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INTRODUCTION

VEGF signaling is essential for specification, morpho-
genesis, differentiation, and homeostasis of vessels during
development and in the adult [1-5]. Furthermore, this sig-
naling pathway is an integral component of pathological
angiogenesis during tumor expansion |6]. In fact, decreased
levels of VEGF result in suppression of vascular expan-
sion, tumor growth, and metastasis [7. 8], making anti-
angiogenesis an appealing cancer therapy. A decade ago,
the promise of anti-angiogenic therapy rested on three main
tenets: (1) tumor expansion is greatly dependent on angio-
genesis, thereby providing a common target in the treat-
ment of widely heterogeneous disease; (2) endothelial cells
were considered to be less likely to develop a drug-resistant
phenotype; (3) it was anticipated that tumor vessels were
molecularly and functionally distinct from normal vessels
by their inherent proliferative capacity, thus providing a
differential target that would therefore avoid quiescent ves-
sels present in normal tissues. Results from angiogenesis
research during the last decade have questioned some of
these earlier assumptions, and revealed that improvement
of current therapies would require a more thorough under-
standing of the basic signaling pathways being targeted.
Several more detailed pre-clinical studies have now sup-
ported the findings in the clinic and revealed that indeed
not all tumor vessels appear equally susceptible to a single
modality of anti-angiogenic therapy. The reasons for this
outcome are likely multiple. The molecular nature of tumor
microvessels appears to be more variable than anticipated,
and differences in the tumor microenvironment has been
shown to influence therapeutic outcome. In fact, experi-
mental evidence from several laboratories has shown that
“context” poses a direct (and reciprocal) effect in the tumor
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cells and tumor vessels [9, 10]. In addition, the contribution
of tumor cells to the vascular wall (“vascular mimicry”) has
been demonstrated in some cancers, including uveal carci-
noma and melanoma [11]. Additional reasons for the “dis-
connect” between bench and clinical outcome has been
attributed to the existence of alternative and interconnected
signaling pathways [12. 13]. Regardless, the relative success
of some anti-angiogenic therapeutic approaches, specifically
those targeting the VEGF pathway (Avastin), has engendered
hope for this modality of therapy in cancer. Further efforts in
basic science are required to determine the basis for VEGF
susceptibility to and understand the mechanisms of evasion
regarding this therapy. This chapter will focus on the most
recent developments in understanding VEGF signaling and
how they can impact further therapeutic exploration.

DIVERSITY OF PROTEINS GENERATED BY
THE VEGFA GENE

VEGFA (frequently referred simply as VEGF) is the more
prevalent member of a family of five related genes: VEGFA,
B, C, D, and E. VEGFA levels are under exquisite tran-
scriptional and translational control, and slight alterations in
expression levels can have devastating consequences during
development. In fact, unlike most mammalian genes, inac-
tivation of only one allele results in embryonic lethality at
mid-gestation due to severe cardiovascular defects [ 14, 15].
Interestingly, organ-specific two-fold increase of VEGF
can also lead to lethality [16]. Thus, both decreases and
increases in VEGF levels produce significant pathological
insults to the vasculature that affect the entire organism. In
fact, regulation of VEGF synthesis, secretion, and availabil-
ity modulates the angiogenic response.
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VEGFA exists in multiple isoforms, generated by alter-
native splicing, which are designated according to the
number of encoded amino acids. To date, isoforms 121,
145, 148, 165, 183, 189, and 206 have been described in
humans [17]. In mouse, the same isoforms exist but they
are one amino acid shorter. Because work has been done
using both species, we will refer to both in agreement
with the use of either human or mouse in the context of
the experiments described. All isoforms contain a receptor
binding domain, but differ in their ability to bind heparan
sulfate and extracellular matrix molecules due to differ-
ences in their C-terminal sequence (Figure 235.1; the most
prevalent isoforms are depicted).

The gene encoding VEGFA comprises 14kb and con-
tains 8 exons, of which exons 3, 4, and 5 encode sequences
involved in receptor binding. Exons 6a, 6b, and 7 encode
for residues that bind to matrix proteins, and can undergo
splicing to generate the different protein isoforms (Figure
235.1). Interestingly, the last exon (exon 8) is present in all
isoforms, and this is the region required to bind neuropi-
lin, a non-tyrosine kinase VEGF and semaphorin recep-
tor. VEGF121 lacks exons 6a, 6b, and 7, and is the only
highly soluble isoform. All other isoforms bind extracellu-
lar matrix proteins. As depicted in Figure 235.1, the affin-
ity for matrix proteins is proportional to the length of the
C-terminal matrix- binding domain.

In the extracellular matrix, heparin sulfate prote-
oglycans and several matrix proteins can bind to VEGE.
Heparinase I or II induce the release of VEGF, providing
further support for the notion that heparin-containing pro-
teoglycans contain binding sites for this growth factor [15].
In addition, VEGF has been shown to bind to fibrinogen,
fibrin, and fibronectin, and in vive studies indicate that
these bound forms of VEGF are functional - i.e., able to
phosphorylate VEGF receptors [19-21]. Together these
results contradict the dogmatic view that VEGF must be
released to induce angiogenic responses. However, as will
be discussed later, signaling initiated through matrix-bound
VEGF leads to distinct cellular behaviors compared to that
initiated by soluble VEGF.
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FIGURE 235.1 VEGF structure, splice forms and atfinity for matrix.

The VEGF gene is composed of 8 Exons. Exons 2-5 code for the receptor-
binding domain; while exons 6 and 7 code for amino acids involved in
binding to matrix proteins. Exon 8 is common to all isoforms.
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VEGF Signaling

VEGF signaling can be induced by two receptor tyrosine
kinases: VEGFRI1 (flt-1 or FLT-1) and VEGFR2 (flk-1 or
KDR) [22]. A non-tyrosine kinase receptor, neuropilin-1, also
binds to VEGF specifically, and modulates the responses to
the other two tyrosine kinases [23]. The two tyrosine kinase
receptors share 44 percent homology, and consist of seven
extracellular immunoglobulin-like domains, a single trans-
membrane region, a split tyrosine-kinase domain that is inter-
rupted by a 70-amino-acid kinase insert, and a C-terminal tail.

VEGFRI1 exists in both in membrane-bound and solu-
ble forms and, although it displays high affinity for VEGF,
it negatively regulates vasculogenesis and angiogenesis
during early development [24]. Genetic inactivation of
VEGFRI results in increased hemangioblast commitment
towards the endothelial fate, an outcome that leads to pro-
fuse vascular disorganization due to endothelial cell over-
growth [24]. These data, as well as additional information
from several laboratories, indicate that VEGFR1 functions
as a decoy receptor for regulation of VEGFR2 function
through control of VEGF levels at the cell surface [25]. In
adult settings, however, VEGFR1 has been shown to dis-
play pro-angiogenic properties, particularly during inflam-
matory responses. Its contribution appears to be relevant in
rheumatoid arthritis and tumor neovascularization, although
it is unclear whether this activation is mediated by VEGFA,
VEGFB, PIGFE, or a combination thereof [26, 27].

Our current understanding indicates that the sum of
pro-angiogenic responses initiated by VEGF originates
primarily through activation of VEGFR2 that regulates
endothelial proliferation, migration, survival, and perme-
ability [22]. How VEGFR2 alone coordinates downstream
signals to specify each of these possible responses is not
completely understood.

Exposure of VEGF to endothelial cells induces
VEGFR?2 phosphorylation at six sites: 951, 996, 1054, and
1059 are located in the kinase domain, while 1175 and
1214 are within the C-terminal tail [22]. Using a combi-
nation of genetic deletion and cell biological approaches,
tyrosine 1175 has been identified as a VEGFA-dependent
auto-phosphorylation site essential to developmental angio-
genesis [27]. Other individual (and some combinations of)
tyrosine sites have been thought to play different roles in
signal transduction pathways that affect neovascularization
of tumors and permeability events.

In terms of specific intracellular signal transduc-
tion pathways, it is well accepted that VEGFR2 activates
PLCgamma and PI3Kinase through binding to phosphor-
ylated VEGFR2Tyr1175 [28]. Activation of the PI3K path-
way through Tyr1175 leads to signaling via AKT/PKB to
regulate endothelial cell survival [29, 30], as well as bind-
ing to the adaptor protein Sck/ShcB [31]. Phosphorylated
Tyr1175 also recruits Shb, although the biological signifi-
cance of this binding is yet to be determined [32].
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Tyrosine 951 also has important downstream signaling
events. Once phosphorylated, this residue binds to TSAd
(T cell-specific adaptor; also known as VEGF-receptor
associated protein (VRAP)) [33]. The phosphorylated Tyr-
951-TSAd complex regulates cell migration, and has been
implicated in neovascularization of tumors [33]. VEGFA
induces the formation of a complex between TSAd and Src,
which indicates that TSAd might regulate Src activation
and vascular permeability downstream of VEGFR2 [34].

Phosphorylation of Tyr1214 has been implicated in
VEGF-induced actin remodeling through the sequential
activation of cdc42 and p38MAPK [35]. However, tar-
geted mutation of Tyr1212Phe (corresponding to human
Tyr1214) results in mice that are viable and fertile [27].
Inhibition of the p38MAPK augments VEGF-induced ang-
iogenesis in the CAM [33, 36] without an accompanying
increased in vascular permeability [36]. Upon VEGF acti-
vation of VEGFR2, p38MAPK induces the phosphoryla-
tion of the heat-shock protein-27, a molecular chaperone
that positively regulates VEGF-induced actin reorganiza-
tion and migration [37. 38]. In light of these findings, it is
unclear how to reconcile the outcome of the mutant mouse
Tyr1212Phe [27]. Either additional sites are involved, or
compensatory mechanisms might overcome the mutation.

Additional downstream effectors associate with acti-
vated VEGFR2, but their direct or indirect links to specific
tyrosine residues have not been resolved. In particular,
focal adhesion kinase (FAK), its substrate paxilin [39, 40],
integrins [41], and VE-cadherin [42] interact and affect
VEGFR2 signaling, leading to adhesion, motility, and
permeability. Endothelial cell motility is also to be regu-
lated through IQGAPI, a binding partner of phosphor-
ylated VEGFR2, which also binds to and activates Racl by
inhibiting its intrinsic GTPase activity [42. 43]. IQGAPI
co-localizes with phosphorylated VEGFR2 at the leading
edge of migrating endothelial cells, and knockdown by
siRNA prevents VEGF-induced migration [44].

It is extremely likely that the context of VEGF (matrix-
bound or soluble) alters the association of VEGFR2 with
some of these molecules to modulate the cellular responses
that result in alternative modes of vascular expansion:
hyperplasia or vascular sprouting (Figure 235.2).

INTERACTION OF VEGF WITH
EXTRACELLULAR MATRIX MOLECULES

The relevance of matrix—VEGF interactions and the bio-
logical significance of multiple isoforms have intrigued
investigators for a long time. Binding and activation of
all three VEGF receptors - VEGFR1 (or Flt-1), VEGFR2
(or KDR, flk1), and neuropilin — are equivalent amongst
all of the isoforms, and the intracellular signaling pathways
that result from their activation also appear to be simi-
lar, It should be emphasized that although initial studies
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FIGURE 235.2 Presentation of VEGF impacts the cellular outcome of
vascular responses.

evaluating binding of VEGF to neuropilin stated its ina-
bility to bind to VEGFI121, it was later determined that
this was not the case. It has now been established by sev-
eral laboratories that indeed the six amino acids encoded
by Exon § are responsible for interaction with neuropilin,
and are shared by all of the isoforms described so far [45]
(Figure 235.1).

Biological insight regarding the significance of the dif-
ferent VEGF isoforms has come from genetic studies in
which the coding region for VEGF120, 164, or 188 was
substituted for the VEGF gene [46]. This strategy elimi-
nated the option for splicing, and thereby generated mice
expressing only one isoform. Analysis of these VEGF-
variant mice revealed the contribution of matrix-association
in the formation of VEGF gradients and vascular pattern-
ing. Briefly, VEGF188-expressing mice showed increased
vascular sprouting and concurrent increased capillary den-
sity with thinner vessels, as well as higher filopodial exten-
sion from endothelial tip cells, In contrast, mice expressing
only VEGFI120 displayed lower vascular density, with
wider-caliber capillaries and relative loss of filopodial
extensions when compared to wild-type controls [46]. As
anticipated, VEGF164 mice phenocopied wild-type con-
trols, as this is the most predominant form expressed in
most tissue and during development. A large body of liter-
ature has also emerged from the initial studies and reveals
the importance of VEGF isoforms in several developmental
settings, including growth of long bones, and cardiac mor-
phogenesis. For example, endochondral bone formation is
impaired in VEGF120 mice, indicating a requirement for
matrix-bound VEGF in the process of bone morphogenesis
[47. 48]. Cardiac outflow tract development also requires
matrix-bound VEGF (isoforms 164 and 188). Mice that
express only VEGF120 are highly susceptible to develop-
ing Tetralogy of Fallot, a condition characterized by pul-
monary stenosis and interventricular septal defects [49].

With the marked exception of one study, the regulation
of isoform-specific synthesis during development has not
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been extensively characterized [50]. However, modulation
of soluble and bound isoforms can also be mediated
extracellularly.

Irrespective of the isoform secreted, the interaction of
VEGF with the extracellular matrix can also be altered post-
translationally via proteolytic processing. Thus, in tissues,
the relative abundance of C-terminal region displayed by the
distinct isoforms can be further altered in the extracellular
matrix, depending upon the availability of active proteases.
In particular, plasmin and MMPs have been shown to cleave
VEGEF in a manner that severs the receptor-binding domain
from the matrix-binding motif (Figure 235.1). The result-
ing cleaved VEGF can bind and activate both VEGFR1 and
VEGFR2, although it cannot interact with neuropilin.

VEGEF can be cleaved by plasmin at aal10-111 and by
MMPs at aall3 (Figure 235.1). A large cohort of MMPs
can process VEGF, including: MMP3, MMP7, MMP9
(only when in the presence of heparin), and MMP19. These
endoproteolytic processing events can modulate the levels
of soluble and matrix-bound VEGF in tissues, and elicit the
formation of either enlarged vessels or sprouting angiogen-
esis (Figure 235.2).

Although much emphasis has been placed on under-
standing transcriptional and post-transcriptional regula-
tion of VEGF transcripts, little attention has been given to
extracellular regulation of VEGF activity. In fact, release of
VEGF from matrix stores has been implicated in the ang-
iogenic switch facilitating the transition from hyperplastic
to malignant tumors [51]. Thus, the ability of proteases to
further modulate the release of VEGF from the extracellu-
lar matrix bears significance with respect to regulation of
angiogenesis by VEGF in the context of specific tissues
and/or pathological settings.

Cleavage by plasmin (aal 10) or by MMPs (aal13) can
target any of the VEGF isoforms (including VEGFI121).
Since both cleaved and bound VEGF can phosphorylate
the two main tyrosine receptors, the significance of these
proteolytic processing events to activation of signaling has
not been clear. Nonetheless, the presence of matrix-bound
or soluble VEGF provides important contextual differences
in signaling. In fact, these differences result in alternative
modes of vascular expansion, the first leading to sprouting
angiogenic events and increased vascular density and the
second resulting in vascular hyperplasia (Figure 235.2).

The findings that support these conclusions came from
studies with engineered forms of VEGF designed to mimic
a cleaved soluble form (VEGF113) and a mutant VEGF
form that is resistant to cleavage by either plasmin or
MMPs [21]. Using these distinct VEGF forms, we found
that soluble VEGF resulted in hyperplasia of existent ves-
sels and vascular beds with lower vascular density and poor
branching. In contrast, matrix-bound uncleavable VEGF
induced highly branched and thin vessels that greatly
facilitated perfusion of tissues and tumor growth [21].
This outcome resembles the findings with isoform-specific
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mice and data from tumor studies with overexpression of
isoform-specific VEGF [46, 52| - that is, that VEGF120
(more soluble) results in the formation of larger vessels and
low sprouting, similarly to “‘cleaved-VEGE.” In contrast,
VEGF188 resulted in high capillary density and greater
number of sprouts.

To gain further insight into the cellular effects mediated
by soluble and bound VEGF, we evaluated their effects
in vitro. Purified growth factors at identical concentra-
tions were included in fibrinogen/fibronectin gels before
polymerization and the behavior of endothelial cells bound
to sepharose beads was examined. Our data showed that
uncleavable VEGF induced capillary morphogenesis, while
cleaved VEGF (VEGF113) induced the proliferation of
endothelial cells in sheets [21]. These results indicate that
local and discrete VEGF164 cleavage is likely to occur as
endothelial cells migrate and grow as sheets, whereas in the
absence of such digestion, VEGF mediates the organization
of cord-like structures. It is likely that signaling via VEGF,
bound or soluble, leads to the phosphorylation of a spe-
cific cohort of tyrosine residues in VEGFR2, resulting in
the activation of different downstream signaling pathways.
Alternatively, receptor clustering and/or internalization
kinetics could account for the distinct responses. Clearly,
a deeper understanding of how soluble and bound VEGF
functions in the context of VEGF signaling is required.

ANTI-ANGIOGENIC THERAPY
TARGETING VEGF

Since there is a great deal of experimental support for the
notion that inhibition of VEGF suppresses tumor angio-
genesis, several different strategies have been designed to
target the VEGF-VEGFR signaling axis. Clinically, the
most successful has been the VEGF-neutralizing antibody
Bevacizumab/Avastin, which was approved by the United
States Food and Drug Administration for clinical use early
in 2004 [53]. Other strategies to target the VEGF path-
way include soluble VEGFRs (Traps), receptor tyrosine-
kinase inhibitors (RTKI) that target VEGFR2, as well as
neutralizing aptomers. RTK inhibitors generally target sev-
eral kinases in addition to VEGFR2, and inhibit tumor cell
proliferation and survival. The kinase inhibitors Sorafenib
(BAY43-9006) and Sunitinib (SU11248) have been tested
in large phase III clinical trials for treatment of metastatic
kidney cancer and gastrointestinal stromal tumors, respec-
tively, and represent promising monotherapies |54, 55].

It has been suggested that anti-VEGF treatment tran-
siently “normalizes” the tumor vasculature, which in turn
provides a more efficient delivery of the chemotherapeutic
drugs [56]. Thus, anti-angiogenic therapy would not only
suppress neo-angiogenesis, but while pruning the vascula-
ture it would also improve perfusion, facilitating drug expo-
sure. In fact, when given in combination with chemotherapy,
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Bevacizumab prolongs the survival of patients with lung and
colon cancer [54]. It is unclear, however, whether Avastin
inactivates both soluble and matrix-bound VEGEF, or one
form more effectively than the other.

In some cases resistance to anti-angiogenic therapy
(with Avastin specifically) has been documented. The
molecular basis for the development of this resistance and
for the lack of efficacy are not well understood. Current
speculation, in the absence of strong experimental evidence,
points to compensatory mechanisms by other signaling
pathways, such as PDGF, to explain for VEGF resistance
[571. While additional pathways could also be functioning,
data from our laboratory have supported a direct correla-
tion between autocrine/intracrine signaling and resistance
to VEGEF therapy.

INTRACRINE VEGF SIGNALING

Studies on the distribution of VEGF in normal adult mice
are scant, and, considering the rapid advance of clinical tri-
als focused on this pathway, it has become critical to known
the distribution and penetration of constitutive VEGF
expression in normal tissues. Several laboratories have used
two LacZ reporters to answer this question [16]. Detailed
analysis of these mice revealed several unexpected find-
ings, the most significant was identification of VEGF pro-
moter activity in a large population of endothelial cells 58,
59]. Endothelial VEGF was detected in large and small ves-
sels, with a bias towards the arterial arm of the vasculature.
Tissues such as lung, kidney, intestine, and uterus showed
higher levels than skeletal muscle and brain. Although
expression of VEGF by endothelial cells has been described
previously, the observations have been restricted to in vitro
analysis [60]. The biological relevance of this expression
was further explored by generating a knockout model in
the endothelial cell compartment using Cre-lox [59. 61].
Removal of VEGF from the endothelium (VEGF-ECKO)
results in 55 percent lethality by 6 months of age. VEGF-
ECKO mice do not display any apparent abnormality, and
do not show any signs of pathology prior to the onset of
lethality. Death results form cardiac microinfarcts due to
obstruction of coronary arteries. In fact, macroscopic exam-
ination of hearts from homozygous mice identified multi-
ple ischemic regions, and histological analysis revealed
intravascular thromboembolitic events with accumulation
of fibrinogen/fibrin and von Willebrand’s factor. These
findings indicate that absence of VEGF from the endothe-
lium results in intravascular thrombosis. Ultrastructural
evaluation of cardiac specimens from these mice revealed
endothelial cell death in both capillaries and large vessels.
Thus, the intraembolitic events are attributed to the pro-
gressive loss of endothelium leading to the accumulation of
platelets and resultant clots, which, if dislodged by the cir-
culation, could potentially result in fatal outcomes [59].

(isn)

Analysis of the marrow-hematopoetic lineage in VEGF-
ECKO mice revealed no anomalies, excluding a hemat-
opoietic contribution to this phenotype. Bone-marrow
transplantation experiments with normal and mutant mar-
row transplanted into mutant and wild-type hosts respec-
tively were also performed. The phenotype was reiterated
in the mutant host transplanted with wild-type marrow,
indicating that the cause was endothelial [59]. In addition,
a complete analysis of liver coagulation proteins revealed
no variations from those in the wild-type range.

Together, these findings provided evidence for the
existence of an autocrine VEGF signaling loop of high bio-
logical significance to both embryonic vascular develop-
ment and adult homeostasis. These results also provide an
explanation for the side-effects reported for Avastin [55],
and indicate a call for caution when considering long-term
treatment with anti-VEGF therapy.

In the absence of exogenous ligand, base-line phos-
phorylation of VEGFR2 is increased under hypoxic
stress (59). Receptor activation is ligand-dependent, since
endothelial cells from ECKO mice are unable to phospho-
rylate VEGFR2 in the absence of exogenous ligand [59].
Further understanding of this signaling loop was revealed
from experiments using human endothelial cells exposed
to either Avastin or SU4312 (3-(4-dimethylaminobenzyli-
dene)-1,3-dihydroindol-2-one). While Avastin inactivates
extracellular VEGF, SU4312 is a small molecule inhibi-
tor that can gain access to the cell and binds competitively
with ATP and non-competitively with the intracellular
domain of VEGFR2. The compound shows high specificity
for VEGFR2, with a K; of 0.04puM for VEGFR2 and K;
19.4pM for PDGFR. Interestingly, in the absence of exog-
enous ligand only SU4312 can block VEGFR2 phosphor-
ylation in a dose-dependent manner. These findings suggest
that endothelial VEGF could be activating VEGFR2 in an
intracrine fashion, and likely within the secretory pathway
where both ligand and receptor could co-segregate and
interact. The fact that VEGF is upregulated by endothelial
cells under low oxygen (i.e., stress) suggests that VEGF
might be needed to protect cells against hypoxia and pos-
sibly other insults (Figure 235.2).

CONCLUSIONS

It has become increasingly clear that the presentation of
VEGF - i.e., soluble, bound, or intracellular — impacts
the array of cellular responses conveyed by VEGFR2.
For example, intracrine VEGF-mediated activation does
not mediate angiogenic or permeability responses; these
are normally transmitted by paracrine activation via cell
surface receptors. Instead, intracrine VEGF is essential
for survival pathways that are not entirely redundant, as
exogenous VEGF cannot rescue defects in cell survival in
the absence of intracellular VEGF. The next challenge will
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be to define the distinct signaling responses initiated by
soluble, bound, and intracrine VEGE. It seems likely that
context-dependent differences in second messengers could
ultimately direct alternative vascular outcomes triggered by
this multifaceted ligand.
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