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Abstract

The vascular endothelial growth factor (VEGF) family and its associated cognate receptors are critical
components of angiogenesis, the process of new blood vessel formation. Under normal conditions, angiogenesis
supports organism development and tissue homeostasis in a tightly controlled fashion. However, in the tumor
microenvironment, several conditions, such as hypoxia and unchecked growth factor expression can lead to tumor
angiogenesis, enabling endothelial proliferation and vessel assembly, which support cancer growth. Not only does
tumor angiogenesis enable tumor proliferation, but its imbalance of regulators cause abnormal vascular structure,
which can increase chemoresistance during therapy. Lymphangiogenesis, or the metastases-driven angiogenesis
in the lymphatic system, has recently been identified as an essential process for tumor spread to lymph nodes and
is driven through unique members of the VEGF signaling pathway family. Inhibition of tumor angiogenesis as an
anti-cancer therapeutic strategy has resulted in the development of several recently approved drugs, unfortunately
accompanied by angiogenic-related safety issues and off-target associated liabilities unique to individual drug profile.
This review summarizes the role of the VEGF and VEGFR families in tumor biology and the therapies available that

target these angiogenic pathways.
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Introduction

Angiogenesis is the process of new blood vessel formation, and in
relationship to cancer, is necessary for neoplastic growth and metastasis,
as well as overall tumor cell survival and neoplastic progression.
Among the myriad of factors responsible for tumor angiogenesis, the
most critical to these processes are members of the vascular endothelial
growth factor (VEGF) family, which includes VEGF-A, -B, -C, -D,
-E, -F, placental growth factor-1 and -2 (PIGF-1, PIGF-2) and their
associated cognate receptors VEGFR-1, VEGFR-2, and VEGFR-3
[1]. Of these ligands, VEGF-A is the most important and relevant in
oncology and cancer biology, interacting with both VEGFR-1 and
VEGFR-2. A variety of pro-angiogenic mechanistic effects have been
ascribed to VEGF-A, including increased vascular permeability,
endothelial cell survival, tube formation and sprouting of new vessels,
endothelial migration via altered adhesion molecule expression
and dissolution of the extracellular milieu via upregulation of serine
proteases and matrix metalloproteinases (MMPs). Angiogenesis
involves the interplay between pro- and anti-angiogenic growth
factors, and mutations of oncogenes and tumor suppressor genes have
been shown to alter this homeostasis in favor of angiogenesis in solid
tumors. When pro-angiogenic factors such as VEGF predominate,
tumors may acquire an angiogenic phenotype leading to endothelial
proliferation, migration and differentiation into newly formed vessels.
As early as the 1970s, pioneering work by the late Dr. Judah Folkman
suggested that targeting the tumor microenvironment using strategies
to block tumor angiogenesis might deprive their blood supply and
essential nutrients and therefore result in arrest of tumor growth [2,3]
The efforts in the ensuing decades have proven this hypothesis to be
correct, but the effects of the VEGF pathway on tumor growth have
turned out to be much more complex than simply involving depriving
cancer cells of their oxygen supply. Recent research has suggested that
VEGEF signaling has integral roles in vascular integrity, normalization
of vascular architecture, hypoxic responses, tumor immunoreactivity
and stem cell recruitment. The importance of VEGF in tumor biology
has been confirmed by studies on overexpression of VEGF in several

tumor types and its correlation with poor prognosis [4]. VEGF-A
levels (in particular the VEGF, , isoform) have been demostrated to be
increased in mammary, lung, brain, pancreatic, ovarian, kidney, and
bladder carcinomas. Other splice variants have also been identified in
hematologic malignancies [5]. VEGF criticality to carcinogenesis has
been validated further by the approval of several new antiangiogenic
therapeutics, many of which demonstrated efficacy in a variety of
cancer types.

Background Biology

Biologic effects of VEGF-A occur via its interaction with the
VEGFR-1 and VEGFR-2 receptors, which are localized to the vascular
endothelium. VEGF-B, PIGF-1 and PIGF-2 bind to VEGFR-1, whereas
VEGEFR-3, which is localized to lymphatic endothelium, binds VEGF-C
and VEGF-D . Due to this expression pattern, VEGFR-3 is primarily
involved in lymphangiogenesis rather than tumor neovascularization
[6]. VEGF-E is an exogenous subtype which is a ligand for VEGFR-2,
and VEGF-F is a snake venom derived subtype that also binds VEGFR-2.
Since VEGF-A is the most important factor in tumor biology, this
review will primarily focus on this isoform. The gene for VEGF-A is
located at chromosome 6p21.3, and is encoded by 8 exons separated by
7 introns. VEGF-A is a dimeric glycoprotein which is covalently linked
by 2 disulfide bridges, and has many isoforms related to alternative
exon splicing of exons 6 and 7 [1]. There are 8 conserved cysteine
residues with two forming cross-links and the other 6 forming 3 loop
structures [7]. The various isoforms have slightly different biologic
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properties, which is primarily due to varied bioavailability. Sequence
variation in two heparin-binding domains determine whether each
isoform is secreted or remainsbound tightly to the extracellular matrix
[8]. While both VEGFR-1 and VEGFR-2 can stimulate angiogenesis,
and VEGFR-1 has a 10-fold higher binding affinity for VEGF-A than
VEGFR-2, it is the interaction with VEGFR-2 that is considered most
important for angiogenic functions. VEGF expression is regulated
by several different mechanisms and specific factors. It upregulates
urokinase, tissue plasminogen activator (tPA) and plasminogen
activator inhibitor-1 (PAI-1) and is itself upregulated by the hypoxia
inducible factor HIFla/von Hippel-lindau tumor suppressor gene
(VHL) pathway [9]. Low oxygen tension in tumors has been associated
with increased metastatic potential and poor survivability of many
cancers [10]. The degree of increased expression of HIFla is also
well correlated with increased invasive potential in a variety of tumor
types, and is intimately linked to increased VEGF expression [9].
VEGF-A can induce the expression and activity of both nitric oxide
(NO) and prostacyclin within tumors, resulting in local vasodilation
and increased local blood supply. Inhibition of VEGF signaling has
been shown to decrease NO and result in vasoconstriction and tumor
shrinkage. Besides hypoxia, many other growth factors upregulate
VEGF mRNA at the transcription level including platelet-derived
growth factor (PDGF), epidermal growth factor (EGF), fibroblast
growth factor (FGF), keratinocyte growth factor and insulin-like
growth factor-1 (IGF-1) [8,11]. After kinase activation of the VEGFR-2
receptor, several signal transduction pathways are activated, including
PLC-A1, VEGFR-associated protein (VRAP), Ras GAP, FAK, Sck, Src,
Grb2,PI3K, Akt, PKC, Raf, MEK/ERK, MAPK, Nck, Crk,82 Shc, and
STAT [5].

VEGF-A stimulates tumor angiogenesis through several
mechanisms and at several stages relating to endothelial proliferation
and vessel assembly. This includes effects on endothelial mitogenesis,
enhanced endothelial proliferation and survival; increased endothelial
migration and invasion; increased vascular permeability, and enhanced
chemotaxis [12,13]. VEGF-A has been shown to be mitogenic in
endothelial cell culture. Stimulation of the VEGF pathway can also
induce proliferation in leukemic cells and other tumor types [14]. The
effects on endothelial proliferation are concentration dependent with
high levels resulting in endothelial growth and division while low levels
promote migration during branching morphogenesis [15]. VEGF-A
or VEGFR-1 knockout mice demonstrate decreased blood islands in
the yolk sac, also suggesting VEGF signaling is required for endothelial
proliferation [16]. The binding of VEGF-A to VEGFR-2 causes
receptor dimerization, kinase activation and autophosphorylation of
specific tyrosine residues within the dimeric complex. DNA synthesis is
stimulated through direct phosphorylation of MAPK and stimulation
of the ERK1/2 pathway as well as through PKC and PI3K [17]. VEGF-A
is a survival factor for endothelial cells and activates Bcl-2, survivin
and the inhibitors of apoptosis proteins (IAPs). Inhibition of VEGF
can induce endothelial apoptosis through modulation of the PI3K/
AKT and Bcl-2 pathways [18]. VEGF has been demonstrated to be an
essential factor for endothelium in tumor xenografts as well as in vitro
and VEGF inhibition can result in increased apoptosis and potential
tumor regression through similar mechanisms [19].

VEGEF signaling is important in both endothelial and tumor cell
chemotaxis [14]. These activities are dependent on Neuropilin-1
(NRP1), a nonkinase cell surface co-receptor involved in cell motility,
which forms complexes with and potentiates the binding of VEGF-A

to VEGFR-2 [20]. Inhibition of complex formation is associated
with reduced VEGFR2 phosphorylation, intracellular signaling,
mitogenesis, cell migration and angiogenesis [20-22]. NRPI also
regulates endothelial cell function and cancer proliferation stimulated
by other growth factors [23]. Normally, vessels are assembled from
endothelial precursors, with the expansion of this primitive vascular
network by sprouting, bridging, branching and intussusception
(insertion of interstitial tissue columns into the lumen of preexisting
vessels) of the newly formed vessels. Angiogenesis is a complex
process involving several critical steps including secretion of factors
by endothelium or tumor cells, the subsequent migration proliferation
and differentiation of endothelium and the assembly of primary
vessels. During tumor angiogenesis, recruitment of endothelial cells
into newly formed microvessel buds is an important initial step. These
endothelial cells can arise via proliferation of endothelium within the
tumor or be co-opted from normal vessels in the adjacent parenchyma
[24]. In addition, circulating endothelial progenitor cells (cEPCs),
which are normally involved in vascular repair, can participate in
the development of tumor vasculature as well, and their localization
to the angiogenic site is also under the influence of VEGF-mediated
chemotaxis [25]. Nitric oxide synthase (NOS) expression and activity
appears to be one of the mediators of this process. Phosphorylated
VEGFR-2 binds phospholipase Cyl (PLC-yl) and Src homology 2
domain containing adaptor protein B (Shb). Activation of PLG-yl
and Shb regulates VEGF-A-dependent cell proliferation/mitogenesis
and cell migration, respectively. Phosphorylated VEGFR-2 also binds
and mediates tyrosine phosphorylation of the T-cell-specific adaptor
protein (TSAd), which is expressed in endothelial cells and is believed
to be critical for VEGF-A-induced chemotaxis and actin reorganization
[26]. VEGF signaling has been demonstrated to be chemotactic for
multiple tumor types, including glioma and hematologic malignancies.
VEGF-A has shown to be particularly important in the chemotactic
response associated with cEPCs and hematopoietic precursors. VEGF is
required for organ homing and perivascular positioning of circulating
mononuclear myeloid cells to angiogenic vessels, and this response
as well as many other homing activities of circulating progenitor
cell populations appear to be mediated by interactions with stromal-
derived factor-1 (SDF1), a chemokine induced by VEGF in activated
perivascular myofibroblasts [27]. These and other recent clinical data
support the concept that tumor infiltration by bone marrow-derived
myeloid cells confers resistance to current anti-angiogenic drugs
targeting primarily VEGF. Chemoattractants recruit hematopoietic
cells from bone marrow that support tumor neovascularization in
the primary cancer site, and these mobilized cells are thought to
participate in pre-metastatic niche formation for circulating tumor
cells. Integration of bone marrow cells into the tumor vasculature
as a late event in carcinogenesis correlates with VEGF release by the
tumor and mobilization of circulating endothelial progenitor cells. For
example, hematopoietic progenitor cell populations have shown to be
attracted to glioma brain tumor cells and this response appears to be
mediated in part through VEGF/VEGF-2 induced CD62E expression
[28]. Other “normal” cells may be recruited under conditions of tumor
angiogenesis and chemotaxis to sites of metastasis by soluble products
such as VEGF-A released by cancer cells or tumor endothelium, and
these cells have been shown to create or pattern a microenvironment or
niche favorable to tumor cell proliferation and survival and potentially
to activate poorly angiogenic tumor cells seeded to these sites of
metastasis [29]. Thus, cross-communication between tumor and host
cells mediated by VEGF and other chemoattractants may alter the
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proinflammatory milieu of both primary and metastatic lesions in
favor of cancer progression [30].

After cEPC recruitment, another important aspect of angiogenesis
involves modulation of the extracellular matrix to enhance the
framework for building new vessels. The vasculature becomes
increasingly permeabilized under the influence of VEGF-A, resulting
in tissue edema. Detachment of pericytes is associated with this
permeabilization effect and has also been demonstrated to be under
VEGF influence [31]. This is followed by the depositin of fibrin
gels in the tissue bed, which allows endothelial growth and vessel
prolongation. Proteolytic degradation of the extracellular milieu and
the noncompliant basal lamina is an important prerequisite, and this is
dependent on matrix metalloproteinases (MMPs) and serine proteases
secreted by endothelial cells in the sprouting tips of growing vessels,
under the influence of VEGF-A. Several metalloproteases have been
shown to be upregulated by VEGF-A isoforms in angiogenic models.
Interestingly, tissue inhibitor of metalloproteinases-2 (TIMP-2)
inhibits the mitogenic response of endothelial cells to VEGF-A in vitro
and in vivo, independent of metalloproteinase inhibition [32]. VEGF
has also been shown to increase the activity of cathepsins in sprouting
venules and down regulate the activity of cysteine protease inhibitors.
This disrupts the normal cathepsin-inhibitor balance, leading to
degradation of their basement membranes [33]. The upregulation
of proteases by VEGF and excessive MMP activity can also facilitate
neoplastic progression directly by increasing the local invasiveness
of cancers into the surrounding parenchyma as well as by increasing
metastases [32]. The balance between extracellular matrix degrading
enzymes and their endogenous inhibitors determines the extent of
tissue remodeling, and the increase in protease activity in relationship
to local protease inhibitors results in a microenvironment favorable to
tumor progression.

It is well established that the formation of the mature vascular
network within tumors is incomplete and therefore the structure
of neoplastic vasculature is abnormal. The network of tumor vessels
is unorganized without a clear separation of arterial and venous
systems, and abnormalities in the vessel wall, and basement membrane
have been consistently identified [34]. The imbalance of angiogenic
regulators and predominance of VEGF-A account for this abnormal
structure, which in turn results in chaotic blood flow and vessel
permeability [35]. These alterations result in increased intestitial fluid
pressures within the tumor and hence the presence of hypoxic regions
that can further upregulate the HIF1a-VEGF-A axis [36]. Altered
intra-tumoral blood flow has been shown to increase the resistance
of tumors to chemotherapy via several mechanisms, including lower
drug delivery and selection of more malignant phenotype associated
with altered cell cycles and enhanced mutagenesis. Many of the clinical
benefits of inhibition of VEGF-A using antibody or tyrosine kinase
inhibitors (TKIs) in patients is now thought to be through transient
normalization of tumor microvasculature into a pattern that mimics
that of more normal physiology occurring in angiogenesis of wound
healing. This is hypothesized to improve drug and oxygen delivery to
tumor cells, making them more chemosensitive and radiosensitive.
Unfortunately, this window of normalization is transient and relatively
short, at least in mice [37]. There also appears to be a a slow shift in
the angiogenic dependence of tumors over time clinically, with tumors
switching from VEGF dependent pathways to alternative mechanisms
[24,29]. This may result in eventual decreased clinical responses in

many patients. Together, these observations of transient normalization
and alterations of VEGF dependence in the tumor microvasculature
have been suggested to help explain the relatively good responses in
progession free survival but somewhat less robust long term survival
rates noted with VEGF-targeted single agent cancer therapies currently
on the market [38,39]. However, the decreased dependence on VEGF-
mediated angiogenesis should not be confused with true tumor
resistance, as these chemotherapeutic agents are targeting the stromal
microvasculature rather than the tumor itself. This concept is supported
by anecdotal evidence from several clinical trials with various agents
that indicate there are often flare ups in tumor growth after withdrawal
of the anti-VEGF agents, suggesting some inhibitory effect on tumor
growth even after progression.

In addition to effects on endothelium and angiogenesis, VEGF
signaling has independent functions that affect tumor cell survival
and invasion, as well as effects on immune regulation and homing
of bone marrow progenitor populations. VEGF is a pivotal factor
in hematopoiesis, which specifically affects the differentiation of
multiple hematopoietic lineages and it triggers growth, survival, and
migration of leukemia and multiple myeloma cells, all relevant to the
potential malignant progression of hematologic malignancies [5].
Upregulation of Bcl-2 and survivin are also likely responsible for the
increased survival/decreased apoptosis noted with VEGF-A in various
tumor cell lines and xenografts. Some of these apoptosis pathways are
specific for particular tumors or conditions. For instance, an autocrine
VEGEF-A/ VEGFR-2 loop has been demonstrated in epithelial ovarian
carcinoma cells which appears to play a role in cancer survival,
specifically protecting the cells from apoptosis under conditions of
anchorage-free growth conditions [40]. VEGF blocking agents might
thus potentially reduce peritoneal dissemination by both decreasing
vascular permeability and inhibiting aberrant cell survival of detached
cancer cells.

In relationship to its immune functions, there are a variety of VEGEF-
mediated effects due to its interrelationship with cytokine expression.
High levels of VEGF-A expression have been demonstrated in the
proliferative phase of wound healing indicating a functional role in the
inflammatory process, and potentially related to neovascularization
associated with granulation tissue formation. Dysregulated
angiogenesis has been observed in several inflammatory diseases such
as psoriasis or rheumatoid arthritis and VEGF is thought to play a role
in the pathogenesis of some chronic inflammatory conditions [41].
For instance, transgenic over-expression of VEGF in keratinocytes
in mice results in chronic cutaneous inflammation [42]. Given the
importance of inflammation in tumor immunosurveillance as well as
the paradoxical effects on tumor promotion, secondary inflammatory
effects of VEGF signaling may have opposing effects on carcinogenesis
related to these pathways. Recent epidemiological and clinical data have
supported the concept that chronic inflammation may promote tumor
development, growth and progression [43]. While the histological
presence of inflammation may be a positive sign of immune rejection
in a few types of tumors, the presence of chronic inflammation in breast
and prostate tissues is thought to play a role in cancer development,
and multiple inflammatory genes including VEGF-A and VEGFR-1
have been associated with prostate cancer risk [44]. Among other pro-
inflammatory gene products involved in such interactions are tumor
necrosis factor alpha (TNF-a) and interleukin 6 (IL-6). In association
with VEGF-A, these cytokine interactions may stimulate downstream
signal transduction pathways related to tumor progression. Clinically,
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several reports have detected abnormally high levels of these circulating
cytokines and growth factors in cancer patients [43]. Macrophages are
an abundant inflammatory cell type in the tumor microenvironment,
and likely to contribute to tumor growth and metastasis. Macrophage
recruitment into tumors is mediated by multiple cytokines, including
VEGF-A, which is thought to function primarily through VEGFR-1
in this cell type [45]. Macrophage infiltration is negatively affected
by VEGF inhibition and selective inhibition of VEGFR2 has shown
to reduce macrophage infiltration into tumors [45]. VEGF may also
interact with or be secreted by other inflammatory cell types at the site
of tumors such as mast cells [46].

Lymphangiogenesis

While VEGF-A and its receptor VEGFR-2 have received much of
the attention in the field of carcinogenesis, the role of VEGF-C and
VEGEFR-3 in lymphangiogenesis also has important implications in
cancer progression. Lymphangiogenesis is critically involved in cancer
recurrence and lymphatic endothelial cell proliferation and lymphatic
remodeling regulated by lymphangiogenic factors actively promote
tumor metastasis and the inflammation process [47]. Malignant
tumors can not only utilize the lymphatic system for metastasis, but
may actively induce the formation of new lymphatic vessels to facilitate
this process [48]. VEGF-A with VEGFR-2 and VEGF-C/VEGF-D
with their receptor VEGFR-3 have all been implicated as mediators in
tumor-induced lymphangiogenesis, and their effects can be initiated
both within the tumor and within draining lymph nodes [49]. Recent
studies indicate that blockade of the lymphangiogenic growth factor
signaling pathways with anti-VEGF-C or anti-VEGFR-3 modalities
inhibit tumor spread to lymph nodes in bladder and other cancers
[50,51]. Upregulation of VEGF lymphangiogenic factors has also been
demonstrated in some cancer patients. The mechanism of effects on
cancer promotion involving lymphangiogenesis probably parallels that
ofthe VEGF-mediated effects in tumor angiogenesis, and may be related
to not only vascular support, but other similar effects like degradative
effects on the extracellular matrix, lymph vessel permeability and tumor
or stem cell chemotaxis. Pluripotent mesenchymal stem cells migrate
along a VEGF-C gradient, and have been demonstrated to develop a
lymphendothelial phenotype under VEGF-C influence [47].

Inhibitors of VEGF and VEGF-R and their role as anticancer
agents

The initial discoveries described above linking VEGF, VEGF-R
and tumor angiogenesis fostered significant advances in targeted
therapy against multiple tumor types. An early example of this is
the discovery of the dependence of renal cell carcinoma (RCC) on
VEGF. In the majority of RCC cases, the von Hippel-Lindau (VHL)
gene is inactivated [52,53]. VHL is a tumor suppressor that negatively
regulates hypoxia-inducble factor-alpha (HIFa), a regulator of hypoxic
response. Unchecked levels of HIF-a results in trascriptional activation
of hypoxia-inducible genes, which include VEGF and PDGF and
contribute to a vascularized state, making VHL-negative RCC tumors
ideal candidates for antiangiogenic therapy. In metastatic colorectal
cancer (mCRC), overexpression of VEGF has been associated with
tumor progression and poor prognosis [54,55], and circulating VEGF
levels has correlated with tumor stage [56]. Similar correlates between
VEGF tumor expression and circulating VEGF levels have been
identified in other “vascular” cancers, most commonly in nonsmall cell
lung cancer [57], breast cancer [58], ovarian cancer [59], and gliomas
[60], providing strong rationale for VEGF pathway inhibition.

Several antiangiogenic strategies have proven successful, the earliest
manifested by interfering with VEGF binding to its cognate receptor.
The first antiangiogenic therapy to demonstrate clinical efficacy and
regulatory approval via this approach was bevacizumab, a humanized
monoclonal antibody directed against VEGF. The United States Food
and Drug Administration approved bevacizumab for mCRC in 2004,
with subsequent approvals in other cancers, including nonsmall cell
lung cancer (NSCLC), HER-2-negative breast cancer, glioblastoma
(GSB) and RCC. Preclinically, bevacizumab monotherapy was
shown to inhibit VEGF-induced neovascularization events, including
proliferation of endothelial cells and tumor angiogenesis, as well as
decreasing the growth of various human tumor xenografts in mice
[61]. However, efficacy was even more pronounced when adminstered
in combination with chemotherapeutic agents, which is believed to be
due to distinct mechanisms of action and the ability of VEGF inhibiton
to enable vascular access to tumors. The preclinical findings correlated
well with later clinical results, enabling the multiple approvals
described above. However, the recent FDA committee decision to
withdraw bevacisumab for breast cancer [62] highlights both the tumor
type dependence on antiangiogenic therapy and need to continually
monitor emerging clinical results.

Inhibiting the tyrosine kinase activity of VEGF-R, which is
essential for effective angiogenic cell signaling, has also been effective,
with regulatory approvals for sorafenib against RCC in 2005 and
later against hepatocellular carcinoma (HCC), sunitinib against RCC
and gastrointestinal stromal tumors (GIST) in 2006 and pazopanib
against RCC in 2009. Sorafenib is a Raf kinase inhibitor which inhibits
VEGFR-1,-2, -3, PDGFR-f, Fms-like tyrosine kinase-3 (Flt-3), and
c-kit. Sunitinib inhibits VEGFR-1, -2 and -3, PDGFR-a and P, c-kit,
Flt-3, colony stimulating factor Type 1, and the glial cell-line derived
neurotrophic factor receptor (RET). Pazopanib inhibits VEGFR-1, -2
and -3, PDGFR-a and - and c-kit. These potencies against multiple
kinases allow the above compounds to not only disrupt tumor
vasculature, but also inhibit tumor survival signaling pathways. For
instance, activating mutations of c-kit or PDGFR- a occur in the
majority of cases of GIST and are more responsive in vitro as compared
to tumors with less sensitive mutations [63]. In addition, sunitinib was
shown as a single agent to inhibit growth of cancer cell lines expressing
kit, flt-3 and ret with activating mutations [64]. Similarly, sorafenib
inhibited growth of cancer cell lines with oncogenic k-ras, b-raf and ret
mutations [65], and pazopanib showed modest activity in a wide variety
of human cell lines obtained from AML, myeloma, colon carcinoma,
kidney leiomyoblastoma, thyroid carcinoma, rhabdomyosarcoma,
CML, lymphoma cutaneous Tcell, and stomach carcinoma [66]. It is
most likely that the small molecule antiangiogenic drugs’ demonstrated
efficacy as monotherapy, and in varied and unique tumor types in vitro
and in clinical trials occurs through the multiple mechanisms described
above.

While inhibiting VEGF or VEGFR has led to great advances in
cancer therapy, safety concerns have also been identified. Adverse
events commonly noted in patients clinically with virtually all of these
antiangiogenic therapies targeting the VEGF pathway include diarrhea,
fatigue and hypertension. Hypertension has been noted with incidences
of 5-18 % of patients treated with bevacizumab [67], and at significant
incidence in RCC patients given either sorafenib [68], sunitinib or
pazopanib [69]. Hypertension has been shown to be a mechanistic,
on-target effect of VEGF signaling inhibition and necessitates blood
pressure monitoring of patients on therapy. When added exogenously,
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VEGF administration elicits a vasodilatory effect via NO-dependent
pathway [70,71], which can be pharmacologically inhibited with
antiangiogenic therapy [72]. Other class-wide overlapping adverse
events between biologic and small molecule therapies targeting
VEGF and VEGEFR include gastrointestinal toxicity, proteinuria, and
coagulation disorders [73,74].

Exerting both antiangiogenic activity and critical tumor cell
kinase activity has the benefit of increased efficacy, but it also leads to
additional safety concerns. There are several less common side effects
with the antiangiogenic TKIs that vary in incidence among agents and
may be related to inhibition of other kinases or related to synergism
between anti-VEGF activity and other off target toxicity, including
hypothyroidism, hepatic toxicity, hand-foot syndrome or hematologic
effects [67,68]. An important potential adverse clinical safety concern
with some of these multitargeted agents thought to be unrelated to
VEGEF inhibition that has emerged is cardiotoxicity. Nonoverlapping
inhibition of kinases at potencies comparable to clinical exposures
have been identifed for sorafenib and sunitinib [75-77]. While both
compounds significantly inhibit the VEGF pathway, cardiotoxicity
appears to be induced or exacerbated by concurrent inhibition of
several other kinase targets. For example, sorafenib is a potent inhibitor
of raf-1, which demonstrates antiapoptotic activity in cardiomyocytes
through inactivation of Apoptosis signal-regulating kinase 1 (ASK-1)
[78]. Through an inhibitor binding assay, sunitinib was shown to inhibit
the cardiac prosurvivial proteins ribosomal S6 kinase (RSK) family
and AMP-activated protein kinase (AMPK) [79]. Recently, we have
identified kinase inhibitor dependent (and potentially antiangiogenesis
independent) myocardial effects using a strain rate echocardiography
rat model [80]. Such cardiomyocyte alterations may be amplified in
patients when combined with the VEGF-mediated hypertensive effects
of this class of drugs. Further elucidations into kinase inhibitors’
effect on the cardiovascular system will no doubt follow the emerging
research into cardiac survival signaling pathways under both normal
and stressed conditions.

Conclusions

VEGF signaling and the outcome of this signaling pathway,
angiogenesis, are essential for normal development. These processes
are equally essential for progression of many tumor types and
therefore represent an exciting target for novel cancer therapeutics.
Understanding the role of VEGF mediated tumor-stromal interactions
has also led to a greater understanding of the local tumor environment’s
role in driving metastasis. The successes of targeted therapies for
vascular tumor types that depend upon VEGF-A and VEGFR-2 for
angiogenesis may provide the momentum for continued exploration
into the role of other VEGF family members in lymphangiogenesis
and tumor progression. The multitargeted approach to chemotherapy
with small molecule antiangiogenic compounds affecting multiple
kinase pathways has provided key insights into the specific roles of
VEGEF in these processes by highlighting synergies with other kinases
and magnifying differences among antiangiogenic drugs related to
both desired and undesired effects. As additional therapies targeting
this pathway are developed, our understanding of the complex role of
VEGEF in carcinogenesis will continue to broaden.
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