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Glioblastoma is one of the most devastating cancers, in which tumor cell infiltration into surrounding normal brain tissue confounds
clinical management. This review describes basic and translational research into glioma proliferation and invasion, in particular the
phenotypic switch underlying a stochastic “go or grow” model of tumor cell behavior. We include recent progress in system genomics,
cancer stem cell theory, and tumor–microenvironment interaction, from which novel therapeutic strategies may emerge for manag-
ing this malignant disease. We suggest that an effective therapeutic strategy should target both adaptive glioblastoma cells and the
stroma–tumor interaction.
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Primary glial tumors are classified into 4 histologic grades of
increasing aggressiveness. Glioblastoma multiforme (GBM),
World Health Organization grade IV, the most common and ma-
lignant, has an annual incidence of 5.26 per 100 000 population
(17 000 new diagnoses per year).1 Unlike most other cancers, in
which metastasis from the site of origin is the leading cause of
death, GBM very seldom metastasizes outside the neuraxis2;
instead, local invasion/tumor recurrence is the leading cause of
death. The short survival time after diagnosis (ie, patients dying
before metastasis occurs) may account for infrequent metasta-
sis.3 Another possibility is that the brain’s unique vasculature,
with a blood–brain barrier and an absence of lymphatic vessels,
denies tumor cells access to the systemic circulation. Moreover,
under normal conditions, the immune system likely plays an im-
portant role in limiting the seeding potential of circulating glioma
cells and development of extracranial micrometastases. This is
highlighted by occurrence of extracranial GBM in immunosup-
pressed transplant recipients.4 A well-characterized process de-
scribing a phenotypic switch between proliferation and invasion
in solid tumor metastasis is the epithelial-mesenchymal transi-
tion (EMT).5 Although GBM is of neuroepithelial origin, a number
of studies have shown that invasive GBM shares common molec-
ular features with metastatic cancers.6,7

Successful isolation of a glioma stem cell (GSC)–like subpopu-
lation of tumor cells and the methodology of using glioma
patient-derived xenograft (PDX) models that contain GSCs greatly

aid in understanding mechanisms and adaptation accounting for
the invasiveness of GBM.8 Compared with traditionally grown
long-term glioma cells propagated in vitro, GSCs and PDX models
demonstrate invasive intracranial tumor growth in mice and reca-
pitulate gene expression patterns similar to human GBM; findings
using these models support a working hypothesis that tumor
stem cells are a primary cause of GBM invasiveness.

Invasion by cancer cells is believed to depend upon crosstalk
between various cellular components of the host’s normal
tissue-remodeling mechanisms, which encourages the study of
how the host microenvironment participates in the invasive pro-
cess. Hypoxia is a prominent microenvironmental feature in brain
cancer. It is believed that rapid growth of glioma drives excessive
oxygen needs, which, in combination with tumor-related intra-
vascular thrombosis and hemorrhage, leads to tissue hypoxia.
The responses of tumor cells to hypoxia may include migration
from the hypoxic area, production of angiogenic factors to induce
new blood vessel formation, and enhancement of anaerobic
glycolysis. Consequently, the local accumulation of lactate gener-
ates a low pH environment that further stimulates cells to
invade.9,10

This review highlights aspects of GBM with a focus on ways
that these malignant cells survive, invade, and recur in the
brain. Specific attention is given to genomics and epigenomics,
to the shifting phenotype between proliferation and invasion,
especially how cancer stem cell behavior is impacted, and to
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the role of tumor interaction with the microenvironment, which
contributes to the challenges of medical management of GBM.
We conclude with comments on emerging opportunities and
pressing challenges to shifting the survival for patients with this
aggressive cancer.

Genetic and Epigenetic Modification of GBM
Proliferation and Invasion
Infiltrative growth of single malignant cells invading normal brain
parenchyma is a hallmark of GBM. Identifying the key molecules
associated with invasion is critical to devising therapies to control
this disease. At an experimental level, laboratory studies of estab-
lished GBM cell lines reveal that the cultures are heterogeneous,
with some subpopulations prone to proliferation and others prone
to invasion; these distinct subpopulations can be isolated.11,12

U87MG is a proliferative GBM line that forms fast-growing tumors
when inoculated orthotopically into a mouse. However, after har-
vesting individual invasive cells from the mouse tumor–brain
boundary and reculturing them, such cells showed an enhanced
invasive phenotype in subsequent intracranial inoculation.

Comparative gene expression between invasive and proliferative
subpopulations of U87MG cells identified the p75 neurotrophin re-
ceptor as a central regulator of GBM invasion.11 Similarly, using
laser capture microdissection, cells from a glioma’s invasive bor-
der and proliferative core were captured from hematoxylin and
eosin–stained GBM sections, and protein extracts from the inva-
sive and proliferative subpopulations were compared. The inva-
sive GBM cells protruding into the brain parenchyma expressed
higher levels of the guanine nucleotide exchange factors ELMO1
and Dock180 compared with cells from the tumor core.12 The tar-
geting of these 2 molecules may affect invasive growth.

The proliferative and invasive phenotypes of GBM have been
characterized at the genomic level. Using in silico analysis, Phillips
et al13 classified GBM into “mesenchymal,” “proliferative,” and
“proneural” subtypes and showed that both the mesenchymal
and proliferative types correlated with shorter survival time relative
to the proneural type (Fig. 1A). In parallel, The Cancer Genome
Atlas (TCGA) was established to generate a comprehensive cata-
logue of somatic genomic changes in cancer. With nearly 500 pri-
mary GBM tumors being processed using multiple genomic
approaches to explore core signaling pathways and key genomic
and epigenomic alterations associated with GBM progression,13–15

Fig. 1. Molecular and histolopathological features of GBM. (A) Molecular pathology uses a genomic signature in association with clinical outcomes for
diagnosis (adapted from Phillips et al13 with permission). Initial in silico analysis classifies glioblastoma into 3 molecular subsets. A mesenchymal
signature indicates a more invasive phenotype. Patients with mesenchymal or proliferative signatures are associated with poor clinical outcome
(shorter survival). A proneuronal signature correlates with better prognosis (longer survival). (B) Histopathology relies on morphological changes in
association with clinical outcomes for diagnosis. The histological hallmarks of glioblastoma include necrosis (NE), which is often surrounded by
pseudopalisading (PP) tumor cells that are migrating away. Vascular proliferation (VP) indicates the rebuilding of the vasculature (adapted from Brat
and Van Meir56 with permission). These classic morphological features of glioblastoma correlate with shorter survival (adapted from Prados et al92 with
permission).
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Verhaak et al14 further classified GBM into 4 molecular subtypes
with slightly different terms. Tumors whose molecular profile fits
a “classical” signature represent a more proliferative phenotype
and those with a “mesenchymal” signature a more invasive
one; both are associated with worse prognosis. In contrast, the
“proneural” signature represents a GBM subtype associated with
better prognosis. The study also describes a “neural” signature
associated with normal brain tissue in which tumor cells express
neuronal markers. Although this study provides additional evi-
dence contrasting the proliferative and invasive phenotypes in
GBM, guarded interpretation is warranted, since clinical observa-
tions show that virtually all subtypes show infiltrative growth in
brain. Thus, how these molecular subtypes may directly inform
proliferation versus invasion requires further investigation. Broad-
based genomic characterization of GBM provoked the idea to
use molecular pathology to complement or even replace the
traditional histopathology (Fig. 1B). Relative to histology, in
which diagnoses are based on the morphological changes in
tumor tissue, molecular pathology identifies detailed genetic
alterations in individual samples and is anticipated to be more
relevant to the development of precision medicine. In fact, the
most recent work by Brennan et al15 strongly demonstrated
that systematic genomic analyses with detailed clinical informa-
tion, such as treatment and survival outcomes, can be used to
discover genomic-based predictive and therapeutic biomarkers.
Compared with previous studies, this study further included
the data sets of whole genomes, coding exomes, transcriptome
sequencing, and microRNA (miRNA) expression profiles. The
authors confirmed a survival advantage in GBM patients
whose tumor was of the proneural subtype; such tumors are
associated with a cytosine–phosphate–guanine island (CPG)
methylator phenotype, and MGMT DNA methylation. These
serve as predictive biomarkers for treatment response, but only
in classical-subtype GBM.

Studies based on TCGA data have also reported genetic and
epigenetic determinants of GBM phenotypes. Mutations were
increased in members of receptor tyrosine kinase (RTK)/Ras/
phosphatidylinositol-3 kinase, p53, and retinoblastoma 1 signal-
ing, the leading aberrant pathways in GBM.16 MET and CD44 over-
expression and nuclear factor-kappaB (NFlB) signaling activation
were associated with the mesenchymal phenotype. Genetically,
individual gene amplifications or mutations were associated
with specific disease progression. For example, epidermal growth
factor receptor (EGFR) amplification was frequently found in sam-
ples having the classical signature; isocitrate dehydrogenase
1 (IDH1) mutation and platelet-derived growth factor receptor
alpha amplification were often associated with the proneural
signature; and neurofibromatosis type 1 loss or mutation and
phosphatase and tensin homolog loss frequently occurred in
mesenchymal GBM (Fig. 1).13,16,17 Integrated analysis of gene
expression profiles and array comparative genomic hybridization
revealed no correlation between mean expression and the DNA
copy number of genes in proneural, mesenchymal, and prolifera-
tive tumors. Surprisingly, it seems that transcriptional networks
regulate mesenchymal transformation of malignant glioma
cells. In human glioma, signal transducer and activator of
transcription 3 (STAT3) and CCAAT/enhancer-binding protein
b (C/EBPb) are transcription factors that reside upstream of net-
works that correlate with a mesenchymal phenotype and predict
poor clinical outcome.18

The Principle of “Go or Grow”
Clinically, GBM often shows highly infiltrative growth patterns that
disperse tumor cells throughout the brain.19 Recent findings in
lower-grade (diffuse) astrocytoma (World Health Organization
grades II and III) uncovered widespread infiltration of tumor
cells that stained positive for the specific IDH1 R132H mutation,20

confirming that invasion occurs early in gliomagenesis, because
IDH1 mutations are early events in the progression toward certain
subtypes of malignant glioma.21 These tumors present with a
bulky, proliferative, angiogenic tumor core, but they also include
invasive tumor cells penetrating into the surrounding normal
brain parenchyma, which manifests as an infiltrative border and
contributes to incomplete surgical removal and inevitable tumor
recurrence primarily along the resection margin. After surgical
debulking, residual invasive GBM cells adopt, or revert to, a prolif-
erative phenotype, growing into a more aggressive, locally recur-
rent tumor. Sequential switching between proliferation and
invasion characterizes tumor progression. At the microscopic
level, proliferation and migration appear to be temporally, mutu-
ally exclusive phenotypes, as indicated by recent in vivo imaging
data that glioma cells migrate in a salutatory fashion. While pro-
liferating, cells pause for as short as an hour to divide before the
daughter cells move again.22 Gao et al23 experimentally demon-
strated that the 2 phenotypes can switch under certain condi-
tions. By growing the same subsets of GBM cells in soft agar,
proliferative cells can be selected for and grown into subclones.
Further growth of proliferative clones in Matrigel, a gelatinous
basement membrane extract that mimics the complex extracel-
lular environment, changes their morphology from spherical to
branching, consistent with a switch from proliferation to invasion.
When the 2 subpopulations of cells were compared in terms of
response to hepatocyte growth factor (HGF) stimulation, the pro-
liferative cells showed a faster growing but less invasive pheno-
type and activation of the Myc signaling pathway. In contrast,
the invasive cells showed enhanced ability to penetrate Matrigel,
lower proliferation, and elevated Ras signaling.23 Recently, Dhruv
et al24 affirmed the role of c-Myc activation at the crowded,
proliferative center of GBM tumors and of an increase in NFlB
activation in those same GBM cells that were radially dispersed
in a highly invasive pattern. Such studies provide a solid rationale
for targeting these pathways to interfere with GBM proliferation
and invasion.

Although both experimental observations and mathematical
modeling25 support proliferation and migration as mutually ex-
clusive states of glioma cells, from the standpoint of clinical rele-
vance, one could question how these data may actually be
applied to the real tumors that are developed within a heteroge-
neous, multifaceted living environment that includes extracellular
matrix (ECM), fiber tracts, vasculature, and a host of soluble
factors. In particular, many molecular players in the pathways af-
fecting proliferation and invasion actually overlap (eg, epidermal
growth factor [EGF],8,26,27 transforming growth factor beta
[TGFb],28,29 NFlB24,30). From an evolutionary perspective, there
is diversity within a polyclonal cell population, in which switching
between phenotypes can be regulated either through intrinsic
(spontaneous stochastic switching) or extrinsic (responsive
switching) factors or a combination of both.31 By assuming that
glioma cells are a mixture of proliferative and invasive subpopu-
lations, Mansury et al32 showed that individual cells’ phenotypic
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behavior depends on both the genotype of the cells they interact
with and the microenvironment to which they are exposed. The
dynamics of tumor invasion are therefore determined by the op-
timal payoff in which tumor growth is ensured.32 Experimentally,
a recent study demonstrated that miRNA-451 regulates the
adaption to proliferation and invasion in glioma cells based on
the metabolic stress through the same signaling pathway of
liver kinase B1/adenosine monophosphate–activated protein ki-
nase.33 As such, a dogmatic view that glioma cells exist in a mu-
tually exclusive “go or grow” state indeed oversimplifies the
complexity of malignant gliomas. A more likely scenario is that
glioma cells can effectively adapt from proliferating and invasive
phenotypes based on the balance of cues from various regulating
factors in the local environment (Fig. 2).

In human solid tumors of epithelial origin such as breast and
prostate cancers, EMT seems to be an iterative, adaptive process.
The successful switch between the 2 states requires programmed
changes in gene expression and functional behaviors that have
marked consequences on the cellular phenotype.34 EMT has
been found to play an important role in cancer progression, con-
trolling the switch between cancer proliferation and metastasis.
Proliferative tumors often show an “epithelial” morphology,
with tight cell junctions and overexpression of E-cadherin at the
cell membrane as a marker. Following EMT, the tumor cells be-
come elongated and fibroblast-like, the tight cell junctions disap-
pear, E-cadherin expression is lost, and b-catenin appears in the

nucleus. Cells degrade the ECM, producing a more invasive and
migratory (mesenchymal) phenotype.5 The newly programmed
mesenchymal cells migrate into the blood or lymphatic circula-
tion, where they reside until they encounter suitable extravasa-
tion sites. At such sites, the mesenchymal-epithelial transition
occurs, in which the mesenchymal cells switch to the epithelial
phenotype, becoming less invasive and more proliferative. Expres-
sion of b-catenin declines, E-cadherin reappears in the cell mem-
brane, and tight cell-cell junctions reemerge. With this switch, the
metastatic cells grow into a secondary tumor, completing the
metastasis process.

Because gliomas usually originate from either immature astro-
cytes, oligodendrocytes, a mixture of the 2,35 or potentially neural
stem or progenitor cells,36 and because they seldom metastasize,
the EMT paradigm has not been entertained as relevant to this
disease. Increasingly, however, evidence has shown that the
model of “go or grow” has molecular mechanisms in common
with EMT. Hepatocyte growth factor and TGFb are essential fac-
tors regulating EMT, and both are strong stimulators of GBM inva-
sion.29 Elevated MET and CD44 expression, along with an
activated NFlB signaling pathway, is found in both metastatic
cancer and mesenchymal GBM.34,37 – 39 The transcription factor
Zeb1 is an essential regulator of EMT and is also a driver of GBM
invasion.40 Recently, a comprehensive comparison summarizing
the commonality between an EMT signature from mammary
epithelial cells and those from all 4 molecular subtypes of GBM

Fig. 2. Diagram of proliferation and invasion and the key pathways. Progression of glioblastoma is determined by 2 key factors: cell proliferation rate and
speed of cell migration. In theory, proliferation (illustrated in red) and invasion (illustrated in green) are temporally, mutually exclusive phenotypes. As
such, the highly invasive glioma cells have a lower proliferative rate; in turn, the highly proliferative cells are less invasive. At a macroscopic level, cell-cell
interactions and microenvironmental factors both play important roles in regulating the phenotypic switching. While ionizing radiation, chemotherapy,
and hypoxia can force tumor cells (eg, GSCs) into a “go” phenotype, angiogenesis, tumor ECM, and anaerobic glycolysis promote repopulation of tumor
cells and formation of recurrent tumors. The dynamic phenotypic switching between proliferative and migratory states of individual cells determines
the overall phenotype of tumor growth. The key pathways associated with proliferation and invasion are outlined. Note that there are pathways
regulating both proliferation and invasion (illustrated in yellow). bFGF, basic fibroblast growth factor; CSPGs, chondroitin sulfate proteoglycans; NF1,
neurofibromatosis type 1.
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showed that POSTN is one of the 3 most upregulated genes in
both mesenchymal and classical GBM, as well as EMT in epithelial
cells.7 Functionally, POSTN plays an important role in breast can-
cer stem cell– initiated metastasis41 and is tightly associated with
the biological processes of cell invasion in GBM. It is also a bio-
marker for progression of histologic grade in gliomas and indi-
cates a poor prognosis for patients with high-grade gliomas.42

All these results suggest that mesenchymal GBM and metastatic
epithelial cancers share common mechanisms that drive the
phenotypic switch between proliferation and invasion.

Glioma Stem Cells: The Primary Source
of Invasion
Pioneering work on the cancer stem cell theory began with leuke-
mia patients43 and has extended to breast cancer44 and GBM.45

As stated during a 2006 workshop, “In the cancer stem cell model
of tumors, there is a small subset of cancer cells, the cancer stem
cells, which constitute a reservoir of self-sustaining cells with the
exclusive ability to self-renew and maintain the tumor.”46 In the
field of GBM research, the theory includes “a highly tumorigenic
subpopulation of cancer cells that display relative resistance to
radiation and chemotherapy.”47 In this context, GSCs are such
a subpopulation of undifferentiated transformed cells (Fig. 3A).
When most differentiated tumor cells die from treatment, it is be-
lieved that the GSCs are triggered and repopulate to form recur-
rent tumors (Fig. 3B). GSCs have a potent plasticity and can
differentiate into astrocytes, oligodendrocytes, and neuronal lin-
eages,48 thus providing an unpredictable outcome for the tumor
and enabling tumor recurrence.

A milestone in glioma research has been the success of isolat-
ing invasive GSCs from heterogeneous primary tumors.8 Al-
though GBM is highly invasive, established malignant glioma
cell lines seldom generate invasive tumors when inoculated
into mouse brain. It is believed that long-term monolayer growth
in medium with serum induces the differentiation of tumor-
initiating cells and drives the cells away from their usual biology
(ie, to changes that include the expansion of tumor cells beyond
the stem cell stage, and the diminution of inherent invasive ca-
pabilities). A major advance in the isolation of GSCs was achieved
with a novel “neurosphere” culture system.8 Following surgical
removal, a primary GBM tumor can be enzymatically dissociated
into single cells. Instead of culturing in the traditional medium
containing serum, cells are cultured in serum-free neurobasal
medium (NBE) supplemented with basic fibroblast growth factor
and EGF. Compared with traditional medium in which cells often
adhere to the dishes, tumor cells in NBE grow as nonadherent,
multicellular neurospheres in uncoated plates and as an adher-
ent monolayer in polylysine/laminin-coated plates, showing a
pattern similar to that of normal neural stem cells. These cells
retain the capability to differentiate into multiple lineages
under appropriate stimulation and show genetic profiles close
to those of human GBM. More importantly, the tumor stem
cells are strongly invasive when injected into mouse
brain.8,49,50 Therefore, GSCs have been considered the primary
cause of GBM invasiveness, and this concept has important im-
plications for both basic biological studies and the development
of novel therapeutic strategies.

Bao et al50 published studies showing that by using CD133 as a
marker, GSCs from primary tumors can be enriched by flow sort-
ing; such cells are more resistant to radiation and chemotherapy.

Fig. 3. Strategies of targeting GSCs. (A) The GSC theory (adapted from Reya et al93 with permission). Tumors are heterogeneous, and only the
subpopulation of GSCs is capable of self-renewal and repopulation into tumors. (B) GSC-targeted therapy. GSCs are resistant to standard therapy
and are the cause of tumor recurrence. Therapies should be targeted toward eradication of GSCs rather than the entire tumor cell population.
Targeting of the microenvironment should also increase therapeutic efficacy.
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The CD133+ cells demonstrate remarkable neurosphere forma-
tion and induce highly invasive and more angiogenic tumors in
mice than do CD133– cells.50 These tumors are also highly resis-
tant to radiotherapy. Fractional focal radiation is an effective ther-
apy for GBM, but on recurrence, the tumors often grow with a
more aggressive phenotype. When ionizing radiation produces
DNA damage, CD133+ GSCs react with greater repair efficiency,
including increased activation of cell cycle checkpoint proteins
such as Chk1, Chk2,50 and Rad17, a crucial regulator of the DNA
damage checkpoint.51 CD133 mRNA expression is also higher in
recurrent tumors than in primary tumors,47 and CD133+ GSCs
are reported to be the major cause of resistance to radiation ther-
apy.47,50 CD133+ cells are also responsible for chemoresistance;
as such, relative to CD133– cells, CD133+ cells are significantly
more resistant to common chemotherapeutic agents, including
temozolomide (TMZ), carboplatin, paclitaxel (Taxol), and etopo-
side (VP16). This is probably because of the higher transcription
levels of the drug transporter gene BCRP1 and the DNA repair-
associated gene MGMT, as well as of some anti-apoptotic
proteins.47

Genomic studies also support targeting GSCs as a therapeutic
strategy. Studies have shown that activated STAT3 signaling is es-
sential to GSC survival and development52 and that targeting the
STAT3 pathway can suppress stem cell survival and tumor
growth.53 A recent study using TCGA data showed that the
STAT3 and C/EBPb transcriptional networks are keys to regulating
mesenchymal GBM, the most invasive subtype associated with
poorest outcomes. Ectopic coexpression of C/EBPb and STAT3
can induce neural stem cells to undergo a transition that includes
the expression of mesenchymal markers, changes toward a
fibroblast-like morphology, and enhanced migration and inva-
sion. The elimination of C/EBPb and STAT3 can block glioma cell
invasion in vitro and reduce tumor aggressiveness in vivo.18 Fol-
lowing surgery, patients with GBM are treated with adjuvant radi-
ation and chemotherapy. While this treatment reduces the
number of proliferative tumor cells, the cellular stress also switch-
es the residual infiltrated GSCs into a “go” phenotype to find the
proper “soil” and eventually lead to predictable tumor recurrence.
In fact, the GSC theory has led to the concept that efforts in de-
veloping targeted therapy should be more specifically addressed
to the subpopulation of tumor cells (ie, GSCs) that are more adap-
tive to the standard therapy, as well as to the microenvironmen-
tal stimuli that regulate tumor invasion, proliferation, and
angiogenesis (Fig. 3B).

Microenvironmental Regulation: Crosstalk
Between Tumor and Host
In cancer cell invasion, the dynamic crosstalk between the tumor
and the normal host tissue determines the progress of prolifera-
tion and invasion. Besides irradiation and chemotherapy, which
influence the “go or grow” phenotypes in GSCs, recent work
also suggests that a group of tumor ECM factors, chondroitin sul-
fate proteoglycans, can serve as regulators of the phenotypic
switch from “go” to “grow.”54 In addition, matrix metalloprotei-
nases, such as MMP-14, have been recognized to promote angio-
genesis (eg, through upregulation of vascular endothelial growth
factor [VEGF]) via activation of MMP-2 and MMP-9, which are
also key factors in tumor angiogenesis.55 Hypoxia-induced

angiogenesis is well accepted as the primary microenvironmental
factor regulating GBM proliferation and invasion. Rapid growth of
a tumor can directly lead to deficient blood supply and thus a lack
of oxygen and nutrients at the tumor core. Also, tumors growing
into adjacent brain tissue can cause intravascular thrombosis and
hemorrhage. Both situations are common causes of hypoxia. In
response, tumor cells migrate away from the hypoxic center
and form a hypercellular zone called pseudopalisades. The
tumor cells that do not migrate become hypoxic and undergo ap-
optosis or necrosis, producing an enlarged central necrotic
zone.56,57 While moving away from the hypoxic center, tumor
cells produce pro-angiogenic factors that attract endothelial
cells to rebuild blood vessels in order to provide adequate blood
supply for further tumor growth. However, the structure of that
vasculature can often simply accrue an aggregation of endothe-
lial cells, which is described as vascular proliferation. Necrosis,
pseudopalisades, and vascular proliferation are all classic histo-
pathological hallmarks of GBM (see Fig. 1B). This explanation is
mechanistically linked to GSCs, which not only are invasive, but
also have a potent capability to induce angiogenesis. GSCs
express elevated levels of VEGF and stromal-derived factor 1
(SDF-1, CXCL12),49,58 which are both considered to be pro-
angiogenic factors inducing endothelial cell proliferation and tu-
bule organization. In fact, many of the angiogenic factors such as
VEGF and SDF-1,49,58 basic fibroblast growth factor and EGF,8 are
also essential to GSC maintenance. Compared with nonstem
tumor cells, GSCs express more hypoxia-induced factors (HIFs),
especially HIF2, which is required for GSC growth and survival.
HIF2a knockdown reduces VEGF expression, prevents GSC-induced
angiogenesis, and therefore is considered a promising target for
anti-GBM therapeutics.59 As the vasculature is rebuilt to restore
the blood supply, tumor cells migrate toward these new blood
vessels, thereby promoting expansion of the tumor margin.
A high degree of vascularization correlates with glioma aggressive-
ness and is an indicator of poor prognosis.

Hypoxia directly influences a cancer cell’s metabolism. Normal
differentiated cells use oxidative phosphorylation as the source of
�90% of their ATP, and they switch to anaerobic metabolism in
case of hypoxia. Proliferating tumors, however, use anaerobic gly-
colysis regardless of oxygen availability, a phenomenon termed
the Warburg effect, which consumes less oxygen but produces
large amounts of lactate and alanine.60 GBM cells in culture con-
vert as much as 90% of glucose and 60% of glutamine into lac-
tate or alanine through anaerobic glycolysis,61 and hypoxia can
further promote the process. Through upregulation of HIF1a, ex-
pression of glucose transporters is enhanced,62 while genes that
are associated with mitochondrial oxidative phosphorylation are
downregulated.63,64 Although anaerobic glycolysis is an ineffi-
cient way of generating ATP, it is believed to facilitate the cells’
ability to take up and transform nutrients. The excess lactate
can be used to produce sufficient NADPH for fatty acid synthesis,
and the uptake of glucose and glutamine can provide enough
carbon for nucleotide, amino acid, and lipid synthesis,60,61,64

thus offering a replicative advantage for rapidly proliferating
cells. Anaerobic glycolysis plays a dual role in regulating tumor
proliferation and invasion. From one perspective, it is a malignant
characteristic of aggressive GBM rather than a simple adaption to
hypoxia, in that tumor cells need anaerobic glycolysis to maintain
their proliferative needs.10 Anaerobic glycolysis also positions
cells in a specific microenvironmental niche that promotes GBM
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invasion.9,10 Specifically, the excessive lactate produced by fast-
growing tumors can directly lead to local acidification, which re-
sults in death of normal neuronal and glial cell populations but
favors the growth of neoplastic cells resistant to acidic conditions
due to p53 mutations or other molecular mechanisms. The in-
creased H+ concentration induces degradation of the ECM by ma-
trix metalloproteinases and angiogenesis through release of
interleukin-8 and VEGF, which serve as chemoattracters to induce
tumor cell migration toward the new vasculature.

Targeting Adaptive Glioblastoma
Despite our increasing knowledge of GBM progression, effective
therapeutics have not advanced significantly. Altogether there
are about 160 FDA-approved oncology drugs, but only 3 are
routinely used to treat GBM: biodegradable carmustine (BCNU)
wafers (Gliadel; FDA approval in 1995), TMZ (Temodar; FDA ap-
proval in 1997), and bevacizumab (Avastin; FDA approval in
2009 for recurrent GBM). The current standard of care for patients
harboring GBM consists of multimodal treatment including max-
imal safe tumor resection followed by the Stupp protocol (radio-
therapy plus concurrent daily TMZ followed by adjuvant TMZ).1

TMZ is a DNA-alkylating agent that methylates DNA. Although
methylation is at the N7 position of guanine, the O3 position of ad-
enine may contribute to antitumor activity, the most important
methylation site being the O6 position of guanine.65 This is
supported by the results from clinical trials that MGMT
(O6-methylguanidine DNA methyltransferase) gene silencing is
associated with longer overall survival (OS) in GBM patients treat-
ed with TMZ in addition to radiotherapy.66 MGMT encodes a DNA
repair protein that removes alkyl groups at the O6 position of gua-
nine and therefore inhibits DNA repair after TMZ treatment.
Because patients whose tumors harbor MGMT promoter methyl-
ation clearly benefit the most from TMZ treatment, MGMT pro-
moter methylation is becoming both a predictive factor for TMZ
sensitivity and a prognostic factor for survival. However, although
standard aggressive therapies generally prolong the median OS
time of GBM patients, local tumor recurrence is seen in nearly
all cases. Thus, there is a great need to understand the mecha-
nism of TMZ resistance and to develop combination strategies
that could improve therapeutic efficacy.

In GBM, an abundant vasculature indicates a poor prognosis,
and hypoxia enhances angiogenesis and drives the tumor toward
a more aggressive phenotype. Both factors provide a good ratio-
nale for targeting angiogenesis in malignant gliomas. Bevacizu-
mab, a humanized monoclonal antibody binding to VEGF-a,
was developed to inhibit the VEGF signaling pathway. Promising
results from 3 phase II clinical trials indicated that bevacizumab,
either alone or in combination with irinotecan, a topoisomerase 1
inhibitor, can prolong progression-free survival (PFS) in recurrent
GBM patients.67,68 Thus, this drug received accelerated approval
from the FDA for the treatment of recurrent or progressive GBM.
However, until now, there has been no evidence that the median
OS of patients can be prolonged. More recently, phase II clinical
trials tested bevacizumab in combination with the traditional
radiochemotherapy for treating newly diagnosed GBM patients.69

Again, studies showed prolonged PFS in these patients, but OS
was not significantly changed. Likewise, 2 recent phase III trials
(AVAglio and RTOG 0825) showed improved PFS but failed to

demonstrate improved OS in patients with newly diagnosed
GBM treated with upfront bevacizumab.70 Tumors resistant to
and recurring after bevacizumab treatment often show a more
aggressive phenotype.71 Moreover, blocking VEGF stimulates the
production of other angiogenic factors, such as SDF-1, fibroblast
growth factor, and platelet-derived growth factor.72,73 Therefore,
the overall benefit versus risk in using bevacizumab to treat newly
diagnosed GBM requires serious consideration. Additional studies
are clearly needed to determine whether specific GBM subsets
may respond more effectively to anti-angiogenic therapy. Identi-
fication of biomarkers to determine the patients more likely to re-
spond to bevacizumab should further augment its positive effects
on quality of life, neurocognitive functioning, and ability to
decrease corticosteroid dependence in a statistically meaningful
manner. Despite the uncertainty created by the recent clinical tri-
als, anti-angiogenic treatment using bevacizumab remains a vital
tool in the management of GBM patients with progressive dis-
ease.74 Further work is needed to optimize existing therapies,
determine whether bevacizumab is best used alone or in combi-
nation with other agents, and establish biomarkers to improve
patient stratification.

A recent study by Lu et al75 explained the molecular mecha-
nism of resistance to bevacizumab treatment in GBM.76 Human
GBM tumor specimens that are resistant to bevacizumab appear
to have higher MET activity, indicating that long-term treatment
with bevacizumab may cause MET pathway activation as a rescue
for tumors to recur more aggressively. In a VEGF knockout mouse
model that develops aggressive GBM, inhibiting MET can signifi-
cantly block tumor invasion. Thus, secondary MET pathway acti-
vation may be the cause of resistance to VEGF pathway inhibition.
Consequently, a combination of VEGF and MET inhibition may be
effective. XL184, a small molecule targeting both the MET and
VEGF pathways, does show promising effects in clinical trials
against GBM.77 A phase II clinical trial for recurrent GBM using
the MET antibody onartuzumab (MetMAb) in combination with
bevacizumab (relative to each drug alone) is currently recruiting
patients (NCT01632228). We anticipate that the combination
therapy may eventually prolong OS.

Based upon TCGA data, EGFR amplification occurs in about
45% of GBM patients, and EGFR variant III mutation is found
with high frequency. Although tumors with EGFR overexpression
and amplification showed good response to EGFR inhibitors in
preclinical models, none of the EGFR inhibitors has been effective
in clinical trials.78,79 In GBM, inhibiting EGFR signaling is known to
result in activation of other RTKs as rescue pathways; for example,
MET activation has been frequently observed. Thus, a strategy of
using a combination of these 2 inhibitors was developed.80,81 In
fact, EGFR crosstalk with the MET pathway turns out to be com-
mon. In non–small cell lung cancer patients, EGFRT790M predicts
sensitivity to erlotinib, and MET amplification is the major cause of
acquired resistance after erlotinib treatment. Importantly, the tu-
mors resistant to erlotinib can be effectively treated by MET
inhibitors.82,83

In addition to being a target in recurrent gliomas, the MET
pathway by itself is a promising target in cancer therapy.84 Over-
expression of MET and its ligand, HGF, are found in most GBM and
are associated with poorer prognosis and shorter survival.85 The
fact that MET overexpression is directly associated with the mes-
enchymal subtype provides further rationale for targeting the
MET pathway in GBM. Although TCGA data show that MET
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amplification occurs in 4% of GBM patients, there have been no
preclinical GBM models with such a molecular feature for testing
sensitivity to MET inhibitors. Studies have shown that tumors with
high levels of HGF expression often show autocrine activation,
which is a predictive marker of sensitivity to MET inhibitors.86

MET inhibitors are in clinical trials against several types of cancers,
including GBM.87 However, due to the inability to identify sensitive
tumors, patient stratification has not been included as a compo-
nent of current clinical trials, which is a major challenge in evalu-
ating drug response where the most vulnerable tumors are in a
minority of patients. Furthermore, as with other RTK inhibitors,
MET inhibitor therapy alone will also be rapidly challenged by
pathway bypass and acquired resistance. As such, developing
effective strategies combining various targeted therapies is
necessary.

Future Opportunities and Challenges
In recent years, the rapid success in molecular profiling and geno-
mic characterization has greatly accelerated our understanding
of the interdependence of GBM proliferation and invasion, which
has opened avenues to discoveries that may aid in the differential
diagnosis and novel treatment strategies of this devastating
disease.

However, although systematic approaches are being estab-
lished to identify “driver” genes that may directly lead to glioma
proliferation and invasion, there is a lack of functional validation
of how these driver genes are working alone and in concert with
other genes or networks. In malignant GBM, mutations or ampli-
fications of multiple driver genes often occur in the same
tumor,88 complicating the problem of finding “the right drug for
the right patient.” Such comprehensive genomic landscape of
glioblastoma also challenges the classic “go or grow” model, as
the dichotomy of proliferative and invasive phenotypes become
less significant due to overlap of key molecular pathways. While
the concept of GSCs theoretically established a solid therapeutic
strategy of targeting the subpopulation of tumor cells more resis-
tant to chemo- and radiotherapy, effective drugs for clinical appli-
cation are not available; they are, however, accruing for preclinical
development. Signals from the microenvironment can also mod-
ify the drug response of individual tumors: studies have shown
that hypoxia,50 growth factors,89,90 and integrins91 can all in-
crease resistance to certain therapeutics. Hence, continued
work is required to understand the molecular mechanisms that
drive the invasive behavior of GBM and the phenotypic switch be-
tween proliferation and invasion. We foresee significant improve-
ments in therapeutic outcomes in the coming years.
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