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1. Introduction
It is well established that progression from a pre-malignant to malignant invasive tumor
phenotype is dependent on angiogenesis1-7. As such, a hallmark of all solid cancers is their
ability to induce the formation of their own blood supply thereby sustaining their growth and
is characterized by increases in endothelial cell (EC) proliferation and blood vessel
heterogeneity8-10. The ‘angiogenic switch’, is a complex balance of multiple pro- and antiangiogenic factors secreted by both host and tumor cells, which when balanced in favor of proangiogenic factors will trigger new vessel formation (Figure 1)1-7. The expression of these proand anti- angiogenic regulators is dependent on various physiological and pathological factors
in addition to the tumor type, stage and microenvironment2,8. It has been shown previously
that although tumor angiogenesis to some extent recapitulates the normal process of
angiogenesis, it is not well organized and leads to the majority of solid cancers having tortuous
and dilated vessels that have abnormal physiological function. This commonly leads to
insufficient blood flow, poor delivery of oxygen and nutrients, inadequate removal of waste,
increased vessel permeability and tumor edema due to alteration in EC tight junctions and
contacts2,11-15. These inefficiencies in blood flow result in changes within tumor
microenvironment that can trigger further expression of a battery of angiogenic factors, setting
up a continuous cycle of dysfunctional vessel formation1,2,8,9. The precise mechanisms
governing expression of pro- or anti-angiogenic factors are still not fully understood. In
response to oncogene activation and/or metabolic stress, such as that seen in solid tumors,
tumor cells can directly secrete growth factors including vascular endothelial growth factor
(VEGF) and Angiopoietin-1 (Ang-1) stimulating the angiogenic switch to enhance vessel
formation17-23 (Figure 1), or attracting macrophages that can indirectly promote release of
angiogenic factors10. Multiple candidate factors that signal tumor cells to initiate this cascade
have been proposed1,2,11-14. The main contributors include hypoxia and increased physical
forces, both generated in rapidly growing tumors, that disrupt the EC connections within the
extracellular matrix (ECM), and the products of oncogenes and mutated tumor suppressor
genes1,2,11-14. The relative contribution of various angiogenic pathways, their interactions and
combinatorial impact on tumor angiogenesis is not precisely known and requires further
characterization in order to establish a comprehensive picture of tumor angiogenesis.
Principles of anti-angiogenic therapy
Originally, the knowledge that tumor angiogenesis was vital for solid tumor growth held
much promise for designing efficacious treatments for cancer, with the hope of arresting
tumor growth and progression, therefore maintaining a patients health in a stable
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Fig. 1. The Angiogenic Switch
A complex balance between pro- and anti- angiogenic factors exists in all
microenvironments and is instrumental in the enhancement or decrease in vessel formation.
The main angiogenic factors that have so far been elucidated are listed, not all of their
mechanisms are fully understood.
asymptomatic state. Anti-angiogenic cytostatic agents were thought to have several
advantages over the traditional cytotoxic chemotherapeutic agents7,13,15-18. First, it was
hypothesized that regardless of the extent of tumor heterogeneity, tumor angiogenesis is a
non-neoplastic homogenous process; hence anti-angiogenic strategies would be efficacious
against a variety of human solid cancers. Second, the issue of resistance to chemo- or radiation
therapy (CT or RT) of tumor cells would not apply to the angiogenic component of a solid
cancer. Third, the vascular compartment is readily accessible and no interstitial pressure
would be required to reach the targeted ECs. Fourth, the presence of up-regulated and altered
EC receptors in tumor vasculature, would permit specific targeting of therapeutic molecules to
tumor vasculature, while normal blood vessels would not be targeted.
Overall the results of anti-angiogenic based clinical trials, however, have been somewhat
disappointing12,19. With increased understanding and experience using anti-angiogenic
treatment, certain limitations and causes for failure of anti-angiogenic therapy have come to
light 8,12,19. One of the principle realizations being that the process of tumor angiogenesis is
as heterogeneous as tumor cells, and the dynamics of tumor vessel biology alters with
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tumor type, tumor stage and phase of tumor growth. Other reasons are that these trials
have either targeted only one angiogenic pathway, or in several instances the exact antiangiogenic mechanism is not known. We therefore need to expand our knowledge of the
qualitative differences in tumor vessel formation that are specific to each tumor and
individualize the therapeutic approach. We also need a more detailed understanding of the
relevant angiogenic regulators in specific tumors, which differ according to tumor
microenvironment, in order to generate target specific agents for testing in clinical trials
Additional reasons why there has been some disappointment in the efficacy of translation of
pre-clinical results to clinical trials include: (1) a lack of appropriate pre-clinical tumor
models. To date, primarily xenograft models have been used where tumors are grown in an
ectopic microenvironment in an immune deficient mouse. (2) There has been a lack of endpoints of treatment and surrogate markers of response to anti-angiogenic therapy. To date,
the primary method for establishing response has been measurement of tumor size in
xenograft models, extent of EC apoptosis, number of EC progenitor cell (EPC) circulators
and changes in EC signaling. Dynamic imaging of tumor characteristics in response to
treatment would be of significant clinical and translational value. The future direction of
tumor angiogenesis and anti-angiogenic therapy will focus on designing small animal
imaging modalities that will best identify the extent of effective and functional blood flow
within a tumor vascular network and the impact of treatment on the dynamic blood supply
of a tumor. By establishing these methodologies we can then translate end-points of
therapeutic response to drug more accurately that can be applied to clinical therapy.
An important evolution in anti-angiogenic therapy is the use of combinatorial therapy.
Combinatorial therapy takes advantage of using anti-angiogenic strategies together with RT
in order to improve the clinical efficacy of both treatment modalities. The principle of
combinatorial therapy in large part relies on the concept of ‘vascular normalization’, which
was introduced and popularized primarily by Rakesh Jain over the past decade. Vascular
normalization states that abnormal pathological tumor vasculature, in response to antiangiogenic therapy, becomes normalized and results in a window of opportunity during
which more efficient tumor blood flow can be delivered to the tumor, improving delivery of
tumor oxygenation and therapeutics, and ultimately response to RT 20-22. Improvement in
tissue oxygenation in particular the centre of tumor increases the functionality of RT ad CT
in the tumor.
The precise timing of this window of opportunity and extent by which ‘vascular
normalization’ improves response to RT however remains unknown. There are some preclinical studies and early clinical trials that have explored the therapeutic benefits of
combining anti-angiogenesis with RT, but results have been inconsistent34,37-48 and the
optimal scheduling of these adjuvant treatments has to be established. Moreover, individual
tumor type plays a significant role in determining the correct combinatorial scheduling and
very few studies have focused on brain tumors.
1.1 Normal vessel formation: Vasculogenesis and angiogenesis
Our understanding of the molecular mechanisms of tumor angiogenesis heavily relies and
derives from studies of the mechanisms of normal vessel development. Vascularization is
critical for embryonal development and normal physiological functions in large multicellular organisms. It is also pivotal for the progression of a multitude of pathological
processes.6,7,23-27. The primitive vascular network is modified by the process of angiogenesis,
leading to maturation, branching and formation of a complex vascular network6,7,9,23,28.
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During physiological angiogenesis new vessels are formed from pre-existing ones via
sprouting and non-sprouting mechanisms6,7,9,23,28 concomitant with an increased interaction
between EC and the pericytes (PC) and smooth muscle cells (SMC) of the ECM, creating a
stabilized vascular network (Figure 2 and 3)9,28. The main organs that are vascularized
primarily by angiogenesis are mesodermal organs such as the kidney and brain that do not
contain angioblasts6,7,9,23,28. In addition to maturation of the vasculature into a complex
network, determination of vessel fate is also a crucial aspect of normal vessel
development29,30. Vessel fate was originally thought to be regulated by hemodynamic
factors such as blood flow, extent of blood oxygenation, blood pressure and alteration in
other blood and microenvironmental characteristics 29,30. However, recent evidence suggests
that it is primarily governed by genetic regulation and cytokines such as Ephrins and the
Notch signaling pathway 29,30. Normal angiogenesis is vital for wound healing and for the
development of the endometrium during the uterine cycle. Angiogenesis is prevelant in
pathological conditions such as tumor growth, ischemia, vascular malformations and
inflammatory reactions however, the process is particularly abberant leading to the

Fig. 2. The process of Physiological New Vessel Formation
A. Angioblasts differentiate to form endothelial cells B. Endothelial cells proliferate to form
blood islands C. Blood islands coalesce to form hollow lumen vessels or primitive vascular
tubes that subsequently form a primary vascular network D. Maturation of the vessel leads
to new vessels sprouting through migration and proliferation of ECs with reassembly into
new lumens E. The last step in the process of angiogenesis is stabilization of the vessels
through recruitment of PC and SMC surrounding the vessel.
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torturous heterogeneic vessels that have come to be associated with tumor vascular
networks19,31. In some disease processes such as cerebral ischemia the angiogenic response is
deficient, while in other disease processes, such as tumor angiogenesis or vascular
malformation, there is excessive angiogenesis resulting in vessels that are abnormal in
structure and function19,31.
An alternative pathway for vessel formation is vasculogenesis, a process whereby
mesenchymal progenitors migrate from the bone marrow (BM) and differentiate into ECs6.
In turn, mesenchymal derived ECs then proliferate to form a de-novo primitive vascular
network in an a vascular tissue in the process of in-situ angiogenesis (Figure 3 and 4)6,7,23.
The main organs that are vascularized by means of vasculogenesis include the heart, great
vessels, spleen and other endodermal organs6,7,23. Vasculogenesis has long been thought of
as a pre-natal stage vessel formation occurring exclusively in the developing embryo.
However, recent data has speculated that neovascularization in adult life, both in
pathological and physiological conditions, can also occur by vasculogenesis58-61, and is
particularly prevalent in large-solid cancers62.

Fig. 3. Regulators of neo-angiogenesis
Although not fully understood the various Pro- and Anti- angiogenic factors can be broadly
linked to specific mechanisms underlying neo-angiogenesis. As there is a high level of
redundancy within this system many of the factors have multiple functions and multiple
factors can be involved in each step.
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Fig. 4. Mechanisms of Tumor Neo-angiogenesis
Tumor angiogenesis is thought to arise from 4 mechanisms:
Co-option – the colonization of existing vessels
Angiogenesis – the branching and colonization of existing vessels
Vasculogenesis – the formation of new vessels de novo from circulating EC progenitors
migrating from the bone marrow
Vascular Mimicry - the newest suggested source of vessels whereby the tumor cells directly
transdifferentiate into EC forming their own vessels
Circulating BM-derived endothelial progenitor cells (EPC), the adult counterpart of
embryonic angioblasts, were first isolated over 15 years ago from the peripheral blood of
patients with vascular trauma, septic shock, sickle cell anemia and cancer63,64. Accumulating
evidence indicates that these EPCs can be mobilized from the BM to initiate de novo vessel
formation in response to oncogenic mediators in solid cancers65-67 6,7,23. When isolated from
circulation and exposed to angiogenic factors, they formed highly proliferative endotheliallike colonies63,64. However, there is controversy as to whether these BM derived cells
(BMDCs) contribute directly to vessel endothelium as ECs or as perivascular cells (PVC) and
whether this varies with tumor type, growth stage and potentially in response to
treatment58,63,68-72. A variety of BMDCs have so far been linked to vasculogenesis, however
conflicting results exist over the degree of these BMDCs influence on the vascular
endothelium. In particular EPCs73-78, CD11b+ myeloid cells79, Tie2+ monocytes80,81,
VEGFR1+ hemangiocytes, and tumor associated macrophages (TAM) 82,83 have all been seen
to come from the BM and incorporate into tumors and their vasculature both directly,
through generation of endothelium and indirectly, by stabilizing the tumor vasculature
through localizing around the perivascular regions62-64,84.
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On the basis of recent studies, it appears that some, but definitely not all, experimental
tumors and types of ischemia utilize vasculogenesis in generating their blood vessel
endothelium, emphasizing the need to identify factors that may promote vasculogenesis.
Once these factors are identified, possible therapeutic applications are numerous, including:
(1) enhancing the pharmacologic ability to stimulate neovascularization after ischemia or
disrupt tumor vasculature by targeting all types of vessel formation and (2) a gene therapy
approach in which BM or EPCs are utilized as cellular delivery vehicles to deliver
therapeutic genes to ischemic areas or tumors 63,64.
Alternate mechanisms of tumor neovasculogenesis exist including Co-option, whereby the
tumor cells will accumulate around existing vessels and colonize the already efficient
vascular networks. Although less supporting evidence exists, it has also been suggested that
tumor cells themselves transdifferentiate into EC which are then able to form functional
vessels in the tumor (Figure 4).
1.2 Molecular regulators of angiogenesis
A large number of endogenous pro- and anti-angiogenic factors have been identified
(Figure 1)1,14,18,19,31 whose signaling pathways interact in a highly complex and coordinated
manner in order to produce functional vessels (Figure 3). Each angiogenic factor can play
multiple roles depending on the context in which it is expressed. The regulatory role of each
molecule is dependent on the microenvironment, the temporal and spatial expression
profile, and the combinatorial effect of other angiogenic factors32. Additionally, angiogenesis
is indirectly regulated by many transcriptional factors, oncogenes and tumor suppressor
genes, which regulate other aspects of cellular function such as proliferation, apoptosis and
motility1. Among the angiogenic factors identified, there are three groups that are thought to
have an endothelial specific role, because their receptors are found exclusively on ECs32.
These three groups are: VEGF, which binds to its receptors VEGFR1/Flt-1 and
VEGFR2/Flk-1/KDR, Angiopoetins (Ang1 and Ang2), which bind to their receptors
Tie2/TEK, and the more recently identified EphrinA and EphrinB, which bind to EphA and
EphB receptors32. All three classes make a critical contribution to mature vessel formation
(Figure 3 and 5).
1.2.1 Pleotropic angiogenic factors
Several cytokines are direct regulators of angiogenesis in addition to being indirect
modulators of EC specific factors such as VEGF26,33. Acidic and Basic Fibroblastic Growth
Factor (aFGF, bFGF), were amongst the first cytokines implicated closely in angiogenesis26,34.
FGFs (aFGF and bFGF) induce EC proliferation, migration and tubule formation, in addition
to providing a mitogenic signal to many other cell types2,26. However, in transgenic knockout mice for FGFs vessel development is normal, suggesting a level of redundancy in the
pathway. Platelet Derived Growth Factor (PDGF) activate their receptors, homo- or heterodimeric complexes of PDGF-or PDGF subunits88-90 (Figure 5). Increased
expression of PDGF- is noted in these PVC both physiologically and in many solid tumors,
and activation of PDGF receptors results in proliferation of many cell types including
astrocytes. Transforming growth factor- (TGF-) is able to regulate EC biology directly,
affecting proliferation, differentiation, adhesion and apoptosis, and indirectly by
upregulating VEGF26. There is speculation that at low doses TGF- stimulates, while at high
doses it inhibits growth of ECs, with a similar effect on EC tubule formation35,36.
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Additionally, TGF- is thought to regulate angiogenesis by acting as a chemotactic agent for
monocytes, fibroblasts and other inflammatory agents important in angiogenesis 26.

Fig. 5. Diagrammatic representation of VEGF, PDGF and Ang signaling
Schematic demonstrates the numerous interactions feasible amongst each signaling family,
suggestive of the level of redundancy in these pathways determined by the
microenvironment and so presence of signals and receptors.
1.2.2 Role of the extracellular matrix in tumor angiogenesis
Angiogenesis takes place in a complex ECM, which is critical for modulation of EC behavior.
The ECM is composed of highly organized proteins and proteoglycans, and its composition
effects EC shape, structure and proliferation, together with EC growth factor expression and
interactions with blood vessels37. Remodeling of the ECM is a pre-requisite for formation of
new blood vessels. The basement membrane provides structural support to the vasculature
and is composed of type IV collagen, laminin and fibronectin38. Proteases such as Matrix
Metalloproteinases (MMPs), and their tissue inhibitors, (TIMPs), regulate the breakdown of
ECM and are associated with tissue destruction in many pathologic settings38-40. The relative
contribution of individual MMPs to vessel formation is not precisely understood, however,
certain MMPs are thought to have a more specific angiogenic regulatory role, in particular
MMP-2 (gelatinaseA) and MMP-9 (gelatinaseB) both cleave collagen type IV, fibronectin and
laminin, the major components of blood vessel basement membrane41. Various
microenvironmental factors contribute to the regulation of MMPs including direct interactions
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of angiogenic factors. For instance, bFGF upregulates the expression of the gelatinases (MMP-2
and MMP-9), whereas VEGF markedly increases only the expression of MMP-242. TIMPs
tightly regulate the extent of MMPs activity in addition to directly inhibiting endothelial cell
invasion, proliferation and migration. Therefore, identification of TIMPs holds great potential
for designing effective anti-angiogenic treatment.
1.2.3 Role of Endothelial cell specific angiogenic factors
Vascular Endothelial Growth Factor
The best-characterized and most extensively studied EC-specific angiogenic factor is Vascular
Endothelial Growth Factor-A, commonly referred to as VEGF, with the isoform VEGF-165
being the major secreted isoform and most abundant in human brains27,43. The various
isoforms, which exist have distinct angiogenic roles, demonstrating organ specificity and
making unique contributions to vessel development. VEGF through paracrine activation of its
receptors VEGFR1 (Flt-1), VEGFR2 (Flk-1/KDR) that are predominantly expressed by ECs,
triggers differentiation of EC precursors, promotes EC survival, mitogenesis and migration
leading to the formation of tubule structures and neoangiogenesis31 (Figures 3 and 5).
The critical role of VEGF in vessel development is demonstrated in knock-out mice, where
deletions of a single allele of the VEGF gene is is embryonic lethal, due to lack of vessel
formation in addition to deficient blood island formation in the yolk sac44. The biological
response to VEGF is highly dose dependent, requiring strict control of in vivo VEGF
expression for normal vessel formation45,46. Over-expression of VEGF in a dose dependent
manner is also detrimental, leading to abnormal vessels characterized by an attenuated
compact layer of myocardium, remodeling of the large vessels and tortuous and dilated
epicardial vessels100,102,103, .
During adult life, VEGF expression is low to absent in most organs, including the brain,
other than at sites of physiological neo-angiogenesis33,47,48 however, at sites where new
vessel formation is required, VEGF is up-regulated. Various regulators of VEGF have been
identified, the most prominent being hypoxia, which acts to regulate VEGF expression at
both the transcriptional and post-transcriptional levels49.
Although hypoxia is the most important physiological regulator of VEGF, other growth
factors also play a role. Specific cytokines and receptors and their major downstream
signaling pathways, are usually considered to be important mitogenic regulators, but also
indirectly regulate expression of VEGF and VEGF receptors. In gliomas, some of these
cytokine/receptors pathways include activated Epidermal Growth Factor Receptors (EGFR)
or PDGFR and their signaling pathways such as those mediated by activation of p21-Ras or
PI3-Kinase33,49,50. In specific, relating to tumor-mediated angiogenesis, VEGF is regulated by
mutations in oncogenes and tumor suppressor genes, suggesting they act to initially trigger
the signalling events involved in new vessel formation, thereby supporting further
proliferation of tumor cells. It has been previously demonstrated that P53 and ras activating
mutations result in a marked upregulation of VEGF expression. The cross talks between
mitogenic and angiogenic signals, mediated by VEGF, are of high relevance, particularly in
solid tumor vascularization.
Angiopoietins and Tie2/TEK Receptor
Angiopoietins, (Ang1/2) are important modulators of angiogenesis and are a second class of
angiogenic factors to have their receptor expressed exclusively on ECs31. The two main
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family members are Ang1 and Ang2, with their cognate EC specific receptor being
Tie2/TEK51-53. Ang1 is the activating ligand to Tie2/TEK53, while Ang2 is the naturally
occurring antagonist (Figure 5). The expression pattern for Ang1 and Ang2, and their
isoforms, among variable tumor cell lines has been examined and suggests an as of yet
undetermined role for the different isoforms in pathological scenarios 111,112.
Early in mouse development, Ang1 is found prominently in the myocardium and
endocardium whilst later in development, it is primarily seen in the mesenchyme
surrounding developing vessels, in close in close proximity to ECs53,54. This expression
pattern suggested that Ang1 plays a role in the development of the heart and vascular
structures53,54; however, a direct role in angiogenesis was not easily evident, since unlike the
EC mitogenic signals of VEGF, Ang1 has no direct effect on EC proliferation53,54. Deletion of
Tie2/TEK caused embryonic lethality due to defects in vascular development, characterized
by a reduction in EC number, defect in the morphogenesis of microvessels, compromised
heart development and internal hemorrhage51.
Ang2 expression was primarily observed in the major vessels such as the dorsal aorta, but
not in all vascular structures55. In adult life, Ang2 is present at sites of vascular remodeling
such as in the ovary, placenta, uterus and other areas of active neo-vascularization55.
Interestingly, transgenic mice over-expressing Ang2 died embryonically with a similar
phenotype as the Ang1 and Tie2/TEK knock-out mice, suggesting that Ang2 is a natural
antagonist for Ang1-mediated Tie2/TEK activation in EC, making Tie2/TEK the first known
naturally occurring receptor tyrosine kinase (RTK) that is so precisely regulated in vivo 55.
Tie2/TEK expression persists throughout life in the quiescent endothelial cells including
those in the normal brain, providing continuous stabilizing force to the mature adult
vasculature through Ang1 activation56,57. Tie2/TEK is critical for normal embryonic vessel
development and knock-out of Tie2/TEK or ablation with a dominant negative mutant
causes embryonic lethality58-60. The abnormal vessels are characterized by a reduction in EC
number and lack of recruitment of PVC58-60. There is a decrease in sprouting and
remodeling of the primitive vascular network, leading to restricted growth of the head and
heart, together with a loss of heart trabeculation58-60. During normal physiological processes
such as wound healing and pathological angiogenic states such as tumor vascularization,
Tie2/TEK expression and activation are increased56,57,61,62, indicating a requisite role for this
pathway in neo-angiogenesis.
A paradigm incorporating interactions of VEGF and Ang1/2 in the development of normal
embryonal and adult vasculature has been proposed63. VEGF and VEGFRs are essential for
the formation of the primitive vascular network, while Ang1/2 and Tie2/TEK interactions
signal maturation of the primitive vessels63(Figure 3). During normal and pathological
angiogenesis, a relative increase in Ang2 expression by the ECs inhibits Tie2/TEK
activation, thereby destabilizing the vessels and sensitizing ECs to VEGF, which results in
EC proliferation, sprouting and neo-angiogenesis 63. However, this paradigm is an oversimplification as we are gradually deciphering the multiple areas of EC biology that Angs
and Tie2/TEK play a role in64-71. Activation of Tie2/TEK by Ang1 modulates EC adhesion,
motility and survival67-71. Additionally, Ang1/2 play a highly variable role in angiogenesis
depending on the levels of VEGF expression, and the microenvironmental and tissue
context in which they are expressed64-69.
An important factor governing the functional role of Ang1/2 is their interactions with other
angiogenic factors, with data suggesting that Ang1/2 can have a dual role in angiogenesis
depending on the context in which they are expressed32. Recent biochemical research has
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focused on the collaborative functions that exist between Ang1, Ang2 and VEGF72-75.
Transgenic mice over-expressing Ang1 in cardiac cells demonstrate no increase in
angiogenesis, which is in contradiction to the findings of increased angiogenesis with Ang1
over-expression in skin54. Double transgenic mice over-expressing VEGF and Ang1 showed
restricted angiogenesis and dampening of the potent angiogenic response Seen following
VEGF signaling 65. These findings highlight a very context specific role for Ang1 and how it
can play both a positive or negative regulatory roles in normal physiological angiogenesis.
Similarly, the role of Angs in tumor angiogenesis is proving to be context dependent, as
demonstrated by our work in astrocytomas, described below.
Our current understanding of the Tie2/TEK-Ang pathway indicates that these cytokines
have a multi-faceted role in promoting and maintaining normal vessels. The regulatory
effects of Ang1/2 and Tie2/TEK can vary according to the organ and context in which they
are expressed. Therefore, we postulate that this pathway potentially contributes in a similar
context-dependent manner to the formation of the abnormal vasculature.
Ephrins
Eph receptors together with their EphrinA and EphrinB ligands were first identified in the
nervous system for their role in neuronal patterning and axonal guidance 76,77. Ephrins and
Eph receptors are also postulated to play important functions in arterio-venous
differentiation and maintenance. EphrinB2 is an early marker of arterial EC and the receptor
EphB4 an early marker of venous EC30,76-78. Mice with a knock-out of EphrinB2 die
embryonally due to lack of appropriate orchestration of arterial and venous ECs. EphB4
knock-out mice show similar phenotypic alterations such embryonal lethality with vascular
changes that are identical to the EphrinB2 knock-out mice 30,76-78. This suggests that EphB4 is
the most important receptor interacting with EphrinB2 that regulates normal differentiation
of the arterial and venous system. Furthermore, most recent evidence indicates that EphB4
along with Angiopoietin pathway are important not only in physiological but tumor
vascular patterning 79,80. Specifically it is thought that Ang1 and EphB4 interaction reduces
the permeability of the tumor vasculature, potentially by altering EC and SMC interaction,
in other words influencing vessel maturation 80.
1.3 Role of progenitor cells in tumor angiogenesis
The paradox of the sensitivity of the vasculature to irradiation and the resistance to RT could
be resolved if, as postulated, circulating cells outside of the radiation field can re-colonize
and/or stabilize the tumor vasculature after irradiation, thereby supporting any remaining
viable tumor cells. This restoration of the vasculature facilitated by BMDCs is observed in
ischemic normal tissues and in malignant tissues73-75. These BMDCs are also thought to create
an environment for tumor growth and invasion, and metastasis 77, (Figure 6).
Whether EPCs are a true subpopulation of BMDC that are mobilized from the BM versus
being present mainly in the circulation remains controversial and data supports that there
may not be a clear distinction between angiogenesis and vasculogensis as traditionally
proposed. One of the major limitations in the study of EPCs is the lack of exclusive cellsurface markers for these cells.
EPCs that are derived from BM can be mobilized during adult life to sites where new vessel
formation is required81,82. It is also conceivable that they can reside in organs dormantly,
become activated and differentiate into ECs in response to certain physiological and
pathological triggers, thereby contributing to angiogenesis. EPCs express markers similar to
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ECs, such as VEGFR2, Tie2/TEK, CD34, CD146, von Willebrand factor and PECAM83,84.
Therefore, making a distinction between EC lining the vessel lumen and EPCs present
within a vessel lumen can be difficult. Though their relative contribution to angiogenesis is
not clear85 very recent data suggests that EPCs within a specific vessel wall region, localized
between smooth muscle and adventitial layer, act as a source of EPCs that will then trigger
neo-vascularization in adult tumors86. The stem cell marker, CD133, with a yet to be
determined function, stains EPCs83,84. Stem cells are CD133+ /VEGFR2-, but in vitro can be
induced to become CD133-/VEGFR2+, and behave as a mature EC83,84. Until these recent
observations it was thought that adult vessel formation relied solely on neo-angiogenesis
however these recent results suggest that de novo vessel formation by EPCs to be potentially
possible 86-88. Recent studies using Id1&3 knock-out mice demonstrate an impaired VEGF
induced EPCs mobilization and tumor vascularisation, suggesting bone marrow derived
EPCs are incorporated to the vascular structures in both B6RV2 lymphoma and Lewis lung
carcinoma tumors. The recruitment of EPCs occurs concurrently with myeloid cells, which
are believed to stabilize the structure of newly formed vessels.
There is evidence that chemotactic factors expressed by injured tissue recruits hematopoetic
stem cells and progenitor cells to aid in neoangiogenesis85,89, however, their role and
mechanism of activation in tumor angiogenesis is not known. The molecular mechanisms of

Fig. 6. BMDC recruitment to Tumor
Using in vivo 2-photon imaging it is possible to watch with time the recruitment of BMDCs
to the site of tumor growth and ultimately their dynamic integration into the vasculature
network. BMDCs distribution can be confirmed following end point histology looking at
sections through the tumor.
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activation, recruitment and differentiation of EPCs to tumor angiogenesis is beyond the
scope of this chapter, but this is an exciting new direction for angiogenesis research, which
will most likely result in significant advances and potentially yield therapeutic strategies for
tumors.
1.4 Role of immuno-modulatory cells in tumor angiogenesis
In addition to EPCs, other subpopulations of BMDCs are thought to contribute to tumor
neo-vascularization. It is well established that the role of macrophages extends beyond their
originally recognized role as scavenger cells and as part of inflammatory cells they are
proposed to play a crucial role in tumor neo-vascularization, though a specific role has not
been definitively established. Recent studies demonstrate that monocytes derived from the
bone marrow are recruited from the circulation and migrate into the tumor stroma where
they differentiate to form macrophages. Several studies have shown tumor-associated
macrophages (TAM) to promote tumor angiogenesis and metastases90 and extent of TAM
correlates with increased tumor angiogenesis. These TAMs can in turn promote neovascularization61. To date only a few studies have focused on this area in solid tumors, and
it has been suggested that a small subpopulation of monocytes expressing an angiogenic
specific receptor tyrosine kinase, TIE2 expressing Monocyte (TEM), also play a very specific
role in neo-vascularization of tumors91. TEMs can be distinguished from TAMs by their
surface markers (CD45,CD11b,TIE2,F4/80) and lack of mature EC cell surface markers
(VEGF-R2/CD133/CD34)92. Depletion of the TEM population in mice results in altered
endothelial staining, which indicates a dramatic reduction in vascular structures, suggesting
that TEMs are important in the process of glioma tumor angiogenesis9 . Another key
subpopulation of BMDCs are BM derived myeloid cells or myeloid-derived suppressor cells
(CD45/CD11b/Gr-1), which are thought to eventually differentiate into TAM, TEM and
granuloctyes. The role of myeloid-cells in cancer progression, in particular vascular
dependent growth, is becoming more recognized, and interest in using them as therapeutic
targets is increasing as their depletion can prevent tumor recurrence post-RT94.
Colony-stimulating factor (CSF-1) gene plays a critical role in macrophage growth and
development. Inhbition of CSF-1 decreases tumor growth95. The paracrine loop signaling
between macrophages and tumor cells is essential to the ability of tumor cells to invade
within the primary tumor. TAMs are found to express a range of angiogenic regulating
factors, most notable of which are epidermal growth factor (EGF), FGF-2, TGF-a and b and
CSF-196. A few studies have shown macrophages to be a source of EGF, which acts as a
chemotactic for tumor cells in mammary tumors in vivo and in vitro. Another chemokine
thought to be involved in macrophage recruitment is CCL2/monocyte chemotactic protein-1
(MCP-1), synthesized by ECs MCP-1 is seen to increase in both ischemia and malignancy.
1.5 Role of hypoxia in tumor angiogenesis
The responses to hypoxic condition are mostly mediated through activation of hypoxia
inducible factor (HIF-1) and influenced by tumor microenvironment and underlying vessel
density97. HIF-1 consists of a constituently active subunit, HIF-1 , and a secondary subunit,
HIF-1 , which is not present under normoxia due to ubiquitin-mediated proteolysis.
Hypoxia inhibits proteolytic degradation of HIF-1, resulting in dimerization with HIF-1
and activation of many downstream targets through interaction with a 28-base sequence in
the 5’ promoter region of the gene, termed the Hypoxia Response Element (HRE)98,99. The
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critical regulation of HIF-1 by hypoxia is demonstrated during embryonal development,
because whereby HIF-1 knock-out embryos die due to vascular defects.
Hypoxia induces the transcription of many key angiogenic signaling pathways including
VEGF 100-105, through increasing the VEGF mRNA stability through binding of several RNA
binding proteins 100,102,106-109.
Similarly it has been shown that in a tumor hypoxic environment, the activation of HIF1
induces Stromal Derived Factor-1 (SDF-1), a mobilizer of BMDCs, in turn recruiting EPCs,
pericyte progenitor cells (PPCs) and CD45+ myeloid cells to the tumor contributing to
neovascularisation. EPCs and PPCs directly contribute in vascular structure whilst myeloid
cells have been shown to induce the bioavailability of VEGF, thus promoting the angiogenic
potential of the tumor63.
In addition to HIF-1 , a very recent study has identified the distinct upregulation of HIF-2
gene expression by glioma stem cells (GSCs) in response to hypoxia, potentially explaining
the increased VEGF expression and highly angiogenic activity of tumors originating from
GSC110. Therapeutic intervention such as RT will increase the hypoxic level of tumor and
therefore contribute to the HIF-1 enhancement of the formation of new blood vessels. Kioi et
al have shown that irradiation increases tumor hypoxic condition, which in turn enhances
the number of BMDCs, such as myelomonocytes (CD11b+), recruited to the tumor
environment, implying that vasculogenesis rather than angiogenesis contributes in RT
induced tumor progression. Through the blockade of SDF-1, a downstream target of HIF1,
the recruitment of BMDCs EPCs was completely inhibited demonstrating the specificity of
the recruitment following RT6 .
1.6 Ionizing radiation and its affect on neo-vascularisation
A more comprehensive knowledge of the molecular mechanisms of angiogenesis in
response to RT is required to allow more efficient targeting of angiogenic pathways. There is
experimental evidence demonstrating that RT regulates tumor angiogenesis, both direct and
indirectly. RT directly modulates EC biology, by inhibiting EC survival and proliferation,
preventing EC invasion and tube formation and inducing EC apoptosis111,112. Some studies
have shown a dose dependent response to RT, where at lower doses, RT can promote EC
proliferation (<10 Gy)113 while at higher doses (> 10 Gy) induce EC apoptosis114,115. EC
apoptosis is promoted through inhibiting the main signaling pathway regulating EC
survival, the PI3K/Akt pathway. Therefore, PI3K/Akt has been proposed as a strong
candidate target for combinatorial therapy with RT116,117. In addition to regulating EC
biology, RT also directly regulates expression of angiogenic factors and hence tumor
angiogenesis. RT upregulates VEGF and VEGFR-2, in turn promoting EC proliferation and
tumor angiogenesis, and overall tumor growth45,46,111,118,119. Levels of VEGF expression by
ECs is suggested to be dependent on RT dose and fractionation schedule120,121. Other
candidate angiogenic factors also found to modulate RT include Ang-1 and bFGF which
protect ECs against RT damage115,122, while bFGF enhance anti-tumor effect of RT114,123.
Similarly, PECAM-1 elevation following RT increases anti-tumor effect of IR by
upregulating vessel thrombosis and promoting anti-angiogenesis124. RT can regulate tumor
angiogenesis indirectly as well, by generating hypoxia. Hypoxia in turn induces VEGF and
VEGFR2 upregulation125-127 and tumor angiogenesis. The tumor angiogenic response elicited
post-RT is considered as a potential ‘escape mechanism’ that might provide an opportunity
for tumor cells to avoid radiation cell kill and facilitates cancer recurrence. It is conceivable
that inhibition of VEGF and other relevant angiogenic cytokines will eliminate the

www.intechopen.com

Molecular Mechanisms of Tumor Angiogenesis

289

angiogenic survival response post-RT, radiosensitizing ECs and potentiating the benefits of
RT. The above results are supported to an extent by recent in vivo studies120,121,123,128,
however, unfortunately clinical trials involving combination of RT and anti-VEGF therapy
have not proven beneficial, suggesting other mechanisms regulating tumor neovascularization in response to RT may be involved 34,37,39,48.
Recent evidence has demonstrated the specific migration and recruitment of BMDCs to the
site of radiation specifically, although negates the process of differentiation following
integration. The BMDCs instead are retained at the site of RT until a secondary signal, such
as an oncogenic signal initiates their differentiation, possibly providing a vascular escape
mechanism for the RT. The molecular mechanisms that regulate BMDC to site of cranial
irradiation remains to be identified and their potential to be harnessed towards a
therapeutic benefit further elucidated.

2. Abbreviations
EC – Endothelial Cell
VEGF – Vascular Endothelial Growth Factor
Ang 1&2 – Angiopoietin 1 & 2
ECM – Extracellular Matrix
CT – Chemotherapy
RT - Radiation Therapy
EPC – Endothelial Progenitor Cell
PC – Pericyte
SMC – Smooth Muscle Cell
BM – Bone Marrow
BMDC - Bone Marrow Derived Cell
PVC – Perivascular Cell
TAM - Tumor Associated Macrophage
GSC – Glioma stem Cells
PPC – Pericyte Progenitor Cells
HIF1 – Hypoxia Induced Factor 1
SDF-1 – Stromal Derived Factor 1
PDGF – Platelet Derived Growth Factor

3. References
[1] Carmeliet, P. & Jain, R.K. Angiogenesis in cancer and other diseases. Nature 407, 249-57.
(2000).
[2] Darland D, D.A.P. Tumor Angiogenesis and Microcirculation, (Marcel Dekker Inc., New
York, 2001).
[3] Folkman, J., Ed: Klein, G. & Weinhouse, S. Tumor Angiogenesis. "Advances in Cancer
Research" New York, Academic Press, 43-52 (1974).
[4] Folkman, J. What is the evidence that tumors are angiogenesis-dependent? J. Natl. Cancer
Inst. 82, 4-6 (1990).
[5] Holash, J., Wiegand, S.J. & Yancopoulos, G.D. New model of tumor angiogenesis:
dynamic balance between vessel regression and growth mediated by angiopoietins
and VEGF. Oncogene 18, 5356-62 (1999).

www.intechopen.com

290

Tumor Angiogenesis

[6] Risau, W. & Flamme, I. Vasculogenesis. Annu Rev Cell Dev Biol 11, 73-91 (1995).
[7] Risau, W. Embryonic angiogenesis factors. Pharmacol Ther 51, 371-6 (1991).
[8] Bergers, G. & Benjamin, L.E. Tumorigenesis and the angiogenic switch. Nat Rev Cancer 3,
401-10 (2003).
[9] Wilting, J., Brand-Saberi, B., Kurz, H. & Christ, B. Development of the embryonic
vascular system. Cell Mol Biol Res 41, 219-32 (1995).
[10] Polverini, P.J. & Leibovich, S.J. Induction of neovascularization in vivo and endothelial
proliferation in vitro by tumor-associated macrophages. Lab Invest 51, 635-42 (1984).
[11] Lutsenko, S.V., Kiselev, S.M. & Severin, S.E. Molecular mechanisms of tumor
angiogenesis. Biochemistry (Mosc) 68, 286-300 (2003).
[12] Kerbel, R.S. Tumor angiogenesis: past, present and the near future. Carcinogenesis 21,
505-15 (2000).
[13] Durairaj, A., Mehra, A., Singh, R.P. & Faxon, D.P. Therapeutic angiogenesis. Cardiol Rev
8, 279-87 (2000).
[14] Cavallaro, U. & Christofori, G. Molecular mechanisms of tumor angiogenesis and
tumor progression. J Neurooncol 50, 63-70 (2000).
[15] Sipos, E.P., Tamargo, R.J., Weingart, J.D. & Brem, H. Inhibition of tumor angiogenesis.
Ann N Y Acad Sci 732, 263-72 (1994).
[16] Muehlbauer, P.M. Anti-angiogenesis in cancer therapy. Semin Oncol Nurs 19, 180-92
(2003).
[17] Brem, S. Angiogenesis and Cancer Control: From Concept to Therapeutic Trial. Cancer
Control 6, 436-458 (1999).
[18] Jain, R.K. & Carmeliet, P.F. Vessels of death or life. Sci Am 285, 38-45 (2001).
[19] Jain, R.K. Normalizing tumor vasculature with anti-angiogenic therapy: a new
paradigm for combination therapy. Nat Med 7, 987-9 (2001).
[20] Jain, R.K. Normalization of tumor vasculature: an emerging concept in antiangiogenic
therapy. Science 307, 58-62 (2005).
[21] Jain, R.K., Tong, R.T. & Munn, L.L. Effect of vascular normalization by antiangiogenic
therapy on interstitial hypertension, peritumor edema, and lymphatic metastasis:
insights from a mathematical model. Cancer Res 67, 2729-35 (2007).
[22] Risau, W. Mechanisms of angiogenesis. Nature 386, 671-4 (1997).
[23] Patan, S. Vasculogenesis and angiogenesis as mechanisms of vascular network
formation, growth and remodeling. J Neurooncol 50, 1-15. (2000).
[24] Pardanaud, L., Altmann, C., Kitos, P., Dieterlen-Lievre, F. & Buck, C.A. Vasculogenesis
in the early quail blastodisc as studied with a monoclonal antibody recognizing
endothelial cells. Development 100, 339-49 (1987).
[25] Papetti, M. & Herman, I.M. Mechanisms of normal and tumor-derived angiogenesis.
Am J Physiol Cell Physiol 282, C947-70 (2002).
[26] Houck, K.A. et al. The vascular endothelial growth factor family: identification of a
fourth molecular species and characterization of alternative splicing of RNA. Mol
Endocrinol 5, 1806-14 (1991).
[27] Wilting, J. & Christ, B. Embryonic angiogenesis: a review. Naturwissenschaften 83, 153-64
(1996).
[28] Hogan, K.A. & Bautch, V.L. Blood vessel patterning at the embryonic midline. Curr Top
Dev Biol 62, 55-85 (2004).

www.intechopen.com

Molecular Mechanisms of Tumor Angiogenesis

291

[29] Adams, R.H. Molecular control of arterial-venous blood vessel identity. J Anat 202, 10512 (2003).
[30] Yancopoulos, G.D. et al. Vascular-specific growth factors and blood vessel formation.
Nature 407, 242-8. (2000).
[31] Patan, S. Vasculogenesis and angiogenesis. Cancer Treat Res 117, 3-32 (2004).
[32] Dunn, I.F., Heese, O. & Black, P.M. Growth factors in glioma angiogenesis: FGFs, PDGF,
EGF, and TGFs. J Neurooncol 50, 121-37. (2000).
[33] Thomas, K.A. Fibroblast growth factors. Faseb J 1, 434-40 (1987).
[34] Muller, G., Behrens, J., Nussbaumer, U., Bohlen, P. & Birchmeier, W. Inhibitory action
of transforming growth factor beta on endothelial cells. Proc Natl Acad Sci U S A 84,
5600-4 (1987).
[35] Merwin, J.R., Newman, W., Beall, L.D., Tucker, A. & Madri, J. Vascular cells respond
differentially to transforming growth factors beta 1 and beta 2 in vitro. Am J Pathol
138, 37-51 (1991).
[36] Yurchenco, P.D. & Schittny, J.C. Molecular architecture of basement membranes. Faseb J
4, 1577-90 (1990).
[37] Madri, J.A., Pratt, B.M. & Tucker, A.M. Phenotypic modulation of endothelial cells by
transforming growth factor-beta depends upon the composition and organization
of the extracellular matrix. J Cell Biol 106, 1375-84 (1988).
[38] Romanic, A.M., White, R.F., Arleth, A.J., Ohlstein, E.H. & Barone, F.C. Matrix
metalloproteinase expression increases after cerebral focal ischemia in rats:
inhibition of matrix metalloproteinase-9 reduces infarct size. Stroke 29, 1020-30
(1998).
[39] Lukes, A., Mun-Bryce, S., Lukes, M. & Rosenberg, G.A. Extracellular matrix
degradation by metalloproteinases and central nervous system diseases. Mol
Neurobiol 19, 267-84 (1999).
[40] Bennett, S.-S. Matrix Metalloproteinases and Their Inhibitors in Angiogenesis: Tumor
Angiogenesis and Microcirculation, (Marcel Dekker, New York, 2001).
[41] Burbridge, M.F. et al. The role of the matrix metalloproteinases during in vitro vessel
formation. Angiogenesis 5, 215-26 (2002).
[42] Cohen, T. et al. VEGF121, a vascular endothelial growth factor (VEGF) isoform lacking
heparin binding ability, requires cell-surface heparan sulfates for efficient binding
to the VEGF receptors of human melanoma cells. J Biol Chem 270, 11322-6 (1995).
[43] Patan, S. Vasculogenesis and angiogenesis as mechanisms of vascular network
formation, growth and remodeling. Journal of neuro-oncology 50, 1-15 (2000).
[44] Ferrara, N. et al. Heterozygous embryonic lethality induced by targeted inactivation of
the VEGF gene. Nature 380, 439-42 (1996).
[45] Ferrara, N. VEGF: an update on biological and therapeutic aspects. Curr Opin Biotechnol
11, 617-24 (2000).
[46] Plate, K.H., Breier, G., Weich, H.A., Mennel, H.D. & Risau, W. Vascular endothelial
growth factor and glioma angiogenesis: coordinate induction of VEGF receptors,
distribution of VEGF protein and possible in vivo regulatory mechanisms. Int J
Cancer 59, 520-9. (1994).
[47] Plate, K. & Risau, W. Angiogenesis in Malignant Gliomas. Glia 15, 339-347 (1995).
[48] Machein, M.R. & Plate, K.H. VEGF in brain tumors. J Neurooncol 50, 109-20. (2000).

www.intechopen.com

292

Tumor Angiogenesis

[49] Guha, A., Feldkamp, M.M., Lau, N., Boss, G. & Pawson, A. Proliferation of human
malignant astrocytomas is dependent on Ras activation. Oncogene 15, 2755-65.
(1997).
[50] Dumont, D.J., Yamaguchi, T.P., Conlon, R.A., Rossant, J. & Breitman, M.L. tek, a novel
tyrosine kinase gene located on mouse chromosome 4, is expressed in endothelial
cells and their presumptive precursors. Oncogene 7, 1471-80. (1992).
[51] Dumont, D.J., Gradwohl, G.J., Fong, G.H., Auerbach, R. & Breitman, M.L. The
endothelial-specific receptor tyrosine kinase, tek, is a member of a new subfamily
of receptors. Oncogene 8, 1293-301. (1993).
[52] Davis, S. et al. Isolation of angiopoietin-1, a ligand for the TIE2 receptor, by secretiontrap expression cloning. Cell 87, 1161-9. (1996).
[53] Suri, C. et al. Requisite role of angiopoietin-1, a ligand for the TIE2 receptor, during
embryonic angiogenesis. Cell 87, 1171-80. (1996).
[54] Maisonpierre, P.C. et al. Angiopoietin-2, a natural antagonist for Tie2 that disrupts in
vivo angiogenesis. Science 277, 55-60. (1997).
[55] Korhonen, J. et al. Enhanced expression of the tie receptor tyrosine kinase in endothelial
cells during neovascularization. Blood 80, 2548-55. (1992).
[56] Wong, A.L. et al. Tie2 expression and phosphorylation in angiogenic and quiescent
adult tissues. Circ Res 81, 567-74. (1997).
[57] Dumont, D.J. et al. Dominant-negative and targeted null mutations in the endothelial
receptor tyrosine kinase, tek, reveal a critical role in vasculogenesis of the embryo.
Genes Dev 8, 1897-909. (1994).
[58] Sato, T.N., Qin, Y., Kozak, C.A. & Audus, K.L. Tie-1 and tie-2 define another class of
putative receptor tyrosine kinase genes expressed in early embryonic vascular
system. Proc Natl Acad Sci U S A 90, 9355-8 (1993).
[59] Sato, T.N. et al. Distinct roles of the receptor tyrosine kinases Tie-1 and Tie-2 in blood
vessel formation. Nature 376, 70-4. (1995).
[60] Asahara, T. et al. Tie2 receptor ligands, angiopoietin-1 and angiopoietin-2, modulate
VEGF-induced postnatal neovascularization. Circ Res 83, 233-40. (1998).
[61] Peters, K.G. et al. Expression of Tie2/Tek in breast tumour vasculature provides a new
marker for evaluation of tumour angiogenesis. Br J Cancer 77, 51-6. (1998).
[62] Hanahan, D. Signalling Vascular Morphogenesis and Maintenance. Science 277, 48-50
(1997).
[63] Ward, N.L. & Dumont, D.J. The angiopoietins and Tie2/Tek: adding to the complexity
of cardiovascular development. Semin Cell Dev Biol 13, 19-27 (2002).
[64] Visconti, R.P., Richardson, C.D. & Sato, T.N. Orchestration of angiogenesis and
arteriovenous contribution by angiopoietins and vascular endothelial growth factor
(VEGF). Proc Natl Acad Sci U S A 99, 8219-24 (2002).
[65] Papapetropoulos, A. et al. Direct actions of angiopoietin-1 on human endothelium:
evidence for network stabilization, cell survival, and interaction with other
angiogenic growth factors. Lab Invest 79, 213-23. (1999).
[66] Kwak, H.J., So, J.N., Lee, S.J., Kim, I. & Koh, G.Y. Angiopoietin-1 is an apoptosis
survival factor for endothelial cells. FEBS Lett 448, 249-53. (1999).
[67] Kim, I. et al. Angiopoietin-2 at high concentration can enhance endothelial cell survival
through the phosphatidylinositol 3'-kinase/Akt signal transduction pathway.
Oncogene 19, 4549-52. (2000).

www.intechopen.com

Molecular Mechanisms of Tumor Angiogenesis

293

[68] Kim, I. et al. Angiopoietin-1 regulates endothelial cell survival through the
phosphatidylinositol 3'-Kinase/Akt signal transduction pathway. Circ Res 86, 24-9.
(2000).
[69] Gamble, J.R. et al. Angiopoietin-1 is an antipermeability and anti-inflammatory agent in
vitro and targets cell junctions. Circ Res 87, 603-7. (2000).
[70] Carlson, T.R., Feng, Y., Maisonpierre, P.C., Mrksich, M. & Morla, A.O. Direct cell
adhesion to the angiopoietins mediated by integrins. J Biol Chem 276, 26516-25.
(2001).
[71] Thurston, G. Complementary actions of VEGF and angiopoietin-1 on blood vessel
growth and leakage. J Anat 200, 575-80 (2002).
[72] Chae, J.K. et al. Coadministration of angiopoietin-1 and vascular endothelial growth
factor enhances collateral vascularization. Arterioscler Thromb Vasc Biol 20, 2573-8
(2000).
[73] Saito, M., Hamasaki, M. & Shibuya, M. Induction of tube formation by angiopoietin-1 in
endothelial cell/fibroblast co-culture is dependent on endogenous VEGF. Cancer
Sci 94, 782-90 (2003).
[74] Moon, W.S. et al. Overexpression of VEGF and angiopoietin 2: a key to high vascularity
of hepatocellular carcinoma? Mod Pathol 16, 552-7 (2003).
[75] Wang, H.U. & Anderson, D.J. Eph family transmembrane ligands can mediate repulsive
guidance of trunk neural crest migration and motor axon outgrowth. Neuron 18,
383-96 (1997).
[76] Wang, X. et al. Multiple ephrins control cell organization in C. elegans using kinasedependent and -independent functions of the VAB-1 Eph receptor. Mol Cell 4, 90313 (1999).
[77] Gerety, S.S., Wang, H.U., Chen, Z.F. & Anderson, D.J. Symmetrical mutant phenotypes
of the receptor EphB4 and its specific transmembrane ligand ephrin-B2 in
cardiovascular development. Mol Cell 4, 403-14 (1999).
[78] Pfaff, D., Fiedler, U. & Augustin, H.G. Emerging roles of the Angiopoietin-Tie and the
ephrin-Eph systems as regulators of cell trafficking. J Leukoc Biol 80, 719-26 (2006).
[79] Erber, R. et al. EphB4 controls blood vascular morphogenesis during postnatal
angiogenesis. Embo J 25, 628-41 (2006).
[80] Rafii, S., Heissig, B. & Hattori, K. Efficient mobilization and recruitment of marrowderived endothelial and hematopoietic stem cells by adenoviral vectors expressing
angiogenic factors. Gene Ther 9, 631-41 (2002).
[81] Rafii, S. et al. Contribution of marrow-derived progenitors to vascular and cardiac
regeneration. Semin Cell Dev Biol 13, 61-7 (2002).
[82] Hristov, M. & Weber, C. Endothelial progenitor cells: characterization,
pathophysiology, and possible clinical relevance. J Cell Mol Med 8, 498-508 (2004).
[83] Hristov, M., Erl, W. & Weber, P.C. Endothelial progenitor cells: mobilization,
differentiation, and homing. Arterioscler Thromb Vasc Biol 23, 1185-9 (2003).
[84] Zwaginga, J.J. & Doevendans, P. Stem cell-derived angiogenic/vasculogenic cells:
possible therapies for tissue repair and tissue engineering. Clin Exp Pharmacol
Physiol 30, 900-8 (2003).
[85] Zengin, E. et al. Vascular wall resident progenitor cells: a source for postnatal
vasculogenesis. Development 133, 1543-51 (2006).

www.intechopen.com

294

Tumor Angiogenesis

[86] Asahara, T. et al. Isolation of putative progenitor endothelial cells for angiogenesis.
Science 275, 964-7 (1997).
[87] Gehling, U.M. et al. In vitro differentiation of endothelial cells from AC133-positive
progenitor cells. Blood 95, 3106-12 (2000).
[88] Aghi, M., Cohen, K.S., Klein, R.J., Scadden, D.T. & Chiocca, E.A. Tumor stromal-derived
factor-1 recruits vascular progenitors to mitotic neovasculature, where
microenvironment influences their differentiated phenotypes. Cancer Res 66, 905464 (2006).
[89] Condeelis, J. & Pollard, J.W. Macrophages: Obligate Partners for Tumor Cell Migration,
Invasion, and Metastasis. Cell 124, 263-266 (2006).
[90] De Palma, M., Murdoch, C., Venneri, M.A., Naldini, L. & Lewis, C.E. Tie2-expressing
monocytes: regulation of tumor angiogenesis and therapeutic implications. Trends
Immunol 28, 519-24 (2007).
[91] Lewis, C.E., De Palma, M. & Naldini, L. Tie2-expressing monocytes and tumor
angiogenesis: regulation by hypoxia and angiopoietin-2. Cancer Res 67, 8429-32
(2007).
[92] De Palma, M., Murdoch, C., Venneri, M. & Naldini, L. Tie2-expressing monocytes:
regulation of tumor angiogenesis and therapeutic implications. Trends in … (2007).
[93] H, G. Targetting inflammatory cells to improve abti-VEGF therapies in oncology. 1-17
(2009).
[94] Lin, E.Y. et al. Macrophages regulate the angiogenic switch in a mouse model of breast
cancer. Cancer research 66, 11238-11246 (2006).
[95] Wyckoff, J. A Paracrine Loop between Tumor Cells and Macrophages Is Required for
Tumor Cell Migration in Mammary Tumors. Cancer research 64, 7022-7029 (2004).
[96] Blouw, B. et al. The hypoxic response of tumors is dependent on their
microenvironment. Cancer Cell 4, 133-146 (2003).
[97] Minet, E., Michel, G., Remacle, J. & Michiels, C. Role of HIF-1 as a transcription factor
involved in embryonic development, cancer progression and apoptosis (review).
Int J Mol Med 5, 253-9 (2000).
[98] Minet, E. et al. Hypoxia-induced activation of HIF-1: role of HIF-1alpha-Hsp90
interaction. FEBS Lett 460, 251-6 (1999).
[99] Stein, I. et al. Translation of vascular endothelial growth factor mRNA by internal
ribosome entry: implications for translation under hypoxia. Mol Cell Biol 18, 3112-9.
(1998).
[100] Oh, H. et al. Hypoxia and vascular endothelial growth factor selectively up-regulate
angiopoietin-2 in bovine microvascular endothelial cells. J Biol Chem 274, 15732-9
(1999).
[101] Stein, I., Neeman, M., Shweiki, D., Itin, A. & Keshet, E. Stabilization of vascular
endothelial growth factor mRNA by hypoxia and hypoglycemia and coregulation
with other ischemia-induced genes. Mol Cell Biol 15, 5363-8 (1995).
[102] Shweiki, D., Neeman, M., Itin, A. & Keshet, E. Induction of vascular endothelial
growth factor expression by hypoxia and by glucose deficiency in multicell
spheroids: implications for tumor angiogenesis. Proc Natl Acad Sci U S A 92, 768-72
(1995).

www.intechopen.com

Molecular Mechanisms of Tumor Angiogenesis

295

[103] Shweiki, D., Itin, A., Soffer, D. & Keshet, E. Vascular endothelial growth factor
induced by hypoxia may mediate hypoxia-initiated angiogenesis. Nature 359, 843-5
(1992).
[104] Flamme, I. et al. HRF, a putative basic helix-loop-helix-PAS-domain transcription
factor is closely related to hypoxia-inducible factor-1 alpha and developmentally
expressed in blood vessels. Mech Dev 63, 51-60 (1997).
[105] Semenza, G.L. & Wang, G.L. A nuclear factor induced by hypoxia via de novo protein
synthesis binds to the human erythropoietin gene enhancer at a site required for
transcriptional activation. Mol Cell Biol 12, 5447-54. (1992).
[106] Maxwell, P.H. et al. Hypoxia-inducible factor-1 modulates gene expression in solid
tumors and influences both angiogenesis and tumor growth. Proc Natl Acad Sci U S
A 94, 8104-9. (1997).
[107] Levy, A.P., Levy, N.S., Wegner, S. & Goldberg, M.A. Transcriptional regulation of the
rat vascular endothelial growth factor gene by hypoxia. J Biol Chem 270, 13333-40.
(1995).
[108] Ikeda, E., Achen, M.G., Breier, G. & Risau, W. Hypoxia-induced transcriptional
activation and increased mRNA stability of vascular endothelial growth factor in
C6 glioma cells. J Biol Chem 270, 19761-6. (1995).
[109] Li, Z., Bao, S., Wu, Q., Wang, H. & Eyler, C. Hypoxia-Inducible Factors Regulate
Tumorigenic Capacity of Glioma Stem Cells. Cancer Cell (2009).
[110] Abdollahi, A. et al. SU5416 and SU6668 attenuate the angiogenic effects of radiationinduced tumor cell growth factor production and amplify the direct antiendothelial action of radiation in vitro. Cancer Res 63, 3755-63 (2003).
[111] Li, M. et al. Small molecule receptor tyrosine kinase inhibitor of platelet-derived
growth factor signaling (SU9518) modifies radiation response in fibroblasts and
endothelial cells. BMC Cancer 6, 79 (2006).
[112] Gaugler, M.H. et al. Late and persistent up-regulation of intercellular adhesion
molecule-1 (ICAM-1) expression by ionizing radiation in human endothelial cells in
vitro. Int J Radiat Biol 72, 201-9 (1997).
[113] Langley, R.E., Bump, E.A., Quartuccio, S.G., Medeiros, D. & Braunhut, S.J. Radiationinduced apoptosis in microvascular endothelial cells. Br J Cancer 75, 666-72 (1997).
[114] Paris, F. et al. Endothelial apoptosis as the primary lesion initiating intestinal radiation
damage in mice. Science 293, 293-7 (2001).
[115] Geng, L. et al. A specific antagonist of the p110delta catalytic component of
phosphatidylinositol 3'-kinase, IC486068, enhances radiation-induced tumor
vascular destruction. Cancer Res 64, 4893-9 (2004).
[116] Nakamura, J.L. et al. PKB/Akt mediates radiosensitization by the signaling inhibitor
LY294002 in human malignant gliomas. J Neurooncol 71, 215-22 (2005).
[117] Gorski, D.H. et al. Blockage of the vascular endothelial growth factor stress response
increases the antitumor effects of ionizing radiation. Cancer Res 59, 3374-8 (1999).
[118] Gospodarowicz, D., Abraham, J.A. & Schilling, J. Isolation and characterization of a
vascular endothelial cell mitogen produced by pituitary-derived folliculo stellate
cells. Proc Natl Acad Sci U S A 86, 7311-5 (1989).
[119] Williams, K.J. et al. ZD6474, a potent inhibitor of vascular endothelial growth factor
signaling, combined with radiotherapy: schedule-dependent enhancement of
antitumor activity. Clin Cancer Res 10, 8587-93 (2004).

www.intechopen.com

296

Tumor Angiogenesis

[120] Williams, K.J. et al. Combining radiotherapy with AZD2171, a potent inhibitor of
vascular endothelial growth factor signaling: pathophysiologic effects and
therapeutic benefit. Mol Cancer Ther 6, 599-606 (2007).
[121] Cho, C.H. et al. Designed angiopoietin-1 variant, COMP-Ang1, protects against
radiation-induced endothelial cell apoptosis. Proc Natl Acad Sci U S A 101, 5553-8
(2004).
[122] Abdollahi, A. et al. Inhibition of alpha(v)beta3 integrin survival signaling enhances
antiangiogenic and antitumor effects of radiotherapy. Clin Cancer Res 11, 6270-9
(2005).
[123] Gaugler, M.H., Vereycken-Holler, V., Squiban, C. & Aigueperse, J. PECAM-1 (CD31) is
required for interactions of platelets with endothelial cells after irradiation. J
Thromb Haemost 2, 2020-6 (2004).
[124] Allalunis-Turner, M.J., Franko, A.J. & Parliament, M.B. Modulation of oxygen
consumption rate and vascular endothelial growth factor mRNA expression in
human malignant glioma cells by hypoxia. Br J Cancer 80, 104-9 (1999).
[125] Laderoute, K.R. et al. Opposing effects of hypoxia on expression of the angiogenic
inhibitor thrombospondin 1 and the angiogenic inducer vascular endothelial
growth factor. Clin Cancer Res 6, 2941-50 (2000).
[126] Veikkola, T., Karkkainen, M., Claesson-Welsh, L. & Alitalo, K. Regulation of
angiogenesis via vascular endothelial growth factor receptors. Cancer Res 60, 203-12
(2000).
[127] Luo, X. et al. Radiation-enhanced endostatin gene expression and effects of
combination treatment. Technol Cancer Res Treat 4, 193-202 (2005).

www.intechopen.com

Tumor Angiogenesis

Edited by Dr. Sophia Ran

ISBN 978-953-51-0009-6
Hard cover, 296 pages
Publisher InTech

Published online 17, February, 2012

Published in print edition February, 2012
Tumor angiogenesis is the main process responsible for the formation of new blood vessels that promote
tumor growth and metastasis. This process is driven by potent pro-angiogenic factors that are predominant in
the tumor environment and are produced by both malignant cells and the host cells recruited to the tumor site.
Tumor environment is characterized by the imbalance between pro-angiogenic and anti-angiogenic factors,
which drives the construction of numerous but structurally defective vessels. These poorly perfused and
abnormal vessels significantly contribute to the tumor pathology not only by supporting the expansion of the
tumor mass but also by promoting chronic inflammation, enhancing thrombosis, impeding drug delivery, and
disseminating tumor cells. These problems associated with tumor vasculature continue to attract great
attention of scientists and clinicians interested in advancing the understanding of tumor biology and
development of new drugs. This book complies a series of reviews that cover a broad spectrum of current
topics related to the pathology of tumor blood vessels including mechanisms inducing new vessels,
identification of new targets for inhibition of tumor angiogenesis, and potential clinical use of known and novel
anti-angiogenic therapies. The book provides an update on tumor angiogenesis that could be useful for
oncologists, cancer researchers and biologists with interests in vascular and endothelial cell behavior in the
context of cancer.
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