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The discovery of brain tumor-derived cells (BTSC) with the properties of stem cells has led to the
formulation of the hypothesis that neural stem cells could be the cell of origin of primary brain tumors
(PBT). In this review we present the most common molecular changes in PBT, deﬁne the criteria of
identiﬁcation of BTSC and discuss the similarities between the characteristics of these cells and those of
the endogenous population of neural stem cells (NPCs) residing in germinal areas of the adult brain.
Finally, we propose possible mechanisms of cancer initiation and progression and suggest a model of
tumor initiation that includes intrinsic changes of resident NSC and potential changes in the microenvironment deﬁning the niche where the NSC reside.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Primary brain tumors: an overview
Primary Brain Tumors (PBT) are a heterogeneous group of
malignancies that originate and reside within the brain, in contrast
to metastatic brain tumors that originate from a primary cancer
outside the central nervous system (CNS) and spread to the brain.
Gliomas are the most common group of PBT. According to the
CBTRUS 2007e2008 report, the incidence of gliomas is 16.5 cases
per 100,000 persons/year in the US. This translates to approximately 51,410 newly diagnosed cases in the US per year (CBTRUS,
2008). Gliomas represent a wide spectrum of malignancies ranging
from slow growing to highly aggressive tumors. On the basis of
their histological features, the World Health Organization (WHO)
classiﬁes gliomas into four grades: grade I (pilocytic astrocytoma),
grade II (diffuse astrocytoma), grade III (anaplastic astrocytoma),
and grade IV (glioblastoma multiforme, GBM) (Louis et al., 2007).
The latter two grades are considered high-grade gliomas or
“malignant gliomas” and are associated with poor prognosis. In
particular, GBMs accounting for 50% of PBT have a 5 year survival
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rate less than 5% and a median survival rate of approximately 14
months (Stupp et al., 2005).
One of the ﬁrst treatments for GBM consisted in surgical
resection of the tumoral mass followed by focal external beam
radiation (Salcman, 1980). Subsequently, several studies reported
signiﬁcant survival beneﬁts of combining systemic chemotherapy
with alkylating agents like nitrosourea (Stewart, 2002), and oral
alkylating agents such as temozolomide (Brada et al., 2001). In
addition, alkylating agents such as bis-chloronitrosourea (BCNU,
also known as carmustine) have been delivered in the affected
brain region by placing a dime-sized biodegradable polymer wafers
at the time of surgical resection of the GBM (Westphal et al., 2003).
Despite the attempts to combine surgery, radiation and chemotherapy, high-grade gliomas recur in more that 90% of cases, usually
within 2 cm of the original site, and 10e20% may develop new
lesions at distant sites (Brada et al., 2001). This enormous challenge
in neuro-oncology has spurred the search for new ﬁndings that
could account for the resilience of GBM cells to the most aggressive
form of treatment and explain the high recurrence rate.
Recent developments in neuro-oncology have contributed to
extend our knowledge of GBM and are likely to provide a critical
framework for future therapeutic strategies. First, the classiﬁcation
of GBM into two categories, based on ampliﬁcation and mutation of
different genes (Ohgaki and Kleihues, 2007) and on the characterization of molecular pathways (Fig. 1), has opened new venues to
targeted therapies, based on the individual genetic signature of the
tumors (Dey et al., in press). Second, the existence of cancer stem

904

I. Germano et al. / Neuropharmacology 58 (2010) 903e910

Fig. 1. Schematic relationship of the most frequent genetic deletions, mutations and ampliﬁcations detected in glioblastomas. The relative frequency is listed in parenthesis.

cells (CSC) prompted focusing on searching for the identiﬁcation of
Brain Tumor Derived Stem Cells (BTSC). In this review, we will
summarize important concepts pertinent to BTSC and analyze
similarities between CSC derived from brain tumors and neural
stem cells. We shall consider intracellular pathways modulating the
proliferative and differentiative state of NSC and the extracellular
signals affecting their growth and self-renewal. The overall idea is
that recurrent GBM might arise from oncogenic transformation of
endogenous NSC and changes in the local environment (i.e. niche).
2. Cancer stem cells, neural stem cells, and Brain Tumor
Stem Cells
The search for new treatments for the cure of glioblastomas is
strictly related to the search for the tumor cells of origin, since only
the identiﬁcation of these cells would guarantee complete eradication of the neoplasia. At least two main cellular mechanisms have
been proposed: either de-differentiation of lineage-speciﬁed
progenitors and mature astrocytes (Bachoo et al., 2002) or transformation of the endogenous neural stem cell (NSC) population.
The concept of “de-differentiation” was based on the observation that PBT exhibit marked phenotypic heterogeneity, being
composed of cells expressing both undifferentiated and differentiated markers. Indeed, both oligodendrogliomas and astrocytomas
show characteristic expression of antigens that have been typically
associated with their progenitors; for oligodendrogliomas NG2 and
PDGF receptor alpha (Shoshan et al., 1999), Olig-1 and Olig-2
(Bouvier et al., 2003). In addition, it has been clearly shown that the
tendency of gliomas to become more aggressive is associated with
progressive “de-differentiation”, the expression of markers for
undifferentiated cells and the down-regulation of markers of the
differentiated state, such as glial ﬁbrillary protein (GFAP) (Schiffer
et al., 1986).
Since glial progenitors are quiescent in the adult brain (Noble
and Mayer-Proschel, 1997), the probability that GBM could originate from de-differentiation of this adult progenitor population or
from de-differentiation of astrocytes implies the acquisition of
a proliferative phenotype possibly due to changes in the local
environment (i.e. increased expression of growth factors) or in the

cells (i.e. up-regulation of receptors, expression of receptor variants) (Fig. 2). However, an overwhelming literature favors the
concept of BTSC generation from the oncogenic transformation of
neural stem cells (NSC) residing in the subventricular zone (SVZ),
rather than from lineage committed progenitors or de-differentiated astrocytes (experimental ﬁndings reviewed under forth
heading below). The second hypothesis will be discussed extensively throughout the review.
The ﬁrst report of neural stem cells in the adult brain occurred
two decades after the identiﬁcation of cells incorporated tritiated
thymidine (Altman and Das, 1964). The report of hormonally
responsive growth in the ventral striatum of adult canary brains
was linked to the identiﬁcation of new neurons that were generated from a rapidly cycling population of cells located within the
subventricular zone (SVZ) (Goldman and Nottebohm, 1983). The
discovery of these neural stem cells (NSC) in the adult SVZ was
validated by multiple groups (Doetsch et al., 1999; Mirzadeh et al.,
2008; Johansson et al., 1999; Morrison et al., 1997). NSCs are
pluripotent cells with the ability to differentiate into neurons,
astrocytes and oligodendrocytes. They share cell surface markers
with hematopoietic lineage cells (Uchida et al., 2000) and have the
ability to grow in aggregates called neurospheres (Reynolds et al.,
1992) and the clonogenic property of self-renewal. NSCs also have
the ability to engraft, migrate within the brain and differentiate into
neuroblasts and other cell types when transplanted in the brain of
nude mice (Tamaki et al., 2002).
In view of these discoveries, recent studies in cancer research
have suggested that tumorigenesis occurs when a small group of
cells with the properties of self-renewal and multipotentiality
continues to proliferate and self-renew uncontrollably. The multipotential nature of the BTSC would explain the phenotypic
heterogeneity of the tumors. The concept of cancer stem cells was
originally proposed in the early 1990s when it was suggested that
few cells isolated from the blood of leukemia patients had the
ability to proliferate and differentiate in vivo (Bonnet and Dick,
1997). Subsequently, CSC were identiﬁed in solid malignancies,
including breast (Al-Hajj et al., 2003), pancreas (Esposito et al.,
2002), prostate (Dahlstrand et al., 1992), head and neck (Prince
et al., 2007) and colon (Ricci-Vitiani et al., 2007) cancers.
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A subpopulation of brain tumor-derived cells shared several
properties with the NSC (Hemmati et al., 2003; Ignatova et al.,
2002), hence the name Brain Tumor Stem Cells (BTSC), a concept
that had been introduced earlier by Rosemblum et al. (1982). The
presence of BTSC in heterogeneous tumors of neuroepithelial tissue
was documented and reported by two independent groups (Singh
et al., 2003, 2004; Galli et al., 2004) and then conﬁrmed by many
others. Although the relationship of BTSC with tumor resistance
and clinical outcome remains controversial, a better understanding
of their properties and the potential mechanisms leading to their
generation will be further discussed below.
3. Brain Tumor Stem Cells: current identiﬁcation
methodology and its limitation

Fig. 2. Potential mechanisms of oncogenic transformation of neural stem cells. A:
physiological conditions are characterized by a controlled response of the neural stem
cell to signals derived from the niche and responsible for affecting proliferation,
survival and differentiation. B: alterations of the niche may contribute to modifying the
properties of the cells. C: intrinsic alterations of genes and microRNAs within the cells
modify their properties and render them prone to mechanisms of ampliﬁcation and
de-differentiation.

The identiﬁcation of BTSC in glioblastoma was originally
reported by several independent investigators using distinct
experimental approaches (Ignatova et al., 2002; Singh et al., 2003;
Galli et al., 2004). Singh et al. (2004) isolated BTSC using cell sorting
techniques based on the expression of the cell surface marker
CD133 [see below for explanation of CD abbreviation], while
Ignatova et al. (2002) and Galli et al. (2004) identiﬁed BTSC from
tumor samples, based on their ability to form neurospheres in vitro.
The identiﬁcation of CD133 immunoreactive cells in brain
tumors and consequent characterization of them as BTSC (Singh
et al., 2003) was based on the fact that the glycosylated epitope of
the CD antigen AC133 appeared to be restricted to stem cells
(Uchida et al., 2000). The abbreviation CD derives from “Cluster of
Differentiation” or “Cluster of Designation” and refers to a protocol
used for the identiﬁcation and investigation of cell surface molecules on human cells. CD133, formerly known as AC133 or human
prominin (PROML-1), is a member of a family of cell surface
proteins with 5 transmembrane domains. It was originally discovered as the equivalent to mouse prominin, a pentaspan transmembrane glycoprotein of murine neuroepithelial stem cells
located in plasma membrane protrusions (Fargeas et al., 2007).
CD133þ cells in brain tumors were reported to be highly tumorigenic after xenotransplantation in non-obese diabetic/severe
combined immunodeﬁcient (SCID) mice (Singh et al., 2004). These
cells lacked the expression of neural differentiation markers and
were characterized by multipotential properties since they retained
the ability to differentiate in vitro into neurons and glia and form
tumors identical to the tumor of origin after transplantation (Galli
et al., 2004). The CD133þ population was also characteristically
resistant to the alkilating agent carmustine (BCNU) (Kang and Kang,
2007) and also several other chemotherapeutic agents, including
temozolomide, carboplatin, paclitaxel (taxol), and etoposide (VP16)
(Salmaggi et al., 2006; Eramo et al., 2006) thereby strengthening
the relationship between chemoresistance and BTSCs. Interestingly
CD133þ cells showed remarkable recovery after cessation of
chemotherapy compared to CD133 cells (Eramo et al., 2006).
Finally, CD133þ cells were shown to be resistant to radiation
therapy, since irradiated mice with glioma xenografts had
a number of CD133þ cells that was 3e5 fold higher than untreated
mice with xenografts (Bao et al., 2006).
Despite the recent surge of interest in CD133þ BTSC, the clinical
signiﬁcance of this subpopulation remains unclear. To date
a correlation between CD133þ cells and clinical outcome has been
reported by few groups (Thon et al., 2008; Zaidi et al., 2009). For
instance, it was reported that than newly diagnosed GBM in the
same patients had signiﬁcantly higher level of CD133þ cells (Liu
et al., 2006). More recently, Zeppernick and colleagues showed by
multivariate analysis that both the proportion of CD133þ cells and
their topological organization in clusters were signiﬁcant prognostic factors for adverse progression-free survival and overall
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survival independent of tumor grade, extent of resection, or patient
age in 95 gliomas of various grade and histology (Zeppernick et al.,
2008). Furthermore, the proportion of CD133þ cells was an independent risk factor for tumor re-growth and time to malignant
progression in WHO II and III (Zeppernick et al., 2008). The
expression of CD133 was inversely correlated with patient survival,
using ﬂow-cytometry of cells isolated from 6 low-grade and 17
high-grade glioma specimens (Rebetz et al., 2008). Finally,
a perspective study on 44 consecutive patients with GBM supported the concept that presence of CD133þ cells should be
regarded as an important prognostic factor of disease progression
and poor clinical outcome (Pallini et al., 2008).
Although provocative and exciting, these results have been
recently challenged by studies addressing the validity of the use of
the neurosphere assay as criterium of identiﬁcation (Cheng et al.,
2009). One of the concerns was the fact that the assay could only
retrospectively, but not prospectively infer the presence of BTSC. In
addition, it was noted that the ability of human brain tumor cells to
generate neurospheres is very variable among distinct tumor
samples (Chen, 2009).
In addition, experimental evidence within the past few years
has clearly indicated that the absence of CD133 does not preclude
the ability of tumor cells to generate heterogeneous tumors in vivo
(Wang et al., 2008a,b; Beier et al., 2007; Joo et al., 2008; Ogden
et al., 2008).
Therefore, additional characterization of the functional role of
CD133 expression in BTSC is needed to better understand the
mechanism underlying brain tumor initiation, progression and
possibly resistance to treatment.
4. Additional evidence supporting the hypothesis that glial
tumors originate from neural stem cells
The studies discussed in the previous section suggested the
possibility that NSCs could be regarded as cells of origin of glial
tumors. Besides the expression of CD133 several additional markers
were shared by BTSC and SVZ cells, including the intermediate
ﬁlament protein nestin (Dahlstrand et al., 1992; Toda et al., 2001),
the transcription factor Sox2 (Ellis et al., 2004; Gangemi et al.,
2009; Favaro et al., 2009) and the RNA binding protein Musashi
(Kong et al., 2008; Strojnik et al., 2007).
Direct evidence for the importance of SVZ cells in the genesis of
glial tumors was provided by studies in rodents using viral-mediated transfer of oncogenes (Holland et al., 2000; Marumoto et al.,
2009). Two very powerful approaches were used to develop elegant
models of gene delivery using viral vectors. One model included the
use of avian viral vectors expressing activated forms of signaling
intermediary (i.e. Ras mutant or Akt) in transgenic mice expressing
the receptor for avian virus in speciﬁc cell populations (i.e. GFAPþ;
nestinþ) (Holland et al., 2000). The infection of these transgenic
mice with viral vectors targeting cells in the SVZ, resulted in the
onset of spontaneous gliomas, thereby suggesting that cell-autonomous changes in this germinal zone are sufﬁcient for oncogenic
transformation (Holland et al., 2000). The other model employed
the Cre-lox technology and lentiviral vectors expressing mutant Ras
or constitutively active Akt were targeted to the GFAPþ population
of cells residing within germinal zones (i.e. SVZ and hippocampus),
of p53 heterozygous mice and will be discussed later (Marumoto
et al., 2009). Additional evidence that SVZ cells may serve as cell of
origin for glioblastomas was suggested by studies on the offspring
of pregnant rats that were exposed to the alkylating agent N-ethylN-nitrosourea (ENU) during late-gestation (Zook et al., 2000). The
rat pups were born and developed normally until 4 months of age
when glial tumors spontaneously arose (Recht et al., 2003). A
detailed morphological analysis of the SVZ in these developing

young animals revealed progressive abnormalities of the proliferative and migratory behavior of SVZ cells preceding the frank onset
of gliomas (Recht et al., 2003). Prenatal exposure to ENU, was also
responsible for the induction of GBM in mice lacking the tumor
suppressor gene p53 (Gil-Perotin et al., 2006), thereby supporting
the concept that tumor initiation is the result of multiple hits to
cells that are prone to changes in self-renewal and proliferation.
5. Extrinsic signals modulating proliferation, self-renewal
and differentiation of endogenous neural stem cells
We have previously mentioned that the ability of tumor-derived
cells to proliferate and form neurospheres in vitro is directly linked
to the ability to form tumor in vivo (Galli et al., 2004) thereby
suggesting that the same molecular pathways modulating proliferation and self-renewal in physiological conditions, might also
affect tumorigenesis (Fig. 2A). Pathways that have been involved in
glioma formation, based on their effect on the behavior of endogenous NSCs include the mitogens EGF and PDGF, the morphogen
Shh, Notch. Based on the distinctive pattern of expression of
receptors and ligands within endogenous NSC and their niche and
on the presence of genetic variants and co-expression in CD133þ
cells within GBM, it is likely that different pathways may play
a differential role in tumor initiation or progression or both.
The two mitogens EGF and PDGF, for instance, both signal via
activation of tyrosine kinase receptors, and modulation of cellproliferation (Ekstrand et al., 1991; Wikstrand et al., 1997; Soeda
et al., 2008).
PDGF and PDGFR are primarily expressed in low-grade tumors,
but not in CD133þ cells (Martinho et al., 2009). Based on these
ﬁndings and on the detection of tumors in overexpression studies
conducted in rodents (Shih et al., 2004; Assanah et al., 2006), it has
been proposed that PDGF might play an important role in tumor
initiation, but may be not involved in mechanism of recurrence or
resistance to treatment.
In contrast EGFR is detected on tumor cells, including CD133þ
BTSCs (Li et al., 2009; Murat et al., 2008). Because proliferation of
these cells might occur independently of the presence of ligand,
(Kelly et al., 2009). It has been proposed that BTSC cells may be
selected on the basis of a proliferative advantage and constitutive
mechanism of activation of mitogenic pathways. Consistent with
this explanation, speciﬁc EGFR genetic variants lacking exons 2e7
have been identiﬁed in GBM. The most common variant of EGFR in
GBM is composed only of exons 1 and 8 and encodes a constitutively active form of the receptor.
Of the extracellular signals involved in the modulation of the
self-renewal properties of NSCs, Shh and its downstream effectors
Gli have been reported in GBMs (Ruiz i Altaba et al., 2004; Stecca
and Ruiz i Altaba, 2005; Ehtesham et al., 2007; Becher et al., 2008).
Intriguingly, Shh has also been detected in CD133þ of GBM
(Clement et al., 2007). In physiological conditions, Shh has been
shown to modulate the properties of NSCs (Ahn and Joyner, 2005).
The discovery of active Shh signaling pathways in glioma (Xu et al.,
2008) and the detection of these molecules in CD133þ cells has led
to the hypothesis that treatment with Shh inhibitors could be an
effective form of treatment. Indeed, treatment with cyclopamine
decreases tumor growth (Bar et al., 2007). However, it is important
to note that downstream Shh signaling molecules (i.e. Gli) have
been observed only in low-grade gliomas, rather than in more
aggressive glioblastomas (Becher et al., 2008) and the growth of
these cells appears to be dependent on the presence of the ligand
(Ehtesham et al., 2007). Together these studies suggest a dual role
of Shh. During the initiation phase Shh expression within the
micro-environmental niche might play an instrumental role for the
induction of a hyperproliferative phenotype. If these changes in
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the niche are not accompanied by additional mutations within the
cells, the NSC cell may retain the ability, at least in part, to differentiate and activate apoptotic pathways (Fig. 2B). However,
intrinsic changes that might alter the cellular responsiveness to
extracellular signals might render a population of cells independent from extracellular control. Thus the two events: intrinsic
transformation of NSCs and modiﬁcations of the extracellular niche
might contribute to the induction and/or recurrence of brain
tumors (a schematic representation is shown in Fig. 2).
An additional signal that has been shown to potentiate the effect
of Shh on NSC is the activation of the Notch pathway. The potential
role of Notch in GBM has been suggested by gene expression
proﬁling studies (Margareto et al., 2007) and by the detection of
increased levels of Notch and its signaling intermediates in patientderived samples and cell lines (Kanamori et al., 2007). Treatment of
animals with Notch inhibitors decreases angiogenesis and tumor
formation (Paris et al., 2005), thereby supporting the role of this
pathway in maintaining the glioma cells in an undifferentiated
proliferative state. An additional link between Shh and Notch in
GBM has been recently proposed (Zhao et al., 2009). It was previously shown that N-Myc is downstream of Shh activation (Hatton
et al., 2006; Oliver et al., 2003) and modulates the levels of the
Notch ligand Dll3 (Zhao et al., 2009). The modulation of Dll3
expression by N-Myc is dependent on the activity of Huwe1,
a ubiquitin ligase that is mutated in a small percentage of GBMs. In
physiological conditions Huwe1 is active in cortical progenitors and
this allows for the degradation of N-Myc and the down-regulation
of Dll3. In pathological conditions, in contrast, mutations that
interfere with Huwe1 activity allow the accumulation of N-Myc and
its downstream target gene Dll3, thereby potentiating the synergism between Shh and Notch.
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GFAPþ astrocytes, suggesting that additional intrinsic features of
the SVZ cells play a critical role (Marumoto et al., 2009).
Therefore, GBM formation in the absence of p53 involves the
synergism with other pathways including increased PDGF signaling
(Hesselager et al., 2003), prenatal exposure to ENU (Oda et al., 1997;
Leonard et al., 2001 Katayama et al., 2005) or Ras activation (Reilly
et al., 2000).
Altered expression of the retinoblastoma protein in contrast
(Hilton et al., 2002, 2004) has been associated with decreased
survival and worse prognosis. In addition, the expression of several
other genes within the Rb pathway have been found to be altered in
GBMs. Genes encoding for positive regulators of the cell cycle (i.e.
cyclins; E2F1, etc) have been shown to be ampliﬁed (Tamiya et al.,
2001; Alonso et al., 2005; Blum et al., 2006), while cell cycle
inhibitors, including p27Kip1, p16 Ink4a/p14Arf have been shown
to be down-regulated (Kirla et al., 2003; Ariﬁn et al., 2006; Hidaka
et al., 2009). It was originally proposed that decreased p16INK4a
levels were due to epigenetic regulation of expression, due to
repression mediated by the polycomb protein Bmi (Valk-Lingbeek
et al., 2004). Because the INK4A/Arf locus is genetically upstream of
p53 (Fig. 3), it was proposed that Bmi predominantly acted by
creating a proliferative advantage for cancer cell and facilitating
self-renewal by repressing p16Ink4a (Bruggeman et al., 2005;
Molofsky et al., 2005). However recent studies have extended this
concept and identiﬁed several additional genes whose expression is

6. Cell-autonomous alterations of differentiation
and self-renewal within neural stem cells as predisposition
to cancerous transformation
A critical property of tumor cells is the loss of the ability to
properly respond to the environmental cues due to changes that are
intrinsic to the cells. Our current understanding of the mechanisms
regulating proliferation and clonogenic properties of the cells has
recently expanded from the analysis of genetic deletions and
ampliﬁcations, mainly involving cell cycle regulators, to the
discovery of powerful networks of epigenetic modulators, especially microRNAs. It is anticipated that these new discoveries will
have a tremendous impact in shaping new concepts of tumor-based
signature therapy.
6.1. Genes involved in regulating cell cycle:Rb pathway and p53
A critical cell cycle regulator that is often mutated during glial
tumor progression is p53. Loss of p53 per se does not induce
spontaneous glial tumors (Donehower et al., 1992; Philipp-Staheli
et al., 2004), but periventricular areas of cellular hyperplasia in the
adult SVZ (Gil-Perotin et al., 2006). These hyperplastic regions were
highly reminiscent of the “microtumors” around the ventricles that
were described at the early stages of glioma formation in rats
prenatally exposed to mutagens (Lantos and Pilkington, 1979).
Transformation of adult-derived p53/ SVZ cells occurred only
when mutant Ras was transduced (Gil-Perotin et al., 2006). These
ﬁndings were recently supported by in vivo studies in p53 heterozygous mice (Marumoto et al., 2009). Using loxP engineered lentiviral vectors and GFAP driven Cre recombinase, a recent study
elegantly shows that overexpression of mutant Ras or Akt is capable
of inducing glial tumors only in GFAPþ SVZ cells, but not in cortical

Fig. 3. Schematic representation of the cell cycle regulatory networks as discussed in
the text.
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regulated by Bmi (Abdouh et al., 2009). They included several
downstream effectors of the Notch pathway, transcription factors
of the homeobox HOX family and additional genes involved in
proliferation and survival. Since Bmi is part of the Polycomb
Repressive Complex PRC1 that is able to recognize marks induced
by the PRC2 complex, which includes the enzyme EZH2, it is not
surprising that inhibition of Bmi or EZH2 reduced the clonogenic
potential of the glioblastoma derived cells and increased survival
after xenograph (Abdouh et al., 2009).
6.2. Pluripotency genes and the microRNA network
Because self-renewal is a critical property that has been related
to the tumorigenic properties of stem cells, several studies have
focused on the regulatory networks modulating it. Sox2 is a transcription factor that is expressed in stem cells, NSC and in a population of mature neurons (Ellis et al., 2004). The function of Sox2 is
cell context speciﬁc (reviewed Pevny and Nicolis, 2009) and has
been shown to modulate self-renewal and pluripotency of NSC
(Fong et al., 2008). With Oct4, Nanog and Klf4 or cMyc, Sox 2 is
capable of inducing reprogramming of ﬁbroblasts into induced
pluripotent stem cells (Takahashi and Yamanaka, 2006). Therefore,
it is not surprising that cMyc, Oct4 and Sox2 have all been implicated as regulators of self-renewal and clonogenic properties in
NSC (Babaie et al., 2007; Wang et al., 2008a,b; Fong et al., 2008). The
detailed functional analysis of these critical transcription factors
has uncovered the existence of important regulatory circuitry for
Oct4 (Babaie et al., 2007), Sox2 (Fong et al., 2008) and Klf4 (Jiang
et al., 2008). It was recently reported that Sox2 is expressed in all
gliomas samples and both immunotherapy as well as silencing
constructs speciﬁc for Sox2 have been proposed as therapeutic
strategies (Schmitz et al., 2007; Gangemi et al., 2009). Indeed
silencing of Sox2 decreases proliferation in vitro and counteracts
tumor formation in nude mice after transplantation (Gangemi et al.,
2009). Similarly Oct4 is expressed in gliomas (Du et al., 2009) and
silencing approaches have been successful in decreasing proliferation and reducing tumor size (Du et al., 2009). One of the potential
explanations for such remarkable effects on gliomas formation and
expansion was recently provided by the identiﬁcation of a network
of regulatory microRNA, such as the cluster containing miR-371/
372/373, that epigenetically control the levels of gene products
involved in maintenance of stem cell properties (Laurent et al.,
2008; Suh et al., 2004). An example is the microRNA miR-302,
which is a downstream target for Oct4 and Sox2 and has been
shown to modulate the levels of cyclin D expression (Card et al.,
2008). Finally the recent identiﬁcation of miR-145 as Oct4 target
involved in the repression of Sox2, Oct4 and Klf4 (Xu et al., 2009),
has uncovered complex mechanisms of feedback regulation that
might lead to a progression from undifferentiated, pluripotent state
characterized by self-renewal to a differentiated and quiescent
state (Chivukula and Mendell, 2009).
7. Concluding remarks
BTSC can be deﬁned as a small subpopulation of cancer cells
with striking similarities to NSC including self-renewal, multipotency and relative quiescence. It is becoming evident that BTSC
are crucial players in PBT recurrence and treatment resistance.
Thus, speciﬁcally targeting these cells might provide a novel tool
over brain tumor progression and recurrence. Novel therapies targeting this small group of cells together with the tumor bulk might
provide better success in treating this fatal disease.
In this review we discuss the hypothesis that tumor-derived
stem cells originate from a population of endogenous neural stem
cells, rather than de-differentiation of committed progenitors or

mature glial cells. We present recent advances in the ﬁeld of
epigenetic and genetic characterization of NSC cells in physiological
conditions and during transformation provide a new framework for
the identiﬁcation of novel therapies. The overall idea is that the
behavior of endogenous NSC in the adult brain is tightly regulated
by ligand-activated signaling pathways allowing the coordination
between production of new cells and their elimination due to
differentiation or apoptosis. Transformation occurs when NSC cells
begin accumulating genetic abnormalities, including the presence
of gene deletions (i.e. p53), ampliﬁcations (i.e. Gli or Myc) or precise
genetic variants (i.e. EGFRVIII) as well as epigenetic alterations (i.e.
changes in DNA methylation, histone variants and microRNA).
These events render the cells resilient to environmental signals and
therapeutic management. Only a detailed characterization of the
precise changes occurring within each tumor would allow the
identiﬁcation of targeted therapeutic agents.
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