6a, 6b, and 7, contain heparan sulfate-
inding domains and are not freely diffusible. These isoforms
re completely sequestered at the cell surface and in the
xtracellular matrix.

The action of growth factors is regulated at several
evels including transcription, translation, and secretion,
ranslocation to the site of action, receptor activation, and
nactivation by endocytosis and proteolytic degradation. Kit
igand, transforming growth factor-�, epidermal growth fac-
or, colony-stimulating factor-1, and tumor necrosis factor-�
re initially anchored in the plasma membrane of the biosyn-
hetic cell and are released via proteolysis [196]. Other
rowth factors including basic fibroblast growth factor,
latelet-derived growth factor [196], and several VEGF splice
ariants [30] bind to extracellular matrix components. Reg-
lated growth factor release from these sites is mediated by
xtracellular proteases including plasmin and matrix metal-
oproteases [197].

.2. Plasminogen activators, plasmin, and matrix
etalloproteases

Plasminogen activators, plasmin, and matrix metallopro-
eases (MMPs) play an integral role in angiogenesis [198].
he enzymatic active site of plasmin contains a serine residue

hereby accounting for its designation as a serine protease.
lasmin catalyzes the hydrolysis of several extracellular pro-

eins including fibronectin, laminin, and the protein core of
roteoglycans [197]. Active plasmin is derived from inac-
ive plasminogen following proteolytic activation by tissue
lasminogen activator (tPA) or by the urokinase type of plas-
inogen activator (uPA) [196]. Tissue plasminogen activator

lays a pivotal role in generating plasmin for fibrinolysis
hereas uPA plays a key role in generating plasmin for the
egradation of the extracellular matrix during tissue remod-
ling [199]. The activity of uPA is abolished by plasminogen
ctivator inhibitor-1 and -2, which are protein in nature.
lasminogen is widely distributed in the extracellular com-
artment, which provided the rationale for examining its

ossible role in angiogenesis.

The human family of matrix metalloproteases consists
f 23 zinc-dependent enzymes that can be divided into
wo distinct groups: secreted MMPs and membrane-type
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MPs (MT-MMPs). The secreted MMPs include MMP
–3, 7–13, 19, 20, 23A, 23B, 24–28 and the membrane-
ssociated MMPs include MMP 14–17 and 21 [200,201].
hese enzymes can digest a large number of extracellular
atrix proteins in the connective tissue stroma including the

asement membrane and various types of collagen. They
re secreted as inactive proenzymes and are activated extra-
ellularly by various enzymes including plasmin. Moreover,
issue inhibitors of metalloproteases (TIMPs), four of which
ave been described [202], regulate MMP activity. Owing
o the irreversible nature of proteolysis, it is imperative that
he catalytic activity of all of these proteases is exactingly
egulated.

.3. VEGF isoform proteolysis by plasmin

Plasminogen and plasmin are widely distributed extra-
ellularly [198]. Houck et al. demonstrated that VEGF-165
nd VEGF-189, bound isoforms that were stably expressed
nd secreted by human embryonic kidney CEN4 cells, are
leaved by exogenous plasmin to produce a product that lacks
eparan sulfate-binding domains and diffuses freely from
ells [195]. Keyt et al. showed that plasmin cleaves VEGF-
65 between Arg110 and Ala111 to yield an amino-terminal
itogenically active fragment (VEGF-110) and an inactive

arboxyterminal fragment (111–165) [203]. VEGF-110 fails
o bind whereas VEGF-165 and the 111–165 fragment bind
o heparin. These experiments were the first to show that
eparin-binding domains occur in residues 111–165.

Keyt et al. measured the affinity of VEGF isoforms to
himeric VEGFR1-Ig and VEGFR2-Ig proteins by deter-
ining the concentration (IC50) of the isoform required to

nhibit 50% of 125I-VEGF-165 binding to the soluble receptor
203]. The carboxyterminal portion from residues 111–165
r 122–165 increases the affinity of VEGF-165 for VEGFR1-
g or VEGFR2-Ig by a modest factor of two. Keyt et al.
etermined the effective concentration (EC50) of the various
soforms required to produce 50% of the maximal prolifera-
ion of endothelial cells derived from bovine adrenal cortex
203]. The EC50 of VEGF-165 is about 5 pM and that of
EGF-110 and VEGF-121 is about 2600 pM, a 500-fold
ifference. This observation indicates that residues 122–165
from exons 7 and 8) play a major role in mediating VEGF-
65-mitogenic action. Such a dramatic increase in biological
esponse cannot be explained by the modest changes in VEGF
soform affinity for VEGFR1-Ig or VEGFR2-Ig.

Whitaker et al. reported that the EC50 of VEGF-
21 for stimulating the phosphorylation of VEGFR2 in
UVEC samples is 300-fold greater than that for VEGF-
65 (2450 pM versus 7.76 pM), indicating that VEGF-165 is
ore potent than VEGF-121 [204]. They expressed human
EGFR2 in COS-1 cells and found that the affinity of

EGF-121 and VEGF-165 for the receptor was nearly

dentical (IC50 ≈ 300–600 pM). They hypothesized that the
ack of differences in binding affinity but the differences
n potency were due to the expression of neuropilin-1 in

d
w
w
e
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he HUVEC samples. They showed that formation of a
europilin-1-VEGFR2 complex does not alter its affinity for
EGF-165; rather there is an increase in ligand efficacy. They
emonstrated that VEGF-165, but not VEGF-121, binds to
europilin-1. They proposed that VEGF-165 binding to the
europilin-1-VEGFR2 complex increases the local concen-
ration of VEGFR2 relative to that achieved with VEGF-121
inding and thereby increases the potency of the larger ligand
204]. This concept may also apply to the work of Keyt et al.
escribed previously [203].

Lauer et al. performed studies to determine whether plas-
in plays a role in VEGF cleavage in humans. They showed

hat the expression of total VEGF protein and VEGF-121,
EGF-165, and VEGF-189 mRNAs is increased in chronic

utaneous ulcers when compared with normal skin [205].
hey demonstrated that exogenous VEGF-165 is degraded
hen incubated with wound samples, and this degradation

s inhibited by phenylmethylsulfonyl fluoride, a serine pro-
ease inhibitor. Inhibitors of matrix metalloproteases (EDTA,
henanthroline) and cysteine proteases (leupeptin) were
ithout effect. Moreover, �2-antiplasmin inhibited the degra-
ation of exogenous VEGF-165 catalyzed by the wound
amples. These studies show that VEGF-165 expression is
ncreased during wound healing, but the potential beneficial
ffects of the more potent VEGF-165 may be abolished by
ndogenous plasmin activity [205].

Roth et al. studied the role of plasmin-mediated proteol-
sis of VEGF-165 during wound healing in wild type and
b/db mice [206]. The db/db mice possess an autosomal
ecessive mutation in the leptin receptor gene (ObR) result-
ng in a type II diabetes phenotype. The mutant mice exhibit
everely impaired cutaneous wound repair when compared
ith wild-type mice. These workers showed that plasmin

ctivity is increased at the wound site during repair in
utant mice when compared with wild-type C57BL/6 mice.
hey also showed that a transgenically expressed VEGF-
65 Ala111Pro construct, which contains a mutation at the
ite of plasmin-mediated hydrolysis of VEGF, is more stable
han wild-type VEGF-165 in the wound tissue. In animals
xpressing VEGF-165 Ala111Pro, wound closure is acceler-
ted, vessels are stabilized, pericyte recruitment is increased,
nd capillary endothelial cell apoptosis is delayed when com-
ared with animals expressing wild-type VEGF-165. This
tudy provides evidence that plasmin-mediated proteolysis
f VEGF-165 occurs in vivo.

.4. VEGF isoform proteolysis by urokinase type of
lasminogen activator

Plouët et al. studied the release and extracellular prote-
lytic maturation of VEGF-189 in wild-type Chinese hamster
vary cells and in mutant cells that were glycosaminoglycan

eficient [207]. They found that VEGF-189 is displaced from
ild-type cell membranes by heparin or by synthetic peptides
ith the sequence corresponding to that of a part of VEGF

xon 6a (a heparin-binding component of VEGF). VEGF-
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89 is secreted from the mutant cells into the medium and is
ot retained by the glycosaminoglycan-deficient membranes.
hile native glycosylated VEGF-189 has a molecular weight

f 52 kDa, their studies showed that VEGF-189 is released
rom mutant cells as a 40-kDa form that is generated by
ndogenous protease activity. Inhibition of intrinsic uroki-
ase type of plasminogen activator (uPA) with an antibody
nhibits VEGF-189 cleavage in the mutant Chinese hamster
vary cell culture. On the other hand, inhibition of any intrin-
ic plasmin activity does not prevent VEGF-189 proteolysis.
n contrast to the studies with human [205] and mouse [206]
ound healing, plasmin-mediated proteolysis of the larger
EGF isoforms in Chinese hamster ovary cells is not as
revalent as that catalyzed by uPA [207].

Plouët et al. found that uPA converts VEGF-189 from the
2-kDa form to the 40-kDa form in vitro [207]. In contrast,
EGF-165 is not degraded by this protease. These results

ndicate that uPA cleavage occurs in residues encoded by
xon 6a, which is not expressed in VEGF-165 (Fig. 1). A
ecombinant form of VEGF-189 (50 kDa) was expressed and
urified from baculovirus-infected Sf9 cells. This recombi-
ant protein, which binds to VEGFR1 but not VEGFR2,
s not mitogenic in endothelial cells derived from bovine
drenal cortex. After treatment with uPA, however, the result-
ng 38-kDa product binds to VEGFR2 and is mitogenic.
hese results explain, in part, why VEGF188/188 mice have
n abnormal phenotype (see below).

Plouët et al. found that the proteolysis of VEGF-165 and
EGF-189 by plasmin results in the generation of identical
4-kDa products [207]. An enzyme-linked immunosorbent
ssay (ELISA) targeting exon-6-encoded residues was neg-
tive, consistent with the generation of VEGF-110 observed
y Keyt et al. [203]. Plouët et al. determined the affinity
f VEGF-165, VEGF-189, and the fragments resulting from
lasmin-mediated and uPA-mediated proteolysis of the pro-
eins for VEGFR2 [207]. They reported that VEGF-189 is
nable to bind to VEGFR2-expressing Chinese hamster ovary
ells and is not mitogenic for endothelial cells derived from
ovine adrenal cortex. VEGF-165 and the uPA fragment of
EGF-189 (38-kDa) bind to VEGFR2-expressing cells with
igh affinity and have robust mitogenic activity for the bovine
ndothelial cells. These observations indicate that VEGF-189
ontains a segment encoded by exon 6a (residues 115–139)
hat prevents its binding to VEGFR2.

.5. VEGF isoform proteolysis by matrix
etalloproteases

There is increasing evidence that matrix metalloproteases
lay a role in VEGF maturation. Lee et al. [208] characterized
he proteolysis of mouse VEGF-164 and VEGF-188 in vitro
y several matrix metalloproteases (MMPs). These investi-

ators found that VEGF-164 and VEGF-188 are cleaved by
MP-3, -7, -9, and -19 [208]. MMP-1 and -16 are somewhat

ess effective whereas MMP-2, -8, -14, and -26 are without
ffect. Proteolysis by MMP-3 is inhibited by tissue inhibitor

H
1
i
o
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f metalloprotease-1 and -2 (TIMP-1 and -2) but not by apro-
inin, a serine protease inhibitor. TIMP-1 and TIMP-2 each
orm a 1:1 stoichiometric complex with MMP-3 leading to
ts inhibition. These investigators found that heparin-bound
EGF-164 is a good substrate for MMP-3, which liber-

tes the amino-terminal product from heparin. Using mass
pectrometry, Lee et al. determined that VEGF-164 proteol-
sis occurs between residues 135–136, 120–121, and finally
13–114 [208].

Lee et al. generated VEGF-164�108–118, which contains
n 11 amino-acid-residue deletion [208]. This form is resis-
ant to MMP-3 proteolysis despite the presence of the amino
cids corresponding to the wild-type protein at residues 120
nd 135. They found that VEGF-164, VEGF-164�108–118,
nd VEGF-113 are equally effective in activating VEGFR2
y demonstrating comparable autophosphorylation of recep-
or expressed in porcine aortic endothelial cells [208]. All
hree forms elicit an angiogenic response, but the morphology
f the resulting vessels differs. VEGF-164 produces vessels
ith wild-type morphology, whereas VEGF-113 produces

nlarged, dilated vessels. VEGF-164�108–118, the MMP-
esistant form, produces thin vessels with multiple branch
oints [208]. These studies suggest that matrix-bound and
reely diffusible VEGF provide dissimilar signaling out-
omes even though they act through the same cell-surface
eceptor. It is possible that these agonists induce different
utophosphorylation patterns in VEGFR2. Different signal-
ng outcomes occur in mice expressing only specific VEGF
soforms as described below.

Lee et al. addressed the important question of whether
uch proteolytic maturation of VEGF occurs in vivo [208].
sing affinity chromatography on a polyclonal VEGF anti-
ody column, they purified VEGF from ascites fluid obtained
rom women with ovarian cancer. The isolated fractions were
valuated with epitope-specific antibodies. They found that
0–90% of isolated VEGF lacks the carboxyterminal por-
ion encoded by exon 8 (Fig. 1). An antibody against the
mino-terminus recognized a group of monomeric fragments
anging from 13 to 16 kDa. This observation provides fur-
her evidence that proteolytic fragments occur in vivo. They
eported, moreover, that the ascites fluid contains plasmin
nd MMP-3 enzyme activity. The matrix metalloproteases
epresent bona fide anti-neoplastic drug targets [200].

.6. Differential stimulation of VEGF isoform action by
eparin

Ashikari-Hada et al. compared the effects of heparin and
arious desulfated derivatives of heparin on VEGF-mediated
uman umbilical vein endothelial cell (HUVEC) mitogene-
is [209]. They showed that heparin, but not the desulfated
erivatives, increases VEGF-165-induced proliferation of

UVEC samples. In contrast, heparin has no effect on VEGF-
21-induced proliferation. They also reported that heparin
ncreases VEGF-165-induced endothelial cell tube formation
n type I collagen gels.
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Ashikari-Hada et al. found that heparin nearly doubles
he tyrosine phosphorylation of VEGFR2 in VEGF-165-
reated HUVEC samples, but not in VEGF-121-treated
amples [209]. Moreover, they found that treatment
f HUVEC samples with heparinase decreases VEGF-
65-induced VEGFR2 tyrosine phosphorylation by 75%.
eparinase treatment has no effect on VEGF-121-

nduced VEGFR2 phosphorylation. Addition of heparin
o heparinase-treated cells increases VEGF-165-stimulated
hosphorylation to a level equivalent to cells not treated
ith heparinase. These findings suggest that heparin-

ike components in the extracellular matrix augment the
ction of VEGF-165. Addition of heparin to heparinase-
reated cells does not increase VEGF-121-mediated receptor
hosphorylation.

Heparin thus potentiates the outcomes of VEGF-165 on
EGFR2 autophosphorylation and on endothelial cell prolif-

ration. These results are consistent with the observation that
EGF-165 contains but VEGF-121 lacks heparin-binding

egments. Ashikari-Hada et al. suggested that the heparin-
ike domain of heparan sulfate forms a complex with both
EGF-165 and VEGFR2 thereby enhancing VEGF-165

ignaling [209]. This attractive idea warrants further bio-
hemical study.

. Phenotypes of mice expressing specific VEGF
soforms

Carmeliet et al. generated mice expressing only VEGF-
20 (VEGF120/120), VEGF-164 (VEGF164/164), or VEGF-188
VEGF188/188) using the Cre/loxP system to remove exons
a, 6b, and 7 (VEGF-120), exons 6a and 6b (VEGF-164),
r exon 6b (VEGF-188) (Fig. 1) [210,211]. This important
pproach relies on the expression of viral Cre recombinase
n mice, where it is not usually expressed. This protein is
apable of mediating recombination of DNA by recognizing
airs of DNA binding sequences, LoxP sites, and catalyzing
he deletion of the DNA located between them.

The heterozygous mice (VEGF+/120, VEGF+/164, and
EGF+/188) appear normal, healthy, and have a normal life
pan [210,211]. About half of the VEGF120/120 homozy-
ous mice die perinatally, and the others die within 2
eeks after birth owing to impaired myocardial angiogen-

sis resulting in cardiac failure. These mice also suffer from
educed renal angiogenesis and decreased bone formation.
he VEGF164/164 mice gain weight normally, are fertile, and
ave normal litter sizes (10 ± 3 pups). In contrast, about half
f the VEGF188/188 mice die in utero. Survivors gain less
eight, are less fertile, and have smaller litter sizes (7 ± 2
ups).

Stalmans et al. reported that retinal vascular devel-

pment is normal in VEGF164/164 mice, thus indicating
hat this isoform possesses all of the necessary properties
equired for normal development of these blood vessels
211]. VEGF188/188 mice have normal retinal venous devel-

t
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pment but impaired arterial outgrowth. VEGF120/120 mice
ave faulty retinal venous development and severely defec-
ive arterial vascular development. Stalmans et al. found that
EGF+/+, VEGF164/164, and VEGF188/188 mice have com-
arable kidney glomerular and heart arteriolar content. In
ontrast, VEGF120/120 mice have fewer heart and kidney arte-
ioles.

VEGF-164 binds to the extracellular matrix but is
lso able to diffuse. This isoform can produce a concen-
ration gradient from cells that express this factor, and
uch gradients may be important in vasculogenesis and
ngiogenesis [211,212]. VEGF-164 may provide matrix-
ssociated guidance cues that support physiological cell
igration during development. VEGF-120, in contrast, is

reely diffusible in vivo and is unable to establish a phys-
ological growth-factor gradient. Moreover, VEGF-120 is
ess potent in inducing endothelial cell proliferation and
as modestly reduced affinity for VEGFR1 and VEGFR2
n the presence of heparin when compared with VEGF-164
203].

VEGF-188 is non-diffusible and may be unable to pro-
ide guidance cues to target endothelial cells. Moreover,
europilin-1 and -2, co-receptors for VEGF, bind to residues
xpressed in exon 7. VEGF-120 lacks these residues (Fig. 1),
nd this deficiency and inability to bind to neuropilins may
lso explain the severity of the VEGF120/120 phenotype.
hat the VEGF164/164 animals are normal under labora-

ory conditions fails to provide any clues for the existence
f the other VEGF isoforms. Although, VEGF-164 pro-
ides all of the information necessary for development,
erhaps these animals would reveal deficiencies if sub-
ected to trauma (to elicit wound healing) or to other
tresses.

. Regulation of VEGF gene expression by oxygen,
rowth factors, and oncogenes

.1. Hypoxia-inducible transcription factor (HIF) family

The cellular concentration of oxygen plays a key role
n regulating the expression of 50–500 or more genes
213,214]. When the oxygen concentration is low (hypoxia),
he expression of many proteins including glucose trans-
orters, enzymes of the glycolytic pathway, erythropoietin,
nd VEGF increases. The augmentation of these gene prod-
cts constitutes an adaptive response to hypoxia. Glucose
ransporters and enzymes of the Embden-Myerhof-Parnas
lycolytic pathway promote glucose catabolism; this is the
nly metabolic pathway in vertebrates that can generate
ubstantial amounts of ATP in the absence of oxygen. Ery-

hropoietin increases red blood cell production leading to
ncreased oxygen transport. Increased VEGF production pro-

otes angiogenesis, which in turn leads to increased red
lood cell and oxygen delivery.
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The HIF family lies at the center of the adaptive response to
ypoxia in embryos, growing animals, and adults [215,216].
IF is a heterodimer composed of HIF-1� (or the paralogs
IF-2� or HIF-3�) and HIF-1�. HIF-1� is expressed in most

ells, whereas HIF-2� and HIF-3� display more restricted
xpression. HIF-1� is the aryl hydrocarbon receptor nuclear
ranslocator (ARNT) that dimerizes with the aryl hydrocar-
on receptor after activation of the latter by binding with
ompounds such as dioxin. Whereas HIF-1� expression and
ctivity are unaffected by changes in oxygen concentration,
he amount of cellular HIF-1� is augmented during hypoxia
215,216] by an unusual mechanism described below.

Both HIF-1� and HIF-1� subunits are members of the
asic helix-loop-helix (bHLH) containing Per-ARNT-Sim
PAS), or bHLH-PAS, domain family of transcription factors
214]. Each subunit contains two conserved hydrophobic PAS
omains of about 70 amino acids designated as PAS-A and
AS-B. PAS refers to the first three proteins (Per, ARNT, and
im) in which this domain was identified. The PAS domains
ediate heterodimer formation between HIF-1� and HIF-1�.
IF-1� possesses two transactivation domains (TAD). One

s at the C-terminus and the other is toward the N-terminus
ccounting for the C-TAD and N-TAD nomenclature (Fig. 4).
n inhibitory domain (ID), which represses TAD activity
uring normoxia, separates N-TAD and C-TAD. Overlap-
ing N-TAD is an oxygen-dependent degradation (ODD)
omain. Oxygen regulates HIF-1� cell content and activity
y mechanisms that involve: (i) hydroxylation of proline 564
preferred) or proline 402 in the human ODD domain and
ii) hydroxylation of asparagine 803 in the human C-TAD
egment.

.2. HIF-1α prolyl hydroxylation and proteosomal

egradation

HIF-1� prolyl 4-hydroxylation regulates the level of HIF-
� in cells by promoting its proteosomal degradation. Under

D
a
o
p

ig. 4. Functional components of human HIF-1� and HIF-1�. The asparagine (Asn)
and PAS-B, where PAS refers to Per-ARNT-Sim, participate in protein dimeriza

-TAD, C-terminal transactivation domain; ID, inhibitory domain; N-TAD, N-term
gy/Hematology 62 (2007) 179–213

ormoxic conditions, the product of the von Hippel-Lindau
umor suppressor gene (pVHL) recognizes the oxygen-
ependent degradation (ODD) domain within the HIF-1�
ubunit [217]. pVHL is a component of a protein-ubiquitin
igase complex that targets the �-subunit for degradation by
he proteasome. pVHL recognition of HIF-1� is dependent
n the hydroxylation of proline 564 or proline 402 within
he ODD domain. The half life of HIF-1� under normoxic
onditions is less than 5 min. Under hypoxic conditions, 4-
rolyl hydroxylation fails to occur resulting in decreased
inding of HIF-1� to pVHL, decreased HIF-1� proteoso-
al degradation, and resultant HIF-1� accumulation. The

tability of HIF-1� varies as a function of time of exposure
o hypoxia. Using human HeLa cells, Berra et al. found that
hat the half-life of HIF-1� increased to 19 min after 1 h of
ypoxia (1–2% oxygen) whereas the half-life progressively
ecreased to 5 min after 8 h of hypoxia [218]. A family of
hree prolyl hydroxylase domain-containing enzymes (PHD-
-PHD-3) catalyzes this posttranslational modification [216].
hese enzymes, which are dioxygenases, catalyze the follow-

ng reaction:

HIF-1�-proline + �-ketoglutarate + O2

→ HIF-1�-proline-OH + succinate + CO2

Because oxygen is a substrate for these enzymes, a
ecrease in oxygen concentration (hypoxia) leads directly
o less prolyl hydroxylation and diminished ubiquitinylation
nd proteosomal degradation.

Based upon results with HeLa cells treated with small
nterfering RNAs directed against each of the three main 4-
rolyl hydroxylases, Berra et al. concluded that PHD-2 is the
hief HIF-1� regulatory enzyme [219]. Moreover, Takeda
t al. found that Phd2−/− embryos died between embryonic

ays 12.5 and 14.5, whereas Phd1−/− or Phd3−/− mice were

pparently normal, thereby confirming the essential nature
f PHD-2 [220]. The Phd2−/− mice exhibited cardiac and
lacental defects.

and two proline (Pro) residues that can be hydroxylated are indicated. PAS-
tion. bHLH, basic helix-loop-helix; ODD, oxygen-dependent degradation;
inal transactivation domain.
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.3. HIF-1α asparaginyl hydroxylation and
ranscription

Hypoxia promotes the ability of the HIF-1� C-terminal
ransactivation domain (C-TAD) of HIF to interact with
ranscriptional co-activators such as p300 and CBP (CRE
inding protein, where CRE is the cyclic AMP response
lement of genes) [215]. CBP and p300 are histone acetyl-
ransferases that promote transcription. Under normoxic
onditions, hydroxylation of asparagine 803 within C-TAD
nhibits the association of HIF-1� with p300. Hypoxia dimin-
shes asparaginyl hydroxylation allowing HIF to recruit the
arger transcriptional apparatus to hypoxia-responsive target
enes. An asparaginyl hydroxylase catalyzes the modifica-
ion of a key residue (Asn803) within the HIF-1� C-TAD,
hereby suppressing HIF activity. The factor inhibiting HIF
FIH), the asparaginyl 3-hydroxylase, is a dioxygenase that
ses Fe2+ to bind oxygen and add it to both the target
sparaginyl residue and �-ketoglutarate according to the fol-
owing chemical equation:

HIF-1�-asparagine + �-ketoglutarate + O2

→ HIF-1�-asparagine-OH + succinate + CO2

Asparaginyl 3-hydroxylase uses molecular oxygen as sub-
trate, and a decreased oxygen concentration (hypoxia) leads
irectly to less hydroxylation owing to the diminished sub-
trate concentration. Vitamin C, moreover, maintains iron in
he reduced, or ferrous (Fe2+), state in the HIF-1� prolyl and
sparaginyl hydroxylases [221].

The Km values of the HIF prolyl hydroxylases for oxygen
re about 240 �M and that of HIF asparaginyl hydroxylase
s about 90 �M [221]. A possible consequence of this differ-
nce is that HIF-1� would be stable owing to the absence of
rolyl hydroxylation and yet would be transcriptionally inac-
ive because of asparaginyl hydroxylation [215]. Note that the
oncentration of dissolved oxygen in blood plasma at 37 ◦C
n equilibrium with air (pO2 ≈ 150 Torr) is about 200 �M
222]. However, the oxygen concentration in the circulation
pO2 ranging from 40 to 100 Torr) and in the interstitial com-
artment is less. That in the cell is even lower owing to the
onsumption of oxygen by oxidative phosphorylation and
ther oxygen-requiring reactions.

.4. Responses to hypoxia

Hypoxia inducibility of genes is conferred by a hypoxia
esponse element (HRE) that occurs in the promoter or
nhancer of target genes [223]. Although the human VEGF
ene encodes multiple splice variants, analysis of its promoter
eveals that a single hypoxia response element is located at
ucleotide positions −975 to −968 (5′-TACGTGGG-3′) rel-

tive to the common transcription start site [56]. Hypoxia
ecreases HIF-1� prolyl and asparaginyl hydroxylation. As
result of diminished prolyl hydroxylation, HIF-1� is sta-

ilized and forms a dimer with HIF-1�, thereby forming the

m
m
I
u

gy/Hematology 62 (2007) 179–213 199

ranscription factor. As a result of diminished asparaginyl
ydroxylation, HIF-1� complexed with HIF-1� is able to
nteract with CBP or p300 and initiate the transcription of
arget genes. The presence of hypoxia response elements has
een demonstrated directly in more than 50 genes [214].

Using a systems biology approach, Manalo et al. com-
ared the gene expression profiles of human pulmonary artery
ndothelial cells after 24 h in hypoxic (1% oxygen) ver-
us normoxic (20% oxygen) conditions and after 24 h in
ormoxic cells infected with an adenovirus encoding a consti-
utively active form of HIF-1� versus adenovirus encoding
-galactosidase [213]. Following cDNA and biotin-tagged
RNA synthesis, the cRNA was hybridized to a human
enome array containing 22, 283 human gene probe sets.
hey identified 245 gene probes with increased expression

>1.5-fold) and 325 gene probes with decreased expression
n both the: (i) hypoxia and (ii) HIF-1�-expressing groups.

The genes with increased expression included VEGF,
EGF-C, PlGF, and PDGF-B [213], all of which are impli-

ated in angiogenesis. VEGF has a hypoxia response element
214], but the mechanism of induction of the other three of
hese growth factors is ill defined. The VEGFR1 gene, which
as an HRE [214], was not reported to be induced in this
tudy [213]. The observed increase in prolyl hydroxylase
omain-containing PHD-2 and PHD-3 mRNAs provides a
otential feedback mechanism for repressing HIF-1� expres-
ion. Other growth factors, receptors, and signal transduction
olecules exhibited increased expression. More than a dozen

enes encoding collagens and collagen-modifying enzymes
ere induced. Genes that were repressed by hypoxia and HIF-
� expression include cyclins, DNA and RNA polymerases,
nd replication factors.

More than two dozen genes encoding transcription factors
n both the hypoxia and HIF-1�-expressing groups were up-
egulated while about one dozen transcription factors were
own-regulated [213]. These data suggest that HIF-1� may
e at the top of a hierarchy of oxygen-regulated gene expres-
ion within pulmonary artery endothelial cells. Moreover, the
uthors point out that some of the genes that were induced in
his study may represent secondary HIF targets owing to the
elatively long 24-h treatments [213].

.5. Growth factors and hormones

Although the role of hypoxia has been more thoroughly
nvestigated, it is clear that growth factors, hormones, onco-
enes, and tumor suppressor genes regulate VEGF gene
xpression [10,29]. For example, epidermal growth factor
timulation (Table 5) of several human glioma cell lines
esults in a 25–125% increase in the secretion of bioactive
EGF [224]. Heparin-binding epidermal growth factor-like
rowth factor (HB-EGF), which is a member of the epider-

al growth factor family, increases the expression of VEGF
RNA in human bladder carcinoma EJ cells in culture [225].

n EJ cancer cells containing a tetracycline-regulated sol-
ble HB-EGF or membrane-anchored HB-EGF expression
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Table 5
Selected growth factors and hormones that increase VEGF expression

Growth factor/hormone Citation

Activin A [230]
Basic fibroblast growth factor (bFGF) [231]
Epidermal growth factor (EGF) [224]
Follicle-stimulating hormone (FSH) [237]
Heparin-binding epidermal-like growth factor (HB-EGF) [225]
Insulin [235]
Insulin-like growth factor-1 (IGF-1) [236]
Interferon-� (IFN-�) [233]
Interleukin-1 (IL-1) [231,232]
Interleukin-6 (IL-6) [233,234]
Luteinizing hormone (LH) [237]
Platelet-derived growth factor (PDGF) [226]
Progesterone [240]
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estosterone [238,239]
ransforming growth factor-� (TGF-�) [227–229]
umor necrosis factor-� (TNF-�) [231,233]

ystem, tetracycline induction following subcutaneous injec-
ion of the cells enhances tumor progression and increases
he content and size of tumor blood vessels in athymic nude

ice. Moreover, platelet-derived growth factor produces an
ncrease in VEGF mRNA expression in NIH 3T3 fibroblasts,
hich is mediated by protein kinase C-� [226].
Transforming growth factor-� (TGF-�) treatment of qui-

scent cultures of mouse embryo-derived AKR-2B cells and
uman lung adenocarcinoma A549 cells increases VEGF
RNA and protein content [227]. In contrast, the related
lGF mRNA is not induced by TGF-� in these cells. TGF-�
lso stimulates VEGF gene transcription in human cholan-
iocellular carcinoma cells in culture [228]. Studies using
′ deletion and mutational analysis of the human VEGF
romoter revealed that TGF-� stimulates VEGF protein pro-
uction through Sp1-dependent transcriptional activation.
urthermore, TGF-� also stimulates VEGF expression in
uman hepatocellular carcinoma (HuH-7) cells in culture by
mechanism that involves downstream signaling by Smad3-
mad4 [229]. Activin A, a member of the TGF-� cytokine
uperfamily, increases VEGF protein expression in hepato-
ellular carcinoma cells in culture by a process that involves
p1-Smad2 interaction [230].

Ryuto et al. demonstrated that tumor necrosis factor-�,
asic fibroblast growth factor, and interleukin-1 enhance
EGF mRNA expression in U251 human brain glioma cells

231]. Kawaguchi et al. showed that treatment of the TMK-1
uman gastric cancer cell line with interleukin-1� increases
EGF mRNA expression [232]. This increase, which does
ot involve a change in mRNA half life, lasts for at least
4 h. Cohen et al. showed that interleukin-6, a proinflam-
atory cytokine, increases VEGF mRNA levels in human

pidermoid carcinoma A431 cells, L8 cells (skeletal muscle
yoblasts), and C6 glioma cells in culture [233]. More-
ver, these workers showed that interferon-� and tumor
ecrosis factor-� also augment VEGF mRNA levels in the
431 cells. The level of VEGF mRNA induction was sim-

lar to that produced by hypoxia. Huang et al. reported that

p
e
e
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nterleukin-6 increased VEGF expression in four gastric car-
inoma cell lines [234]. These workers also showed that the
evel of interleukin-6 was positively correlated with VEGF
xpression and tumor vascular content in 54 human surgical
pecimens.

Bermont et al. showed that insulin increases the amount
f VEGF protein in the conditioned medium derived from
ndometrial carcinoma cells (HEC-1A) in culture [235]. They
lso showed that insulin increases the rate of VEGF transcrip-
ion and prolongs the half-life of VEGF mRNA. Warren et al.
eported that insulin-like growth factor-1 (IGF-1) increases
he expression of VEGF mRNA and protein by COLO 205
olon carcinoma cells [236]. IGF-1 also induces expression
f VEGF mRNA in SW620, LSLiM6, and HCT15 colon car-
inoma cells. IGF-1 augments the cellular content of VEGF
RNA by increasing the rate of transcription and by increas-

ng the half-life of VEGF mRNA. These experiments suggest
hat IGF-1 and its receptor represent potential targets in the
reatment of colorectal cancer.

Wang et al. showed that both follicle-stimulating hormone
nd luteinizing hormone increase VEFG-165 expression in
erous ovarian tumor cells [237]. This observation suggests
hat VEGF may play a role in the pathogenesis of ovar-
an cancer and that the elevated gonadotropins, as found in

enopause and in most ovarian cancer patients after surgery,
ould accelerate tumor progression and recurrence by induc-
ng VEGF expression in ovarian neoplasms.

Haggstrom et al. demonstrated that VEGF mRNA and pro-
ein levels are significantly decreased in rat ventral prostate
pithelium by castration while testosterone restores VEGF
xpression [238]. However, VEGFR1 and VEGFR2 are unaf-
ected by castration and testosterone treatment. Later work
emonstrated that these responses are inhibited by chimeric
EGFR1-Ig, a VEGF, PlGF, and VEGF-B binding protein,
r trap [239].

Hyder et al. demonstrated that progesterone increases
EGF protein in T47-D human breast cancer cells [240].

n addition to progesterone, a number of synthetic pro-
estins used in oral contraceptives (norethindrone, norgestrel,
nd norethynodrel), hormone replacement therapy (medrox-
progesterone acetate), and high-dose progestin treatment of
reast cancer (megestrol acetate) also increase VEGF activity
n the media of cultured T47-D cells. This effect is hormone
pecific and is not produced by estrogens, androgens, or glu-
ocorticoids. The induction of VEGF by progestins is also
ell type specific and does not occur in human breast cancer
ell lines MCF-7, ZR-75, or MDA-MB-231. The T47-D cells
xpress a mutant form of the p53 tumor suppressor. More
ecent work showed that stable transfection of wild-type p53
n the T47-D cells inhibits the progestin-dependent induction
f VEGF [241]. See Table 5 for a summary of selected growth
actors and hormones that increase VEGF expression.
Mutations that result in the inactivation of tumor sup-
ressor genes occur in a variety of cancers [242]. Zhang
t al. demonstrated that the restoration of wild-type p53
xpression in human leiomyosarcoma SKLMS-1 cells, which
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rdinarily express mutant p53, markedly inhibits angiogene-
is induced by tumor cells in vivo [243]. Microvessel content
as lower in tumor xenografts from cells expressing wild-

ype p53 than in xenografts from cells expressing mutant
53. Conditioned medium from sarcoma cells expressing
ild-type p53 decreased both the growth and migration of
urine lung endothelial cells when compared with condi-

ioned medium from sarcoma cells expressing mutant p53.
he introduction of wild-type p53 into the SKLMS-1 sar-
oma cells producing mutant p53 significantly reduces the
xpression of VEGF. Thus, failure to express wild-type p53,
utations of which occur in the majority of human can-

ers, allows for increased expression of VEGF, a driver of
ngiogenesis.

.6. Oncogenes

Mutations that result in the conversion of proto-oncogenes
o oncogenes occur in a variety of cancers [244]. It would
ot be surprising if these gain-of-function mutations lead
irectly or indirectly to angiogenesis because of increased
ro-angiogenic signaling and to decreased anti-angiogenic
ignaling [245]. Mutations of the ras proto-oncogene occur in
large fraction of human cancers [245]. One function of Ras

s to activate the Raf-Mek-Erk MAP kinase cascade [246].
as activates Raf, an intracellular serine/threonine protein
inase. Raf catalyzes the phosphorylation and activation of
ek. Mek is a dual specificity kinase that catalyzes the phos-

horylation of threonine and tyrosine in the activation loop of
rk1/2 thereby leading to their activation. Kinase Suppressor
f Ras (KSR) is a scaffold protein that links Raf-Mek-Erk to
as [246]. Erk1/2, in turn, catalyze the phosphorylation of

everal transcription factors that result in cell proliferation.
everal studies support the notion that Ras signaling leads to

he increased expression of VEGF.
In 1989, Thompson et al. retrovirally transfected 0.1% of

ouse fetal urogenital sinus cells, which develop into the
rostate gland, with the H-ras oncogene [247]. The result-
ng composite cells (transfected and non-transfected) were
rafted under the renal capsule of syngeneic adult male hosts,
nd the reconstituted organs were removed after 28 days.
he explants exhibited both angiogenesis and dysplasia. This
bservation suggested that a ras oncogene may contribute to
he angiogenic switch during tumor progression. However,
imilar transfection of these cells with another oncogene,
yc, failed to induce angiogenesis but did induce hyperplasia
hen compared with uninfected cells [247].
Grugel et al. stably transfected NIH3T3 cells with

ctivated v-H-ras or v-raf [248]. They found that these serum-
tarved transformed cell lines expressed increased levels of
EGF mRNA and protein when compared with untrans-

ormed cells. Ras leads to an increase in the expression of

un and Fos that form the AP-1 transcription factor [249].
rk1/2 catalyze the phosphorylation of Jun [250]. Jun/Fos
imers bind to AP-1 transcription sites, four of which occur
n the VEGF promoter [251]. These results support the notion

i
o
b
K
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hat Ras and Raf not only drive cell proliferation but they also
ediate angiogenesis.
Rak et al. studied an immortalized non-tumorigenic line

f rat intestinal epithelial cells (IEC-18) transfected with acti-
ated human H-ras or chicken v-src [252]. Subcutaneous
njection of the H-ras transformed cells leads to the forma-
ion of highly vascularized tumors in athymic nude mice. In
ulture, these transformed cells produce VEGF mRNA and
rotein whereas the non-transfected cells do not. Anti-VEGF
onoclonal antibody (Ab 617) suppressed the mitogenic

ctivity of conditioned medium of both H-ras and v-src
ransformed IEC-18 cells as determined in HUVEC samples,
ndicating that these cells release VEGF.

Rak et al. also studied two human colon cancer cell lines
DLD-1 and HCT 116) that both express a human K-ras allele
nd two sublines in which this mutant allele was disrupted
y targeted homologous recombination [252]. The DLD-1
nd HCT-116 cell lines form tumors in athymic nude mice
hereas the disrupted K-ras sublines do not. They found

hat VEGF in conditioned medium from the disrupted K-ras
ublines was 20–25% that of the parental sublines. More-
ver, they found that the medium from the parental cell lines
as more active in inducing mitogenesis in HUVEC sam-
les than that from the disrupted mutant sublines. They also
eported that L-739–749, a Ras farnesyltransferase inhibitor
hat blocks Ras function, suppressed the HUVEC growth-
timulatory activity of conditioned medium from the H-ras
ransformed IEC cells. Based upon these genetic and phar-

acological studies, Rak et al. concluded that ras oncogenes
nduce VEGF production.

Arbiser et al. immortalized mouse endothelial cells by
nfecting them with an ecotropic retrovirus encoding SV40
arge T antigen [253]. Injection of these cells (MS1) into the
ank of athymic nude mice led to the development of small
on-progressive tumors. These investigators infected these
ells with a second retrovirus encoding activated H-ras to
roduce SVR cells. Injection of these cells into athymic nude
ice led to rapidly progressive tumors. They demonstrated

hat the H-ras expressing cells (SVR) produce considerably
ore VEGF mRNA and more MMP-2 and MMP-9 activity

n culture than the non-H-ras MS1 cells. Moreover, the H-
as SVR cells express less TIMP activity than the non-H-ras

S1 cells. Treatment of the activated H-Ras-expressing cells
ith wortmannin, an inhibitor of PI 3-kinase, decreased MMP

xpression. Furthermore, wortmannin injection intralesion-
lly into Ras-expressing cellular implants decreased tumor
rowth in mice by 66%. The authors suggested that the failure
f wortmannin to completely inhibit the activated H-ras-
nduced tumor growth indicates that mechanisms in addition
o the PI 3-kinase pathway are involved in promoting tumor
rogression [253].

Amplification of ras leads to increased VEGF expression

n a variety of tumors [254]. For example, high VEGF levels
ccur in about half of human non-small cell lung carcinomas
earing a K-ras mutation and in one-quarter of those lacking a
-ras mutation [255]. Moreover, about three-quarters of pan-
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reatic carcinomas with K-ras mutations and 40% of tumors
ith wild-type K-ras exhibited elevated VEGF mRNA levels

256]. Thus, there is not a strict correlation of Ras signaling
nd VEGF expression. In addition to increased VEGF expres-
ion driven by Ras, Raf, and Src noted here, Folkman adds

yb, Myc, HER-1 (EGFR), HER-2, Fos, Bcl-2, and other
ncoproteins as direct or indirect stimulators of angiogenesis
257].

. VEGF and tumor progression

.1. Tumor growth and angiogenesis

Tumor growth requires new blood vessel formation, and
olkman proposed in 1971 that inhibiting angiogenesis might
e an effective antitumor strategy [258]. The proof of the
equirement for angiogenesis in tumor progression came
rom experiments involving the placement of tumor frag-
ents or cultured tumor cells into the cornea of a rabbit eye,

n avascular site (reviewed in ref. [9]). The implants attracted
ew capillaries that grow in from the marginal region of the
ornea of the eye to vascularize the expanding tumor mass.
f the capillaries are physically prevented from reaching the
mplant, the tumor nodule does not exceed a diameter of about
.4 mm. Further growth is not possible because of an inad-
quate supply of oxygen and nutrients. When angiogenesis
s absent or blocked, experimental tumors range in diameter
rom 0.2 to 2.0 mm (depending upon the tumor type), which
orresponds to about 105–106 tumor cells [8].

The occurrence of new blood vessel growth suggested
hat tumors release diffusible activators of angiogenesis that
ignal a normally quiescent vasculature to begin capillary
prouting. New capillary growth requires both endothelial
ell division and migration. Bioassays for these two processes
ed to the identification of acidic and basic fibroblast growth
actors [9] and to the identification of vascular permeability
actor/vascular endothelial growth factor [41–49]. Acidic and
asic fibroblast growth factors, their receptors, and VEGF are
idely expressed in normal adult human and mouse organs

see ref. [259] for a review). In contrast, the VEGF family of
eceptor protein-tyrosine kinases is generally, although not
xclusively, restricted to endothelial cells in the cardiovascu-
ar and lymphatic circulatory systems [32–38,76].

.2. VEGF expression in tumors

VEGF is expressed in a wide variety of tumors (see ref.
260] for a comprehensive list). VEGF mRNA is expressed
n neoplastic cells but little occurs in endothelial cells. In
ontrast, endothelial cells express VEGFR1 and VEGFR2
RNAs and proteins. These findings are consistent with the
oncept that VEGF functions as a paracrine mediator: VEGF
ecreted from neoplastic cells influences nearby endothelial
ells. Immunohistochemical studies showed that VEGF is
ocalized on both neoplastic and endothelial cells [260,261].
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hese observations indicate that VEGF accumulates on the
ndothelial target cells, which express little VEGF mRNA.
oreover, Dvorak et al. found that VEGF protein occurs in

he vessels near solid tumors in guinea pigs and humans
ut is absent in vessels more than 0.5 mm from the tumor
261]. When transplanted guinea pig tumors undergo immune
ejection, VEGF protein is lost within 24–48 h.

. Inhibition of VEGF family signaling

.1. Anti-VEGF antibodies

Diseases that are candidates for therapeutic inhibition of
EGF signaling include neovascular age-related macular
egeneration of the eye, diabetic retinopathy, endometriosis,
soriasis, rheumatoid arthritis, and tumor growth and spread
10,29]. Of these disorders, the role of VEGF in tumor angio-
enesis has received the greatest attention. Various strategies
or restraining tumor growth and progression include curbing
EGF signaling by using antibodies directed against VEGF
r VEGFR2 or by using small molecule inhibitors directed
gainst VEGF receptor kinases [262].

In a pioneering study, Kim et al. found that injection of a
ouse monoclonal antibody (Mab A.4.6.1) directed against

ll of the human VEGF isoforms suppresses the growth of
uman xenografts in athymic nude mice in vivo [263]. They
howed that this antibody inhibits the growth of the SK-
MS-1 leimyosarcoma, the A673 rhabdomyosarcoma, and

he G55 glioblastoma multiforme between 70% and 95%.
either VEGF nor Mab A.4.6.1 has any effect on the growth
f these neoplastic cells in culture, indicating that the anti-
ody does not target the tumor cells per se. These observations
emonstrated directly that inhibition of endogenous VEGF
uppresses tumor progression in vivo.

A comparison of the X-ray crystallographic structures
f VEGF bound to the antigen-binding fragment (Fab) of
evacizumab (a humanized Mab A.4.6.1 derivative) and
o the VEGFR1 binding site in the second extracellular
mmunoglobulin domain (D2) provides insight on the mech-
nism of action of the antibody [64,123,264]. Because the
verall structure of free VEGF8–109 is identical to that in
he complex with the antigen-binding fragment (Fab), the
nhibitory action of anti-VEGF is not the result of an induced
onformational change of the factor. Of the 19 residues of
EGF8–109 that occur at the antigen-Fab interface, 9 also
ccur at the VEGF8–109-VEGFR1D2 interface. The inhibitory
ffect of this monoclonal antibody thus results from sterically
locking the interaction of VEGF with VEGFR1 and most
ikely with VEGFR2.

The growth of human tumor cells implanted in athymic
ude mice depends upon the development of supporting

troma (fibroblasts, inflammatory, and vascular cells) from
ouse host cells. Various human tumor xenografts differ

n their sensitivity to Mab A.4.6.1 [263,265]. Liang et al.
ested the idea that one source of this variation results from
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EGF produced by mouse stromal cells (Mab A.4.6.1 and
he humanized bevacizumab recognize human but not mouse
EGF). They generated antibodies that bind to both human

nd mouse VEGF. They found that these antibodies com-
letely prevent the growth of cell implants corresponding to
uman colorectal (HM-7 cells), pancreatic (HPAC cells), and
keletal muscle (A673 cells) tumors in athymic nude mice
265]. In contrast, bevacizumab is ≈90% effective at inhibit-
ng the growth of the skeletal muscle and colorectal tumors
ut is less than 50% as effective at inhibiting the growth of the
ancreatic tumor. They measured human and mouse VEGF
n these three tumors and found that the two more sensi-
ive tumors contained little mouse VEGF whereas the less
ensitive pancreatic neoplasm contained appreciable mouse
EGF. These results implicate stromally produced VEGF as

n important participant in tumor progression, a finding that
hat is germane to human neoplasms [266].

Bevacizumab is less effective as a single agent (monother-
py) when used in the treatment of human cancers when
ompared with human tumor xenografts in athymic nude
ice [8,267]. Although, bevacizumab monotherapy signif-

cantly increased the time to progression in patients with
etastatic renal cell cancer, it did not increase overall sur-

ival [268]. In clinical studies that compared the efficacy of
tandard metastatic colorectal chemotherapy (irinotecan, 5-
uorouracil, and leucovorin) with and without bevacizumab,
edian survival with bevacizumab was increased from 15.6

o 20.3 months. Similar increases were seen in progression-
ree survival, response rate, and duration of response.
lthough, the benefits observed in these studies were modest,

he U.S. Food and Drug Administration approved beva-
izumab (February, 2004) as a part of the first-line treatment
long with cytotoxic agents for metastatic colorectal cancer.
evacizumab is undergoing clinical trials in the treatment
f breast, head and neck, non-small cell lung, pancreatic,
rostate, and renal cell cancer as well as hematological malig-
ancies [269].

.2. VEGF traps (genetically engineered VEGF-binding
roteins)

Other strategies to inhibit VEGF family signaling have
een documented [270]. For example, constructs modeled
fter the VEGF receptors have been produced. One of these
s a chimeric protein consisting of the second extracellular
mmunoglobulin domain of VEGFR1, the third extracellular
mmunoglobulin domain of VEGFR2, and the Fc portion of a
uman antibody. The resulting protein acts as a decoy recep-
or, or trap, that binds both VEGF (Kd = 1–10 pM) and PlGF
Kd = 45 pM). This VEGFR1/2-trap is a potent inhibitor of
xperimental angiogenesis that has the advantage of targeting
EGF and PlGF. Recall that PlGF can increase the cellular
esponse to VEGF [109,111]. The VEGFR3-trap, which is
chimeric VEGFR3-Ig, has high affinity for VEGF-C and -
. This protein inhibits tumor lymphangiogenesis and tumor

pread to lymph nodes in experimental animals. Metastatic

p
o
m
o
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pread of tumors via lymphatic vessels to lymph nodes occurs
n a variety of human carcinomas. Furthermore, antibodies
gainst VEGFR2 and VEGFR3 have been developed that
lock VEGF family signal transduction [270].

.3. VEGF receptor protein-tyrosine kinase inhibitors

Small molecule inhibitors of VEGF receptor protein-
yrosine kinases represent another approach for inhibiting
ngiogenesis [271,272]. The U.S. Food and Drug admin-
stration approved BAY 43-9006 (sorafenib, Nexavar)

onotherapy for the treatment of metastatic renal cell car-
inoma in December 2005 [273]. BAY 43-9006 inhibits
everal protein kinases including VEGFR2, VEGFR3, Flt-
, Kit, PDGFR-�, and Raf [274]. Advanced renal cell
ancer, which is often associated with up-regulated Raf,
pidermal growth factor receptor, VEGF and VEGF recep-
or activity, is a highly vascularized tumor thus making
t an attractive anti-angiogenic target [273]. Moreover, the
.S. Food and Drug Administration approved SU-11248

sunitinib, Sutent) monotherapy for the treatment of: (i)
etastatic renal cell carcinoma and (ii) gastrointestinal stro-
al tumors (GIST) in January 2006 [275]. SU-11248 inhibits

everal receptor protein-tyrosine kinases including VEGFR1,
EGFR2, VEGFR3, colony-stimulating factor-1 receptor,
lt-3, platelet-derived growth factor receptors (� and �),
nd Kit, the stem cell factor receptor [276]. STI-571 (ima-
inib, Gleevec), which is a Kit inhibitor, was previously
pproved for the treatment of gastrointestinal stromal tumors
277], and SU-11248 is approved for people with tumors
esistant to STI-571 or who otherwise cannot take the
rug. STI-571 also inhibits platelet-derived growth factor
eceptor and Abl protein-tyrosine kinases. Other compounds
nder development and in clinical studies as anti-angiogenic
gents include PTK787/ZK222584 (vatalanib, a VEGFR1,
EGFR2, VEGFR3, PDGFR-�, Flt-3, and Kit inhibitor) and
D6474 (a VEGFR1, VEGFR2, VEGFR3, Abl, and epider-
al growth factor receptor inhibitor) [271,272,276].
The hypothesis that tumor angiogenesis could serve as a

arget for cancer therapy [258] is now strongly supported by
umerous human clinical trials. VEGF pathway inhibitors
re now being explored in combination with chemother-
py for virtually every type of solid tumor. For a current
verview of cancer clinical trials with VEGF signal trans-
uction inhibitors, see http://www.cancer.gov/clinicaltrials/
evelopments/anti-angio-table.

0. Tumor metastasis, the pre-metastatic niche, and
EGFR1

Hiratsuka et al. studied Lewis lung carcinoma growth in

rimary subcutaneous injection sites and metastatic sites that
ccur following tail vein injection in wild type and mutant
ice lacking the intracellular protein-tyrosine kinase domain

f VEGFR1 (VEGFR1-TK−/−) [278]. They found that tumor

http://www.cancer.gov/clinicaltrials/developments/anti-angio-table
http://www.cancer.gov/clinicaltrials/developments/anti-angio-table
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rowth in the primary site was the same in wild type and
utant mice. However, when they injected cancer cells intra-

ermally and allowed the tumor to grow to 1.5 cm in diameter
nd then injected the neoplastic lung cells by tail vein, they
ound that the metastatic tumor mass in wild-type mice was
hree times that of the VEGFR1-TK−/− mice. Thus, wild-type
EGFR1 expression results in an increased metastatic tumor
ass.
Hiratsuka et al. found that expression of matrix

etalloproteinase-9 (MMP-9) in lung endothelial cells at the
RNA and protein levels is increased in wild-type tumor-

earing mice when compared with mutant tumor-bearing
ice [278]. Furthermore, they found that macrophages occur-

ing in lungs contain twice the amount of MMP-9 in wild
ype compared with VEGFR1-TK−/− mice in tumor-bearing
nimals. The matrix metalloproteases have the potential to
nhance angiogenesis by liberating non-diffusible VEGF
rom the extracellular matrix [198], and they also mediate
xtracellular matrix breakdown that promotes angiogene-
is and metastasis [200,201]. MMPs thus represent bona
de anti-neoplastic drug targets. AG-3340 (prinomastat) and
MS-275291, which are broad-spectrum MMP inhibitors,
re under development and in clinical trials for the treatment
f non-small cell lung cancer [200,272].

Hiratsuka et al. reported that human lung samples in
eople with various tumors including colon, esophagus,
iver, pancreas, ovary, and stomach express increased MMP-

when compared with people without tumors [278]. The
echanism for tumor-induced up-regulation of MMP-9 in
ouse lung requires VEGFR1 protein-tyrosine kinase activ-

ty, but the identities of the signaling pathways responsible
or enhanced MMP-9 expression are unclear.

Metastasis is a sequential process, contingent on tumour
ells breaking off from the primary tumour, intravasating
nto and travelling through the bloodstream, and stopping
t a distant site. At the new site, the cells extravasate and
stablish a blood supply and grow to form a life-threatening
ass. Kaplan et al. tracked the movements of various cells

s tumors metastasized to the lungs of mice [279]. The mice
ere first irradiated to eliminate their bone-marrow cells;

hese cells were replaced by bone-marrow cells that express
reen fluorescent protein that can be visualized microscopi-
ally. Once the new bone-marrow cells were established, the
ice were injected intradermally with Lewis lung carcinoma

r B16 melanoma cells, each expressing red fluorescent pro-
ein. Lewis lung carcinoma cells metastasize to the lungs
nd occasionally the liver whereas the B16 melanoma cells
isseminate more widely.

Following subcutaneous injection, Lewis lung carcinoma
ells form a primary tumor in the skin that subsequently
etastasizes to the lungs. Kaplan et al. found that the green

one-marrow-derived cells appear in the lungs 12–14 days

fter injection of the red Lewis lung carcinoma cells [279].
owever, the red tumour cells appear in lung 18 days after

njection and micrometastases form 23 days after injection
ith more than 95% of the tumour cells occurring in pre-

c
d
[
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isely the same sites as the bone-marrow-derived cells. These
xperiments suggested that the bone-marrow-derived cells
stablish a pre-metastatic niche in the lungs.

Using immunohistochemistry, Kaplan et al. reported that
he bone-marrow cells expressVEGFR1 [279]. Moreover,
reatment of mice with an antibody to VEGFR1 prevents
he pre-metastatic sites from forming. If the experiment
as performed with bone marrow cells that do not express
EGFR1, neither pre-metastatic niches nor metastases form.
nti-VEGFR1 antibody treatment in mice eliminates the for-
ation of the initiating pre-metastatic sites and completely

revents metastasis. Thus, anti-VEGFR1 prevents the pre-
etastatic niche from forming. Treatment with anti-VEGFR2

ntibody does not prevent the formation of VEGFR1 postive
ites but limits metastatic progression. Based upon the use of
onditioned medium, the authors found evidence that PlGF,
hich activates VEGFR1 but not VEGFR2, plays a role in

he formation of pre-metastatic sites.
Kaplan et al. found that other signaling components

re required for the formation of the pre-metastatic niche
279]. They reported that the VEGFR1-expressing cells con-
ain VLA-4, or integrin �4�1. This integrin interacts with
bronectin, and fibronectin expression increases in pre-
etastatic niches. They also found that MMP-9 is expressed

n the pre-metastatic sites and suggested that this expression
ay result from enhanced �4�1-integrin signaling through
EGFR1-expressing hematopoietic progenitor cells.
The authors found VEGFR1-expressing cellular clusters

n a number of primary and metastatic human tumors includ-
ng those of breast, gastroesophageal junction, and lung.
here were increased VEGFR1-expressing cellular clusters

n common sites of metastasis before tumor spread. They
roposed that these might also be pre-metastatic niche cells
279].

These findings suggested that inhibitors of this multi-
aceted pathway have the potential to block metastasis. But if
uch preventative therapy were to be tested in human clincial
rials, it should not be directed at patients with metastatic
isease, which is where most clinical testing begins. In
uch patients, the pre-metastatic niches and metastases have
lready formed. Rather, inhibition of VEGFR1 would be
ore germane in patients in the adjuvant setting, for instance

hose at high risk of metastatic disease. It is in these patients
hat the formation of metastases might be interrupted. How-
ver, the contribution of bone-marrow-derived cells to human
umors may be significantly lower than that for mouse tumors
8], and the efficacy of this strategy in humans remains to be
stablished.

1. VEGF and vascular endothelial cell survival
Although, the role of VEGF family signaling during vas-
ulogenesis and angiogenesis during development is well
ocumented, the function of VEGF in adults is less clear
61]. Kamba et al. used a variety of VEGF signal trans-
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uction inhibitors to determine which vascular beds in adult
ice depend upon VEGF signaling for survival [280]. These

nhibitors include AG-013736 (an inhibitor of VEGFR1,
EGFR2, VEGFR3, PDGFR-�, and Kit protein-tyrosine
inases), soluble VEGFR1 (a VEGF, PlGF, and VEGF-B
rap), and soluble VEGFR2 (a VEGF, VEGF-C, and VEGF-

trap). These agents failed to produce capillary regression
n adrenal medulla, heart, and tongue muscle. However,
ll of these agents produced capillary regression in adrenal
ortex, anterior and posterior pituitary, choroid plexus, pan-
reatic islets, renal glomeruli and peritubular capillaries,
mall intestinal villi, and thyroid. VEGF-dependent capillar-
es contained diaphragm-covered fenestrations and strongly
xpressed both VEGFR2 and VEGFR3. These investigators
ound that non-fenestrated capillaries express low levels of
EGFR2 and no VEGFR3 immunoreactivity. These results

mplicate VEGFR3 in VEGF-dependent capillary stabiliza-
ion. Although VEGF fails to bind to VEGFR3, it may induce
EGFR2-VEGFR3 complex formation and VEGFR3 sig-
aling [139]. Surprisingly, VEGF-dependent capillaries had
ormal pericyte coverage, which contradicts the adage that
ericytes stabilize endothelial cells and makes them less
EGF-dependent [281].
Maharaj et al. used mice expressing the �-galactosidase

lacZ) reporter gene with a nuclear localization signal and an
nternal ribosome entry site inserted into the 3′ untranslated
egion of the VEGF gene [61]. This gene yields a bicistronic
RNA that produces functional VEGF and �-galactosidase

n the same cells. They found that these proteins are co-
xpressed in a wide variety of adult mouse cells including
rainstem, cerebellum, cerebrum, and olfactory bulb. More-
ver, secretory glands including the adrenal, the endocrine
nd exocrine pancreas, prostate, salivary gland, and testes
lso produce VEGF. Furthermore, adipocytes, aorta, liver,
ung, skeletal, and cardiac muscle express the factor. They
ound that VEGF is robustly expressed in epithelial cells
hat directly overlay fenestrated vessels in the choroid plexus.

oreover, podocytes in the kidney, which contact the base-
ent membrane of the fenestrated glomerular endothelium,

xpress high levels of VEGF. These investigators examined
EGFR2 in selected tissues and found that this receptor
ccurs in its phosphorylated and activated form in adipocytes,
orta, kidney, liver, and lung.

Maharaj et al. postulated that VEGF stabilizes vessels in
dults, which has important implications in the treatment of
iseases with VEGF inhibitors [61]. Two of the more com-
on grades 3 and 4 side effects of bevacizumab (a therapeutic

ntibody against VEGF) include proteinuria and hyperten-
ion [282]. Proteinuria occurred in a few percent of patients,
nd hypertension occurred in 3–12%, depending upon the
tudy. Hypertension also occurred in people treated with SU-
1248 (sunitinib) [283] and BAY 43-9006 (sorafenib) [284],

mall molecule drugs that inhibit VEGF receptors and other
rotein kinases. Those with hypertension responded to stan-
ard therapies. However, the occurrence of hypertension and
roteinuria in people treated with the VEGF-trap led to its

f
b

s
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iscontinuance from clinical trials [285]. Both the studies of
aharaj et al. and Kamba et al. suggest that VEGF influ-

nces the kidney vasculature in adults [61,280]. Moreover,
roteinuria and hypertension occur in pregnant women with
reeclampsia as a result of the placental production of solu-
le VEGFR1 that binds maternal VEGF [117,118]. It appears
hat hypertension and proteinuria are related to the blockade
f VEGF action on the renal vasculature as a result of seques-
ering VEGF (bevacizumab, soluble VEGFR1, VEGF-trap)
r by inhibiting the VEGF receptor kinases. However, the
iochemical and pharmacological mechanisms that produce
hese effects are ill defined. The hypertension may involve
ncreased vascular tone mediated by decreased endothelial
itric oxide synthase activation and decreased nitric oxide
endothelium-derived relaxing factor) generation as a result
f blockade of VEGFR2 (Fig. 2) [8].

2. Epilogue

Following an injury or wound, activated cells (mast
ells, platelets) release several cytokines and growth fac-
ors including VEGF. VEGF attracts circulating neutrophils
nd monocytes. Activated cells also release tissue and
rokinase type of plasminogen activators, which in turn
atalyze the conversion of plasminogen to plasmin. As
oted previously, plasmin can mobilize VEGF-165 and
EGF-189 and uPA can mobilize VEGF-189 from the

xtracellular matrix [195,198,199,205–207]. Several matrix
etalloproteases are also released and may liberate hep-

ran sulfate-bound VEGF-165 and VEGF-189 [208]. VEGF
ncreases vascular permeability, and this action aids in the

ovement of proteins and cells, which are needed for repair,
rom the vascular compartment into the extracellular matrix.

The interrelationships among the members of the VEGF
ignaling family are elaborate. There are five members of the
uman VEGF family of growth factors, and several of these
VEGF, VEGF-B, and PlGF) possess multiple isoforms. The
echanisms that regulate the production of the isoforms by

lternative splicing remain unknown. PlGF and VEGF are
ble to function synergistically [109,111], and it is likely
hat other growth factor interactions occur. Semaphorins and
EGF family members interact with the neuropilins, and the

emaphorins antagonize VEGF action [173,178,179]. There
re three receptor-protein tyrosine kinases and two non-
rotein-tyrosine kinase receptors. VEGFR2 interacts with
oth VEGFR1 and VEGFR3 [122,138]. The neuropilins have
he ability to modulate the action of the VEGF receptor
inases [31,147,154,204]. These interactions represent only
he first layer of communication. The occurrence of about 30
ndogenous pro-angiogenic and about 30 endogenous anti-
ngiogenic factors exponentially increases the possibilities

or signaling interactions. A systems biology approach will
e required to decipher these interrelationships.

Owing to the large number of angiogenic regulators, it
hould not be surprising that bevacizumab monotherapy,
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hich is directed only toward VEGF, rarely extends the
ives of people with solid tumors [8]. Perhaps it is sur-
rising that bevacizumab monotherapy effectively inhibits
uman xenograft growth in athymic nude mice [263,267].
ecreased VEGF signaling leads to tumor vessel pruning

286]. In response to decreased blood flow, up-regulation of
ther pro-angiogenic factors such as basic fibroblast growth
actor and down-regulation of anti-angiogenic factors such
s thrombospondin-1 may occur. Although little work on the
echanisms of tumor resistance to anti-VEGF monotherapy

r combination therapy has been performed, it is likely that
his problem will receive increased attention. Multi-targeted
rugs such as sorafenib offer the advantage of inhibiting Raf
n the mitogen-activated Raf-Mek-Erk protein kinase sig-
aling module as well as inhibiting VEGFR2 and VEGFR3
276]. Whether sorafenib leads to better clinical outcomes,
owever, remains to be established.

Because endothelial cell division is very limited in adults,
nhibition of VEGF and its receptors for the treatment
f disorders involving non-physiological angiogenesis such
s tumor progression represents a sound and developing
trategy. An alternative to inhibiting VEGF and other pro-
ngiogenic signaling factors is to administer anti-angiogenic
actors such as angiostatin or endostatin [8]. A long-term
oal of anti-angiogenic therapy is to treat cancer with mini-
al toxicity and a low incidence of drug resistance [8]. It may

hen become possible to convert cancer to a chronic manage-
ble disease. Whether a safe and effective anti-angiogenic
herapy can be developed that can be given chronically to
symptomatic people to prevent: (i) primary tumor growth
nd (ii) metastasis is an open question. Potential drawbacks
f anti-angiogenic therapy in adults include diminished fertil-
ty in reproductive females and faulty wound healing, tissue
emodeling, and tissue repair.

VEGF mRNA and protein occurs in many organs and
issues [10,29]. The wide spread distribution of VEGF and
hosphorylated VEGFR2 in adult mice suggests that VEGF
as functions besides stimulating endothelial cell prolifera-
ion such as stabilization of mature vessels [61]. Considerable
rogress in elucidating the structure and function of VEGF
as been made since its discovery. The observations cited
n this review indicate that angiogenesis is a coordinated,
ntricate, and regulated process.
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[46] Plouët J, Schilling J, Gospodarowicz D. Isolation and characterization
of a newly identified endothelial cell mitogen produced by AtT-20
cells. EMBO J 1989;8:3801–6.

[47] Levy AP, Tamargo R, Brem H, Nathans D. An endothelial cell growth
factor from the mouse neuroblastoma cell line NB41. Growth Factors
1989;2:9–19.

[48] Leung DW, Cachianes G, Kuang WJ, Goeddel DV, Ferrara N. Vascular
endothelial growth factor is a secreted angiogenic mitogen. Science
1989;246:1306–9.

[49] Keck PJ, Hauser SD, Krivi G, et al. Vascular permeability factor, an
endothelial cell mitogen related to PDGF. Science 1989;246:1309–12.

[50] Conn G, Bayne ML, Soderman DD, et al. Amino acid and cDNA
sequences of a vascular endothelial cell mitogen that is homolo-
gous to platelet-derived growth factor. Proc Natl Acad Sci USA
1990;87:2628–32.

[51] Alon T, Hemo I, Itin A, Pe’er J, Stone J, Keshet E. Vascular endothe-
lial growth factor acts as a survival factor for newly formed retinal
vessels and has implications for retinopathy of prematurity. Nat Med
1995;1:1024–8.

[52] Gerber HP, McMurtrey A, Kowalski J, et al. Vascular endothelial
growth factor regulates endothelial cell survival through the phos-
phatidylinositol 3′-kinase/Akt signal transduction pathway. Require-
ment for Flk-1/KDR activation. J Biol Chem 1998;273:30336–
43.

[53] Waltenberger J, Claesson-Welsh L, Siegbahn A, Shibuya M, Heldin
CH. Different signal transduction properties of KDR and Flt1,
two receptors for vascular endothelial growth factor. J Biol Chem
1994;269:26988–95.

[54] Clauss M, Gerlach M, Gerlach H, et al. Vascular permeability factor: a
tumor-derived polypeptide that induces endothelial cell and monocyte
procoagulant activity, and promotes monocyte migration. J Exp Med
1990;172:1535–45.

[55] Barleon B, Sozzani S, Zhou D, Weich HA, Mantovani A, Marme D.
Migration of human monocytes in response to vascular endothelial
growth factor (VEGF) is mediated via the VEGF receptor flt-1. Blood
1996;87:3336–43.

[56] Tischer E, Mitchell R, Hartman T, et al. The human gene for vascular
endothelial growth factor. Multiple protein forms are encoded through
alternative exon splicing. J Biol Chem 1991;266:11947–54.

[57] Guttmann-Raviv N, Kessler O, Shraga-Heled N, Lange T, Herzog Y,
Neufeld G. The neuropilins and their role in tumorigenesis and tumor
progression. Cancer Lett 2006;231:1–11.

[58] Berse B, Brown LF, Van de Water L, Dvorak HF, Senger DR. Vas-
cular permeability factor (vascular endothelial growth factor) gene is
expressed differentially in normal tissues, macrophages, and tumors.
Mol Biol Cell 1992;3:211–20.

[59] Breier G, Albrecht U, Sterrer S, Risau W. Expression of vascu-
lar endothelial growth factor during embryonic angiogenesis and
endothelial cell differentiation. Development 1992;114:521–32.

[60] Ng YS, Rohan R, Sunday ME, Demello DE, D’Amore PA. Differen-
tial expression of VEGF isoforms in mouse during development and
in the adult. Dev Dyn 2001;220:112–21.

[61] Maharaj AS, Saint-Geniez M, Maldonado AE, D’Amore PA. Vascu-
lar endothelial growth factor localization in the adult. Am J Pathol
2006;168:639–48.

[62] Carmeliet P, Ferreira V, Breier G, et al. Abnormal blood vessel devel-
opment and lethality in embryos lacking a single VEGF allele. Nature
1996;380:435–9.
[63] Ferrara N, Carver-Moore K, Chen H, et al. Heterozygous embryonic
lethality induced by targeted inactivation of the VEGF gene. Nature
1996;380:439–42.

[64] Muller YA, Li B, Christinger HW, Wells JA, Cunningham BC, de
Vos AM. Vascular endothelial growth factor: crystal structure and



2 Oncolo
08 R. Roskoski Jr. / Critical Reviews in

functional mapping of the kinase domain receptor binding site. Proc
Natl Acad Sci USA 1997;94:7192–7.

[65] Olofsson B, Pajusola K, von Euler G, Chilov D, Alitalo K, Eriksson
U. Genomic organization of the mouse and human genes for vascu-
lar endothelial growth factor B (VEGF-B) and characterization of a
second splice isoform. J Biol Chem 1996;271:19310–7.

[66] Iyer S, Scotney PD, Nash AD, Ravi Acharya K. Crystal structure of
human vascular endothelial growth factor-B: identification of amino
acids important for receptor binding. J Mol Biol 2006;359:76–85.

[67] Lagercrantz J, Farnebo F, Larsson C, Tvrdik T, Weber G, Piehl F.
A comparative study of the expression patterns for vegf, vegf-b/vrf
and vegf-c in the developing and adult mouse. Biochim Biophys Acta
1998;1398:157–63.

[68] Salven P, Lymboussaki A, Heikkila P, et al. Vascular endothelial
growth factors VEGF-B and VEGF-C are expressed in human tumors.
Am J Pathol 1998;153:103–8.

[69] Tammela T, Enholm B, Alitalo K, Paavonen K. The biology of vas-
cular endothelial growth factors. Cardiovasc Res 2005;65:550–63.

[70] Aase K, von Euler G, Li X, et al. Vascular endothelial growth factor-
B-deficient mice display an atrial conduction defect. Circulation
2001;104:358–64.

[71] Joukov V, Pajusola K, Kaipainen A, et al. A novel vascular endothelial
growth factor, VEGF-C, is a ligand for the Flt4 (VEGFR-3) and KDR
(VEGFR-2) receptor tyrosine kinases. EMBO J 1996;15:1751–8.

[72] Joukov V, Sorsa T, Kumar V, et al. Proteolytic processing reg-
ulates receptor specificity and activity of VEGF-C. EMBO J
1997;16:3898–911.

[73] Zhou A, Webb G, Zhu X, Steiner DF. Proteolytic processing in the
secretory pathway. J Biol Chem 1999;274:20745–8.

[74] Siegfried G, Basak A, Cromlish JA, et al. The secretory proprotein
convertases furin, PC5, and PC7 activate VEGF-C to induce tumori-
genesis. J Clin Invest 2003;111:1723–32.

[75] Chilov D, Kukk E, Taira S, et al. Genomic organization of human and
mouse genes for vascular endothelial growth factor C. J Biol Chem
1997;272:25176–83.

[76] Kukk E, Lymboussaki A, Taira S, et al. VEGF-C receptor binding
and pattern of expression with VEGFR-3 suggests a role in lymphatic
vascular development. Development 1996;122:3829–37.

[77] Lymboussaki A, Olofsson B, Eriksson U, Alitalo K. Vascular endothe-
lial growth factor (VEGF) and VEGF-C show overlapping binding
sites in embryonic endothelia and distinct sites in differentiated adult
endothelia. Circ Res 1999;85:992–9.

[78] Su JL, Yang PC, Shih JY, et al. The VEGF-C/Flt-4 axis promotes
invasion and metastasis of cancer cells. Cancer Cell 2006;9:209–23.

[79] Shida A, Fujioka S, Kobayashi K, et al. Expression of vascular
endothelial growth factor (VEGF)-C and -D in gastric carcinoma.
Int J Clin Oncol 2006;11:38–43.

[80] Karkkainen MJ, Haiko P, Sainio K, et al. Vascular endothelial growth
factor C is required for sprouting of the first lymphatic vessels from
embryonic veins. Nat Immunol 2004;5:74–80.

[81] Stacker SA, Stenvers K, Caesar C, et al. Biosynthesis of
vascular endothelial growth factor-D involves proteolytic pro-
cessing which generates non-covalent homodimers. J Biol Chem
1999;274:32127–36.

[82] Yamada Y, Nezu J, Shimane M, Hirata Y. Molecular cloning of
a novel vascular endothelial growth factor, VEGF-D. Genomics
1997;42:483–8.

[83] Rocchigiani M, Lestingi M, Luddi A, et al. Human FIGF: cloning,
gene structure, and mapping to chromosome Xp22.1 between the
PIGA and the GRPR genes. Genomics 1998;47:207–16.

[84] Baldwin ME, Halford MM, Roufail S, et al. Vascular endothelial
growth factor D is dispensable for development of the lymphatic

system. Mol Cell Biol 2005;25:2441–9.

[85] Achen MG, Jeltsch M, Kukk E, et al. Vascular endothelial growth
factor D (VEGF-D) is a ligand for the tyrosine kinases VEGF recep-
tor 2 (Flk1) and VEGF receptor 3 (Flt4). Proc Natl Acad Sci USA
1998;95:548–53.
gy/Hematology 62 (2007) 179–213

[86] Nakamura Y, Yasuoka H, Tsujimoto M, et al. Prognostic significance
of vascular endothelial growth factor D in breast carcinoma with long-
term follow-up. Clin Cancer Res 2003;9:716–21.

[87] White JD, Hewett PW, Kosuge D, et al. Vascular endothelial growth
factor-D expression is an independent prognostic marker for survival
in colorectal carcinoma. Cancer Res 2002;62:1669–75.

[88] Yasuoka H, Nakamura Y, Zuo H, et al. VEGF-D expression and lymph
vessels play an important role for lymph node metastasis in papillary
thyroid carcinoma. Mod Pathol 2005;18:1127–33.

[89] Van Trappen PO, Steele D, Lowe DG, et al. Expression of vascular
endothelial growth factor (VEGF)-C and VEGF-D, and their receptor
VEGFR-3, during different stages of cervical carcinogenesis. J Pathol
2003;201:544–54.

[90] Debinski W, Slagle-Webb B, Achen MG, et al. VEGF-D is an X-
linked/AP-1 regulated putative onco-angiogen in human glioblastoma
multiforme. Mol Med 2001;7:598–608.

[91] Achen MG, Williams RA, Minekus MP, et al. Localization of vascular
endothelial growth factor-D in malignant melanoma suggests a role
in tumour angiogenesis. J Pathol 2001;193:147–54.

[92] Funaki H, Nishimura G, Harada S, et al. Expression of vascular
endothelial growth factor D is associated with lymph node metastasis
in human colorectal carcinoma. Oncology 2003;64:416–22.

[93] Niki T, Iba S, Tokunou M, Yamada T, Matsuno Y, Hirohashi S.
Expression of vascular endothelial growth factors A, B, C, and D
and their relationships to lymph node status in lung adenocarcinoma.
Clin Cancer Res 2000;6:2431–9.

[94] Yokoyama Y, Charnock-Jones DS, Licence D, et al. Vascular endothe-
lial growth factor-D is an independent prognostic factor in epithelial
ovarian carcinoma. Br J Cancer 2003;88:237–44.

[95] Maglione D, Guerriero V, Viglietto G, Delli-Bovi P, Persico MG.
Isolation of a human placenta cDNA coding for a protein related
to the vascular permeability factor. Proc Natl Acad Sci USA
1991;88:9267–71.

[96] Iyer S, Leonidas DD, Swaminathan GJ, et al. The crystal structure of
human placenta growth factor-1 (PlGF-1), an angiogenic protein, at
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