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Abstract
While the development of anti-angiogenic therapy, as it pertains to cancer treatment, may still be in
its infancy relative to well-established modalities such as chemotherapy, radiation, and surgery, major
strides made in the past several decades have allowed translation of basic science discoveries in this
field into clinical reality. The discovery of key molecular modulators of angiogenesis, notably
Vascular Endothelial Growth Factor (VEGF), has catalyzed the development of numerous
neutralizing therapeutic agents. The validity of VEGF inhibition as a therapeutic strategy has been
well supported in randomized clinical trials, as well as U.S. Food and Drug Administration approval
of the VEGF antagonists bevacizumab, sunitinib, sorafinib, pegaptinib and ranibizumab.
Accordingly, this review will 1) briefly review the basic molecular biology of VEGF and 2)
summarize recent progress in targeting the VEGF molecular pathway as therapy for angiogenic
diseases such as cancer and age-related macular degeneration.
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INTRODUCTION
The concept of tumor angiogenesis may have originated as early as a century ago with the
observation of tumors as well-vascularized entities. However, the concept of angiogenesis
inhibition as a therapeutic strategy against angiogenesis-dependent diseases, such as cancer
and ocular disorders is comparatively new. Judah Folkman hypothesized in 1971 that tumor
growth is dependent on angiogenesis, the process by which new blood vessels form from
preexisting vasculature (Folkman, 1971). Based on observations that tumor growth does not
occur continuously but rather as an abrupt and rapid growth occurring after extended periods
(up to years) of non-neovascularized tumor dormancy, an ‘angiogenic switch’ was postulated
wherein, neovascularization proceeds and is required for tumor growth beyond the pre-
angiogenic dimensions of a few millimeters (Folkman & Kalluri, 2004).
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This new concept in cancer biology implied the existence of biological modulators of
angiogenesis and therapeutic uses thereof. In the three ensuing decades, intensive research has
yielded a wealth of knowledge regarding both activators and inhibitors of angiogenesis. Chief
among these was the purification in 1989 by Napoleone Ferrara of Vascular Endothelial
Growth Factor (VEGF), also known as VEGF-A, as a potent endothelial mitogen from bovine
pituitary follicular cell conditioned media (Ferrara & Henzel, 1989). Notably, the same
polypeptide had been previously isolated as Vascular Permeability Factor (VPF) by Harold
Dvorak and colleagues (Senger et al., 1983). It is now known that VEGF plays a critical role
in angiogenesis, vasculogenesis, and lymphangiogenesis, during embryonic and early post-
natal development. Moreover, the role of VEGF as a key mediator of tumor angiogenesis is
now well-established, and forms the basis for using anti-VEGF drugs to treat neovascular
diseases. In light of these important advances, this article will 1) review the role of VEGF in
tumor angiogenesis, and 2) summarize current clinical progress in therapeutic targeting of
VEGF.

Structure of VEGF
The VEGF gene family consists of numerous members including VEGF-A, -B, -C, -D and
PlGF. The most well-characterized member, VEGF-A, exists as a homodimeric glycoprotein
comprised of two identical 23 kDa subunits (Ferrara & Henzel, 1989). Of the numerous
alternatively spliced isoforms of human VEGF-A, the 23 kDa monomer most closely
corresponds to VEGF165 (ie. 165 residues beyond the signal sequence), which is the most
abundant and mitogenic VEGF isoform. Other main VEGF isoforms, including VEGF121,
VEGF189, and VEGF206, arise from alternative splicing of the human VEGF-A gene which
comprises eight exons and seven intervening introns (Fig. 1) (Ferrara et al., 2003). The longer
VEGF189 and VEGF206 bind avidly to heparin and heparin-like moieties in the extracellular
matrix, while VEGF121 lacks basic residues corresponding to exon 6 and 7, leading to loss of
extracellular matrix sequestration. VEGF165, lacking exon 6, exists as both bound and freely
diffusible protein with the bound fraction undergoing proteolysis by plasmin and matrix
metalloproteinases (MMPs). Beside differences in bioavailability and bioactivity, these
isoforms also have different receptor specificities. VEGF165, through exon 7-encoded domains,
binds to the tyrosine kinase receptors VEGFR1/Flt1 and VEGFR2/KDR/Flk1, as well as
Neuropilin (NRP)-1 and NRP-2, while VEGF145 binds exclusively to the latter (Soker et al.,
1996) (Fig. 2).

Other members of the VEGF gene family also undergo alternative splicing with the exception
of VEGF-C. Likewise, VEGF-B, whose biological functions are not entirely clear, and VEGF-
D, which is involved in lymphangiogenesis, both have multiple alternatively spliced isoforms
(Grimmond et al., 1996; Baldwin et al., 2001).

Expression and regulation
The expression, availability, and activity of VEGF-A are modulated by several mechanisms
including hypoxia, oncogene and tumor suppressor dysregulation, transcription factors,
inflammatory mediators, and mechanical forces of shear stress and cell stretch (Fig. 1).

The VEGF-A gene is one of numerous genes regulated by hypoxia-inducible factor
(HIF)-1α. Under hypoxic conditions, such as within large solid tumors, HIF-1α dimerizes with
the constitutively expressed HIF-1β to form a transcription factor that binds to hypoxic
response elements (HRE) in the promoter region of the VEGF gene. Further interaction with
transcriptional co-activators such as p300 and CBP induces the transcription of HIF target
genes including VEGF, VEGFR1, and many other genes regulating angiogenesis, cell
proliferation, cell survival, apoptosis, and motility (Lelievre et al., 2001; Semenza, 2003). In
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contrast, under normoxia, HIF-1α hydroxylation at proline 402 and 564 by three specific
oxygen-dependent proline hydroxylases (PHD 1-3) promotes HIF-1α interaction with the von
Hippel-Lindau (VHL) protein, a component of an E3 ubiquitin-protein ligase, targeting
HIF-1α for proteosomal degradation. The role of HIF signaling in VEGF regulation is further
demonstrated in renal clear-cell carcinoma (RCC) (Siemeister et al., 1996), wherein loss-of-
function mutations in the VHL tumor suppressor produce impaired ubiquitination and
proteosomal degradation of HIF-1α, engendering marked increases in VEGF-A transcription.

Other non-HIF-dependent pathways also regulate VEGF transcription in cancer. The ras
oncogene participates in a signaling pathway that ultimately targets a consensus AP-1 sequence
existing within the VEGF-A promoter to activate transcription in tumorigenesis (Eferl &
Wagner, 2003). The human VEGF gene also contains seven consensus binding sites for β-
catenin/TCF within its promoter region, facilitating VEGF expression in colon cancer
(Easwaran, V et al., 2003).

Cytokine and growth factor regulation of VEGF expression has been thoroughly described.
Inflammatory cytokines, including IL-1α, IL-1β, IL-6, TNFα, and prostaglandin E2, and
growth factors such as transforming growth factor (TGF)α, TGFβ, platelet-derived growth
factor BB (PDGF-BB), epidermal growth factor (EGF), fibroblast growth factor 4, or
keratinocyte growth factor have all been reported to induce VEGF expression (Ben-Av,
1995; Neufeld, 1999). Furthermore, mechanical forces such as stretch and shear stress promote
VEGF expression (Egginton et al., 2001).

Once expressed, a fraction of secreted VEGF protein becomes sequestered to the ECM, an may
thereby constitute a reserve of available growth factor that can be released through proteolysis
of the VEGF protein by either plasmin or matrix metalloproteinases into truncated freely
soluble bioactive peptides (Houk, 1992; Lee, 2005). In contrast, recent reports suggest that
plasmin proteolysis generates bioactive VEGF fragments, but with diminished mitogenic
activity during wound repair (Eming & Krieg, 2006). Activated VEGF may then bind to two
types of receptor tyrosine kinases, VEGF receptor (VEGFR)-1 (Flt-1) or VEGFR2 (Flk-2,
KDR). Furthermore, VEGF-A isoform VEGF165 but not VEGF110 or VEGF121 additionally
binds to Neuropilin-1 (NRP1) and NRP2. NRP1, which lacks a tyrosine kinase domain, is
thought to serve as a co-receptor to VEGFR2 and enhances its signaling by presenting
VEGF165 to VEGFR2 (Soker et al., 1998). In contrast, VEGF-B and PlGF specifically binds
to VEGFR1 and not VEGFR2, and VEGF-C and –D bind specifically to VEGFR2 and
VEGFR3 (Flt-4) and not VEGFR1 (Fig. 2).

Biological function
VEGF is involved in vasculogenesis, angiogenesis, and lymphangiogenesis during embryonic
and postnatal development. Both single allele deletion of VEGF and gene knockouts of either
VEGFR1 or VEGFR2 produce embryonic lethality from vasculogenic or angiogenic deficits
(Ferrara et al., 1996; Shalaby et al., 1995; Fong et al., 1995). VEGF has subsequently been
implicated in a variety of functions during adult physiology including ovarian angiogenesis,
endochondral bone formation, tissue regeneration, haematopoietic stem cell survival,
erythropoietin regulation, and pathological processes such as neoplastic, hematologic, ocular,
inflammatory, and ischemic diseases (Ferrara et al., 2003; Zelzer, 2004; Gerber et al., 2002;
Jacobi et al., 2004; Tam et al., 2006). Although it was initially suspected that VEGF is mainly
involved in the maintenance of nascent vessels and that established vasculature are less
dependent on VEGF, recent data suggests that vascular beds in the adult intestine, endocrine
pancreas, thyroid and liver actively require VEGF for their maintenance, without which the
complexity of the capillary network undergoes partial regression (Kamba et al., 2006; Wei &
Kuo, unpublished observations).
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In tumor angiogenesis, VEGF is released by tumor cells, as well as, tumor-infiltrating cells,
including fibroblasts and monocyte/macrophages (MOs). Fibroblasts and MOs are recruited
to tumor stroma following tumor cell-secreted chemotatic factors, PDGF AA and VEGFA,
respectively (Dong et al., 2004; Clauss, 1996). VEGF action is directed primarily toward
vascular endothelial cells. Other cell types, including neurons, osteoblasts, pancreatic duct
cells, retinal progenitor cells, and megakaryocytes express VEGFR2, but at lower levels than
do vascular endothelial cells, which may in part explain VEGF specificity for endothelial cells
(Matsumoto & Claesson-Welsh, 2001). Moreover, tumor endothelial cells express several-fold
higher levels of VEGFR2 than normal vasculature. (Plate et al., 1994). Hence, the expression
of VEGF in ischemic areas, combined with the upregulation of VEGFR2 in tumor vascular
endothelial cells may contribute to the specificity and relatively benign side-effect profile
associated with VEGF antagonists.

VEGF inhibition “normalizes” the tumor vasculature, both reducing the microvessel density
as well as reversing the pathophysiologic detachment of tumor pericytes from tumor
endothelium (Inai et al., 2004). It has been proposed that such vascular normalization alters
tumor insterstitial pressure, allowing improved delivery of chemotherapy to tumors and thereby
facilitating the successful addition of anti-angiogenic therapy to chemotherapy observed in
clinical trials (reviewed below) (Jain, 2005).

The pro-angiogenic actions of VEGF are thought to primarily occur through activation of
VEGFR2 (Fig. 2). Although VEGF binds to VEGFR1 with greater affinity (Kd ~ 10–20pmol/
L) than VEGFR2 (Kd ~ 75–125pmol/L), (de Vries et al., 1992;Terman, et al., 1992) VEGFR2
is responsible for most VEGF angiogenic activity including, vascular endothelial cell
permeability, proliferation, migration, and survival. VEGF stimulation of VEGFR1 has been
reported to result in weaker tyrosine kinase activity in comparison to VEGFR2 (Waltenberger
et al., 1994), and genetic deletion of VEGR1 leads to vascular overgrowth and embryonic
lethality (Fong et al., 1995); hence VEGFR1 has been proposed to negatively regulate VEGFR2
activity by serving as a decoy receptor to VEGF. Surprisingly, mice bearing genetic deletion
of the VEGFR1 tyrosine kinase domain do not exhibit embryonic lethality, which may suggest
that the VEGFR1 ecto- and transmembrane domains suffice to sequester VEGF (Hiratsuka et
al., 1998). Nonetheless, VEGFR1 has been reported to participate in monocyte/macrophage
migration and chemotaxis, matrix metalloproteinase (MMP)-9 expression, and hematopoiesis
(Ferrara et al., 2003).

Upon VEGF binding, VEGFR2 undergoes dimerization and tyrosine kinase
autophosphorylation, which, in turn, activates various signaling cascades. DNA replication and
cell proliferation is thought to be mediated by both the Ras-Raf-MEK-ERK and MAPK
pathways; cell survival, through PI3-Kinase and Akt/PKB activation; and cell migration
through either FAK and Paxillin, PI3Kinase/Akt, or MAPK activation (Byrne et al., 2005).

VEGF and disease
VEGF is a key effector of many post-natal pathological processes and diseases in the adult,
and hence represents an important target of currently available and developing pharmacologic
therapies. These conditions include neoplastic (solid tumors and hematological malignancies),
ocular, inflammatory, vascular, and ischemic diseases (Ferrara et al., 2003).

The central role of VEGF in tumor angiogenesis and neoplastic diseases has been well-
established. Although VEGF is one of many pro-angiogenic factors that drive tumor
angiogenesis, simply targeting VEGF alone, by soluble VEGFR or monoclonal anti-VEGF
antibodies, suffices to significantly impair tumor angiogenesis and growth (Kuo et al., 2001;
Hurwitz et al. 2004). This pivotal role of VEGF in tumor angiogenesis may be attributable in
part to its mitogenic potency and participation in multiple angiogenic processes (including
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endothelial cell proliferation, migration, survival, and chemotaxis), which may synergistically
decouple with VEGF inhibition. Consistent with this notion of tumor dependence on
angiogenesis, and thus, VEGF, are the observations that a vast array of cancers are associated
with VEGF mRNA expression, including melanoma, colorectal, gastric, breast, lung, and renal
cell carcinomas (RCC), and that patients with tumor types that expressed high levels of VEGF
mRNA (e.g. RCC) statistically had lower 5-year survival rates (Berger et al., 1995). As
discussed below, the efficacy of monoclonal antibodies and small molecules inhibitors
targeting VEGF in treating RCC, breast, lung, and metastatic colorectal cancers, further
underscore the role of VEGF in human neoplastic pathophysiology. In addition to solid tumors,
many hematological malignancies, including T cell lymphoma, acute lymphoblastic leukemia,
Burkitt’s lymphoma, acute lymphocytic leukemia, and chronic myelocytic leukemia are also
associated with increased VEGF expression (Gerber & Ferrara, 2003).

Similarly, VEGF has been implicated in the pathogenic neovascularization of many human
ocular diseases, including age-related macular degeneration (AMD), diabetic retinopathy
(DR), retinopathy of prematurity, retinal vein occlusion, and iris and corneal
neovascularization (Aiello et al., 1994; Kliffen et al., 1997; Lashkari et al., 2000; Philipp et
al., 2000). Though differences in the complex pathogenesis of these disorders clearly exist,
they generally all entail ischemia-induced upregulation of VEGF, subsequent
neovascularization and vascular leakage, and may ultimately lead to associated morbidities
such as vitreous hemorrhages, retinal detachment, neovascular glaucoma, and blindness
(Sivak-Callcott et al., 2001). As with neoplastic diseases, anti-VEGF therapy (ranibizumab
and pegaptanib sodium are discussed below) against neovascular ‘wet’ AMD has proven to be
efficacious treatment. Other conditions involving VEGF, include inflammatory disorders such
as rheumatoid arthritis, psoriasis, and atherosclerosis; vascular diseases, such as infantile
hemangiomas; and ischemic conditions, such as myocardial, limb, and focal cerebral ischemia
(Folkman, 1995; Celletti et al., 2001; Greenberg & Jin, 2005).

Clinical trials of VEGF Inhibitors
The recent success of a growing number of VEGF antagonists in clinical trials underscores the
critical role of VEGF in neovascular diseases and the efficacy of targeting VEGF as a
therapeutic strategy. While the strategies for VEGF inhibition include diverse approaches such
as soluble receptors, anti-receptor antibodies and aptamers (Holash, J. et al, 2002; Zhang, Miao,
2006; Gragoudas, 2004), we focus below on clinical experience with monoclonal antibody and
small molecule inhibitor approaches for which phase III data are available (Table 1).

Bevacizumab (Avastin) is a recombinant humanized monoclonal antibody targeting VEGF-A
and all of its isoforms. In the randomized double-blind placebo-controlled phase III trial that
ultimately led to FDA approval in February 2004, bevacizumab was administered in
combination with irinotecan and bolus 5-FU/leucovorin (IFL) chemotherapy versus IFL alone
as first-line therapy for metastatic colorectal cancer. The bevacizumab-IFL regimen improved
median survival from 15.6 to 20.3 (p < 0.001), progression free survival (6.2 to 10.6 months),
and time to progression (6.7 to 8.8 months) in parallel (Hurwitz, 2004). Improvements in
overall survival (10.8 vs 12.9 months) and time to progression (4.6 vs 7.2 months) were also
noted in a separate phase III study examining oxaliplatin, leucovorin, and 5-fluorouricil
(FOLFOX 4) with and without bevacizumab as second-line therapy for previously-treated
advanced colorectal cancer. Notably, the single-agent bevacizumab arm of the study was
discontinued due to efficacy that was clearly inferior to the FOLFOX 4-only arm, suggesting
the importance of concomitant chemotherapy (Giantonio, 2005). The addition of bevacizumab
to chemotherapy also improved survival in phase III studies of advanced non-squamous, non-
small cell lung cancer (NSCLC) (overall survival 10.3 vs 12.3 months, p = 0.0075), and
potentially in locally recurrent or metastatic breast cancer (MBC) (Sandler, 2006). Although
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a phase III trial demonstrated that the addition of bevacizumab to capecitabine improved
objective response rates (9.1% vs 19.8% vs., p=0.001) in previously-treated MBC patients,
significant improvements were not observed for either progression free survival or overall
survival (Miller, 2005a). This improvement in response rates prompted a separate phase III
trial, testing the efficacy of bevacizumab in combination with paclitaxel against previously
untreated MBC. In this setting, bevacizumab improved objective response rates and
progression free survival, while overall survival data is still pending (Miller et al., 2005b).
Similar data is expected in renal cell carcinoma. In general bevacizumab has been well tolerated
with known toxicities including hypertension, proteinuria, bleeding and thrombosis.

Small molecule antagonists of VEGF receptors have also recently demonstrated efficacy in
randomized trials. These agents, including sorafenib (BAY 43-9006) and sunitinib malate
(Sutent) are orally bioavailable and exhibit broad-spectrum activity against numerous kinases
including VEGF receptors. Sorafenib received FDA approval for advanced/metastatic RCC
following phase III data indicating improved progression-free survival (2.8 vs 5.5 weeks, p
<0.001) and overall survival (15.9 vs 19.3 months, p = 0.02, not significant by O’Brien–
Fleming boundaries for statistical significance) (Escudier, 2007). This was achieved despite
crossover of nearly half of the patients from placebo to sorafenib after interim analysis
demonstrated a significant sorafenib benefit, leading to unblinding of the study. Similarly,
sunitinib received initial FDA approval in January 2006 for imatinib-resistant gastrointestinal
stromal tumors (GIST) and for advanced renal cell carcinoma (RCC), the latter based on phase
II response rates. Subsequent phase III data in metastatic RCC confirmed both improved
progression-free survival for sunitinib versus IFN-α (11 vs 5 months), as well as objective
response rate (31 vs 6%), with survival analysis pending (Motzer, 2007). While the broad
specificity of sorafenib and sunitinib likely contribute to their efficacy, this also precludes
definitive attribution of activity to VEGF antagonism.

Finally, VEGF inhibition has also been successfully used for treatment of neovascular ‘wet’
age-related macular degeneration (AMD). Pegaptanib sodium (Macugen), a pegylated
oligonucleotide aptamer selectively targeting VEGF165, and ranibizumab (Lucenis), a
recombinant, humanized anti-VEGF Fab fragment, have both received FDA approval for
treatment of neovascular AMD. Notably, ranibizumab both retarded vision loss and improved
vision in a signification fraction of patients and was superior to photodynamic therapy
(Rosenfeld, 2006). An ongoing NIH study for wet AMD is comparing ranibizumab vs Avastin,
as the latter may be significantly less costly (Steinbrook, 2006).

Perspective
The concept of employing angiogenesis inhibition as a therapeutic strategy against neovascular
diseases originated several decades ago. However, the breathtaking pace of both basic and
clinical progress in this area has now transformed this elegant hypothesis into clinical reality
confirmed by numerous randomized clinical trials. These successes have established anti-
angiogenic therapy in general, and VEGF inhibition in specific, as a new treatment modality
and in fact a new standard of care for numerous solid tumor subtypes. In the near future, other
approaches to VEGF inhibition such as soluble receptor and anti-receptor strategies should
complement continued development of the current repertoire of monoclonal antibody and small
molecule inhibitors. Further, the development of therapeutics directed against entirely different
non-VEGF based angiogenic processes, and combination thereof with VEGF inhibition, should
continue to mark basic science, translational and clinical investigations into angiogenesis
inhibition as a vibrant and exciting area for the foreseeable future.
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Fig. 1. Induction, transcription, and activation of VEGFA
a, VEGFA gene transcription is induced by various extra- and intracellular signals, which
ultimately target the regulatory elements within the VEGFA promoter region. b, alternative
splicing of VEGFA transcript gives rise to VEGFA isoforms/polypeptides with disparate
solubilities. c, proteolysis of matrix-bound VEGFA polypeptides releases bioactive fragments.

Ho and Kuo Page 11

Int J Biochem Cell Biol. Author manuscript; available in PMC 2009 September 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. VEGF signaling pathways and biological functions
VEGF family members bind to specific VEGF receptors (VEGFR-1,2, or 3), which causes
receptor dimerization, autophosphorylation of cytoplasmic tyrosine kinases, and activates
intracellular signaling cascades that elicit various angiogenic programs.
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