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Summary: Treatment of adult brain tumors, in particular
glioblastoma, remains a significant clinical challenge, de-
spite modest advances in surgical technique, radiation, and
chemotherapeutics. The formation of abnormal, dysfunc-
tional tumor vasculature and glioma cell invasion along
white matter tracts are believed to be major components of
the inability to treat these tumors effectively. Recent insight
into the fundamental processes governing glioma angiogen-
esis and invasion provide a renewed hope for development
of novel strategies aimed at reducing the morbidity of this
uniformly fatal disease. In this review, we discuss back-

ground biology of the blood brain barrier and its pertinence
to blood vessel formation and tumor invasion. We will then
focus our attention on the biology of glioma angiogenesis
and invasion, and the key mediators of these processes. Last,
we will briefly discuss recent and ongoing clinical trials
targeting mediators of angiogenesis or invasion in glioma
patients. The findings provide a renewed hope for those
endeavoring to improve treatment of patients with glioma by
providing a novel set of rational targets for translational drug
discovery. Key Words: Angiogenesis, glioblastoma, VEGF,
invasion, extracellular matrix.

INTRODUCTION

Glioblastoma remains a uniformly fatal disease, de-
spite advances in surgical and medical therapy. Two
major aspects of glioma biology that contributes to this
recalcitrance are the formation of new blood vessels
through the process of angiogenesis and the invasion of
glioma cells through white matter tracts, which are hall-
marks of glioblastoma. Due to angiogenesis, the glioma
vessel structure is markedly abnormal, resulting in de-
creased delivery of chemotherapies, increasing tumor
hypoxia, and producing edema with its clinical conse-
quences. These abnormal blood vessels in gliomas have
also been shown to create a vascular niche that houses
glioma stem cells,1 cells making up a small fraction of
the glioma that have been shown to be capable of giving
rise to the entire tumor2 and which are believed to rep-
resent a source of treatment resistance, suggesting that
targeting the abnormal glioma vasculature could enable
targeting of this glioma stem cell population. Recent
insights into the fundamental processes and molecular
changes accompanying glioma invasion and angiogene-

sis are providing exciting new therapeutic targets to deal
with this uniformly fatal disease.
In this review, we first discuss the normal structure

and physiology of the blood brain barrier (BBB), its
alterations in glioma patients, and the physiologic effects
of its alteration during tumor angiogenesis. We then
review the fundamental processes involved in formation
of new blood vessels during glioma growth, focusing on
alterations of both pro-angiogenic and anti-angiogenic
signaling pathways. We then discuss the biology en-
abling gliomas to invade along white matter tracts. We
conclude by discussing how these advances in our un-
derstanding of glioma angiogenesis and invasion have
provided us with a new set of targets that have been
studied in recent and ongoing clinical trials. These stud-
ies in the laboratory and in the clinic will likely translate
into improvements in the morbidity and mortality of
patients afflicted with this devastating disease.

THE BLOOD BRAIN BARRIER IN GLIOMA

In the normal adult brain, the blood brain barrier
(BBB) is established by the coordination of three pri-
mary cell types (endothelial cells, pericytes, and astro-
cytes), which function as a selective corridor for the flow
of molecules between the systemic circulation and cere-
bral tissues.3 Although flow of hydrophilic molecules
between endothelial cells is limited in a size-dependent
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manner by tight junctions, transport of molecules across
endothelial cells is more complex and involves active
transport mechanisms. Of relevance to brain tumor biol-
ogy, P-glycoprotein/drug-resistance proteins function to
actively export “foreign” molecules from the brain into
the systemic circulation, one of the known mechanisms
of chemotherapeutic resistance in gliomas.
It has been well established that blood vessel structure

and function become markedly abnormal in brain tu-
mors.4 Cardinal features include hypoxic conditions as
the tumor mass metabolic requirements outreach the vas-
cular supply, resulting in an “angiogenic switch” that is
marked by endothelial cell proliferation, necrosis, break-
down of existing blood vessels and extracellular matrix
(ECM), and eventually new vessel formation.5,6 Glio-
blastomas, one of the most well-studied tumor types with
regard to angiogenesis, are known to have blood vessels
of increased diameter, high permeability, thickened base-
ment membranes, and highly proliferative endothelial
cells, the latter being part of the World Health Organi-
zation histologic definition of glioblastoma.7 It has been
established that permeability of glioma vessels is en-
hanced with respect to those in normal brain tissue, al-
though the degree to which this is true is complex and
varies with respect to time and location.3 Interestingly,
even though brain tumor vessels appear more “leaky”
than their normal tissue counterpart, at least some ele-
ments of the BBB in glioblastomas remain intact, as is
evidenced by increased transvascular transport seen in
subcutaneous brain tumor transplants relative to the same
tumor implanted intracerebrally.8 Permeability is varied,
even within a single tumor in the brain, and this hetero-
geneity of permeability contributes to uneven distribu-
tion of transport products, such as oxygen and chemo-
therapeutics within the tumor bed.

Vascular endothelial growth factor (VEGF) is one of
the best characterized permeability factors expressed in
gliomas and has been shown to directly contribute to
BBB breakdown in gliomas.3 VEGF expression is tightly
coupled to conditions of hypoxia and acidosis, two fea-
tures of the glioma microenvironment. Increased perme-
ability of tumor blood vessels induced by factors such as
VEGF results in elevated interstitial pressure and signif-
icant intracerebral edema, a hallmark of human glioma.
In addition, elevated interstitial pressure decreases the
net transport of medication to tumor cells 9 and increases
access of tumor cells to the vasculature, which is one
possible mechanism for the wide dissemination seen in
glioblastoma.10 Thus strategies that serve to decrease
permeability of tumor blood vessels or halt angiogenesis
hold the promise of decreasing brain edema and enhanc-
ing chemotherapy delivery.

FUNDAMENTAL PROCESSES OF NEW
BLOOD VESSEL FORMATION

Modes of blood vessel formation in glioma
Formation of new blood vessels occurs by one of three

methods: 1) angiogenesis, 2) vasculogenesis, or 3) arte-
riogenesis (FIG. 1).11,12 Angiogenesis is the formation of
new blood vessels by rerouting or remodeling existing
ones, and is believed to be the primary method of vessel
formation in gliomas, which serves as the focus of this
article. Vasculogenesis was classically considered an
embryonic process, but has since been identified in tu-
mors, involves the de novo production of blood vessels
from circulating marrow-derived endothelial progenitor
cells that are recruited to the tumor, and appears to be at
least in part regulated by tumor-secreted stromal-derived
factor 1 under the control of the hypoxia-induced tran-

FIG. 1. Mechanisms of tumor vessel formation. Recent evidence suggests that tumor cells generate the endothelial lining of blood
vessels by angiogenesis (the re-routing of pre-existing blood vessels into the tumor) or vasculogenesis (the recruitment of circulating
bone marrow-derived endothelial progenitor cells or endothelial progenitor cells toward the tumor where they differentiate into mature
endothelium). The process of arteriogenesis is not believed to contribute to tumor vessel formation. Tumor pericytes, which surround
and nourish the endothelium, also appear to originate through locally-derived or marrow-derived sources. Schematic modified from Rafii
et al.135
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scription factor hypoxia-inducible factor 1� (HIF1�),
and is reviewed elsewhere.13,14 Finally, arteriogenesis is
a third process that refers to enlarged arteriolar networks
produced to sustain increased oxygen demands, but does
not appear to play a significant role in tumor biology.12

Blood vessel breakdown: step 1 of angiogenesis
The first step in forming new blood vessels from ex-

isting ones is the dissolution of aspects of native vessels.
Angiopoietin-1 (Ang-1) and its receptor Tie-2 are key com-
ponents of this process. In the normal brain, Ang-1 binds to
Tie-2 resulting in a close association between pericytes and
endothelial cells, resulting in stability of the vascula-
ture.15,16 However, in the context of tissue hypoxia, such as
that seen in glioblastoma multiforme (GBM), Ang-2 is up-
regulated in endothelial cells whereas Ang-1 is increased in
tumor cells.17 It has been hypothesized that increased
Ang-2 expression, which appears to be an antagonist of
Tie-2, leads to the initial regression of blood vessels seen in
early tumor-mediated angiogenesis.17,18 Eventually, ma-
trix-metalloproteinase (MMP)-2 expression is increased
through Tie-2 signaling, and in conjunction with VEGF
promotes continuation of angiogenesis.19,20

Breakdown of ECM and migration of cells to form
new blood vessels: step 2 of angiogenesis
Following regression of native vessels, degradation of

the vessel basement membrane and surrounding ECM to
allow for invasion of endothelial cells is an integral part
of the ongoing angiogenic process.21 MMPs are one
class of molecules that have been shown to play an
integral role in this process. Specific to brain tumor an-
giogenesis, the collagenases MMP-2 and MMP-9 have
been shown to play a major role,22,23 and their expression
is associated with a poor prognosis in human glioma.24

Hypoxia is a strong inducer of MMP-2 and MMP-9
expression, and these two molecules appear to have a
synergistic effect on basement membrane degradation as
well as promoting pro-angiogenic signaling by exposing
endothelial cells to molecules comprising the tumor
ECM, including sequestered proteins such as VEGF and
fibroblast growth factor (FGF).25 In addition to these
pro-angiogenic effects, a number of molecules are ex-
pressed in the ECM that serve to inhibit proteolysis,
including tumstatin, angiostatin, and arrestin.26

Migration of endothelial cells and formation of new
blood vessels: step 3 of angiogenesis
After regression of existing vessels and breakdown of

the basement membrane, endothelial cells proliferate and
begin migrating toward tumor cells expressing pro-an-
giogenic compounds. Endothelial cell activation upregu-
lates cell surface adhesion/migration molecules, such as
integrins and CD44.12,27 Specifically, �v�3 and �5�1 are
upregulated in endothelial cells and stimulation during
angiogenesis, which leads to increase cell adhesion, mi-

gration, and survival.28–30 In addition to migration of
endothelial cells, more evidence is emerging to suggest
that pericyte migration, as part of the process of adult
vasculogenesis, may an important part of tumor vessel
formation in addition to the classic angiogenesis path-
ways.15 Platelet-derived growth factor (PDGF) secretion
by activated endothelial cells recruits pericytes to the site
of newly sprouting vessels to aid in establishment of a
new basement membrane.31 Of the four PDGF family
members (A to D), A and B are the two expressed by
gliomas; whereas of the 2 PDGF tyrosine kinase recep-
tors (i.e., PDGFR-� and PDGFR-�), PDGFR-� is ex-
pressed by glioma cells, suggesting a role in autocrine
growth, whereas PDGFR-� is expressed by glioma en-
dothelium and pericytes, particularly the latter, suggest-
ing its importance in the migration of pericytes into
newly formed tumor blood vessels. The ability of a se-
lective inhibitor of PDGFR-� to block glioma growth
and reduce vessel density suggests the importance of
pericytes in glioma vessel stability.32 The complex final
steps of tumor blood vessel formation are not well un-
derstood, but involve a dramatic change in the extracel-
lular environment, including expression of high levels of
embryonic ECM molecules, such as tenascin-C, as well
as elevated VEGF and Ang-2 levels that likely contribute
to the leakiness and disordered structure of these new
vessels.12,33 The final product of glioma angiogenesis is
a vasculature with highly tortuous dilated vessels, de-
creased density of astrocytic foot processes, alterations in
endothelial cell adhesion molecule expression, disrupted
basement membrane, and an increased ratio of small
diameter vessels.10,34,35

MOLECULAR BIOLOGY OF ANGIOGENESIS

Angiogenic switch – cellular and environmental
sources
Angiogenesis is activated in growing gliomas when

the pro-angiogenic stimuli outweigh the anti-angiogenic
stimuli (FIG. 2). These stimuli are secreted by both cel-
lular (glioma cells, endothelial cells, and microglia) and
environmental sources (the ECM36 or hypoxia37 influ-
encing cellular secretion). The summation of these pro-
and anti-angiogenic forces modulated by tissue hypoxia
and genetic alterations establish the so-called “angio-
genic switch” favoring glioma angiogenesis. The most
potent activator of angiogenic mechanisms in brain tu-
mors is tissue hypoxia. One well studied pathway is the
HIF-1/VEGF-A pathway, which leads to endothelial cell
proliferation and migration.38 However, additional HIF-1
independent pathways have been described, such as in-
terleukin-8 expression by microglia cells in response to
hypoxia.39,40 In addition to activating pro-angiogenic
pathways, hypoxic conditions also downregulate anti-
angiogenic pathways, thereby producing conditions fa-
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voring growth of tumor blood vessels.12 Further, genetic
instability, a hallmark of gliomas promotes angiogenesis
independent of hypoxia, typically via chronic HIF acti-
vation via phosphoinositide 3-kinase (PI3K) or mitogen-
activated protein kinase (MAPK) pathways.41,42 Below
we discuss factors known to play a role in this restruc-
turing of the vascular network.

Pro-angiogenic factors
Perhaps the most rigorously studied molecule with

respect to angiogenesis of tumors is VEGF. Specifically,
VEGF-A is known to be upregulated in glioblastoma and
is produced by multiple cell types, including tumor cells,
stromal, and inflammatory cells,43 and it regulates endo-
thelial cell survival, proliferation, permeability, and mi-
gration primarily via the VEGF-receptor 2 (VEGF-
R2).44–48 VEGF-A is primarily induced by tissue
hypoxia via the HIF-1� pathway. Briefly, hypoxic con-
ditions lead to dissociation of von Hippel Landau protein
from HIF1�, decreasing its proteosomal-mediated deg-
radation and allowing binding to the promoter region of
several pro-angiogenic factors, such as a VEGF and stro-

mal cell-derived factor-1 (SDF-1), which in turn activate
angiogenic, vasculogenic, and survival pathways.38

In addition to direct actions on tumor endothelial cells
where receptors VEGF-R1 and VEGF-R2 are upregu-
lated relative to normal brain. VEGF can also be seques-
tered in the tumoral ECM.49 Interestingly, VEGF-R3,
previously believed to be confined to lymphatic vessel
endothelial cells (and thus not expressed in the normal
brain) is expressed in endothelial cells of glioblastoma.50

VEGF-C and VEGF-D, ligands for VEGF-R3, are ex-
pressed in cells in close proximity to tumor endothelial
cells, suggesting that a signaling pathway may exist in
the glioma neovascular niche.10,50 Also, multiple growth
factors implicated in angiogenesis, such as bFGF, epi-
dermal growth factor (EGF), and PDGF have been
shown to increase VEGF expression.38 The end result of
VEGF signaling in tumors is production of immature,
highly permeable blood vessels with subsequent poor
maintenance of the BBB and parenchymal edema.3,51

Based in part on the extensive research demonstrating
its role in glioma angiogenesis, most of the clinical trials
targeting angiogenesis in gliomas have targeted the
VEGF pathway. The most notable of these trials were the
phase II clinical trials of VEGF neutralizing antibody
bevacizumab (avastin), in which a 23-week median sur-
vival was found in recurrent glioma patients treated with
bevacizumab combined with the chemotherapy agent iri-
notecan.52,53 These findings have led to an ongoing
phase III clinical trial combining bevacizumab with te-
mozolomide, the current standard of care for newly di-
agnosed glioma patients. The VEGF receptor has been
targeted using pan-VEGF receptor tyrosine kinase inhib-
itor AZD2171 (cediranib), the subject of a phase II clin-
ical trial in glioma,54 and the protein kinase C-� inhibitor
enzastaurin, which is undergoing phase I/II clinical trails
in glioma patients.55

In addition to VEGF, another well studied pro-angio-
genic molecule in brain tumors is basic fibroblast growth
factor. In glioma, FGF is expressed by tumor cells as
well as in blood vessels.56 FGF-receptor 1 is upregulated
in tumor cells and endothelial cells, while FGF-receptor
4 is expressed primarily in tumor cells.57,58 As has been
observed in studies with VEGF, basic fibroblast growth
factor can also be stored or trapped within the extracel-
lular milieu of glioma. Animal studies involving func-
tion-blocking antibodies of FGF that demonstrate de-
creased tumor growth, suggesting a functional role for
FGF in tumor propagation.59 In contrast to VEGF bind-
ing to its receptor on endothelial cells and stimulation of
the PI3K/Akt pathway, FGF receptor activation signals
primarily through the PKC pathway.60 However, both
VEGF and basic fibroblast growth factor can initiate
signal transduction through the extracellular signal-reg-
ulated kinase (ERK1) pathway.60,61 The precise role of
FGF in tumor-associated angiogenesis remains to be elu-

FIG. 2. “The angiogenic switch” — balance of anti-angiogenic
and pro-angiogenic stimuli in glioma. Once the balance tips
towards pro-angiogenic, the tumor begins neovascularization.
Sources of pro-angiogenic stimuli are glioma cells, endothelium,
and microglia. Sources of anti-angiogenic stimuli are glioma cells
and endothelium. BAI � brain angiogenesis inhibitor; bFGF �
basic fibroblast growth factor; ECM � extracellular matrix; IL �
interleukin; TSP � thrombospondin.
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cidated; however, it could have important clinical impli-
cations given the finding that serum FGF is elevated in
patients whose gliomas escape treatment with VEGF
receptor inhibitor AZD2171.54

In addition to the potent effects of VEGF and FGF, a
number of other pro-angiogenic molecules are under in-
vestigation. Interleukin-8, a chemokine released by mi-
croglia as part of the inflammatory process, acts via
CXCR1 and CXCR2 G-protein coupled receptors on
endothelial cells39 and is expressed in adult glioma at
levels proportional to tumor grade.62 Interleukin-8 is also
highly expressed in pseudopalisading cells in GBM, con-
sistent with the hypothesis that hypoxia induces its ex-
pression.39 Recent work indicates that the tumor suppres-
sor protein ING4 regulates interleukin-8 mediated
angiogenesis in glioma via the transcription factor
NF�B.63

SDF-1 and its receptor CXCR4 are also found in gli-
oma, with the highest levels of expression in areas of
necrosis and the vascular endothelium, and the levels
correlate tightly with those of HIF1�.64 Studies indicate
that hypoxia regulates CXCR4 levels both via HIF1� in
pseudopalisading tumor cells and also via VEGF-medi-
ated signaling in endothelial cells.3 In addition, in vitro
experiments have shown that SDF-1 has a significant
effect on glioma cell migration and proliferation.65 In
addition to the local effect of SDF-1 at the tumor site,
studies indicate that systemic SDF-1 may increase mo-
bilization of marrow-derived endothelial progenitor cells
that contribute to tumor formation as part of the process
of vasculogenesis.13,66 The impact of SDF-1 on vascu-
logenesis combined with the finding that patient serum
SDF-1 increases when their gliomas escape treatment
with the VEGF receptor inhibitor AZD2171, whereas
circulating marrow-derived progenitor cells increase
when gliomas progress after AZD2171 interruption.54

Recent studies have also demonstrated that molecules
involved in neuronal pattering during embryogenesis
may serve analogous functions in vascular patterning
during angiogenesis.3 The best studied of this group of
proteins in the context of tumor angiogenesis is the
semaphorins, which signal via neuropilins and plexins.
Neuropilins are found on vascular endothelial cells and
function as receptors for VEGF. Neuropilin binding elic-
its a pro-angiogenic response without the permeability
changes elicited by classical VEGF to VEGF-R2 signal-
ing.67,68 Blocking neuropilin-1 has also been shown to
decrease tumor angiogenesis and growth.69 In addition to
the semaphorin-neuropilin pathway, eph-ephrin signal-
ing, which is involved in axonal guidance, appears to
play a role in angiogenesis and tumor vessel forma-
tion.70,71 Preliminary data indicate that SLIT2 may have
both pro- and anti-angiogenic roles, depending on the
particular roundabout (Robo) receptor activated.72 Fi-
nally, the delta-like 4 ligand-notch signaling pathway

also has parallels in neuronal and blood vessel develop-
ment. The delta-like 4 ligand is a selective inhibitor of
VEGF via its action on VEGF-R2 and its co-receptor
neuropilin-1,73,74 although its exact role in brain tumor
angiogenesis is not well understood.3

ECM proteins are another class of molecules differen-
tially expressed in glioma vessels relative to those in the
normal adult brain, and capable of stimulating angiogen-
esis.36,75 The ECM protein with the clearest role in an-
giogenesis in tenascin-C, which is not expressed in the
adult brain, but in glioma it is localized to sites of an-
giogenesis at the invading tumor border.76 Tenascin-C
has also been shown to promote endothelial cell migra-
tion during angiogenesis in an autocrine manner.77 Te-
nascin also promotes VEGF expression and focal adhe-
sion kinase phosphorylation, which are both important to
ongoing angiogenesis. Consistent with its role in tumor
biology, a phase II trial of anti-tenascin-C antibody in
GBM patients showed an increase in median survival.78

Another example of an ECM protein involved in angio-
genesis is fibronectin. The oncofetal form of fibronectin
is typically only expressed during embryogenesis, but it
is also seen in GBM, and it is restricted to the vascula-
ture, suggesting a role in angiogenesis.75,79 Finally, re-
cent work indicates that laminin-8 is expressed in vascu-
lar basement membrane of GBM, and functional blocking
of laminin-8 in an animal model of GBM-reduced tumor
microvessel density and increased survival.80 Thus, target-
ing of tumor-specific ECM molecules may present an
independent target for future anti-angiogenic therapies.

Anti-angiogenic factors
In human glioma, the balance of pro-angiogenic fac-

tors detailed earlier in this report and anti-angiogenic
factors settles in favor of angiogenesis. A number of
anti-angiogenic factors have been described and play an
important role in tumor angiogenesis. Perhaps the best
understood endogenous anti-angiogenic protein is an-
giostatin.10 Angiostatin is derived from degradation of
plasminogen by proteases such as cathepsin D and
MMPs, resulting in a molecule comprised of kringle
domains 1 through 4.81,82 Studies in mice indicate that
angiostatin inhibits glioma angiogenesis and growth83,84

through binding of �v�3 on proliferating endothelial
cells, result in apoptosis.81,85 NG2 chondroitin sulfate
proteoglycan made by tumor-associated pericytes acts in
a pro-angiogenic manner by sequestering angiostatin and
decreasing its bioactivity.86 Although not yet demon-
strated to be a native cleavage product of throm-
bospondin, kringle 5 domain has been shown to promote
several anti-angiogenic processes via binding to glucose-
regulated protein 78, a heat shock protein family member
found on the cell surface of endothelial cells.87 Expres-
sion of kringle 5 domain in mouse glioma has been
shown to decrease tumor angiogenesis.88
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The thrombospondins (TSPs) are another family of
proteins that serves an anti-angiogenic function.10 TSP1
is made by platelets, endothelial cells, and smooth mus-
cle cells in normal tissue.89 In vitro, TSP1 reduces en-
dothelial cell proliferation and induces apoptosis.90 The
primary mediator of TSP1-mediated signaling is via the
type 1 repeat domain (TSR) on TSP1 and the CD36
LIMP11 Emp structural homology domain-1 (CLESH1)
domain of the CD36 receptor found on the surface of
microvessel endothelial cells.91 TSR peptides derived
from TSP1 have been shown to decrease glioma angio-
genesis and growth in murine tumor models.92 TSP2 has
actions similar to TSP1, which are also mediated via
TSRs. Mice deficient in TSP2 transplanted with glioma
demonstrated increased microvessel density and tumor
size, compatible with an anti-angiogenic role for TSP2 in
glioma.93

In a mechanism similar to angiostatin, endostatin is an
anti-angiogenic molecule formed by proteolytic cleavage
of collagen-18 in glioblastoma basement membrane by
elastase, cathepsin-L, and specific MMPs.94–96 Multiple
anti-angiogenic mechanisms have been demonstrated
with endostatin-mediated signaling, including binding to
�5�1 integrin, inhibition of VEGF-R2, inhibition of focal
adhesion kinase-mediated endothelial cell migration,
blockage of pro-angiogenic MMP-2, and decreased ex-
pression of the anti-apoptotic molecule Bcl2.95,97 En-
dostatin is expressed at higher levels in high grade gli-
omas, suggesting that its anti-angiogenic effects are
countered by increasing pro-angiogenic mediators with
higher grade transformation.98 Multiple animal studies
confirm a functional role of endostatin in decreasing
tumor angiogenesis and growth in vivo.99,100 Analogous
to endostatin, proteolytic cleavage of collagen-4 by
MMPs produces tumstatin, which early evidence sug-
gests may play a role in inhibiting angiogenesis by in-
teraction with �v�3 integrin and PI3K pathways.

101,102

Brain angiogenesis inhibitor-1 (BAI1), also known as
vasculostatin, is expressed in glia and neurons of normal
brain but not in blood vessels. In contrast, BAI1 is mark-
edly reduced in glioblastomas.38 As discussed earlier in
the context of thrombospondin-mediated signaling, BAI1
also produces anti-angiogenic actions via its TSR do-
mains, although in the case of BAI1, this occurs via
interaction with the cell surface integrin �v�3.

103 Animal
studies indicate that BAI1 has an anti-angiogenic effect
on gliomas and that this effect is mediated by TSR do-
main interactions.104,105

In contrast to a number of ECM proteins discussed earlier
in this review that promote angiogenesis, one ECM protein
that has been shown to have an anti-angiogenic effect in
glioma is secreted protein acidic and rich in cysteine
(SPARC), also known as osteonectin or BM-40. SPARC is
involved in a number of basic biologic functions, includ-
ing migration, proliferation, and survival.106 Expression

of SPARC in the nervous system is limited to the angio-
genic microvasculature, as well as the locus coeruleus
and retinal astrocytes, but is not normally expressed in
the cerebral cortex.107–110 However, SPARC expression
is present in both tumor cells and endothelial cells in
gliomas of all grades, as well as in endothelial cells and
astrocytes in the adjacent tissue.111 Recent work indi-
cates that SPARC suppresses tumor vascularity via sup-
pression of VEGF expression and secretion, which is
accomplished by limiting the availability of the growth
factor.110 In contrast to its negative effect on angiogen-
esis, SPARC appears to have a promoting effect on tu-
mor invasiveness.112,113 A better understanding of these
pathways is necessary before proceeding with anti-
SPARC therapies.

TARGETING ANGIOGENESIS AS A MEANS
OF SENSITIZING GLIOMAS TO OTHER

TREATMENT MODALITIES

Preclinical studies have found that anti-angiogenic
therapies often fail to have direct cytotoxic effects on
glioma cells, but instead create windows of therapeutic
opportunity for other treatments, a finding that has influ-
enced the design of clinical trials involving anti-angio-
genic agents in glioma treatment. For example, it has
been shown that VEGF-R2 blockade creates a “normal-
ization window,” which is a brief period lasting 1 to 2
weeks in a murine model during the time when there is
increased pericyte coverage of blood vessels via upregu-
lation of Ang-1 and degradation of the pathologically
thick tumor vessel basement membrane via MMP acti-
vation, all of which leads to greater tumor oxygenation
and increased sensitivity to radiation.114

Similarly, anti-angiogenic therapy with VEGF recep-
tor inhibitor sunitinib has been shown to increase intra-
tumoral distribution of temozolomide, the DNA damag-
ing agent that is the standard of care for newly diagnosed
glioblastomas, due to normalization of tumor vessels.115

These findings are the basis of multiple clinical trials
combining anti-angiogenic therapy with the VEGF neu-
tralizing antibody bevacizumab and DNA damaging che-
motherapy agents such as irinotecan.52,53

MOLECULAR BIOLOGY OF GLIOMA
INVASION

Glioma invasion is challenging to study because most
of the animal models fail to mimic the invasiveness of
human glioma cells along white matter tracts. The best
models available at present include: 1) Matrigel invasion
chambers (BD Biosciences, Franklin Lakes, NJ) for in
vitro studies; 2) xenograft lines that are serially passaged
in vivo, which avoid the ability of prolonged passage in
culture to inhibit invasiveness, a problem with cell lines;
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116 3) implanted glioma stem cells, which produce intra-
cranial tumors with a greater degree of invasiveness than
cell line-derived xenografts;2 and 4) transgenic mice
lacking certain oncogenes that form spontaneous gliomas
can exhibit a degree of invasiveness as well.117,118

Tumor cell invasion requires four distinct steps: 1)
detachment of invading cells from the primary tumor
mass; 2) adhesion to the ECM; 3) degradation of the
ECM; and 4) cell motility and contractility (FIG. 3).
Neural stem cell migration has been found to require
these same steps, and many of the mediators of glioma
invasion have been the same factors mediating neural
stem cell migration.
The detachment of invading glioma cells from the

primary tumor mass involves several events, including:
1) destabilization and disorganization of the cadherin-
mediated junctions that hold the primary mass together;
2) loss of expression of neural cell adhesion molecule,
which promotes adhesion to the primary tumor mass
through homophilic binding; and 3) cleavage of CD44,
which anchors the primary mass to the ECM by the
metalloproteinase ADAM.
The most common molecules allowing glioma cells to

adhere to the ECM are integrins, particularly the integrin
�V�3, which binds fibronectin in the ECM. Several gli-
oma-expressed factors have been found that regulate gli-
oma integrin expression. Glioma urokinase plaminogen
activator (uPA) secretion has been shown to lead to
upregulated glioma �V�3 expression.

119 Glioma expres-
sion of focal adhesion kinase, a nonreceptor cytoplasmic
tyrosine kinase, has been shown to increase phosphory-

lation of human enhancer of filamentation 1, which in
turn stimulates PDGF-mediated stimulation of glioma
integrin adhesion to the ECM.120

The most common proteases degrading the ECM as
part of glioma invasion are MMPs, most notably MMP-2
and MMP-9, the most expressed glioma invasion-medi-
ating factor, whose regulation has been extensively stud-
ied.121 Transcription factor NF-�B plays a role in both
glioma cell adhesion to and degradation of ECM, by
promoting transcription of uPA and MMP-9, and NF-�B
blockade has been shown to reduce glioma cell invasion
in a matrigel assay.122 It has recently been shown that
low-density lipoprotein receptor-related protein 1, a mul-
tifunctional endocytic receptor involved in the metabo-
lism of various extracellular ligands, promotes glioma
invasion by inducing the expression of MMP-2 and
MMP-9 through an ERK-dependent signaling path-
way.123 Another group found that glioma cell interaction
with normal brain tissue induced CD95 ligand expres-
sion in the brain tissue, which binds CD95 on glioma
cells, recruiting Src family member Yes and the p85
subunit of PI3-kinase to CD95, leading to the expression
of MMP-2 and MMP-9.124 Another MMP regulator is
insulin-like growth factor binding protein-2, which,
when transfected into glioma cells enhances their inva-
sion through matrigel by upregulating MMP-2 expres-
sion.125 The insulin-like growth factor binding protein-2
is overexpressed by 40% to 50% of glioblastomas that
exhibit loss of the tumor suppressor gene phosphatase
and tensin homology deleted on chromosome 10.126 And
another group found that gliomas express the receptor
tyrosine kinase c-Met, which, when activated by its li-
gand scatter factor/hepatocyte growth factor in a para-
crine or autocrine fashion, stimulates glioma secretion of
uPA, which converts circulating plasminogen into plas-
min, which activates several MMPs.127 Hypoxia has
been shown to upregulate c-Met expression, which en-
hances scatter factor/hepatocyte growth factor-induced
cell migration.128 In addition to MMPs, other studies
have identified the protease cathepsin B as an important
mediator of ECM degradation secreted by gliomas.
Glioma cells migrate like nontransformed neural pro-

genitor cells — extending a prominent leading cytoplas-
mic process followed by a burst of forward movement
by the cell body. As is the case with neural progenitor
cells, the part of glioma motility and contractility in-
volving this burst of forward movement by the cell
body requires the A and B isoforms of myosin II.129

Myosin II allows glioma cells to squeeze through
pores smaller than their nuclear diameter, which is
important because the brain has particularly constric-
tive submicrometer extracellular spaces.129

Many mediators of glioma invasion such as c-Met or
uPA are also capable of mildly stimulating angiogenesis.
However, recent studies have shown that a murine gli-

FIG. 3. Biology of glioma invasion. Glioma invasion involves 4
distinct processes: 1) glioma cell detachment from the primary
mass involving neural cell adhesion molecule downregulation
and CD44 cleavage; 2) mediators like integrin �v�3 bind to the
extracellular matrix (ECM); 3) glioma cells secrete proteases like
MMPs, which degrade the ECM, under regulation of transcrip-
tional factors like NF-�B; and 4) cytoplasmic mediators like my-
osin promote intracellular contractility, allowing glioma cells to
alter their shape, such that a prominent leading cytoplasmic
process is followed by a burst of forward movement by the cell
body.
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oma cell line derived from transgenic mice lacking
VEGF expression forms tumors with irregular borders
and increased invasiveness along blood vessels (perivas-
cular invasion), as compared with the sharp borders seen
in tumors derived from the same glioma cells transfected
to overexpress VEGF.54,130 This observation may ac-
count for the finding that gliomas successfully treated
with VEGF neutralizing antibody bevacizumab (avastin)
often end up developing a nonenhancing infiltrating ap-
pearance on MRI suggestive of reduced vascularity and
increased invasion,131 a potentially important mecha-
nism of evasion to anti-angiogenic therapy in gliomas.132

Indeed, a preclinical study from 2003, years before be-
vacizumab treatment of gliomas underwent clinical tri-
als, showed that anti-angiogenic therapy of murine glio-
mas with an antibody against VEGF-R2 caused small
satellite tumors to arise near the primary mass, with these
satellites centered around core vessels, akin to the
perivascular invasion found more recently in the VEGF
knockout glioma cell lines previously described.133 Fur-
ther work will be needed to identify mediators of this
invasion and to determine whether the invasion seen
after bevacizumab treatment of human glioblastomas is
the perivascular invasion seen in the murine cell lines or
the parenchymal invasion along white matters that is
typically seen with glioblastomas.
In terms of clinical trials targeting glioma invasion, the

most notable to date was a randomized phase II study of
Cilengitide (Merck KGaA, Darmastadt, Germany), an
inhibitor of the integrins �V�3 and �V�5, which proved
safe and was associated with a median survival of 10
months in recurrent glioma patients.134 Histologic sam-
pling of the margins of treated tumors would be the ideal
way of confirming an inhibitory effect on invasion in a
clinical trial, but it is likely difficult to be accomplished
in patients.

CONCLUSIONS

Glioblastoma remains a therapeutic challenge for cli-
nicians given its highly aggressive nature and resistance
to current therapies. Dysfunctional angiogenesis, a hall-
mark of glioblastoma, certainly contributes to the diffi-
culty in treating this disease via breakdown of the BBB
and subsequent alteration in transport of both physio-
logic and therapeutic molecules. Invasion along white
matter tracts allows gliomas to extend at a microscopic
level beyond surgical resection cavities or radiation treat-
ment fields. Recent advances in the understanding of
basic processes and molecular pathways underlying for-
mation of abnormal blood vessels in glioma and their
invasion, as discussed in this review, provide an exciting
set of potential targets for therapeutic intervention. Fu-
ture work further elucidating these basic angiogenic and
invasion mechanisms and translating these discoveries to

the clinical realm holds the promise of improving the
lives of those patients affected by this unfortunate dis-
ease.
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