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Abstract

Glioblastoma multiforme is one of the most aggressive brain tumors in adults. Despite the use of
the best available multimodal therapeutic approaches, the prognosis remains dismal. The
identification of glioma stem cells (GSCs) has offered new hope to affected patients, since it could
explain, in part, the highly heterogeneous nature of this tumor and its chemo- and radio-resistance.
Although still in its infancy, GSC research has unveiled many of its complexities and the theory
itself remains controversial. GSC phenotype can significantly vary between patients and a single
tumor may present several distinct GSCs. New therapeutic solutions that effectively target this
population are of utmost importance, since they may be able to decrease neoplastic recurrence and
improve patient survival. Here, we discuss the mechanisms by which GSCs lead to glioma relapse,
the main controversies in this field and the most recent treatments that could successfully target
this population.
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Glioblastoma multiforme is one of the most common and aggressive malignant brain tumors
in adults. Despite aggressive multimodal therapeutic intervention, patient survival is still
restricted to approximately 14 months post-diagnosis [1]. This poor prognosis is mainly due
to high rates of tumor recurrence, which is associated with both the extremely infiltrative
nature of glioblastoma and its resistance to conventional treatments, such as chemo- and
radio-therapy [2]. As an effort to improve patient outcomes, current research has been
focused on identifying molecular and cellular elements that have been linked to glioma
recurrence [3].

Recent findings have suggested the existence of a small population of therapy-resistant and
slow-dividing malignant cells inside the main tumor bulk. These cells have been held
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responsible for glioma formation, maintenance, invasiveness and recurrence [4,5]. Termed
tumor-initiating cells or glioma stem cells (GSCs), these neoplastic units possess many
common characteristics with normal neural stem cells (NSCs), such as the capacity to self-
renew, indefinitely proliferate and differentiate into different cell types that originate from
the same lineage (multipotency). They also share common NSC markers, such as CD133
and nestin, and are able to maintain and replenish the neoplastic clone characteristic that is
considered liable for tumor relapse [6-8].

Although their nature has not yet been completely unveiled, these GSCs are known to be
very different from the rapidly-dividing cells that constitute the rest of the main tumor bulk
[9]. One of the major obstacles of the presently available conventional therapies is the
inability to efficiently target and eradicate these cells without major toxicity to non-
neoplastic tissues. Therefore, existing efforts rely on the study of additional therapeutic
approaches that can be used in conjunction with current standard of care in order to
selectively target and eliminate this important population. In this review, the main theories
that try to explain the origin of cancer stem cells (CSCs) and their mechanisms of self-
maintenance and therapeutic resistance will be discussed. A quick overview of the main
therapeutic approaches currently under investigation that attempt to address these issues will
also be given.

Normal stem/progenitor cells & CSCs

In the developing embryo, stem cells are located in the inner mass of the blastocyst. There,
they are known as embryonic stem cells and give rise to the majority of cell types present in
the human body, a characteristic referred to as pluripotency. At later developmental stages,
embryonic stem cells differentiate into adult stem cells, which are multipotent (i.e., they can
give rise to a restricted number of cell types) and are able to form selected tissues and organs
[10]. CSCs reportedly share many properties with normal stem cells. It is still not clear
whether CSCs derive from mutated tissue-specific stem cells or more differentiated cells
that have reinitiated a self-renewal program as part of or following transformation.
Regardless of their origin, CSCs have been found to resemble normal stem or progenitor
cells that are present in their tumor’s derivative tissue [11]. Microscopic analysis of different
malignancies reveals a complex heterogeneous picture composed of significant phenotypic
diversity. Even though CSCs only make up a minor fraction of a tumor, they are defined by
their ability to self-renew through asymmetric cell divisions, producing new tumorigenic
CSCs, and their capability to give rise to differentiated and rapidly-dividing cancer cells.
Collectively, CSC-descendants contribute to the cellular heterogeneity of the glioblastoma
tumor.

GSCs: the operational definition

The designation of ‘CSCs’ was devised to echo two fundamental properties of normal stem
cells: self-renewal capacity and multipotency. There is growing acknowledgement that,
although self-renewing, CSCs cannot be contemplated as multipotent because the
differentiated progeny derived from transformed precursors is bound to be genetically
abnormal. Thus, to be defined as CSCs, glioma cells must be able to self-renew in culture,

Expert Rev Neurother. Author manuscript; available in PMC 2015 August 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahmed et al.

Page 3

propagate phenotypically similar tumors upon in vivo secondary transplantation and give
rise to neurons and glia-like differentiated progenies both in vivo and in vitro.
Experimentally, glioma-derived CSCs can be defined by their ability to form neurosphere-
like structures (known as tumorspheres) in the presence of appropriate growth factors in
tissue culture and by their ability to generate tumors when injected, even in low numbers, in
immunocompromised mice.

Cell of origin & CSC theory

Even though the CSC theory has gained considerable support in both experimental and
clinical fronts over the last decade, the main principles of this hypothesis remain
controversial. At the center of this debate lies the question of whether the cell of origin for
cancer is a stem cell or any differentiated cell that undergoes specific genetic aberrations.
During organ development, a hierarchical organization dictates the process where stem cells
first become committed progenitors, which in turn yields differentiated cells that comprise
the bulk of the organ. In theory, normal stem cells could be an ideal target for malignant
transformation for two main reasons. First, they represent the most primitive cells in a given
organ. Second, they generally re-enter cell division to replace the pool of both differentiated
progenies and stem cells, thus being responsible for maintaining the stem cell pool in the
target organ. Thus, in theory, long-lived stem/progenitor cells could accumulate sequential
genetic or epigenetic mutations and initiate oncogenesis.

The existence of a cell of origin for malignancies of the CNS has been investigated through
several transgenic animal models. The majority of these models support the notion that
neural stem and progenitor cells (NSPCs) in the brain are the primary cellular targets for
gliomagenesis [12]. These animal models predominantely utilize NSPC-related cell
promoters, such as nestin and glial fibrillary acidic protein, to drive oncogene expression
(i.e., activated Ras) or to inactivate tumor suppressors (i.e., PTEN or P53) in specific
cellular compartments. This process has proven to be effective in initiating cellular
transformation as well as driving oncogenesis. It is important to note that even though the
nestin promoter is considered to be selective for the NSPC population, glial fibrillary acidic
protein promoter can be active in both NSPCs and mature astrocytes [13]. Such a disparity
creates additional complexity that hampers a clear understanding of the results associated
with this model. Nevertheless, these studies indicated that NSPCs expressing nestin are
more vulnerable for malignant transformation as compared with more differentiated cell
types [13-17]. On the contrary, recent reports indicate that differentiated cells have the
ability to reinitiate a self-renewal program as part of or following the transformation
process. In breast cancer, evidence points toward the notion that CSCs can ascend from
transformed mammary epithelial cells, resulting in the acquisition of mesenchymal traits and
stem cell markers [18].

The epithelial-mesenchymal transition is a key cellular program during the developmental
phase and is often associated with malignant transformation. It has shown to induce the
expression of stem cell markers in immortalized human mammary epithelial cells and to
increase their ability to form tumorspheres [18]. Spontaneous dedifferentiation, a process
where differentiated cells are able to convert into cancer stem-like cells, has also been
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observed in a subpopulation of basal-like human mammary epithelial cells both in vitro and
in vivo. Moreover, oncogenic transformation has shown to efficiently enhance such
conversion [19]. In gliomas, differentiated cells in the CNS, such as cortical neurons and
astrocytes, have also demonstrated the ability to initiate tumorigenesis upon oncogenic
transformation. A recent report demonstrated that lentivirus vector-mediated expression of
the constitutively active oncogene H-RasV12 together with simultaneous inactivation of the
tumor suppressor p53 by shRNA in NSCs, astrocytes or even mature neurons was able to
induce gliomagenesis in murine models [20]. Taken together, these studies clearly
demonstrate that any cell in a given organ can serve as a cell of origin for human
malignancies. They also reinforce the importance of the interconversion between
differentiated cancer cells and CSCs for tumor initiation and maintenance [21]. Therefore,
we believe that the CSC theory should consider this possibility as well. In fact, if such a
phenotypic plasticity does exist in any given human malignancy, it would explain the
observed high frequency of CSCs in some tumors [22]. On the other hand, such cellular
plasticity could create a significant challenge in the efforts to develop therapeutic strategies
to eliminate CSCs. In order to develop effective anticancer therapies, we must elucidate the
underlying molecular mechanisms of such plastic behavior as well as investigate how
conventional chemo- and radio-therapies can influence this process. Additionally, we need
to find a way to prevent the conversion of differentiated cancer cells into therapy resistant
cancer stem-like cells. Only then will we be able to effectively prevent the malignant
relapse.

signature of GSCs

Molecular markers that are used to identify CSC populations mostly rely on the
understanding of normal stem cell biology [23]. Advancements in cell sorting technology
via fluorescent antibodies and flow cytometry have enabled researchers to reproducibly
isolate phenotypically defined rare stem cell populations. Utilizing these tools, John Dick’s
laboratory isolated the first described CSCs in 1997 from acute myeloid leukemia (AML)
patients [23]. In this pioneering work, Bonnet and Dick showed that in human AML, a rare
subset of tumor cells with CD34*/CD38" signature possessed the ability to recapitulate the
entire original disease over several transplantations [23]. These findings suggested that self-
renewal and pluripotency were a characteristic of this small subpopulation, and that this
feature was absent within the broader CD34*/CD38* population [23,24]. Such a discovery
opened a discussion on the existence of CSCs in other malignancies and on how to optimize
their identification. The first CSC associated with a solid tumor was isolated from invasive
breast cancer samples in 2003 [25]. Since then, CSCs have been identified in brain [26,27],
colon [28], skin [29], pancreatic [30], prostate [31], ovarian [32], lung [33] and gastric
cancers [34]. The isolation of many of these CSCs has been carried out using a number of
adhesion markers including CD44 and CD24, or other CSC-associated functional markers
such as multidrug efflux ABC transporters and promininl (CD133). Cell surface markers
that have been used in the literature to enrich GSC populations will be discussed furher.
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The initial isolation of GSCs was carried out by using the marker CD133 (AC133; human
promininl), which represents an apical plasma membrane protein predominantly found on
normal embryonic stem cells [26,27]. CD133* cells isolated from glioma patients were
capable of forming ‘tumorspheres’ when cultured in appropriate conditions. In addition, they
could generate tumors when as few as 100 CD133* cells were injected in
immunocompromised mice [26,27]. As a result, they were able to fulfill the criteria required
to be classified as CSCs. However, not all glioma cells that fit this working definition
express the CD133 marker. Approximately 40% of all freshly isolated human-derived
glioblastoma specimens did not contain CD133" tumor cells. Recent reports have also
demonstrated that CD133~ cells were able to generate tumors in immunocompromised
animal models [35,36]. These findings raised the possibility that CD133 alone might not be
a reliable universal marker for GSCs [37]. Moreover, CD133 expression within glioma cells
has been shown to depend on both cell cycle and specific stimuli arising from the
peritumoral microenvironment [38]. A detailed characterization of CD133 function on GSCs
remains necessary. It could help to elucidate its involvement in glioma initiation,
maintenance and invasiveness.

Stage-specific embryonic antigen-1

Integrin-a.6

By using a patched (PTC) transgenic mouse model of medulloblastoma, Read and
colleagues first identified the stage-specific embryonic antigen-1 (SSEA-1)/CD15 as a
marker for CSCs in both murine and human-derived tumors [39]. In glioma, SSEA-1/CD15*
tumor cells demonstrated self-renewal capacity as well as multi-lineage differentiation
potential. In patient specimens, CD133* GSCs also expressed SSEA-1, suggesting that it
could also serve as a GSC enrichment marker [37]. In our laboratory, glioma cells sorted by
SSEA-1/CD15 marker were able to generate tumors in immunocompromised rodents.
However, tumorspheres generated from SSEA-1/CD15* glioma cells were significantly
smaller than the tumorspheres derived from the CD133* enriched ones. In addition, tumor
xenografts derived from SSEA-1/CD15" enriched glioma cells were positive for Ki-67,
indicating that SSEA-1 enriched tumors were more proliferative. Although it supports a
deeper characterization of GSCs, this finding contradicts a previously established concept
that states that CSCs are predominantly quiescent. It also sustains the idea that multiple
markers should be used in order to achieve a reliable identification of glioma-derived CSCs.

Integrin-a6 is a member of the integrin family of extracellular matrix receptors for laminin
and platelets. Recent reports indicated the selective coexpression of integrin-a6 in glioma
cells previously sorted with other conventional CSC markers. Moreover, short hairpin RNA-
mediated knockdown of integrin-a6 and functional blocking antibody against integrin-a6 in
the GSC population abrogated tumorsphere formation and inhibited both in vitro and in vivo
tumor growth [40]. These observations strongly indicate the role of integrin-a6 in GSCs
self-renewal and maintenance. However, such exciting results warrant further investigation.
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A2B5 is a neural cell surface antigen predominately expressed in glial and neural progenitor
cells [41]. In immunocompromised xenograft models, both A2B5*/CD133~ and A2B5*/
CD133* glioma populations are capable of generating tumors [36]. This result implies the
possibility that A2B5 can be used as a GSC enrichment marker.

While the discovery of these functional markers has allowed an appropriate identification
and characterization of CSCs, these processes still present some important drawbacks. The
first one is that although CD133 has continued to identify tumor cells with self-renewal
capacity in a number of other solid tumors, there is an ongoing debate on how robust and
specific the universal marker should be [42]. A second important limitation is that most of
the cell surface markers used to distinguish stem cells in normal and cancerous tissues are
not exclusively expressed in one specific population. Additionally, the same markers used
for the isolation of CSCs in one organ cannot directly be used for identification in other
organs. This situation underlies the importance of combining phenotypic and functional
markers as a signature to identify tissue-specific CSCs. A third shortcoming is that there is
little agreement regarding the molecular identity of CSCs in solid tumors and the simple
expression of two signature markers is not considered enough to identify most CSCs.
Therefore, the combination of multiple markers have been recently employed to allow a
better characterization of these populations [43].

CSCs & patient prognosis

According to the CSC hypothesis, these cells are not only responsible for unlimited
glioblastoma growth, but also for the maintenance of a minimal residual disease, which
commonly leads to post-therapeutic recurrence. Therefore, quantification of the presence of
this rare population within such a malignant disease may serve as a prognostic indicator.
Generally, it is believed that a high proportion of CSCs within a given tumor would imply a
worse patient prognosis. For example, in breast cancer, the most poorly differentiated and
invasive tumors present the highest burden of CSCs [44]. Similarly, elevated
immunoreactivity of nestin and CD133 in tumor specimens has been associated with a poor
prognosis in malignant glioma patients [45]. Other analogous reports have also described the
high expression of the CD133 marker as a dismal prognostic factor for progression-free and
overall survival in glioma populations [46]. Furthermore, Zeppernick et al. have indicated
that CD133 could be a reliable marker of tumor regrowth, malignant progression and
decreased survival in malignant glioma patients [47]. They observed significant differences
in survival estimates between grade 111 glioma patients containing less than 1% of CD133*
cells and those with more than 1% of positivity. Patients bearing tumors with more than 1%
of CD133" cells presented with rapid tumor relapse and shorter progression-free and overall
survival. Additional findings revealed that the proportion of CD133* cells in glioma samples
directly correlated with increased tumor grades. As a consequence, more aggressive and
invasive tumors present with significantly higher amounts of CD133* GSCs. A recent report
strongly corroborates this idea. Sato et al. suggested that CD133 could be a useful molecular
marker for the prediction of glioblastoma invasiveness and dissemination [48]. This report
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also gives rise to the intriguing idea that CD133" GSCs may be implicated in the initiation
of disseminated lesions.

Contrary to these findings, Kim and colleagues recently examined the three established stem
cell markers, nestin, CD133 and CD15 in 88 cases of glioblastoma by immunohistochemical
analysis. They reported that there was no correlation between the expression of these stem
cell markers and clinical outcomes in glioma patients [49]. However, the overexpression of
the CD133 marker still correlated with worse outcomes in other malignant diseases. For
instance, elevated expression of CD133 in colon cancer is considered an independent marker
of poor prognosis and is associated with liver metastasis [50]. Moreover, high expression of
CSC functional markers, such as aldehyde dehydrogenase, has been found to be directly
correlated with a poor prognosis in a number of tumors including AML [51], invasive breast
cancer [52], prostate cancer [53], and head and neck squamous cell carcinoma [54]. In
summary, the above results imply that patients with tumors that express elevated levels of
molecular markers related to CSCs tend to present with a worse prognosis than patients with
tumors that express low levels of these markers. Nevertheless, considering the inconsistency
between individual stem cell markers, there is still a need to define a more precise CSC
signature before it can be considered as a predictor of clinical outcome.

CSC biology & mechanisms of therapeutic resistance

Like normal stem cells, CSCs are considered to be relatively quiescent. This characteristic
leads to their remarkable resistance towards conventional radio- and chemo-therapy, which
predominantly targets rapidly dividing cells [55]. During therapy, the tumor burden may
significantly decrease, which results in a false impression of complete neoplastic
destruction. However, quiescent CSCs are able to survive the currently available anticancer
treatments and eventually give rise to additional tumor cells, which invariably leads to
malignant recurrence. In glioblastoma history, there are two described mechanisms that are
held responsible for therapeutic resistance. The first relies on the overexpression of DNA
damage repair pathways, such as O-6 methylguanine-DNA-methyltransferase (MGMT). The
second focuses on the upregulation of transmembrane proteins that are accountable for
pumping therapeutic agents outside targeted tumor cells.

DNA damage repair pathways are considered to be the guardians of genomic and
chromosomal stability. Because stem cells are at the basis of tissue homeostasis, they appear
to have a very efficient DNA repair capacity [56]. Moreover, it has been demonstrated that
CNS cells contain lower levels of reactive oxygen species [57] as compared with their
mature counterparts due to increased antioxidant defenses [58]. In glioblastoma, increased
DNA repair capacity through enhanced MGMT expression in CD133* GSCs appears to be
highly correlated with anticancer therapeutic resistance [4,59]. The expression of MGMT in
GSCs is directly correlated with a decreased efficacy of temozolomide, a widely used
chemotherapeutic agent that is currently considered the standard of care for antiglioma
therapy. As an alkylating agent, temozolomide methylates the O-6 position of guanine
residues in the DNA of cancer cells. This methylation causes severe DNA damage and leads
to the destruction of chemosensitive neoplastic tissues. By presenting an enhanced MGMT
activity, GSCs are able to resist such a mechanism [60]. In fact, GSCs that present MGMT

Expert Rev Neurother. Author manuscript; available in PMC 2015 August 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahmed et al.

Page 8

activity have been reported to be tenfold more resilient to temozolomide chemotherapy [61].
Contrarily, epigenetic silencing/methylation of the MGMT promoter was related to more
sensitive cancer cells and a consequently improved chemotherapeutic efficacy [62]. In a
recent report, Sato et al. demonstrated that the MEK-ERK-MDM2-p53 pathway plays a
critical role in the regulation of MGMT expression [63]. According to the authors, MEK
inhibition rendered chemoresistant GSCs sensitive to temozolomide therapy. In addition, the
combination of a MEK inhibitor and temozolomide effectively deprived GSCs of their
tumorigenic potential. These results support clinical findings that correlate decreased
MGMT methylation status in glioma samples with lower patient survival [62]. However,
this theory does not yet explain the mechanism by which some glioblastoma tumors,
maintained by GSCs that do not possess enhanced MGMT expression, are still resistant to
temozolomide-based chemotherapies. This finding suggests the existence of MGMT-
independent mechanisms of GSC chemoresistance.

An increased expression of drug transporters, such as ABC transporters, has been reported in
many different types of normal stem cells [64] and also in CSCs [65]. Some studies suggest
that the expression of these pumps on the surface of malignant cells identifies a class of
CSCs with high drug efflux capacity and an inherently increased resistance to
chemotherapeutic agents [66]. Nevertheless, it is still unknown if these transmembrane
proteins are capable of transporting antiglioma drugs such as temozolomide [67,68] and if
glioblastoma resistance to conventional temozolomide-mediated chemotherapy actually
depends on such a mechanism. Other contributions to CSC resistance to currently available
anticancer treatments, such as radiotherapy, may arise from the fact that these tumor-
initiating cells possibly reside in hypoxic niches [69]. Thus, it seems that CSCs may resist
standard anticancer therapies via a combination of molecular mechanisms associated with
normal stem cell biology. It is widely believed that in order to prevent relapse, effective
targeting of CSCs is likely to be essential.

Therapeutic strategies targeting CSCs

Most currently available cancer therapies are designed to target cells that are highly mitotic
and rapidly dividing. However, nearly all malignancies are heterogeneous in nature.
Malignant tumors, such as glioblastoma multiforme, have been shown to contain many
different subpopulations, including CSCs. These cells, which appear to possess tumor-
initiating properties, are able to escape conventional chemotherapy and/or radiotherapy
owing to previously discussed evasion mechanisms. After therapy, tumors have a higher
population of resistant CSCs, which are capable of replenishing the previously depleted
tumor population. Therefore, specific targeting of these tumor-initiating cells is of utmost
importance in order to achieve long-lasting therapeutic effects. Here, we highlight the latest
strategies to successfully target and eliminate CSCs, the roots of cancer.

Pharmacological targeting

Small molecule inhibitors have shown promising results in the preclinical setting when used
alone or in combination with other agents to eradicate slow growing chemo- and radio-
resistant CSCs. Several strategies have been investigated including targeting signaling
pathways that impart therapeutic resistance to CSCs, thereby enhancing their susceptibility

Expert Rev Neurother. Author manuscript; available in PMC 2015 August 04.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ahmed et al.

Page 9

to conventional treatments. Examples include inhibiting protective vascular niches that
shield CSCs from therapeutic insults [70]. In malignant glioma models, Bao et al.
demonstrated that following conventional radiation therapy, the fraction of CD133* GSCs is
enriched. This increased GSC population essentially contributes to glioma radioresistance
through preferential activation of DNA damage checkpoints, which leads to an increase in
DNA repair capacity and ultimately provides tumor recurrence. Pharmacological inhibitors
that can selectively block the Chk1 and Chk2-dependent DNA damage checkpoints in
radioresistant CD133* GSCs are able to sensitize them to radiotherapy [4]. Similarly,
several pharmacological agents have demonstrated promising results in reversing
chemoresistance in CSCs. The therapeutic efficacy of temozolomide on chemoresistant
GSCs has proven to be enhanced by Notch and Sonic hedgehog homolog pathway inhibition
with GSI-I (y-secretase inhibitors) and cyclopamine [71]. As both Notch and Sonic
hedgehog homologs are essential for the maintenance of stem cells, the effective targeting of
both pathways has revealed important anticancer proliferative effects.

The majority of GSCs are located in vascular niches or microenvironments that tightly
regulate the supply of oxygen and nutrients to these cells, thus maintaining their ‘stemness’
and self-renewal capacity [70]. In glioma xenograft models, the depletion of vascular
endothelial cells by human EGF-receptor-2 inhibitors or VEGF signaling inhibitors has
proven to efficiently ablate self-renewing malignant cells [11]. Most currently available
conventional anticancer drugs preferentially target proliferating tumor cells, which
dramatically reduces tumor burden but does not eradicate resistant cancer-initiating cells. In
this scenario, malignant recurrence becomes inevitable. Therefore, a successful elimination
of CSCs is required to achieve durable therapeutic results. A systematic screening of drugs
that would specifically target GSCs could represent a first step for a clinically applicable
solution. Nevertheless, this procedure has not yet been widely employed due to the relative
instability of GSCs in culture, the paucity of tumor-initiating cells within gliomas and the
lack of reliable CSC enrichment markers. To overcome these problems, Gupta and
colleagues recently utilized epithelial-mesenchymal transition-induced enrichment of breast
cancer cells with stem-like properties in order to enhance their CSC population. They then
employed an automated screening technology to identify drugs that could effectively target
these CSCs [72]. They were able to successfully identify one compound, salinomycin, that
was able to effectively reduce the breast-cancer stem cell population by >100-fold as
compared to conventional chemotherapies. A similar approach could be utilized as a blue
print to identify drugs that would efficiently target GSCs.

The ability of the microenvironment to promote the maintenance of GSCs provides new
avenues for the development of targeted therapeutic interventions. Malignant gliomas
display enhanced angiogenesis as well as increased VEGF expression, which promotes
endothelial cell survival, migration and proliferation [73]. GSCs have also been associated
with the generation of highly vascularized tumors with increased VEGF expression [73]. A
number of preclinical and clinical studies have demonstrated the effectiveness of a
neutralizing anti-VEGF antibody, bevacizumab, in antiglioma therapy [74,75]. Animals
treated with this drug, either alone or in conjunction with other chemotherapeutic agents,
have shown increased survival and reduced glioblastoma growth. In addition, mice bearing
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GSC enriched xenografts when treated with bevacizumab displayed delayed tumor growth
due to decreased vasculogenesis and depletion of GSCs [70,76,77]. The use of other
antiangiogenic agents, such as antistromal cell-derived factor-1, has shown similar outcomes
[78]. Due to these encouraging results, the US FDA has approved the use of bevacizumab in
clinical trials for primary or recurrent malignant gliomas. However, recent data have
suggested that the therapeutic efficacy obtained by the use of anti-VEGF treatments may be
only temporary [79,80]. There is major concern that bevacizumab may only improve short-
term patient outcomes by decreasing the number of leaky vessels. However, in the long
term, it could lead to the development of more aggressive and invasive tumors due to
increased overall tumor vasculature.

Differentiation-promoting approaches

Instead of eradicating the GSC population, current research has focused on promoting the
differentiation of these cells. Piccirillo et al. have demonstrated that glioma cells transiently
exposed to BMP4 presented a significant reduction in the GSC population and, when
transplanted into nude mice treated with BMP4, glioma-initiating cells were unable to
establish intracerebral tumors [81]. FOXO3 activation has also been shown to induce
differentiation of GSCs and reduce tumorigenicity. In a recent report, Sato et al. have
identified metformin, a widely used antidiabetic agent, as a FOXO3 activator. Glioma
bearing mice treated with systemically administered metformin resulted in depletion of GSC
subpopulation, inhibition of tumor formation as well as prolonged median survival in the
glioma xenograft model [82]. JNK is another interesting target that is believed to play a
critical role in GSC maintenance. By blocking JNK activity with a small-molecule inhibitor,
Matsuda et al. have shown an important depletion of GSCs within established tumors,
decreased tumorigenicity of glioma-initiating cells and substantial survival benefit without
adverse reactions [83]. Taken together, these important results have opened a new avenue in
antiglioma therapy by revealing new viable and clinically relevant targets that could be
effectively used to control the GSC population.

Immunotherapy

CSCs have been associated with immunosuppressive properties, which are a critical part of
the mechanism of tumor initiation and maintenance [84]. These cancer-initiating cell lines
have shown to be deficient or expressing low levels of MHC-1, MHC-II and NKG2D, which
are important antigen-presenting complexes necessary for the activation of the immune
system. As a result, the immune surveillance is not able to detect cancer-initiating cells.
Understanding the many different immunosuppressive pathways in CSCs allows for a more
effective design of anticancer therapeutic strategies. Recent work has demonstrated that the
recognition of CSCs by dendritic cells resulted in a massive activation of T lymphocytes.
These activated cytotoxic cells expressed elevated levels of IFN-y, which led to enhanced
elimination of identified CSCs [85]. In glioblastoma models, IL-6 signaling supports growth
and survival of CSCs. Recent reports have demonstrated that the 1L-6 blockade effectively
contributes to CSC clearance [86]. In glioblastoma patients, elevated IL-6 is associated with
reduced survival. Such a poor outcome indicates the potential clinical utility of IL-6
signaling cascade as a possible antiglioma therapeutic target [86]. Glioma-specific CSCs can
also be targeted and Killed by cytotoxic T lymphocytes through a perforin-mediated
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mechanism. This is supported by recent work by Brown and colleagues, which demonstrates
that CSCs derived from high-grade gliomas may be recognized and eliminated by CD8*
cytotoxic T lymphocytes [87]. In addition, autologous T cells can also effectively target
HER2-positive GSCs while sparing HER2-negative tumor cells. This resulted in a potent
antitumor activity with sustained regression of autologous glioblastoma xenografts [88].

Genetic targeting

mMiRNAs—BY definition, miRNAs are noncoding short nucleotide sequences (~22
nucleotides in length) that are able to block the translation of transcripts with
complementary mRNA sequences in both normal and neoplastic cells [89]. This process
leads to a precise activation or inhibition of selected genes. miRNAs are frequently
deregulated in malignant gliomas and, as such, they have been associated with various
aspects of gliomagenesis [90]. For instance, they are able to effectively regulate CSC
genomic expression, thus functioning as oncogenes or tumor suppressors. They are also
capable of regulating CSC differentiation, being important tools in anticancer therapy.
Therefore, the utilization of miRNA-based therapeutic tools to target specific CSC
subpopulations shows itself as a very attractive idea.

The number of miRNAS associated with CSCs is continuously expanding. In glioblastoma
multiforme, some tumor-suppressor miRNAS, such as miRNA-486, miRNA-451,
miRNA-107, miRNA-185 and miRNA-16, have been shown to be down-regulated in
CD133* GSC populations. This characteristic has been correlated to more proliferative and
aggressive tumors [91]. Additionally, overexpression of miRNA-128 resulted in efficient in
vitro inhibition of GSC proliferation and decreased in vivo growth of glioma xenografts. By
directly targeting BMI-I (poly-comb ring finger oncogene), overexpressed miRNA-128 was
also able to effectively block GSC self-renewal [92]. Additional reports demonstrated that in
vivo transfection of miRNA-34 into GSC-enriched tumors resulted in inhibited growth of
glioma xenografts, cell cycle arrest and apoptosis of tumor cells. Such results have been
achieved through downregulation of specific oncogene targets, including Notch1/2, CDK6
and c-MET [93]. RNA interference strategies are at the frontline for targeting the aberrant
expression of different genes utilizing miRNAs. Using breast-cancer stem cells, Yu et al.
[94] were able to increase the expression of miRNA let-7, accomplished via a lentiviral
vector, leading to a reduced proportion of stem cells and resulting in delayed tumor
formation and metastasis. However, targeting such CSC-specific miRNA through RNA
interference is yet to be tested in human glioblastoma.

Oncolytic viruses—Oncolytic virotherapy, a therapeutic approach utilizing conditionally
replicative viruses, may hold the potential to directly target self-renewing CSCs. In
preclinical trials, these viruses have demonstrated functioning independently of common
resistance pathways that exist for chemotherapeutic agents. Moreover, it is possible to
construct viruses that are able to target both CSCs and other drug-resistant cells. Here, the
authors summarize the recent efforts to develop oncolytic viruses that are capable of
efficiently eliminating CSCs.
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Herpes simplex virus—Attenuated herpes simplex virus (HSV) was used as one of the
first gene therapy vectors to target glioma cells. To reduce neurotoxicity, HSV was deleted
for RL1, which encodes the ICP34.5 and allows for virus replication even in the presence of
the interferon response. Later generations of the HSV construct restored this gene, which
then became under the control of specific enhancers expressed in cancer cells. To
preferentially target GSCs that expressed high levels of nestin, the ICP34.5 was restored
under the control of nestin, creating rQnestin34.5 [95]. GSCs shown to be resistant to
conventional therapies were susceptible to the virus. Interestingly, IFN-f treatment inhibited
viral replication only in neurospheres, known to be enriched for CSCs [96]. This is
especially important in light of the general view that cancer cells have a deficient interferon
response and viruses such as vesicular stomatitis virus may not be able to target CSCs.

Adenovirus—Adenoviruses (Ads) are the most commonly used gene therapy vectors.
After entry into the cell, the adenoviral early transcription E1A region binds to the cell cycle
regulating retinoblastoma (Rb) protein, which is frequently mutated in various human
cancers. Tumor-specific conditionally replicative oncolytic Ads were created by the deletion
of a 24-nucleotide (A24)-specific region in the viral E1A region that binds cellular Rb. As a
result, the viral vector replicates only in cells that contain mutant Rb proteins. Another
tumor-specific approach comprises the development of adenoviral vectors that express E1A
under the regulation of specific promoters found only in cancer cells. Since not all targeted
cells express the necessary coxsackie-adenovirus receptor to improve viral entry, the
adenovirus serotype 5 has undergone further surface modifications, such as replacing the
viral fiber knob with serotype 3 (Ad5/3), or by adding polylysine 7 (Ad.pk7) and RGD
motifs (Ad.RGD) to this same knob. GSCs were shown by Ulasov et al. to be successfully
targeted by genetically engineered Ads, such as Ad5/3, Ad.A24.RGD and Ad.Survivin.pk7
[97,98]. These viruses were able to kill not only CD133* GSCs, but also more differentiated
cancer cells. By using stem-cell specific promoters, Cox-2, human telomerase reverse
transcriptase and mdr, Bauerschmitz et al. were able to show a reduction in breast-cancer
stem cell populations after treatment with Ad5/3-mdr-A24 [99]. Ads have also shown similar
efficacy in other brain-tumor derived CSC models.

The major benefit of the development of new therapeutic approaches that allow better gene
targeting in CSCs is the opportunity for discovery of tumor-specific therapies, which would
be able to induce long-lasting anticancer results. Although most of these genetic approaches
remain to be proven in clinical trials, they appear promising. Their safety profile and no
crossresistance with current therapies have made them formidable candidates to combine
with conventional anticancer therapies.

Conclusion

The majority of the studies focusing on glioma-derived CSCs consider these tumor-initiating
cells as an isolated object. However, instead of only concentrating on the independent study
of these cells, researchers should also consider the impact of the tumor microenvironment on
the development, maintenance and tumorigenic potential of such entities. Recent findings
have determined that the glioma vascular niche truly supports GSC maintenance and
nurtures tumor growth by offering all nutrients and signals necessary for an unlimited GSC
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proliferation [11]. Thereby, an efficient inhibition of these proangiogenic mechanisms, such
as through anti-VEGF therapies, can lead to decreased glioma progression. Nevertheless,
there is no explanation as to whether GSCs are a product of the intratumoral
microenvironment or if they directly influence it. Additional experiments that will be able to
answer these questions are necessary. The resultant responses will give us important clues
regarding glioblastoma heterogeneity and the complex mechanisms involved in tumor
recurrence. They will also assist in the development of additional therapeutic approaches
that will hopefully revert the presently dismal patient prognosis.

Although the currently available CSC markers enable an efficient identification and isolation
of these tumorigenic populations, they are not considered a fully reliable measure of CSCs.
This is mainly due to high interpatient and intratumoral variation of CSC characteristics. To
overcome this problem, new markers need to be discovered and the resulting extensive
range of CSC markers will require validation in a large amount of patient samples.
Additional corroboration should also be determined for samples derived from different
intratumoral locations and functional assessment should be extended for each patient. The
consequent acquisition of tumor-specific signatures will enable a better differentiation
between CSCs and normal stem cells, facilitating the evaluation of clinically relevant
malignant residues. Furthermore, it will allow for the determination of more specific
therapeutic windows in which CSCs can be nicely identified and eliminated, while normal
NSCs may be finally spared.

The exact relationship between the cell of origin and GSCs remains obscure. Mouse models
of gliomagenesis have been vital for answering this important question. However, the choice
of transgenic models and lineage-specific promoters/enhancers to generate oncogenic events
and recapitulate gliomagenesis may pose a major influence on experimental outcomes.
Therefore, the results from these studies must be analyzed carefully. A better optimization of
these models could contribute to the development of earlier detection methods of neoplastic
burdens and might allow for a more accurate prediction of tumor behavior. The investment
on studies that may help to explain the role of cellular plasticity in the CSC theory is also
another critical step that needs to be accomplished. If nonCSCs can give rise to CSCs, this
could represent a major issue for the development of effective strategies against such
populations. As a consequence, understanding CSCs’ plastic behavior must be a priority.

Given the highly invasive nature of glioblastoma tumors, it remains extremely improbable
that any single therapeutic approach will be able to specifically target and eliminate residual
CSCs without producing considerable toxicity in non-neoplastic tissues. Nevertheless, the
combination of a single therapy with other treatment options may be able to result in more
efficient and long-lasting antitumor effects. Finally, the anticancer therapies described here
should be further optimized and evaluated in clinical trials either alone or in combination
with other approaches that are able to target relevant CSC signaling pathways. Thus, it may
be possible to achieve significant prevention of tumor recurrence as well as improve patient
overall and progression-free survival.
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Expert commentary

The hierarchical model of cancer originally proposed adult stem cells as the optimal target
for sequential oncogenic hits due to their longevity. As a consequence, the transformation of
adult stem cells gives rise to human malignancies. These transformed stem cells are
considered to be critical for sustaining the continuous abnormal growth of neoplastic tissue.
Although several experimental animal models of gliomagenesis provided convincing
evidence that glioma tumors originated from the cellular transformation of neural stem/
progenitor cells, these models did not exclude the possibility that nonstem cells could be the
possible source of such a malignancy. The sole use of such a genetic model of
gliomagenesis, together with the over interpretation of the results generated by these models,
created a certain confusion surrounding the CSC concept. However, there is no denying that
malignant tumors are immortal at the cellular level and CSCs may play a crucial role in this
immortality. Indeed, the majority of the controversies surrounding the CSC hypothesis can
be resolved by defining such population functionally. The ability to self-renew and
differentiate into multiple lineages is a hallmark of adult stem cells and this self-renewing
activity can be measured by sphere-formation assays under non-adherent culture conditions.
Given the similarity between adult stem cells and CSCs, the same assay is used for defining
putative CSCs. Although the sphere-formation assay has the capacity to enrich CSCs from a
given tumor population, one should keep in mind that this assay does not provide an exact
measurement of self-renewal ability. Thus, CSCs should be defined by in vivo functional
assays that measure their ability to generate serially transplanted tumors and the implanted
tumor should be able to recapitulate the cellular and histological heterogeneity of the
parental tumor. Nonetheless, the authors ought to be careful to not overinterpret the results
of this assay, which heavily relies on xenotransplantation. In addition, the reported CSCs
may not necessarily have the same characteristics as the cells that give rise to tumors derived
from patients. This point is critical when considering that in vivo, CSCs may vary between
different tumors and may continually change as the disease progresses.

Five-year view

Increasing evidence has called into question the rigid cellular hierarchy within a tumor
proposed by the initial CSC theory and suggested that the stemness of CSCs could be
governed by cellular plasticity. As the maintenance of CSCs niche requires instructive cues
from the intratumoral microenvironment, any pro- or antioncogenic therapy may likely
affect CSC’s properties and promote plasticity in the tumor cell population in order to
induce therapeutic resistant CSCs. Understanding how such plasticity can promote the
dedifferentiation of cancer cells and increase the overall stemness of the tumor will be
critical for developing effective therapeutic strategies to target CSC populations.
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Key issues

The original cancer stem cells (CSCs) theory, which proposed that only stem-
like cells could propagate tumors, has recently been challenged by the fact that
‘stemness’ can be regulated by cellular plasticity and can be influenced by
changes in the intratumoral microenvironment, such as hypoxic conditions,
intratumoral pH or activation of epithelial-mesenchymal transition.

The cancer stem-like state in brain tumors, as well as in other human
malignancies, is not restricted to CD133" cells, but also to the CD133™ cells that
can fulfill the criteria of CSCs. These observations suggested that no phenotypic
marker such as CD133 could be utilized as a universal marker for CSCs.

There are considerable controversies over the existing link between adult stem
cells and CSCs. Although genetically engineered mouse models provided clues
that glioblastoma multiforme originates from the malignant transformation of
neural stem/progenitor cells, these results should be inferred judiciously because
current animal models do not exclude the possibility that nonstem-cell
populations, when manipulated with multiple and sequential mutational hits, can
also give rise to glial tumors.

While the radioresistant properties of glioma stem cells (GSCs) are widely
accepted, the question of whether or not GSCs account for the chemoresistance
of glioma tumors remains controversial. Some reports describe an increased
resistance and others, an increased susceptibility of GSCs toward conventional
antiglioma chemotherapies, such as temozolomide.

Several recent reports indicated a prognostic impact of CSC-related end points.
However, prospective powered trials are required for thoroughly understanding
the prognostic and predictive importance of CSC-associated parameters.

The stem cell-centric paradigm of gliomagenesis has challenged the dogma of
experimental and medical oncology, and identified novel targets for developing
more effective anticancer therapies. However, the majority of the anti-GSC
therapies tested in the preclinical setting did not show relevant therapeutic
efficacy in clinical trials. These results highlight the need for a more in-depth
understanding of the molecular characteristics governing GSCs.
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