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Abstract

Glioblastoma multiforme (GBM) is the most highly invasive and malignant primary brain tumor in humans with
median survival after diagnosis as low as 12-15 months. The poor prognosis of GBM is attributable to its resistance
to current therapeutic approaches, consisting of maximal debulking surgery, chemotherapy with temozolomide,
and radiotherapy. Amongst the heterogeneous population of tumor cells found in GBM, a self-renewing and
proliferating cell type known as glioma stem-like cells (GSC) has been identified as a potential source for glioma
therapy resistance. It has been well documented that current therapies fail to effectively eliminate GSC from the
tumor population. This contributes to the virtually inevitable tumor recurrence in GBM patients following treatment.
Therefore, GSC provide a particularly attractive target for the development of future therapies. This review highlights
several proposed mechanisms behind therapy resistant glioma cells including DNA repair mechanisms, cell cycle
checkpoints, drug efflux processes, and the role of the tumor microenvironment. Furthermore, several therapeutic

strategies to target genes or pathways specific to GSC survival and proliferation will be discussed.

Therapy Resistance of Glioblastoma

Glioblastoma multiforme (GBM) is widely recognized as one of the
most devastatingly aggressive primary brain tumors in humans, with
the median survival of affected patients being as short as 12-15 months.
Extensive research is being dedicated to identify effective therapeutic
targets for these malignant tumors but current therapies have shown
only palliative effect. One of the major contributing factors to the high
morbidity and mortality of GBM is its resistance to these therapies,
as virtually all patients in developed countries die due to recurrent
tumors following the current standard care of treatment, not because
of primary tumors. Therapy resistance, therefore, refers to the inability
of current therapeutic approaches to destroy or arrest growth of the
entire tumor mass, either by de novo or acquired mechanisms.

De novo therapy resistance is characterized by the presence of
tumor cells (possibly a subpopulation of tumor cells) that possess
certain genetic and/or epigenetic mechanisms to overcome the
actions of chemoradiotherapies for cancers and lead to re-growth
of residual tumor cells following treatment. Thus, current therapies
may result in accumulation of tumor cells that are selected in the
course of cancer treatments. In turn, acquired resistance implicates
phenotypic alterations of naive tumor cells to more aggressive tumors
after chemoradiotherapies. This resistance emerges over time, possibly
due to stimulated genetic instability, accumulated gene mutations,
and/or epigenetic alterations of tumor cells in response to treatment.
The principle of therapy resistance manifests as recurrent GBM
tumors in spite of extensive surgical resection, chemotherapy, and/or
radiotherapy (Figure 1). Subsequently, the efficacy of second rounds
of chemo or radiotherapy for recurrent tumors end up substantially
less appreciable after the initial short-term disease control for primary
tumors.

One common feature of various malignant tumors, including
GBM, is that they are composed of heterogeneous populations of
tumor cells. Cancer formation is described as a constant evolutionary
process characterized by a loss of organized histology and gain
of complexity during malignant transformation (Figure 2). Until
recently, the significance of the presence of multiple different types of
tumor cells has been underestimated. In addition to contributing to
the phenotypic manifestations of the specific tumor, this diversity of

tumor cell populations also affects the tumor’s response to treatment
measures. Recognition of the increased heterogeneity in GBM raises
the question of which subset or subsets of cells within GBM is (are)
responsible for this resistance.

Thus, an understanding of which cells in malignant tumors such as
GBM are resistant, or gain resistance, to current therapies is imperative
to elucidate the mechanisms responsible for therapy resistance.

What are cancer stem cells?

In the last decade, cancer stem cell populations have gained
substantial attention by physicians and scientists. Lapidot et al. were
amongst the first to document the idea of cancer stem cells in scientific
literature. Through transplantation of acute myeloid leukemia cells
into severe combined immune-deficient (SCID) mice, they identified a
population of proliferating cells capable of generating morphologically
similar cells to the original leukemia patient [1]. This concept was
extended further by Reya et al. who proposed the possibility that
these cancer stem cells play a role in the tumorigenesis of additional
cancers beyond leukemia [2]. Subsequent studies by other labs
provided experimental evidence for the existence of solid tissue tumor
stem-like cells in glioblastoma [3] as well as in tumorigenic breast
cancer cells [4]. While substantial attention has been focused on the
potential role of unlimited self-renewal and proliferation of stem cells
as an initiating event for many cancers, Passegué et al. suggested it is
important to also consider the possibility of more committed cancer
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cells undergoing mutations or altered gene expression to reacquire
stem cell characteristics and lead to cancer development [5].

As is the case with other cancers (e.g. breast cancers, colon
cancers, prostate cancers, and some leukemia), cancer stem cells
in glioma (glioma stem-like cells; GSC) appear to share many
characteristics and functional properties with somatic neural stem
cells (NSC). Both GSC and NSC are defined as cells with self-renewal
capacity and multipotential differentiation capacity [6,7]. NSC in the
subventricular zone of the adult brain give rise to three major cell
types: neurons, astrocytes, and oligodendrocytes [8]. Likewise, in
the experimental setting with an intracranial xenograft model using
immunocompromised mice, GSC are defined based on their ability to
give rise to tumors that recapitulate the original tumors from patients
[9,10]. Therefore, GSC could play major roles in the initiation of de
novo GBM [11]. More importantly, GSC may represent a therapeutic
cellular target in recurrent tumors following failure of the current
treatment regimens, as they may represent the origin of recurrence.

Hurdle to attack glioma stem cells

Despite improvement of surgical techniques and discovery of a
new FDA-approved chemotherapeutic agent, temozolomide [12],
recurrence of tumors is still inevitable in virtually all cases. Given that
GBM is composed of multiple heterogeneous tumor cell populations,
it is likely that current therapies are selecting for a relatively small
fraction of therapy resistant cells among billions or trillions of
tumor cells that continuously drive tumors more aggressive and life-
threatening. If glioma cells that have properties of stem cells are more
therapy resistant than the rest of tumor cells, one obvious challenge is
how we target GSC by identifying mechanisms underlying self-renewal
and proliferation specific for GSC [13].

A body of recent evidence supports the relative therapy resistance of
GSC. Bao et al. described convincing evidence for resistance of GSC to
radiation therapy in vitro and in vivo [14]. They used an antibody for a
cell surface protein, CD133, to separate GSC from the rest of the tumor
cells that possess no, or substantially less, tumorigenic potential. In this
study, it was demonstrated that experimental radiation treatment on a
mixed population of tumor cells preferentially kills CD133-negaitive
cells, resulting in enrichment of CD133+ tumor cells. These data
indicate that CD133-positive GSC is more resistant to radiation therapy
than CD133-negative tumor cells [14]. While this study effectively
demonstrates an important component of therapy resistance, it also
highlights the lack of a definitive and universal method for isolating
a pure population of GSC from the entire population of tumor cells.
Improved methods are needed to determine if we can generalize the
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Figure 1: MRI images demonstrating GBM therapy resistance to the
current available treatment approach. Pre- and post-surgery MRI images, as
well as an MRI following standard chemo and radiotherapy treatment in a patient
with GBM are shown. Maximal surgical resection of the tumor mass removes all
visible tumor-related tissue. Despite extensive chemotherapy and radiotherapy,
a follow-up MRI several months later reveals the tumor mass has returned to its
original location. Tumor recurrence occurs in virtually all GBM patients.

Figure 2: Comparison of normal brain histology to high grade GBM tumor.
Haematoxylin and eosin (H&E) staining reveals some of the definihng GBM
characteristics. At 20X magnification, comparison of normal brain tissue (top
left) to high grade glioma (bottom right) reveals hypercellularity and increased
cell heterogeneity in the tumor tissue.

findings to GBM or if they are applicable to certain GBM patient
subpopulations.

The ineffectiveness of temozolomide (TMZ) at blocking GSC self-
renewal has been further demonstrated by Clement et al. in a study
focusing on the regulation of GSC by the hedgehog signaling pathway
[15]. This study highlights the effect of cyclopamine, a known hedgehog
suppressant, on the activity of GSC. Cyclopamine was shown to reduce
GSC proliferation, increase apoptosis, and prevent neurosphere self-
renewal in vitro. Due to its general cytotoxic effects, TMZ was shown to
reduce glioma cell proliferation and survival but was unable to prevent
self-renewal, a characteristic unique to GSC. Therefore, while TMZ was
shown to act synergistically with cyclopamine, this was not due to its
effect on GSC, but rather its overall cytotoxic abilities [15]. The findings
regarding the ability of cyclopamine to target GSC self-renewal suggest
the hedgehog pathway could serve as a potential therapeutic target. In
fact, this approach is currently being implemented in a clinical trial and
is showing promising initial results in patients with medulloblastoma
[16]. However, due to involvement of the hedgehog pathway in normal
stem cell self-renewal, a major concern of this approach would be
potential side effects on maintaining normal NSC.

There is, however, at least one study which provides evidence for
TMZ targeting of GSC. By exposing both CD133+ and CD133- cell lines
to varying concentrations of TMZ, Beier et al. have shown a dose- and
time- dependent decline in the proliferation of these cell lines [17].This
study also demonstrated a reduction in the sphere-forming, clonogenic
potential of CD133+ cells in response to TMZ treatment - further
evidence suggesting TMZ targets GSC. While TMZ did not effectively
induce cell death, data indicating its ability to potentially inhibit GSC
proliferation has major implications for the future development of
therapeutic measures. Additionally, this study shows increased efficacy
of TMZ when used against tumors lacking specific DNA repair proteins
[17], suggesting that, under optimized conditions, TMZ could serve
as a therapeutic agent to target GSC. Despite these findings, TMZ is
not believed to result in long-term survival of GBM patients. Further
research and drug development is needed to understand why GSC-
targeting agents continue to fail to provide a long-term cure.

A potential reason for the mixed results concerning the effect of
TMZ treatment on GSC is due to the lack of a definitive method to
isolate pure populations of stem cells and non-stem cells in tumors. As
described above, a number of recent studies rely on CD133 to enrich,
but not to purify, GSC from the bulk of tumor cells. Studies by Phillips
et al. have suggested that perhaps CD133+ is not the only marker which
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can be used to identify GSC. Using PTEN-deficient GBM tumors,
they demonstrated that both CD133+ and CD133- subtypes are able
to exhibit the GSC-like characteristics of self-renewal and tumor
formation [18]. In fact, their findings suggest that GBM tumors may
contain an entire lineage of cells with distinct tumor growth patterns.
Further research is needed to investigate the efficacy of CD133- cells
compared to CD133+ cells to identify self-renewing and tumor
initiating cells from the tumor bulk. Other studies use different markers
such as CD15 (also called LeX or ssea 1), aldehyde dehydrogenase [19],
and side population isolated by Hoechst dye exclusion [20] to isolate
GSC. Sphere formation in serum-free media is also considered to be
one of the properties of GSC [21]. While all of these approaches have
been shown to enrich for GSC in certain tumor samples, consensus
is still lacking as to how we should generalize these methods to label
GSC (Figure 3). Differences in experimental design and procedures in
various labs make direct comparison unreasonable or even impossible.
Furthermore, a definitive and universal marker or set of markers that
label GSC may not exist, as recent studies demonstrated the difference
of gene expression, activated signaling pathways, altered gene copy
numbers, and phenotypes of GSC in several different subtypes of GBM
[22,23].

Recent subclassification of GBM into 3 (or 4) subtypes may
deepen our understanding of therapy resistance of GBM, or it may
make it complicated to characterize therapy resistance of GBM as a
whole. Questions are raised as to whether GSC in different subtypes
retain differences in their therapy resistance activity and whether or
not targeting the various subtypes will have significant impact on
GBM patient prognosis. Whole genome analysis has shed light on
the presence of multiple different GSC subgroups in GBM. Lottaz et
al. examined the gene expression profiles from 17 different GBM cell
lines and identified two distinct groups of GSC. Proneural subtype,
resembling fetal neural stem cells, was found to form neurospheres
and be CD133 positive. The other mesenchymal subtype proved more
similar to adult neural stem cells and lacked CD133 expression [24].
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Figure 3: GSC are capable of self-renewal and tumor initiation. A schematic
diagram representing the proposed origin and activity of GSC. GSC are believed
to originate from neural stem cells. Further research is needed to explore a
potential origin for GSC from neural progenitor cells and terminally differentiated
cells. GSC are capable of self-renewal through both symmetric and asymmetric
cell division. It is this ability for self-renewal and proliferation that implicates GSC
as a potential source for therapy resistance.

Whether GSC in the mesenchymal subtype are phenotypically and
genetically similar to those in the proneural type remains to be fully
elucidated. Also, whether using the same (or similar) experimental
conditions reasonably enriches for individual GSC is another open
question. Continued research for potential additional GSC subtypes
that could contribute to GBM therapy resistance is also required. If each
tumor has individual GSC with different genotypes and phenotypes,
development of patient-specific GSC-targeting therapy is presumably
mandatory. The goal is then to characterize how extensively we can
identify shared therapy resistant features of GSC between tumor
subtypes in order to effectively target the tumorigenic cells.

Various studies have demonstrated the existence of these multiple
GSC subtypes and each one raises more questions on the implications
for therapy resistance. For example, Yan et al. identified the presence
of an especially malignant subtype of GBM with decreased survival
rates in younger patients [25]. Likewise, another study showed that
each subpopulation contains distinct molecular and functional
characteristics that contribute to its tumorigenicity and therapy
resistance [26]. An understanding of how many subtypes exist and
what molecular components contribute to their unique functional
characteristics is critical for the future development of GBM therapies.
Furthermore, whether or not distinct therapies should be developed
for each GBM subtype, or if GSC are the appropriate and the only
therapeutic target in each of these GBM subtypes, remains to be fully
elucidated.

Distinct Molecular Mechanisms for Therapy Resistant
Glioma Cells

Recent studies about therapy resistance of GSC have proposed
distinct cellular mechanisms that may actively resist the cytotoxic
effects of current treatments. Several specific mechanisms that
have been uncovered include activation or inactivation of cell cycle
checkpoint proteins, the presence of specific drug transporters
avoiding chemotherapeutic agents to reach therapeutically effective
doses, secondary activation of alternative pathways following
targeting of a certain pathway, and mutation of the actual drug targets.
Additionally, molecular mechanisms including the role of the cell cycle
status, the capacity for DNA repair, and elements of the physiologic
tumor microenvironment have also been proposed to facilitate relative
therapy resistance of GSC.

DNA Repair

The current standard treatment approach for GBM is the use of
the DNA alkylating chemotherapeutic agent TMZ in conjunction with
maximal surgical resection of the tumor mass and radiation therapy
[12]. The resistance response of GBM tumors to TMZ treatment
further exemplifies the role of DNA repair mechanisms in therapy
resistance. TMZ acts partially by inducing methylation of DNA at its
guanine residue, causing an overall cytotoxic effect. Some GBM tumor
cells have developed resistance to this cytotoxic damage by increasing
the expression of O-6 methylguanine-DNA methyltransferase
(MGMT) [6], which helps to repair the TMZ-induced DNA lesions.
Hegi et al. compared GBM patients receiving combined radiotherapy
and temozolomide treatment with patients receiving only radiotherapy
and found improved survival in patients with an epigenetically silenced
MGMT promoter in their tumor [26]. Similarly, through an analysis
of ten GBM tumor samples and neurosphere cell lines, Sciuscio et al.
demonstrated an increased methylation status of the MGMT promoter
in GBM-derived neurospheres [27]. The fact that this hypermethylation

J Carcinogene Mutagene

Stem Cells-Cancer Research

ISSN:2157-2518 JCM, an open access journal journal



Citation: Mangum R, Nakano | (2011) Glioma Stem Cells and their Therapy Resistance. J Carcinogene Mutagene S1:002. doi:10.4172/2157-2518.

$1-002

Page 4 of 8

status represents an epigenetic modification resulting in decreased
MGMT activity raises the question of whether or not methylation
of MGMT is predominant in GSC and, if so, why does this occur.
These open questions aside, these studies indicate that when the DNA
repair capabilities of the GBM tumors are reduced through epigenetic
silencing by CpG methylation, patients experience improved survival
rates.

GSC may preferentially escape from radiation-induced cell death
by activating proteins associated with DNA damage checkpoints and
instigatingrepairofradiation-induced DNA damage [14]. These findings
are further supported in a study by Ropolo et al. showing increased
DNA repair levels of five cultures enriched in GSC compared to five
non-GSC cultures [28]. In this study, CD133+ cells exhibited increased
activation of Chkl and Chk2 kinases, indicative of up-regulated DNA
damage checkpoint activation in GSC. In addition to their effect on the
DNA damage checkpoint, these kinases are recognized to affect tumor
suppression and cell cycle regulation. The findings of this study suggest
that this increased activation of Chkl and Chk2 kinases may enhance
radioresistance by delaying the cell cycle and providing more time for
DNA repair [28]. Further analysis into the pathway by which radiation
resistance of GSC is mediated implicates the LICAM transmembrane
protein as the key regulator of the DNA damage checkpoint response
[29]. Yet another study measured levels of DNA repair proteins before
and after four hours of irradiation and showed increased levels of the
repair protein Rad51 in GBM cell lines compared to normal human
astrocytes [30]. These findings have provided further evidence for the
important role of DNA repair processes in GSC therapy resistance and
indicate significance to establish targeted therapies for the DNA repair
system in GSC.

Cell Cycle Checkpoints

Most cytotoxic chemotherapies for cancers target rapidly dividing
tumor cells within the tumor bulk [7,31]. Studies have shown that while
these actively cycling cells exhibit varying levels of response to available
treatments, the GSC may remain largely unaffected. One possible
explanation for why cancer stem cells escape therapy-associated cell
death is that they exhibit a lower rate of proliferation and therefore
are not targeted by those therapeutic agents [7]. It is, however, still an
open question as to whether or not GSC truly reside in a more slowly-
dividing stage of the cell cycle. Proponents of this idea suggest that
because somatic neural stem cells in the adult brain are slowly dividing,
GSC may also share this same phenotypic characteristic. If current
therapies are just targeting the rapidly dividing cells in the tumor,
cancer stem cells that are presumably in a slowly cycling state could
potentially be less affected by the treatment. As a result, the stem cell
population persists and could possibly once again repopulate the entire
tumor cell population, leading to tumor recurrence. Further studies are
required to more fully address this hypothesis and clarify the actual
GSC cell cycle status.

Hjelmeland et al. identified a potential regulator of cell survival,
A20, which is highly expressed in CD133+ GSC. Implementing multiple
techniques to knockdown, inactivate, or decrease the activity of A20,
they demonstrated subsequent drops in GSC growth and survival [32].
However, analysis of A20 in other cancer types has raised the question
of whether A20 acts as a tumor repressor or a tumor enhancer. This was
demonstrated by two independent studies focusing on the inhibitory
effect of the NF-«xB pathway on A20. In one study, NF-«kB inhibition
induced squamous cell carcinomas in mouse epidermis [33] while in
the other it prevented the development of hepatocellular carcinoma in

transformed hepatocytes [34]. Therefore, it is possible that A20 actions
are cancer type-dependent [32]. Similarly, inhibition of an important
cell survival and cell invasion protein kinase, AKT, has been shown
to lead to a decrease in stem cell fraction and invasiveness while
facilitating longer survival in mice [35]. Further understanding of each
of these molecular pathways in GSC is essential for development of
effective GBM therapies.

Tumor Cell Drug Efflux

There are several other mechanisms by which GBM tumor cells
may effectively resist chemotherapeutic measures. These mechanisms
include decreased drug influx into tumor cells, active drug efflux
preventing attainment of therapeutically effective drug concentrations,
increased drug inactivation due to secondary mutation of target
molecules, and double stranded break repair [36]. The transporters
responsible for protecting cancer cells from cytotoxic chemotherapeutic
agents are the ATP-binding cassette (ABC) drug transporters [37].
ABC transporters utilize the energy derived from ATP hydrolysis to
actively pump chemotherapeutic drugs out of the cell [38]. ABCG2,
in particular, is a multidrug resistant gene found in malignant gliomas
and plays a key role in drug efflux from the GSC population. Various
cytotoxic chemotherapeutic agents fail to eradicate the side population
(a subset of tumor cells that are capable of pumping out dye from the
cells) [39]. On the other hand, treatment of cultured glioma cells with
ABC inhibitor, such as miRNA-328, may eliminate the side population,
providing evidence that the ABC transporter may play key roles in
chemoresistance [40]. Using flow cytometric analysis, Bar et al. further
demonstrated that targeting GSC with cyclopamine specifically depletes
GSC, as indicated by a reduction in side population cells. The fact that
this side population is known to express ABC transporters suggests that
ABCG2 may not function merely as a marker for drug resistance, but
rather as a GSC marker [19]. Thus, targeting the ABC drug transporters
would be one means of establishing therapies towards resistant tumor
cell populations.

Although the elevated “drug pump-out” mechanism is an attractive
theory for therapy resistance of GSC, another recent study has presented
contradictory evidence. Broadley et al. demonstrated that the action of
ABC transporters may be insufficient or altogether unnecessary for the
stem-like characteristics of GSC [21]. In this study, the fluorescent dye
Hoechst 33342 was used to determine if the side population of cells
with distinct efflux activity was present in either immortalized GBM
cell lines or in cells derived from GBM tumors. Their data indicate that
the side population could not be found in GBM spheres, suggesting the
properties of self-renewal, tumor-initiation, and differentiation ability
associated with GSC are possible completely apart from the ABC drug
efflux theory [21]. Continued investigation will likely elucidate whether
the ABC drug transporter remains one of the mechanisms for GSC
therapy resistance.

Physiologic Microenvironment

Additional therapy resistant mechanisms beyond the intrinsic
factors encompass the role of the physiologic tumor microenvironment.
This concept was convincingly illustrated in a study that compared
the growth characteristics of CD133+ GBM cells at 20% oxygen levels
to the more physiologically relevant oxygen level of 7%. The data
demonstrated that the depleted oxygen state resulted in enhanced stem
cell behavior of the GBM cell lines [41,42], including increased self-
renewal, retained multi-lineage differentiation potential, and reduced
doubling time. The increased CD133+ expression in response to lower
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oxygen levels reflects an increased fraction of GSC within the cultured
tumor cells. Subsequently, it increases the radioresistance of the tumor
by promoting self-renewal and proliferation following reduction
of the tumor mass. Increased expression of protective autophagy
proteins, secretion of tumor-promoting cytokines [43], and the cell-
to-cell interaction of Notch signaling all participate in contributing to
protect the cancer stem cells from radiation insult [44] and illustrate
the importance of the tumor microenvironment in GBM therapy
resistance (Figure 4).

Increasing attention is being shifted towards investigating
components of the unique microenvironment surrounding GSC
as compared to that of somatic cells, or non-stem tumor cells, to
identify potential GSC-specific pro-survival factors. Recent findings
have focused on the role of tumor vessels and their endothelial cells
supporting the tumor as niche for the maintenance of GSC within
the tumor cell populations. A study by Wang et al. demonstrated the
presence of a subset of cells within the GSC population that possess
endothelial progenitor-like characteristics and are capable of developing
into mature endothelial cells [45]. Similarly, using in vitro cell culture
of GSC under endothelial differentiation conditions, Ricci-Vitiani et
al. demonstrated the development of GSC into cells with morphologic
and functional characteristics of endothelial cells [46]. If cancer stem
cells indeed carry this vascularization-initiating subpopulation of cells,
it would serve as a critical source of nutrients for sustained GBM tumor
growth as well as a mechanism for GSC survival following therapy that
effectively kills the rest of the tumor bulk. This idea is supported by
the fact that GSC secrete vascular endothelial growth factor (VEGF)
to promote the highly vascularized environment necessary for tumor
growth [46]. Secretion of VEGF from GSC may attract existing tumor
vessels originating from normal vascular endothelial cells or “trans-
differentiated” GSC. Regardless of origin, the unique capacity of GSC
to activate tumor angiogenesis contributes, at least in part, to the entire
tumor growth and therapy resistance.

Therapeutic approaches to target this mechanism of GSC-induced
tumor angiogenesis have been highlighted by the development of
bevacizumab (Avastin), a blocking antibody for VEGF. Physicians
may notice, with surprise, that a given number of patients with GBM
experience a shrink of contrast enhanced lesions with T1-weighted
images on MRI following bevacizumab treatment. However, a caution
was then raised as to whether a shrink of abnormal enhancement on
MRI images indeed corresponds to the change of the actual tumor
sizes, as blocking VEGF may decrease leakage of contrast agent into
the tumor cavity and reduce peritumoral edema in the surrounding
brain. In fact, a recent study indicated that Avastin treatment does not

Figure 4: Distinguishing cellular features of GBM. One of the distinguishing
features of GBM compared to lower grade gliomas is the extent of tissue
necrosis within the tumor mass. H&E stains of tumor tissue at 20X (A) and 40X
(B). Pseudopalisading cells surrounding the necrotic foci, a feature suggestive
of the poor prognostic nature of GBM, can be observed.

affect long-term survival of GBM patients [47]. In addition, creating
a hypoxic environment with Avastin may accelerate GBM cells to
migrate out of the original site of tumors into the adjacent normal
brains, where the blood brain barrier is still intact and the contrast
agent may not detect the new tumor lesions. These observations suggest
that monotherapy to inhibit angiogenesis partially blocks the ability of
GSC to promote tumor growth but does not altogether eliminate the
GSC population. Another way in which GBM therapy resistance is
influenced by the tumor microenvironment relates to the difference of
the GSC in the tumor core versus the periphery of the lesion. Studies
have shown that the core GSC are immature while the peripheral cells
appear to be more differentiated [48]. Regional differences in genotype
and phenotype of GBM cells require more attention in the future. This
impacts therapeutic approaches to GBM because GSC in different
stages of oncogenesis may require therapies with unique action.

Blood-Brain Barrier

Theblood brain barrier (BBB) is a brain-specific structure composed
of tight junctions between adjacent endothelial cells of capillaries in the
central nervous system. Claudin and occludin proteins make up the
main component of these tight junctions, which function to prevent
large molecules and toxins from entering the brain. Loss of expression
of certain proteins in the claudin family has been demonstrated in
GBM, suggesting a potential tumor suppressor function [49]. Similarly,
in vitro and in vivo data by Ishihara et al. have shown down-regulation
of tight junction proteins such as claudin and occludin when exposed
to cultured GBM cells as well as over-expression of these same proteins
in GBM brain samples compared to non-neoplastic brain samples
[50]. These findings suggest that reduced expression of these proteins
may contribute to a loss of integrity of the BBB, resulting in increased
invasion of tumor cells from the blood vessels into the adjacent brain
tissue. Disruption of the BBB in tumor vessels of GBM is widely
recognized. Gadolinium (Gd)-based contrast agent is used clinically to
enhance the tumor sites, which suggest that tumor vessels are at least
partially leaky [51]. However, recent studies suggest that tumor cells
extend beyond the area of Gd enhancement, where FLAIR or diffusion
images of MRI detect as radiographically abnormal brain lesions. These
observations endorse potential regional difference of tumor vessels and
further indicate that drug concentration within tumors may differ
depending on microenvironment. It is likely that tumor vessels are
not one and the same within a tumor lesion. Given the prominent
infiltrative potential of GSC into adjacent normal brains, it is assumed
that GSC may be preferentially located at the periphery of tumors with
intact BBB, which can block penetration of various chemotherapeutic
agents rather than the central core of tumors. However, thus far, no
evidence has supported this assumption. Future studies have to further
clarify the microenvironment of GSC in the context of interaction with
vascular endothelial cells.

Another histopathological feature of vascular endothelial cells
unique to GBM is endothelial proliferation, one of the criteria
indicative of higher malignancy glial tumors. It appears tumor vessels
in the core have endothelial cells piled up to create glomerular patterns
of vascular walls [52]. These tumor vessels are leaky, thus providing
an environment conducive to spread of tumor cells. In contrast, at
the periphery of the tumors, the BBB appears to still be intact and the
vascular structure maintains a normal histological appearance (Figure
5). Yet, it remains unclear if the endothelial proliferation contributes
to therapy resistance of GBM. Bar has described the role of this
endothelial proliferation and associated hypoxic necrosis of GBM as a
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Figure 5: Glomeruloid structures and endothelial proliferation in GBM. Comparison of normal brain at 20X (A) with GBM tissue at 10X (B), and 40X (C) demonstrates
the presence of glomerular-shaped vascular walls within GBM. The leaky nature of these vessels may contribute to spread of the tumor cells.

J

potential niche for GSC [53]. Under these circumstances, such reliance
on the endothelial cell niche for GSC maintenance would potentially
implicate important cues, such as the Notch pathway, in the survival
and differentiation of GSC.

Development for glioma stem cell-directed therapy

Several therapeutic strategies targeting genes or pathways specific
to GSC survival and proliferation have been proposed. In one such
study, Piccirillo et al. described the pro-differentiation activity of
bone morphogenic proteins (BMPs) on CD133+ GBM cells. They
demonstrated that treatment of CDI133+ cells with BMP4 led to
reduced proliferation of GBM cells and differentiation of CD133+
cells within the total GBM cell population. Additionally, BMP4
administration was shown to prevent formation of invasive tumors and
significantly increase in vivo survival rates in immunodeficient mice
[54,10]. In support of these findings, Lee et al. showed that a subset
of GSC responded to BMP-induced inhibition [55]. More specifically,
they showed that, within this subset, epigenetic silencing of the BMP
receptor 1B by methylation of its promoter led to reduced astroglial
differentiation. While this supports the idea that BMPs may effectively
target GSC, it is important to note that only a subset of GSC was
affected. There may still be persistent subtypes of GSC in the tumor
population that could be resistant to the BMP treatment. BMP4 is
currently being investigated as a new clinical trial for GBM in Europe.

Another approach currently being implemented to target GSC
therapy resistance is the development of anti-angiogenic factors to
prevent GBM tumor growth. The aforementioned Avastin works
along this mechanism by blocking vascular endothelial growth factor.
An additional anti-angiogenic agent currently under clinical trial
is ABT-510. This trial is investigating cohorts of recently diagnosed
GBM patients receiving subcutaneous administration of varying doses
of ABT-510 along with concurrent temozolomide and radiotherapy
treatment. Initial data indicate that doses up to 200 mg/d have been
well tolerated [56]. These findings are promising in light of current
in vivo data which demonstrate decreased growth of human gliomas
established in the brain of athymic nude mice upon daily ABT-510
exposure [57]. Further investigation is necessary to determine the
efficacy of this anti-glioma therapy candidate at targeting GSC within
the glioma cell population.

Future Direction

This review covered some of the mechanisms believed to be
associated with GSC therapy resistance and many more undiscovered
mechanisms are believed to exist. Targeting single GSC genes will
likely be insufficient to prevent the GSC self-renewal and proliferation

associated with tumor recurrence. Therefore, the future of glioma
therapeutic development will most likely require a polypharmacologic
approach and will combine various therapies to simultaneously target
multiple GSC survival-promoting factors [58]. Due to an increasing
body of evidence demonstrating the stem-cell like properties of
the therapy resistant cells leading to recurrence of GBM, further
elucidation of tumor stem cell-specific markers, survival pathways,
and self-renewal signaling is essential for the development of effective
treatment measures and drugs to specifically target these therapy
resistant cells. Also, understanding of the intrinsic and extrinsic factors
of GBM tumor cell populations will enable manipulation of cell cycle
checkpoints in order to sensitize the cancer stem cells so they can be
acted upon by chemotherapeutic agents and irradiation. To address
the impact of the tumor microenvironment, or niche, on GSC survival
pathways, Zhou et al. [59] suggest implementation of various imaging
strategies to track GSC through the tumor compartments during in vivo
treatment. Identification of GSC biomarkers, labeled GSC antibodies,
and magnetically labeled GSC are just a few of the methods suggested.
With the ability to monitor GSC and their niche, drugs could be
developed to specify their targets and attack them safely and effectively.

The future direction for treatment of therapy resistant glioblastoma
certainly includes the implementation of molecular-targeted therapy.
With continued technological advances, treatment approaches will
become increasingly tailored to the molecular identity of individual
patients and individual tumors. In depth analysis of the molecular
phenotype of GSC will bring to light the specific mechanisms by which
they evade current treatment measures and carry out their pathogenic
effect [60]. Identifying the specific molecular signature of the patient’s
tumor makes it possible to select the most appropriate regiment of
chemotherapy and radiotherapy [36]. Furthermore, genome-wide
expression profiling of each tumor will further individualize treatment
by providing the ability to predict the patient outcome to a particular
therapy based on their genomic profile [36]. As our understanding of
the mechanism behind GSC therapy resistance continues to expand,
it becomes increasingly important to develop effective drug delivery
systems to reliably deliver newly developed drugs to their proper
cellular target. One drug delivery approach receiving attention is
nanoparticle technology. Caruso et al. describe nanotechnology as a
means to effectively deliver anti-cancer agents across the blood brain
barrier into the central nervous system while simultaneously improving
the treatment quality and reducing negative side effects. Convection
enhanced delivery [61] is another potential delivery method geared
towards depositing therapeutic anti-glioma agents at their desired
target.
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As has been mentioned throughout this review, one of the qualities
used to classify stem-like cells is their ability to self-renew. Through this
process, stem cells are able to maintain an undifferentiated state until
the tumor kills the patient. Self-renewal is maintained by interactions
with and balance between proto-oncogenes, various tumor suppressor
genes, and supporting factors from the microenvironment [62]. The
recent discovery of induced pluripotent cells suggests some terminally
differentiated somatic cells can reacquire stem cell characteristics, at
least in an experimental environment [63]. These findings may have
potentially serious implications for the treatment of GSC. For example,
following eradication of GSC as part of the treatment regiment for a
GBM patient, non-stem tumor cells could reprogram themselves to
acquire stem cell properties and thus lead to therapy resistance and
tumor recurrence. The concept of induced pluripotent stem cells
remains an important area of focus for future research and has serious
implications for the stem cell cancer theory.

Cancer stem cell-directed therapy is still in the early stages of
development. As the field advances, more questions have continued
to arise than answers, and the issue has become increasingly complex.
This review has highlighted just some of the significant scientific
advances contributing to our current understanding of GSC therapy
resistance. In addition, the need for further investigation has been well-
documented. GBM remains the most malignant and invasive primary
brain tumor. Its resistance to the current best available treatment has
caused most GBM patients to die within two years of diagnosis. GSC
provide an attractive target for future therapeutic approaches. As
new discoveries and new technologies continue to be applied to GSC
therapy, there is increasing hope for patients with GBM.

References

1. Lapidot T, Sirard C, Vormoor J, Murdoch B, Hoang T, et al. (1994) A cell
initiating human acute myeloid leukaemia after transplantation into SCID mice.
Nature 367: 645-648.

2. Reya T, Morrison SJ, Clarke MF, Weissman IL (2001) Stem cells, cancer, and
cancer stem cells. Nature 414: 105-111.

3. lIgnatova TN, Kukekov VG, Laywell ED, Suslov ON, Vrionis FD, et al. (2002)
Human cortical glial tumors contain neural stem-like cells expressing astroglial
and neuronal markers in vitro. Glia 39: 193-206.

4. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF (2003)
Prospective identification of tumorigenic breast cancer cells. Proc Natl Acad
Sci U S A 100: 3983-3988.

5. Passegué E, Jamieson CH, Ailles LE, Weissman IL (2003) Normal and
leukemic hematopoiesis: are leukemias a stem cell disorder or a reacquisition
of stem cell characteristics? Proc Natl Acad Sci U S A 100 Suppl 1: 11842-
11849.

6. Goellner EM, Grimme B, Brown AR, Lin Y, Wang X, et al. (2011) Overcoming
temozolomide resistance in glioblastoma via dual inhibition of NAD+
biosynthesis and base excision repair. Cancer Research 71: 2308-2317.

7. Stupp R, Hegi ME (2007) Targeting brain-tumor stem cells. Nature

Biotechnology 25: 193-194.

8. Vescovi AL, Galli R, Reynolds BA (2006) Brain tumour stem cells. Cancer 6:
425-434.

9. Singh SK, Hawkins C, Clarke ID, Squire JA, Bayani J, et al. (2004) Identification
of human brain tumour initiating cells. Nature 432: 396-401.

10. Altaner C (2008) Glioblastoma and stem cells. Neoplasma 55: 369-74.

11.Hide T, Takezaki T, Nakatani Y, Nakamura H, Kuratsu J, et al. (2011)
Combination of a Ptgs2 inhibitor and an EGFR-signaling inhibitor prevents
tumorigenesis of oligodendrocyte-lineage derived glioma-initiating cells. Stem
Cells 29: 590-599.

18.

20.

2

=

22.

2

w

24.

25.

26.

2

<

28.

29.

30.

3

=

. Gautschi OP, Cadosch D, Collen TD, Land M, Hoederath P, et al. (2010)

Glioblastoma multiforme — new hope due to modern therapeutical approaches.
Praxis 99: 295-308.

. Kyinlaug BT, Huntly BJ (2007) Targeting cancer stem cells. Expert Opin Ther

Targets 11: 915-927.

.Bao S, Wu Q, McLendon RE, Hao Y, Shi Q, et al. (2006) Glioma stem cells

promote radioresistance by preferential activation of the DNA damage
response. Nature 444: 756-760.

. Clement V, Sanchez P, de Tribolet N, Radovanovic |, Ruiz i Altaba A (2007)

HEDGEHOG-GLI1 signaling regulates human glioma growth, cancer stem cell
self-renewal, and tumorigenicity. Current Biology 17: 165-172.

.Yauch RL, Dijkgraaf GJ, Alicke B, Januario T, Ahn CP, et al. (2009)

Smoothened mutation confers resistance to a hedgehog pathway inhibitor in
medulloblastoma. Science 326: 572-574.

.Beier D, Rohrl S, Pillai DR, Schwarz S, Kunz-Schughart LA, et al. (2008)

Temozolomide preferentially depletes cancer stem cells in glioblastoma.
Cancer Res 68: 5706-5715.

Chen R, Nishimura MC, Bumbaca SM, Kharbanda S, Forrest WF, et al. (2010)
A hierarchy of self-renewing tumor-initiating cell types in glioblastoma. Cancer
Cell 17: 362-375.

.Bar EE, Chaudry A, Lin A, Fan X, Schreck K, et al. (2007) Cyclopamine-

mediated hedgehog pathway inhibition depletes stem-like cancer cells in
glioblastoma. Stem Cells 25: 2524-2533.

Kondo T, Setoguchi T, Taga T (2004) Persistence of a small subpopulation of
cancer stem-like cells in the C6 glioma cell line. Proc Natl Acad Sci U S A 101:
781-786.

. Broadley KW, Hunn MK, Farrand KJ, Price KM, Grasso C, et al. (2011) Side

population is not necessary or sufficient for a cancer stem cell phenotype in
glioblastoma multiforme. Stem Cells 29: 452-461.

Lottaz C, Beier D, Meyer K, Kumar P, Hermann A, et al. (2010) Transcriptional
profiles of CD133+ and CD133- glioblastoma-derived cancer stem cell lines
suggest different cells of origin. Cancer Res 70: 2030-2040.

. Verhaak RG, Hoadley KA, Purdom E, Wang V, Qi Y, et al. (2010) Integrated

genomic analysis identifies clinically relevant subtypes of glioblastoma
characterized by abnormalities in PDGFRA, IDH1, EGFR, and NF1. Cancer
Cell 17: 98-110.

Yan X, Ma L, Yi D, Yoon JG, Diercks A, et al. (2011) A CD133-related gene
expression signature identifies an aggressive glioblastoma subtype with
excessive mutations. Proc Natl Acad Sci USA 108: 1591-1596.

Mazzoleni S, Politi LS, Pala M, Cominelli M, Franzin A, et al. (2010) Epidermal
growth factor receptor expression identifies functionally and molecularly distinct
tumor-initiating cells in human glioblastoma multiforme and is required for
gliomagenesis. Cancer Res 70: 7500-7513.

Hegi ME, Diserens AC, Gorlia T, Hamou MF, de Tribolet N, et al. (2005) MGMT
gene silencing and benefit from temozolomide in glioblastoma. N Engl J Med
352: 997-1003.

. Sciuscio D, Diserens AC, van Dommelen K, Martinet D, Jones G, et al. (2011)

Extent and patterns of MGMT promoter methylation in glioblastoma- and
respective glioblastoma-derived spheres. Clin Cancer Res 17: 255-266.

Ropolo M, Daga A, Griffero F, Foresta M, Casartelli G, et al. (2009) Comparative
analysis of DNA repair in stem and nonstem glioma cell cultures. Mol Cancer
Res 7: 383-392.

Cheng L, Wu Q, Huang Z, Guryanova OA, Huang Q, et al. (2011) L1CAM
regulates DNA damage checkpoint response of glioblastoma stem cells
through NBS1. EMBO J 30: 800-813.

Short SC, Martindale C, Bourne S, Brand G, Woodcock M, et al. (2007) DNA
repair after irradiation in glioma cells and normal human astrocytes. Neuro
Oncol 9: 404-411.

. Garvalov BK, Acker T (2011) Cancer stem cells: a new framework for the

design of tumor therapies. J Mol Med 89: 95-107.

J Carcinogene Mutagene

Stem Cells-Cancer Research

ISSN:2157-2518 JCM, an open access journal journal


http://www.ncbi.nlm.nih.gov/pubmed/7509044
http://www.ncbi.nlm.nih.gov/pubmed/7509044
http://www.ncbi.nlm.nih.gov/pubmed/7509044
http://www.ncbi.nlm.nih.gov/pubmed/11689955
http://www.ncbi.nlm.nih.gov/pubmed/11689955
http://www.ncbi.nlm.nih.gov/pubmed/12203386
http://www.ncbi.nlm.nih.gov/pubmed/12203386
http://www.ncbi.nlm.nih.gov/pubmed/12203386
http://www.ncbi.nlm.nih.gov/pubmed/12629218
http://www.ncbi.nlm.nih.gov/pubmed/12629218
http://www.ncbi.nlm.nih.gov/pubmed/12629218
http://www.ncbi.nlm.nih.gov/pubmed/14504387
http://www.ncbi.nlm.nih.gov/pubmed/14504387
http://www.ncbi.nlm.nih.gov/pubmed/14504387
http://www.ncbi.nlm.nih.gov/pubmed/14504387
http://www.ncbi.nlm.nih.gov/pubmed/21406402
http://www.ncbi.nlm.nih.gov/pubmed/21406402
http://www.ncbi.nlm.nih.gov/pubmed/21406402
http://www.ncbi.nlm.nih.gov/pubmed/17287755
http://www.ncbi.nlm.nih.gov/pubmed/17287755
http://www.ncbi.nlm.nih.gov/pubmed/17287755
http://www.ncbi.nlm.nih.gov/pubmed/17287755
http://www.ncbi.nlm.nih.gov/pubmed/15549107
http://www.ncbi.nlm.nih.gov/pubmed/15549107
http://www.ncbi.nlm.nih.gov/pubmed/18665745
http://www.ncbi.nlm.nih.gov/pubmed/21360625
http://www.ncbi.nlm.nih.gov/pubmed/21360625
http://www.ncbi.nlm.nih.gov/pubmed/21360625
http://www.ncbi.nlm.nih.gov/pubmed/21360625
http://www.ncbi.nlm.nih.gov/pubmed/20205087
http://www.ncbi.nlm.nih.gov/pubmed/20205087
http://www.ncbi.nlm.nih.gov/pubmed/20205087
http://www.ncbi.nlm.nih.gov/pubmed/17614760
http://www.ncbi.nlm.nih.gov/pubmed/17614760
http://www.ncbi.nlm.nih.gov/pubmed/17051156
http://www.ncbi.nlm.nih.gov/pubmed/17051156
http://www.ncbi.nlm.nih.gov/pubmed/17051156
http://www.ncbi.nlm.nih.gov/pubmed/17196391
http://www.ncbi.nlm.nih.gov/pubmed/17196391
http://www.ncbi.nlm.nih.gov/pubmed/17196391
http://www.ncbi.nlm.nih.gov/pubmed/19726788
http://www.ncbi.nlm.nih.gov/pubmed/19726788
http://www.ncbi.nlm.nih.gov/pubmed/19726788
http://www.ncbi.nlm.nih.gov/pubmed/18632623
http://www.ncbi.nlm.nih.gov/pubmed/18632623
http://www.ncbi.nlm.nih.gov/pubmed/18632623
http://www.ncbi.nlm.nih.gov/pubmed/20385361
http://www.ncbi.nlm.nih.gov/pubmed/20385361
http://www.ncbi.nlm.nih.gov/pubmed/20385361
http://www.ncbi.nlm.nih.gov/pubmed/17628016
http://www.ncbi.nlm.nih.gov/pubmed/17628016
http://www.ncbi.nlm.nih.gov/pubmed/17628016
http://www.ncbi.nlm.nih.gov/pubmed/14711994
http://www.ncbi.nlm.nih.gov/pubmed/14711994
http://www.ncbi.nlm.nih.gov/pubmed/14711994
http://www.ncbi.nlm.nih.gov/pubmed/21425408
http://www.ncbi.nlm.nih.gov/pubmed/21425408
http://www.ncbi.nlm.nih.gov/pubmed/21425408
http://www.ncbi.nlm.nih.gov/pubmed/20145155
http://www.ncbi.nlm.nih.gov/pubmed/20145155
http://www.ncbi.nlm.nih.gov/pubmed/20145155
http://www.ncbi.nlm.nih.gov/pubmed/20129251
http://www.ncbi.nlm.nih.gov/pubmed/20129251
http://www.ncbi.nlm.nih.gov/pubmed/20129251
http://www.ncbi.nlm.nih.gov/pubmed/20129251
http://www.ncbi.nlm.nih.gov/pubmed/21220328
http://www.ncbi.nlm.nih.gov/pubmed/21220328
http://www.ncbi.nlm.nih.gov/pubmed/21220328
http://www.ncbi.nlm.nih.gov/pubmed/20858720
http://www.ncbi.nlm.nih.gov/pubmed/20858720
http://www.ncbi.nlm.nih.gov/pubmed/20858720
http://www.ncbi.nlm.nih.gov/pubmed/20858720
http://www.ncbi.nlm.nih.gov/pubmed/15758010
http://www.ncbi.nlm.nih.gov/pubmed/15758010
http://www.ncbi.nlm.nih.gov/pubmed/15758010
http://www.ncbi.nlm.nih.gov/pubmed/21097691
http://www.ncbi.nlm.nih.gov/pubmed/21097691
http://www.ncbi.nlm.nih.gov/pubmed/21097691
http://www.ncbi.nlm.nih.gov/pubmed/19276180
http://www.ncbi.nlm.nih.gov/pubmed/19276180
http://www.ncbi.nlm.nih.gov/pubmed/19276180
http://www.ncbi.nlm.nih.gov/pubmed/21297581
http://www.ncbi.nlm.nih.gov/pubmed/21297581
http://www.ncbi.nlm.nih.gov/pubmed/21297581
http://www.ncbi.nlm.nih.gov/pubmed/17704360
http://www.ncbi.nlm.nih.gov/pubmed/17704360
http://www.ncbi.nlm.nih.gov/pubmed/17704360
http://www.ncbi.nlm.nih.gov/pubmed/20890588
http://www.ncbi.nlm.nih.gov/pubmed/20890588

Citation: Mangum R, Nakano | (2011) Glioma Stem Cells and their Therapy Resistance. J Carcinogene Mutagene S1:002. doi:10.4172/2157-2518.

$1-002

Page 8 of 8

32.

33.

34.

35.

36.

38.

39.

40.

4

-

42.

4

w

44,

45.

46.

4

ha}

4

[ee]

4

©

5

o

5

ey

Hjelmeland AB, Wu Q, Wickman S, Eyler C, Heddleston J, et al. (2010)
Targeting A20 decreases glioma stem cell survival and tumor growth. PLoS
Biol 8: €1000319.

van Hogerlinden M, Rozell BL, Ahrlund-Richter L, Toftgard R (1999) Squamous
cell carcinomas and increased apoptosis in skin with inhibited Rel/nuclear
factor-kappaB signaling. Cancer Res 59: 3299-3303.

Pikarsky E, Porat RM, Stein |, Abramovitch R, Amit S, et al. (2004) NF-kappaB
functions as a tumor promoter in inflammation-associated cancer. Nature 431:
461-466.

Eyler CE, Foo WC, LaFiura KM, McLendon RE Hjelmeland AB, et al. (2008)
Brain cancer stem cells display preferential sensitivity to Akt inhibition. Stem
Cells 26: 3027-3036.

Redmond KM, Wilson TR, Johnston PG, Longley DB (2008) Resistance
mechanisms to cancer chemotherapy. Frontiers in Bioscience 13: 5138-5152.

.Dean M, Fojo T, Bates S (2005) Tumour stem cells and drug resistance. Nat

Rev Cancer 5: 275-284.

Bleau AM, Hambardzumyan D, Ozawa T, Fomchenko El, Huse JT, et al. (2009)
PTEN/PI3K/Akt pathway regulates the side population phenotype and ABCG2
activity in glioma tumor stem-like cells. Cell Stem Cell 4: 226-235.

An'Y, Ongkeko WM (2009) ABCG2: the key to chemoresistance in cancer stem
cells? Expert Opn Drug Metab Toxicol 5: 1529-1542.

Pan YZ, Morris ME, Yu AM (2009) MicroRNA-328 negatively regulates the
expression of breast cancer resistance protein (BCRP/ABCG2) in human
cancer cells. Mol Pharmacol 75: 1374-1379.

.McCord AM, Jamal M, Shankavaram UT, Lang FF, Camphausen K, et al.

(2009) Physiologic oxygen concentration enhances the stem-like properties of
CD133+ human glioblastoma cells in vitro. Mol Cancer Res 7: 489-497.

Mohyeldin A, Garzén-Muvdi T, Quifiones-Hinojosa A (2010) Oxygen in stem
cell biology: a critical component of the stem cell niche. Cell Stem Cell 7: 150-
161.

. Hittelman WN, Liao Y, Wang L, Milas L (2010) Are cancer stem cells

radioresistant? Future Oncology 6: 1563-1576.

Wang J, Wakeman TP, Lathia JD, Hjelmeland AB, Wang XF, et al. (2010)
Notch promotes radioresistance of glioma stem cells. Stem Cells 28: 17-28.

Wang R, Chadalavada K, Wilshire J, Kowalik U, Hovinga KE, et al. (2010)
Glioblastoma stem-like cells give rise to tumour endothelium. Nature 468: 829-
833.

Ricci-Vitiani L, Pallini R, Biffoni M, Todaro M, Invernici G, et al. (2010) Tumour
vascularization via endothelial differentiation of glioblastoma stem-like cells.
Nature 468: 824-828.

.de groot JF, Fuller G, Kumar AJ, Piao Y, Eterovic K, et al. (2010) Tumor

invasion after treatment of glioblastoma with bevacizumab: radiographic and
pathologic correlation in humans and mice. Neuro-Oncology 12: 233-242.

. Pistollato F, Abbadi S, Rampazzo E, Persano L, Della Puppa A, et al. (2010)

Intratumoral hypoxic gradient drives stem cells distribution and MGMT
expression in glioblastoma. Stem Cells 28: 851-862.

. Swisshelm K, Macek R, Kubbies M (2005) Role of claudins in tumorigenesis.

Adv Drug Deliv Rev 57: 919-928.

.Ishihara H, Kubota H, Lindberg RL, Leppert D, Gloor SM, et al. (2008)

Endothelial cell barrier impairment induced by glioblastomas and transforming
growth factor beta2 involves matrix metalloproteinases and tight junction
proteins. J Neuropathol Exp Neurol 67: 435-438.

. Gerstner ER, Chen P, Wen PY, Jain RK, Batchelor TT, et al. (2010) Infiltrative

patterns of glioblastoma spread detected via diffusion MRI after treatment with
cediranib. Neuro-Oncology 12: 466-472.

This article was originally published in a special issue, Stem Cells-Cancer
Research handled by Editor(s). Dr. Claudio Luparello, University of Palermo,
Italy

52.

5

w

54.

55.

56.

5

J

58.

59.

60.

6

=

62.

63.

Kleihues P, Louis DN, Scheithauer BW, Rorke LB, Reifenberger G, et al. (2002)
The WHO classification of tumors of the nervous system. J Neuropathol Exp
Neurol 61: 215-225.

. Bar EE (2011) Glioblastoma, cancer stem cells and hypoxia. Brain Pathol 21:

119-129.

Piccirillo SG, Reynolds BA, Zanetti N, Lamorte G, Binda E, et al. (2006) Bone
morphogenetic proteins inhibit the tumorigenic potential of human brain tumour-
initiating cells. Nature 444: 761-765.

Lee J, Son MJ, Woolard K, Donin NM, Li A, et al. (2008) Epigenetic-mediated
dysfunction of the bone morphogenetic protein developmental pathway inhibits
differentiation of human glioblastoma tumor initiating cells. Cancer Cell 13: 69-
80.

Nabors LB, Fiveash JB, Markert JM, Kekan MS, Gillespie GY, et al. (2010) A
phase 1 trial of ABT-510 concurrent with standard chemoradiation for patients
with newly diagnosed glioblastoma. Arch Neurol 67: 313-319.

. Anderson JC, Grammer JR, Wang W, Nabors LB, Henkin J, et al. (2007) ABT-

510, a modified type 1 repeat peptide of thrombospondin, inhibits malignant
glioma growth in vivo by inhibiting angiogenesis. Cancer Biol Ther 6: 454-462.

Durrant JD, Amaro RE, Xie L, Urbaniak MD, Ferguson MA, et al. (2010) A
multidimensional strategy to detect polypharmacological targets in the absence
of structural and sequence homology. PLos Comput Biol 6: €1000648.

Zhou BB, Zhang H, Damelin M, Geles KG, Grindley JC, et al. (2009) Tumour-
initiating cells: challenges and opportunities for anticancer drug discovery. Nat
Rev Drug Discov 8: 806-823.

Scatena R, Bottoni P, Pontoglio A, Giardina B, et al. (2011) Cancer stem cells:
the development of new cancer therapeutics. Expert Opin Biol Ther 11: 875-92.

. Hdeib A, Sloan AE (2011) Convection-enhanced delivery of (131)I-chTNT-1/B

mAB for treatment of high-grade adult gliomas. Expert Opin Biol Ther 11: 799-
806.

He S, Nakada D, Morrison SJ (2009) Mechanisms of stem cell self-renewal.
Annu Rev Cell Dev Biol 25: 377-406.

Nakagawa M, Yamanaka S (2010) Reprogramming of somatic cells to
pluripotency. Adv Exp Med Biol 695: 215-224.

J

Carcinogene Mutagene

Stem Cells-Cancer Research

ISSN:2157-2518 JCM, an open access journal journal


http://www.ncbi.nlm.nih.gov/pubmed/20186265
http://www.ncbi.nlm.nih.gov/pubmed/20186265
http://www.ncbi.nlm.nih.gov/pubmed/20186265
http://www.ncbi.nlm.nih.gov/pubmed/10416581
http://www.ncbi.nlm.nih.gov/pubmed/10416581
http://www.ncbi.nlm.nih.gov/pubmed/10416581
http://www.ncbi.nlm.nih.gov/pubmed/15329734
http://www.ncbi.nlm.nih.gov/pubmed/15329734
http://www.ncbi.nlm.nih.gov/pubmed/15329734
http://www.ncbi.nlm.nih.gov/pubmed/18802038
http://www.ncbi.nlm.nih.gov/pubmed/18802038
http://www.ncbi.nlm.nih.gov/pubmed/18802038
http://www.ncbi.nlm.nih.gov/pubmed/18508576
http://www.ncbi.nlm.nih.gov/pubmed/18508576
http://www.ncbi.nlm.nih.gov/pubmed/15803154
http://www.ncbi.nlm.nih.gov/pubmed/15803154
http://www.ncbi.nlm.nih.gov/pubmed/19265662
http://www.ncbi.nlm.nih.gov/pubmed/19265662
http://www.ncbi.nlm.nih.gov/pubmed/19265662
http://www.ncbi.nlm.nih.gov/pubmed/19708828
http://www.ncbi.nlm.nih.gov/pubmed/19708828
http://www.ncbi.nlm.nih.gov/pubmed/19270061
http://www.ncbi.nlm.nih.gov/pubmed/19270061
http://www.ncbi.nlm.nih.gov/pubmed/19270061
http://www.ncbi.nlm.nih.gov/pubmed/19372578
http://www.ncbi.nlm.nih.gov/pubmed/19372578
http://www.ncbi.nlm.nih.gov/pubmed/19372578
http://www.ncbi.nlm.nih.gov/pubmed/20682444
http://www.ncbi.nlm.nih.gov/pubmed/20682444
http://www.ncbi.nlm.nih.gov/pubmed/20682444
http://www.ncbi.nlm.nih.gov/pubmed/21062156
http://www.ncbi.nlm.nih.gov/pubmed/21062156
http://www.ncbi.nlm.nih.gov/pubmed/19921751
http://www.ncbi.nlm.nih.gov/pubmed/19921751
http://www.ncbi.nlm.nih.gov/pubmed/21102433
http://www.ncbi.nlm.nih.gov/pubmed/21102433
http://www.ncbi.nlm.nih.gov/pubmed/21102433
http://www.ncbi.nlm.nih.gov/pubmed/21102434
http://www.ncbi.nlm.nih.gov/pubmed/21102434
http://www.ncbi.nlm.nih.gov/pubmed/21102434
http://www.ncbi.nlm.nih.gov/pubmed/20167811
http://www.ncbi.nlm.nih.gov/pubmed/20167811
http://www.ncbi.nlm.nih.gov/pubmed/20167811
http://www.ncbi.nlm.nih.gov/pubmed/20309962
http://www.ncbi.nlm.nih.gov/pubmed/20309962
http://www.ncbi.nlm.nih.gov/pubmed/20309962
http://www.ncbi.nlm.nih.gov/pubmed/15820559
http://www.ncbi.nlm.nih.gov/pubmed/15820559
http://www.ncbi.nlm.nih.gov/pubmed/18431253
http://www.ncbi.nlm.nih.gov/pubmed/18431253
http://www.ncbi.nlm.nih.gov/pubmed/18431253
http://www.ncbi.nlm.nih.gov/pubmed/18431253
http://www.ncbi.nlm.nih.gov/pubmed/20406897
http://www.ncbi.nlm.nih.gov/pubmed/20406897
http://www.ncbi.nlm.nih.gov/pubmed/20406897
http://www.ncbi.nlm.nih.gov/pubmed/11895036
http://www.ncbi.nlm.nih.gov/pubmed/11895036
http://www.ncbi.nlm.nih.gov/pubmed/11895036
http://www.ncbi.nlm.nih.gov/pubmed/21054626
http://www.ncbi.nlm.nih.gov/pubmed/21054626
http://www.ncbi.nlm.nih.gov/pubmed/17151667
http://www.ncbi.nlm.nih.gov/pubmed/17151667
http://www.ncbi.nlm.nih.gov/pubmed/17151667
http://www.ncbi.nlm.nih.gov/pubmed/18167341
http://www.ncbi.nlm.nih.gov/pubmed/18167341
http://www.ncbi.nlm.nih.gov/pubmed/18167341
http://www.ncbi.nlm.nih.gov/pubmed/18167341
http://www.ncbi.nlm.nih.gov/pubmed/20212229
http://www.ncbi.nlm.nih.gov/pubmed/20212229
http://www.ncbi.nlm.nih.gov/pubmed/20212229
http://www.ncbi.nlm.nih.gov/pubmed/17384534
http://www.ncbi.nlm.nih.gov/pubmed/17384534
http://www.ncbi.nlm.nih.gov/pubmed/17384534
http://www.ncbi.nlm.nih.gov/pubmed/20098496
http://www.ncbi.nlm.nih.gov/pubmed/20098496
http://www.ncbi.nlm.nih.gov/pubmed/20098496
http://www.ncbi.nlm.nih.gov/pubmed/19794444
http://www.ncbi.nlm.nih.gov/pubmed/19794444
http://www.ncbi.nlm.nih.gov/pubmed/19794444
http://www.ncbi.nlm.nih.gov/pubmed/21463158
http://www.ncbi.nlm.nih.gov/pubmed/21463158
http://www.ncbi.nlm.nih.gov/pubmed/21521146
http://www.ncbi.nlm.nih.gov/pubmed/21521146
http://www.ncbi.nlm.nih.gov/pubmed/21521146
http://www.ncbi.nlm.nih.gov/pubmed/19575646
http://www.ncbi.nlm.nih.gov/pubmed/19575646
http://www.ncbi.nlm.nih.gov/pubmed/21222208
http://www.ncbi.nlm.nih.gov/pubmed/21222208

	Title
	Corresponding author
	Abstract
	Therapy Resistance of Glioblastoma
	What are cancer stem cells?   
	Hurdle to attack glioma stem cells
	Distinct Molecular Mechanisms for therapy resistant glioma cells
	DNA Repair

	Cell Cycle Checkpoints
	Tumor Cell Drug Efflux 
	Physiologic Microenvironment
	Blood-Brain Barrier
	Development for glioma stem cell-directed therapy

	Future Direction
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5



