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Abstract

The marked heterogeneity in glioblastoma (GBM) may be induced through dynamic differentiation and
dedifferentiation process of glioma cells. The hypothesis that environmental stimuli induce these phe-
notypic changes, including dedifferentiation into the stem cell phenotype which contributes to the high
invasiveness and resultant poor outcome in GBM patients, is recently being proven. In the process of can-
cer invasion and metastasis, the phenotypic change has also been described as epithelial-mesenchymal
transition (EMT). This biological process is mainly dependent on hypoxic stimuli and also on transform-
ing growth factor-f (TGF-B) released from glioma stem cells, mesenchymal stem cells, and myeloid cells
recruited by hypoxia. The tumor microenvironment, especially hypoxia, inducing such dynamic pheno-
typic changes can be a good therapeutic target in the treatment of GBM.
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Introduction

Glioblastoma (GBM) is the most malignant type of
gliomas and originates from some precursor cells
in the brain intermingled with neurons, glia and
some mesenchymal cells.!” The most devastating
features of GBM are the high invasiveness and apop-
tosis resistance. In spite of the same morphological
characteristics to GBM, patients with this tumor
clinically have remarkable heterogeneity in survival
periods.? The known genetic alterations, however,
cannot precisely predict patients’ survival.” The sub-
classification of GBM based on The Cancer Genome
Atlas shows that a mesenchymal subtype expresses
high levels of neural stem cell markers and clinically
shows an aggressive phenotype.® Furthermore, other
GBM subtypes frequently acquire the gene expression
pattern of the mesenchymal subtype when the tumor
recurs after chemotherapy and radiotherapy.” One
of the most important regulators of changing gene
expressions is the epigenetic modifications which
have been developed to interface environmental
alteration with genomic function.®? These clinical
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and biological data indicate that environmental
factors significantly affect phenotypic transition of
GBM cells.

A remarkable characteristic of the GBM micro-
environment is hypoxia. This is caused by the
aberrant structure and distribution of tumor
neoangiogenesis and abnormal induction of the
intravascular coagulation cascade.” A hypoxic
microenvironment gives rise to a biological process
called epithelial-mesenchymal transition (EMT),
which induces multiple epigenetic changes to
result in dedifferentiation of the cell.®® This
process is involved in the acquisition of stem cell
features.'®'V The most important mediator of EMT
among other signaling pathways is transforming
growth factor-B (TGF-B).” TGF-B family is also
regarded as an essential player for the induction
and maintenance of pluripotent stem cells and
cancer stem cells.’” In addition, a hypoxic tumor
microenvironment recruits some myeloid cells, such
as macrophages or microglia, and mesenchymal
stem cells into the tumor tissues.'” These cells
secrete high levels of TGF-B to upregulate the
transcription factors TWIST or Snail necessary
for EMT.*'? Thus, hypoxia greatly contributes to
the devastating and refractory features of GBM
through EMT-induced stem cell properties.!®'%
The tumor microenvironment inducing dynamic
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phenotypic change can be a potential therapeutic
target in the treatment of GBM.

Plasticity in the stem cell phenotype

Cancer stem cells make asymmetric cell divi-
sions to produce a daughter stem cell for unlimited
self-renewal and a daughter progenitor cell for
further differentiation to eventually form a tumor
mass.' The most essential question is whether
the differentiated glioma cells can be dedifferenti-
ated or reprogrammed into glioma stem cell (GSC).
Recently, experimental evidences have been offered
regarding the bidirectional plasticity between GSC
and non-stem differentiated glioma cells by using
patient-derived GSCs.'%® Berezovsky et al. found
Sox2 as a key molecule for maintaining plasticity for
bidirectional conversion between cancer stem-like
and differentiated glioma cells in a mouse xenograft
of human GBM cells.'® Glioma cells can grow in
two different phenotypes, as adherent monolayer
cells which represent differentiated glioma cells
and as free-floating neurospheres which resemble
GSC, using specific media supplements for each.'”
These phenotypic states are mutually reversible and
actually differ in proliferation rate, invasion, migra-
tion and chemosensitivity. Natsume et al. reported
that an interconversion between glioma stem cells,
characterized by Nestin expression, and differenti-
ated glioma cells, characterized by glial fibrillary
acidic protein (GFAP) expression, were mutually
reversible accompanied with epigenetic modifica-
tion, depending on the medium condition.'” These
evidences strongly suggest that the differentiated
glioma cells can go transition to dedifferentiated
glioma stem cells according to the external envi-
ronmental signaling.

Another supporting observation regarding GSC
phenotypic plasticity is that single stem cell-derived
clones of human GBM tumors exhibit functional
and morphological heterogeneity, and passage of
large or small differentiated subclones produced
the heterogeneous cellular populations similar to
the original heterogeneity containing GSCs.!® This
result does not support the clonal evolution model,
but the theory that GSC can exhibit bidirectional
plasticity. A theory of malignant transformation of
GBM through the dedifferentiation of GBM cells
induced by the reversible epigenetic modification
of pluripotency-related genes has also been offered
by investigating clinical samples.?”

Signal transduction in GSC maintenance
Self-renewal is a crucial function of stem cells,

since they should persist throughout the entire

lifespan of the organism. The pathways essential

for especially preserving self-renewal in addition
to the multipotency of GSCs are the Notch, Sonic
hedgehog (Shh), and Wnt signaling pathways.2
These factors are all essential for neural stem cell
(NSQC) survival and self-renewal for the embryonic
central nervous system (CNS) development.?22%
In addition, activation of the phosphatidylinositol
3-kinase (PI3K)/Akt/mammalian target of the rapa-
mycin (mTOR) pathway is also essential for the
survival of GSC as well as NSC.?» These signaling
pathways transduce extracellular signals into the
cell, and then the transcription factors inside the
cells also have an important role in the maintenance
of GSCs (Table 1). Oct4 interacts with Nanog and
Sox2 to control the gene expressions related to
self-renewal in embryonic stem cells.?? Oct4 and
Sox2 are increased in GSCs to inhibit differentia-
tion and to promote tumorigenic activity.?” Nanog is
highly expressed in CD133-positive GSCs compared
with more differentiated glioma cells with GFAP

Table 1 Transcription factors enriched in glioma
stem cells

Name Involvement Functions
. Self-renewal of ESC
Oct4 Octamer-binding Marker for
transcription factor 4 .
pluripotency
SRY (sex determining Self-renewal of ESC
Sox2 . Marker for
region Y)-box 2 .
pluripotency
Maintain
. . pluripotency
Nanog Tir Na Nog (Celtic) Interact with Oct4
and Sox2
Oncoprotein for
e-Mve Multifunctional many cancers
Y€ transcription factor regulating histone
acetylation
. Oligodendrocyte CNS-specific bHLH
Olig2 L factor
transcription factor L1
Neuron/glia lineage
. . Zinc finger protein
Gli1 Glioma-associated effectors of Hedgehog
oncogene . .
signaling
B cell-specific Polycomb repressive
Bmil moloney murine complex-1
leukemia Regulate stem cell
virus integration site-1  functions
Signal Transducers ]CXIEO_ 1;1{11215 ignaling of
STAT3 and Activator of 1 ival and
Transcription 3 C.e survival an
differentiation
Neural stem cell
Msil RNA-binding protein functions
MUSASHI-1 Essential for self-
renewal
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expressions.?” ¢-Myc is not only a transcription
factor but an important regulator of epigenetic
status for maintenance of stem cell phenotype and
cellular proliferation.?” Bmil is a member of the
polycomb repressive complex 1 which composes a
suppressive environment in gene expressions of the
genome. This structure is required for self-renewal
of stem cells and enriched in GSCs.?**” Glioma
patients with higher levels of Bmi1 usually have a
shorter survival.®®

Notch: Notch family proteins are transmembrane
receptor protein, and its intracellular domain is
released from the membrane to the nucleus by enzy-
matic cleavage by the y-secretase complex to activate
a transcription CSL family (CBF1, Suppressor of
Hairless, Lag-1).*Y Notch signaling, which mediates
various cellular processes, including the regulation of
differentiation and apoptosis in NSC, is also highly
active in GSC to suppress differentiation and main-
tain stem cell properties.?? The y-secretase inhibitors
enhance the efficacy of temozolomide treatment
in vitro and in vivo for human gliomas.*?*®¥ Endothe-
lial cells express the Notch ligands Delta-like 4
(DLL4) and Jagged-1, and RNAi-mediated knock-
down of these ligands in endothelial cells abrogates
the tumorigenic potential of co-transplanted GSC.*
HIF-10-induced activation of the Notch pathway is
known to be crucial for hypoxia-induced induction
and maintenance of the stem cell phenotype.*

Sonic hedgehog (Shh): Shh signaling is important
in ventral patterning in the embryonal development,
proliferation, especially for migration, differentia-
tion, and survival of neural stem cells.?¥ Shh is also
a ligand for GLI1 receptor on the GSC to increase
the expressions of the stem genes including CD133,
Olig2, Sox2, Oct4, and Nanog.’® This pathway
promotes self-renewal and survival of GSCs and
supports glioma growth.?®?” Furthermore, Shh is
one of the essential soluble factors secreted by
the endothelial cells, which may be involved in
the formation of a perivascular niche for GSCs.*®
GSCs with CD133 expression are mainly found in
the areas near Shh-expressing endothelial cells,
suggesting a direct interaction between GSC and
tumor-associated endothelial cells.? Reversal of Shh
signaling pathway decreases the expression of stem
cell-related genes and differentiation.”

Wnt: Wnt/B-catenin signaling is a crucial factor for
proliferation and differentiation of GSC as well as
promoting astroglial lineage differentiation in normal
neural development.?#Y Wnt binds to a specific
receptor of the Frizzled and the lipoprotein receptor-
related protein (LRP) families.*Y) The signal enables
the destruction complex holding B-catenin to be disas-
sembled, and the free B-catenin can translocate into
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the nucleus to transcribe Wnt-target genes.*” Either
gain- and loss-of-function mutations of the Wnt gene
is observed in high-grade gliomas and especially in
medulloblastoma.*? As another function, FoxM1/B-catenin
interaction controls the expressions of Wnt target genes
that are required to induce glioma formation.*® Wnt
ligands, Wnt1 and Wnt3a, are overexpressed in GSCs
and selective knock-down of these ligands decreases
their tumorigenic potential.*¥

PI3K/Akt/mTOR: As with many cancer cells,
the receptor tyrosine kinase (RTK) induces signal
transduction from epidermal growth factor (EGF) or
basic fibroblast growth factor (bFGF) in GSC and
normal neural stem cells.?® In various cancers, the
PI3K/Akt pathway is one of the most important
signaling pathways originated from RTKs, which is
involved in cell survival and growth.*® epidermal
growth factor receptor (EGFR) downstream signaling
is constitutively activated in many GBMs and GSC
subpopulations through amplification or mutations
such as EGFR vIIL.*® Transducing astrocytes from
p537/- mice with Akt and c-Myc induces tumori-
genicity and increases the expressions of the stem
cell markers.*” Furthermore, CD133 is reported to
directly activate the PI3K pathway through binding
to its p85 regulatory subunit, creating a positive
feedback loop to enhance stem cell survival.?®

Microenvironments that maintain the stem cell
phenotype

There are three specific anatomical and functional
locations which are suitable for maintenance of
the stem cell phenotype, namely, the perivascular,
perinecrotic, and immune niches.*® Away from such
niches, GSCs are considered to go to differentiation
processes or apoptosis.® There is active bidirectional
cross talk between GSCs and the cells or extracel-
lular matrix in the niches; the niches enhance the
stemness of GSCs and promote the escape of GSCs
from apoptosis-inducing stimuli of the immune
system or radiotherapy/chemotherapy (Fig. 1).°Y
On the contrary, GSCs themselves actively promote
mesenchymal stem cell migration and angiogenesis
around the niches mainly through soluble factors.?25%
This active influence of GSC upon the microenviron-
ments may be one of the causes for establishment
of metastatic lesions away from the original sites.

Perivascular niche: The perivascular areas harbor
numerous myeloid cells including macrophages
as well as endothelial cells differentiated from
the mesenchymal stem cells.’” The GSCs residing
in the perivascular niche are in touch with such
cell types and the extracellular matrix, and also
under various secreted factors that play a role in
maintaining stem cell phenotypes.’® Especially,
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Fig. 1 There is active bidirectional cross talk between GSCs and endothelial cells or extracellular matrix in the
niches through Notch, Sonic Hedgehog, and Wnt/B-catenin signaling.

endothelial cells have the most important role in
the maintenance of stem cell features both in direct-
contact and secretion of soluble factors.’® Although
endothelial cells are considered to be mainly derived
from mesenchymal stem cells, which are recruited
from peripheral blood to form neo-angiogenesis in
the ischemic areas, recent studies have found that
some endothelial cells originates from tumor cells.*
A large part of endothelial cells (between 20% and
90%) in GBM contains the same gene alterations as
the GBM cells.®® Stromal cell-derived factor-1 (SDF-1)
secreted from endothelial cells attracts GCSs through
CXCR4 signaling, and some recruited GSCs are finally
differentiated into pericytes through endothelial
cell-secreted TGF-B.°® The perivascular niche is
abundant with the extracellular matrix proteins,
such as laminin, collagen, and proteoglycan, while
GSCs are enriched for integrin 06 which functions
as a receptor for laminin.®” The integrin 06-mediated
signaling induces survival and migration of GSC,
and silencing of this system makes the self-renewal
potential and tumorigenicity of GBM cells reduced.*”
Indeed, a major part of the integrin 0.6-expressing
GSCs gather in the perivascular areas of GBM.%%
Perinecrotic niche: The perinecrotic niche is
surrounded by hypoxic areas, which is an essential
feature of the glioma microenvironment.””*¥ Hypoxia

supports GSC survival and induces non-GSCs to
acquire stem cell phenotype by some mechanisms
such as hypoxia inducible factors (HIF), epigenetics,
and metabolic reprogramming described below.6-18:5%
Under hypoxic conditions, most importantly, the
Notch signaling pathway is activated through
HIF-1o in GSCs. This Notch activation, partly by
the direct interaction with the ligand expressed
on endothelial cells, leads to higher expressions
of GSC markers.®” Hypoxia is also a major driving
force to recruit the myeloid cells and mesenchymal
stem cells through soluble factors produced by GSC
such as vascular endothelial growth factor (VEGF).%¥
The recruited myeloid cells and mesenchymal stem
cells are the main producers of pro-inflammatory
cytokines, chemokines, proteases, and TGF-, which
can play an essential role for maintaining the stem
cell phenotype.®1:62

Immune niche: Glioma-infiltrating myeloid cells
(GIMs) can modulate the tumor microenvironment
toward immune-suppression, which allows the GSC
to survive against various immunological tumor-
eradicating forces.®® GIMs tend to localize in the
immediate vicinity of CD133+GSC, which suggests
a direct interaction between GSC and GIM or
GIM-induced reprogramming of the glioma cells
nearby into GSC.*¥ One of the mechanisms for the
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conversion of differentiated tumor cells into GSCs
is EMT in which TGF-B secreted from GIM usually
plays an important role.®2%% In vitro observation also
emphasizes the importance of soluble factors including
matrix metalloproteinase-9 (MMP-9) produced by
microglia to promote migration of glioma cells. GIMs
are mainly microglia at the early stage and newly-
recruited monocyte-derived macrophages from the
systemic circulation at the late stage.®® There are
two different phenotypes of macrophages: M1 and
M2. The M1 phenotype is associated with active
microbial or tumor killing, while the M2 phenotype
contributes to the suppression of Th1 adaptive immu-
nity, resolution of inflammation, wound healing, and
angiogenesis.®” In other words, the M1 macrophage
is not permissive for novel cellular infiltration and
the M2 type is permissive and not toxic to the newly
infiltrating cells.®® Recent evidence suggests that
GIMs are mainly the M2 phenotype, contribute to
the formation of immunosuppressive microenviron-
ments, and produce tumor progression.®”:*

Hypoxia as a master regulator for stemness-
maintenance

Rapid tumor expansion makes neo-vasculari-
zation insufficient and disorganized for being in
the hypoxic condition in and around the tumor
masses.®””® For the patients with GBM, hypoxia
is a poor prognosis marker and is associated with
a rapid tumor progression.”” Hypoxia induces the
stem cell phenotype to glioma cells through at least
four different mechanisms.

HIF: Under hypoxia, the HIF family of transcrip-
tional factor becomes stabilized by the inhibition
of HIF prolyl-hydroxylase, leads to dimerization,
and subsequently binds to the hypoxia-responsive
elements (HREs) on the promotor regions of target
genes affecting cell survival, proliferation, motility,
and metabolisms.” In contrast to HIF-1o. which is
expressed in both GSC and non-stem tumor cells,
HIF-20 is expressed only in the GSC.”? HIF-1a is
known to induce the activation of Notch pathway in
GSC.* The stem cell phenotype maintenance through
hypoxic condition in glioma can be inhibited either
by a knockdown of HIF-1a or an inactivation of the
Notch pathway. HIF-2o up-regulates the expressions
of pluripotency-related genes, including KLF4, Sox2
and Oct4.”® HIF-20. expression is also induced by
acidic stress as well as hypoxia, and may affect the
chromatin structure through activation of an epige-
netic modifier such as the histone methyltransferases
mentioned above.” The HIF-2o-target genes include
VEGF and the immunosuppressive cytokines, which
recruit circulating myeloid cells into glioma tissues.”
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Epigenetics: The epigenetic mechanism includes
DNA methylation, methylation and acetylation of the
histone proteins, chromatin structure modification,
and non-coding RNAs. Hypoxia directly induces
global DNA hypomethylation that is an epigenetic
background for stem cell properties.?*757% Shahrzad
et al. showed a direct reduction of 5-methylcytosine
(5mC) levels in the tumor cells from colorectal
cancer and melanoma under hypoxic conditions.”
Iwadate et al. reported that DNA hypomethylation
in stem cell-related genes such as alkaline phos-
phatase and CD133 are frequently found around
the necrotic foci in the clinical GBM samples.?”
In the CD133-negative population of GSC, on the
contrary, DNA hypermethylation in the CD133
promotor represses CD133 expression.” S-adenosyl
methionine (SAM), which is a main methyl-donor in
human metabolism, could not be synthesized under
the hypoxic condition because of the inactivation
of methionine adenosyltransferase.”” In contrast,
the DNA methylation status is considered rather
stable to make a prompt shift to adjust the micro-
environments, and histone modification may be
the first responsive mechanism for hypoxia at least
in some situations.” Pickaerts et al. found in the
MCF?7 breast epithelial adenocarcinoma model that
hypoxia rapidly induces tri-methylation at histone
H3 lysine4 (H3K4me3) and lysine27 (H3K27me3) in
the whole genome, and most of the histone meth-
ylation is reversed by re-oxygenation.”” Hypoxia
induces the histone methyltransferase, mixed-lineage
leukemia (MLL1), which increases GSC tumorigenic
potential through HIF-2o and its target genes.’” As
described above, Bmil acts as epigenetic silencers
to control stem cell function in GSC as well as
during embryonic development.’*® This molecule
is enriched along with other stem cell markers,
CD133 and nestin, in response to hypoxia in GSC
cultures.®” Non-coding RNAs play an important role
in the embryonal neural development and GBM
tumorigenesis.”” Among them, micro RNA (miRNA)
has the most important roles in regulating the GSC
phenotype.” Some specific miRNAs work as crucial
mediators of the hypoxia signaling in GBM as well
as breast cancer.”

Metabolic reprogramming: GSCs in the hypoxic
condition have altered glucose and glutamine
metabolism, which directly impact the epigenetic
state.®®V g-ketoglutarate (0-KG) is a key TCA cycle
metabolite that can be derived from glucose and/or
glutamine, while GSC usually reduces TCA cycle-
dependency, switching to anaerobic glycolysis, which
reduces the production of o-KG.*» The Jumonji C
family of histone and DNA demethylase use a-KG
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as a cofactor.®? A higher amount of a-KG promotes
histone demethylation and DNA demethylation to
maintain pluripotency in embryonic stem cells.®?
In GSC, increased uptake of glutamine through
glutamine transporter ASCT2 may compensate or
surpass the decrease of 0-KG brought about by
anaerobic glycolysis dependency.®®? Sufficient o-KG
metabolized from glutamate is necessary to maintain
the pluripotency of embryonal stem cells under the
hypoxic conditions.?¥ Metabolic reprogramming can
be accelerated by acidification of tumor microen-
vironments, and the acidic conditions promote the
expressions of GSC markers through epigenetic
mechanisms.®

Soluble factors: Under hypoxic conditions, GSCs
produce high levels of TGF-B which induces the
transcription factors essential for EMT, including
TWIST, Snail, Slug, and ZEB, and to cause dedif-
ferentiation of the cells.®*® TGF-f is a major factor
in recruitment of mesenchymal stem cells into the
glioma tissues and promotes further malignant
progression.®” GSCs also produce proangiogenic
factors such as VEGF and SDF-1 which drive the
migration of mesenchymal stem cells to promote neo-
angiogenesis. The recruited mesenchymal cells and
myeloid cells also release multiple growth factors
including interleukin-6, interleukin-10, and MMPs,
as well as TGF-B, VEGF, and SDF-1.*® Mahabir et al.
reported that TGF-B released from mesenchymal
cells in the tumor microenvironment can accelerate
radiation-related induction of EMT in malignant
gliomas.®® As mentioned in the Signal transduction
section, Shh is an important soluble factor secreted
from endothelial cells, which may be involved in
the function of perivascular niche for glioma stem
cells. Hypoxia also accelerates GSC-mediated immu-
nosuppression through the phosphorylated Signal
transducer and activator of transcription (pSTAT)
activation, which results in the secretion of immu-
nosuppressive cytokines such as colony stimulating
factor-1 (CSF1) and chemokine (C-C motif) ligand-2
(CCL2) to inhibit T cell functions and macrophage
phagocytosis.®V

Breakdown of the stemness-maintaining signals
therapeutic implications

Recent advances in the study of GSC-specific cell
surface markers, signaling pathways, and transcrip-
tion factors have opened the window for novel
targeted therapies. Some clinical trials employing
v-secretase inhibitors to suppress Notch signaling
and an oral hedgehog antagonist are under inves-
tigation. The most important obstacle to be cleared
for the development of novel targeted therapies is
that there should be limited toxicities to the normal

brain and other organs. We should consider the time
sequential changes of the target molecules and their
heterogeneous expressions within a tumor as well as
among patients. Notch signals are essential not only
in neural developments but in the maintenance of
adult neural functions. The upregulation of HIF-1a
is frequently observed in all cancer cells as well
as transiently in normal neural progenitors, which
limit the therapeutic applications. It is well known
that not all GSCs express CD133 and a subgroup
of CD133-negative GSCs have been identified in
GBM patients. An unavoidable complexity in the
targeted therapies is the heterogeneities that exist
within each tumor as well as between patients.
Thus, understanding the interplay between GSCs
and their microenvironments is important to move
toward establishment of more effective and person-
alized treatments for GBM patients.

As described above, maintenance of the stem
cell phenotype depends mainly on hypoxia and
recruited myeloid/mesenchymal-stem cells. This
fact shows the hypoxic microenvironment could
be a good therapeutic target in GBM. To modulate
the glioma hypoxic microenvironment, an anti-
VEGF therapy including bevacizumab may be a
good candidate because vascular structures can be
normalized at the early phase of the treatment.”
Vascular normalization improves oxygenation of the
tumor tissues which induces differentiation of tumor
cells, and enhances the efficacy of radiotherapy and
chemotherapy by reforming vascular distribution,
decreasing the interstitial pressure and improving
drug delivery. In contrast, prolonged use of bevaci-
zumab may result in a diminished vascular system
and a resultant hypoxic tumor microenvironment,
which leads to increased invasion and more aggres-
sive growth by dedifferentiation to GSC.*? This
may explain why bevacizumab is not efficacious
for prolonging overall survival (OS) in spite of the
improved progression-free survival in the large
clinical studies for newly diagnosed patients with
GBM. Furthermore, the key player in temozolomide
resistance, O°-methylguanine-DNA methyltransferase
(MGMT), is highly expressed in the hypoxic regions
in GBM.*¥ The use of bevacizumab would be better
limited to the short-term with some cytotoxic drugs
administered.?® However, a detailed method of
bevacizumab administration, such as when to start,
for how long, at what doses, and with what drugs,
should be determined in future clinical studies.

Hypoxia is observed not only during the glioma
progression but also following radiation and/or chemo-
therapy. Radiation therapy is toxic to endothelial cells
and degenerates the tumor vascular system, leading to
further hypoxia in the tumor microenvironments.?%
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The exacerbated hypoxia after radiation therapy
brings recurrent tumors more refractory nature. In
addition, glioma cells that have survived radiation
therapy themselves carry gene expression patterns
for EMT-inducing signals that endow tumor cells a
more aggressive nature.® In contrast to the apparent
growth suppressive effects against tumor cells, these
adverse phenomena could occur in non-lethal tumor
cells following radiation therapy. We should take
this into account, as well as the neurotoxic effects
of radiation therapy to the surrounding normal
brain.®® One of the approaches to overcome this
may be the targeted inhibition of Notch-1, TGF-B, or
HIF-1a, which is suggested to enhance the efficacy
of radiation therapy as initial treatment and also be
effective as salvage therapy at recurrence.?*3%92% The
indication of radiotherapy should be limited to really
aggressive tumors like GBM, in which its advantages
apparently exceed the disadvantages.®¥

It is important to design a therapy against GBM
not to artificially make a hypoxic microenviron-
ment and to normalize the oxygen distributions in
the tumor. A hypoxic microenvironment is a major
obstacle for the intrinsic protective mechanisms
including the immune system to work against tumor
progression in the brain.
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