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Abstract Gliomas are primary cancers of the brain and the most lethal cancers
known to man. In recent years the discovery of germinal regions in the postnatal
brain containing neuronal stem and progenitor cell populations has led to the
hypothesis that these cells may themselves serve as an origin of brain tumors. Stem
cells that reside within the glioma tumor have been shown to display nonneoplastic
stem-like characteristics, including expression of various stem cell markers, as well
as capacity for self-renewal and multipotency. Furthermore, glioma tumors display
marked similarities to the germinal regions of the brain. Investigations of human
neural stem cells and their potential for malignancy may finally identify a cell-of-
origin for human gliomas. This, in turn, may facilitate better therapeutic targeting
leading to improved prognosis for glioma patients.
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Introduction

Despite progress in research on the molecular aspects of malignant gliomas, the
prognosis of these primary brain tumors continues to be dismal. In grade I'V glioma,
or glioblastoma, the most common glioma in adults, the median survival has
changed only slightly in the last decade, increasing from 9 to 12 months in 2005 to
the current median survival of 13—14 months. One reason for the lack of clinical
advances is ignorance of the cellular origin of this disease, which delays the appli-
cation of molecular analyses to treatment and impairs the ability to anticipate tumor
behavior reliably.
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Historically, the neoplastic transformation of fully differentiated glia was widely
assumed to be the only mechanism for gliomagenesis. Astrocytes and oligodendro-
cytes, once thought to be the sole dividing cells in the postnatal brain, were assumed
to represent the cellular component most susceptible to transformation. More
recently, however, this hypothesis has been challenged by the discovery of stem cell
and progenitor populations residing in the postnatal brain, which may themselves
serve as an origin of brain tumors. Phenotypic and behavioral similarities between
gliomas and adult neural stem cells raise the possibility that stem or progenitor cells
can give rise to gliomas. Resident tumor glioma stem cells display adult neural stem
cell characteristics, including expression of stem cell markers (e.g., nestin), the abil-
ity to self-renew, and conserved multipotent potential. Candidate cells-of-origin
include astrocytic neural stem cells (B cells) or transient amplifying precursors (C
cells) of the adult subventricular zone (SVZ) and glial progenitor cells of the sub-
cortical white matter. While a direct link remains to be established between any one
of these cellular compartments and the formation of gliomas, recent advances have
provided ample evidence to support the hypothesis.

Shared Features of Adult Germinal Regions and Gliomas

Adult germinal regions, such as the SVZ, are restricted to specialized microenviron-
ments which allow for the survival and regulation of neural stem cells. Such special-
ized microenvironments consist of structural and molecular elements resulting in
the appropriate conditions to support stem cell self-renewal and capacity for differ-
entiation. For instance, capillaries can be found in close proximity to cells of the
SVZ and hippocampus. Secreted factors and proteins, such as instructive growth
factors, regulate neural stem cell behavior and may be absorbed from SVZ capillar-
ies. Such growth factors include epidermal growth factor (EGF), brain-derived neu-
rotrophic factor (BDNF), and vascular endothelial growth factor C (VEGFC),
among others. Gliomas are highly vascularized tumors and many tumors overex-
press receptors to these growth factors. Furthermore, within the tumor,
CD133*;nestin* glioma stem cells reside in close proximity to the vasculature [1]. In
3D culture systems, glioma stem cells preferentially home to areas of vasculature,
while other cells of the glioma tumor do not display such preference. The factors
provided by the vascular endothelial cells were shown to contribute to the mainte-
nance of glioma stem cell proliferation and self-renewal thus explaining their hom-
ing preference. Therefore, a strong association exists between vascular and neurogenic
niches in adult germinal regions [2, 3]. Vascular endothelial growth factor (VEGF)
and its receptors are expressed by neurospheres derived from rodent SVZ [4]. VEGF
has also been implicated in glioma growth and is secreted by glioma cells that act on
tumor endothelial cells expressing VEGF receptors [5]. Similarly, cancer stem cells
isolated from gliomas generate markedly elevated levels of VEGF [6]. Taken together,
these data suggest that targeting proangiogenic factors is a potential therapeutic strat-
egy against gliomas and their putative cancer stem cell fraction.
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The extracellular matrix (ECM) of germinal regions must contain specialized
molecules in order to regulate neuronal differentiation and proper development. The
ECM of the SVZ germinal niche is enriched in ECM proteins such as tenascin, col-
lagen, and chondroitin sulfate proteoglycans. Tenascin C is an extracellular matrix
molecule that modulates cellular adhesion [7]. The SVZ has increased expression of
tenascin C, and it acts to regulate neural stem cell development through the modula-
tion of cell-matrix interactions [8]. Tenascin expression, while concentrated in the
human SVZ, is upregulated in GBM and able to stimulate the proliferation of gli-
oma tumor cells. Furthermore, tenascin expression leads to changes in glioma cell
gene expression resulting in a more aggressive phenotype [7].

CD44 is a glycoprotein transmembrane receptor and has been used to select for
glioma stem cells [9, 10]. It functions as an ECM adhesion protein and its expres-
sion is important for non-neoplastic stem cell niche homing and maintenance [11].
CD44 expression in glioma is correlated with more aggressive tumor growth [12]
and its expression increases glioma cell migration and invasion [13].

Nestin is a member of a class of intermediate filaments (class VI) that is
expressed by neural progenitors during development [14]. It is widely expressed
in the brain at birth, but its expression is downregulated in the adult brain and
becomes restricted to the SVZ. Nestin* cells also exist in human gliomas [15],
lending further support to the hypothesis that neural stem cells may be implicated
in glioma formation. Furthermore, nestin expression appears to be significantly
correlated to high-grade gliomas in addition to its expression being a predictor for
reduced overall survival [16].

Transcription factors play an important role in the regulation of cell fate and are
capable of inducing transcriptional programs leading to oncogenesis. The hedgehog
family of regulatory pathways is a key regulator of nonneoplastic progenitor prolif-
eration in the SVZ, where the Shh-Gli pathways maintain the stem cell population
and facilitate the survival and proliferation of stem cell progeny. It is important to
note that Gli is expressed in both low-grade and high-grade gliomas, and that the
Shh-Gli pathway may mediate the initiation and maintenance of these tumors as it
does for neural stem cells [17]. As might be expected, treatment with cyclopamine
(a specific inhibitor of hedgehog signaling) can inhibit the growth of some glioma
cell lines in vitro. Thus, the hedgehog family of signaling pathways is implicated in
both gliomagenesis and regulation of adult neural stem cell proliferation.

Beyond ECM proteins and transcription factors, growth factor signaling path-
ways also play an important role in both gliomagenesis and germinal zone regula-
tion. Nearly half of high-grade astrocytomas demonstrate EGF receptor
amplification. Not surprisingly, EGFR amplification is a potential transformation
mechanism in the development of glioblastoma multiforme. EGF-responsive C
cells within the SVZ constitute a large population of migratory, rapidly dividing
progenitor. EGF-mediated stimulation prevents C cell differentiation of these cell
types and releases their infiltrative potential, similar to the infiltration seen in
high-grade gliomas [18].

A population of platelet-derived growth factor (PDGF)+ B cells in the adult SVZ
have been identified and shown to give rise to both neurons and oligodendrocytes
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in vivo [19]. Excessive PDGF activation in the rodent SVZ arrests neuroblast
production, induces SVZ cellular proliferation, and creates areas of hyperplasia
with features of early glioma formation. There also appears to be a link between
these PDGFR+ B cells and the early changes associated with tumor initiation,
suggesting that they may be targets of neoplastic transformation.

Models of SVZ Stem Cell Transformation

The genetic manipulation of various known oncogenes, specifically in mouse neural
stem cells, has led to the development of numerous animal models of glioma. These
models demonstrate the potential for neural stem cell transformation, which often
results in neuro-oncogenesis within SVZ cells. Such studies have led to the conclu-
sion that neural stem cell populations are more sensitive to chemical or viral onco-
genesis than are areas with a low proportion of proliferating cells. Early models
transformation in cells of the SVZ investigated the effects of prenatal exposure to
the classic mutagen n-ethyl-n-nitrosourea (ENU), a well characterized neurocar-
cinogen [20]. These studies found that cells of the SVZ, in particular, undergo
genetic transformations resulting in increased proliferation and immortalization
[21]. Interestingly, tumor formation in this model is limited to regions of the
SVZ. Genetic mutations in SVZ cells that resulted from ENU exposure included the
deletion of INK4a/ARF, cell-cycle genes which are have also been shown to be
significantly mutated in GBM samples. The Cancer Genome Atlas 2008 examina-
tion of over 200 GBM patient samples found a homozygous deletion or mutation in
49 and 52 % of patients for ARF and INK4a, respectively [22]. Neoplastic cells of
mice treated with ENU were also found to upregulate nestin, whose expression is
limited to neuronal precursors [23], thus further implicating the role of neural stem
cell transformation in the development of glioma.

In addition, an investigation of the loss of tumor suppressor p53 results in
increased proliferation of relatively quiescent astrocyte-like SVZ type B cells both
in vitro and in vivo [24-26]. Tp53 is a tumor suppressor protein whose signaling is
altered in 87 % of GBM patients [22]. When p53~~ mice are prenatally treated with
the mutagen ENU, the result is the development glioblastoma-like tumors in 60 %
of mice. These tumors form periventricularly and display glioblastoma characteris-
tics, including infiltration into surrounding areas, areas of necrosis, and heteroge-
neous cell populations. Furthermore, early inactivation of p53 has also been shown
to cooperate with the neurofibromatosis-1 (NF1) tumor suppressor gene mutation,
resulting in malignant astrocytoma formation in a mouse tumor model [27, 28]. The
NF1 tumor suppressor neurofibromin is a functional Ras GTPase-activating protein
and its loss results in abnormal activation of Ras, a central mediator of receptor
tyrosine kinase (RTK) signaling. Furthermore, mutation or homozygous deletion in
NF1 has been noted in 18 % of GBM samples [22]. Mice that carry germline muta-
tions in both p53 and NF1 develop both low and intermediate-grade astrocytomas.
These astrocytomas express Nestin, the progenitor-associated intermediate filament,
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and were consistently associated with the SVZ. Based on these results, it appears
that SVZ cells are most susceptible to p5S3/NF1-mediated astrocytoma formation
and that the cell-of-origin for malignant astrocytomas in pS3/NF1 mutant mice may
reside within the SVZ.

Various other mouse models of neural stem cell transformation have provided
clues as to the potential molecular events that lead to neuro-oncogenesis [27, 29—
33]. The genetic manipulation of Harvey-Ras (H-Ras) and AKT in as little as 60
GFAP* precursor cells of the SVZ or hippocampus results in the development of
high-grade gliomas in these regions [33]. Both the H-Ras pathway and the AKT
pathway are highly associated with gliomas. Recent studies have reported 2 % of
gliomas experience gain-of-function mutations in Ras and 36 % of gliomas experi-
ence a loss of the tumor suppressor phosphatase and tensin homolog (PTEN), a
negative regulator of the Ras signaling pathway. Both a gain-of-function mutation
in Ras and loss-of-function mutation in PTEN result in AKT pathway activation.
These pathways participate in RTK signaling, which has been shown to be altered
in 88 % of GBM patients [22]. Importantly, the injection of active AKT and
H-RasV12 into the cortex fails to result in any significant tumor formation. However,
mice with injection in the hippocampus or SVZ results in neuro-oncogenesis of
glioma-like tumors, indicating GFAP* NSCs of the SVZ and hippocampus to be
putative cells of origin [33]. These tumors display pathological characteristics of
glioblastomas, including microvascular proliferation, pseudo-palisading necrosis,
and increased cell density. In addition to displaying these hallmark characteristics of
glioblastoma, the tumors also exhibit cellular heterogeneity, evidenced by the
expression of various cellular markers, including the astrocytic marker GFAP, the
oligodendrocyte marker, myelin basic protein, and a neuronal specific marker, tuj1.
Furthermore, the tumors in the hippocampus and/or SVZ were mostly GFP*, indi-
cating that a majority of the cells in the tumor were derived from a smaller infected
cell population. After isolating GFP* cells from the tumors of GFAP-Cre;TP53*~
mice injected with H-RasV12/AKT and culturing them in neural stem cell media,
the cells formed neurosphere structures in vitro. Proliferation and differentiation
assays confirmed that these cells were both self-renewing and multipotent, as they
were proliferative in neural stem cell media and differentiated upon serum stimula-
tion. Forty to fifty percent of these cells express CD133, a speculative marker for
glioma initiating cells. This study provides strong evidence towards the SVZ neural
stem cell as the putative cell-of-origin for GBM as tumors arise in the SVZ and hip-
pocampus and fail to develop in the cortex. Furthermore, these glioma initiating
cells of the SVZ maintained their self-renewal and differentiation capacities, indi-
cating that stemness is a contributing factor to astrocytoma development.

PTEN (phosphatase and tensin homologue) is a recognized tumor suppressor
mutated or deleted in 36 % of GBM samples [22]. PTEN protein is a phosphati-
dylinositol phosphate (PIP) phosphatase that lowers PIP3 levels and enhances the
rate of apoptosis. PTEN also decreases cell motility via G protein-coupled
mechanisms. PTEN is expressed in SVZ precursor cells during neuronal differentia-
tion [34]. A loss of PTEN and p53 in neural stem cells isolated from the SVZ results
in significantly increased proliferation, self-renewal capacity, and impaired differ-
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entiation potential [35]. In vivo, 42 out of 57 hGFAP-Cre*;p53V%;Pten™ mice
develop malignant gliomas which display classic features of human GBM including
cellular pleomorphism, microvascular proliferation, and areas of necrosis. In
another mouse model, heterozygous loss of FN1 and PTEN coupled with homozy-
gous loss of p53 in nestin-cre* cells results in 100 % astrocytoma tumor develop-
ment [32]. Again, it is important to note that viral injection of cre into the SVZ of
these mice results in astrocytoma formation in 100 % of mice, while injection of cre
into other regions, such as the cortex and striatum, does not. Studies such as these,
which uncover the innate tumor competence of SVZ neural stem cells, provide
strong evidence for the neural stem cell as the cell-of-origin for glioma.

Clinical and Therapeutic Implications

Clinical correlations have been drawn between GBMs and their anatomical relation-
ship to the SVZ [36-38]. An examination of 53 patients with newly diagnosed
GBM and the classification of their tumors based on spatial relationship to the SVZ
showed that patients whose tumors made contact with the SVZ had a significantly
higher incidence of multifocal disease at diagnosis [37]. Interestingly, upon follow-
up MR, all of the patients whose tumors had direct contact to the SVZ had recurred
in a noncontiguous manner with the original lesion. However, of the patients whose
tumors did not have contact with the SVZ, none had any evidence of tumor noncon-
tiguous with the primary lesion [37]. A similar analysis of 91 GBM patients showed
that progression free survival is significantly reduced in patients whose tumor has
contact with both the SVZ and the cortex [36]. Furthermore, those patients with
SVZ involvement had an overall reduced survival as well as a decreased time until
recurrence compared to those tumors not involving the SVZ. In addition, an analy-
sis of 39 newly diagnosed GBM patients revealed that tumor SVZ involvement was
a significant predictor in reduced overall survival [38].

Based on the cancer stem cell theory, any brain tumor therapy that fails to eradi-
cate cancer stem cells will result in recurrence or regrowth of the residual tumor
stem cells, resulting in eventual disease progression [39]. Recently, studies have
attempted to ask whether irradiation of the ipsilateral SVZ can improve GBM prog-
nosis [40—45]. The first of such studies analyzed 55 patients with glioma who
received surgery, radiotherapy and chemotherapy [42]. SVZ radiation dose was
found to be significantly predictive of progression free survival, and bilateral radia-
tion to the SVZ yielded a significant hazard ratio for death, leading to the author’s
conclusion that SVZ radiation may provide a significant benefit for GBM survival.
In a pooled analysis of 173 GBM patients from two academic centers, these results
were confirmed as high radiation therapy doses to the ipsilateral SVZ led to signifi-
cantly longer progression free survival. An analysis of 40 GBM patients found
statically significant improved overall survival in patients who received high dose of
ipsilateral SVZ radiation [43]. In a recent investigation of 100 GBM patients—50
long term survivors (>3 years) and 50 short term survivors (<1 year), SVZ tumor
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contact was found to be a significant predictor of prolonged survival, in addition to
age and total resection status [40].

While these data are suggestive, the topic of the neural stem cell as the cell-of-
origin for glioma remains controversial. Other hypotheses of glioma initiating cells
exist, including the notion of cellular dedifferentiation resulting in neuro-
oncogenesis [46]. In this model, terminally differentiated cells within the tumor are
capable of dedifferentiating and reverting back to multipotency. Others have shown
differentiated terminal astrocytes, in addition to NSCs, are capable of dedifferentia-
tion under the influence of Ink4a/Arf inactivation and EGFR activation [47].
Furthermore, the oligodendrocyte precursor cell (OPC) is also postulated as a can-
didate cell of origin for glioma [48—50]. Using mosaic analysis with double markers
(MADM) in mice, Liu et al. [49] show that only OPCs are capable of gliomagenesis
upon genetic manipulation. Yet another OPC cell of origin model shows NG2* oli-
godendrocytes may undergo a loss of asymmetric divisions resulting in prolifera-
tive, self-renewing cells with tumor-initiating potential [50]. Moving forward,
increased focus on the development of these brain tumors, including cellular and
molecular transformations in different cell types, may lead to the discovery of new
therapeutic targets able to arrest neuro-oncogenesis early in its track.

Conclusions

The discovery of neural stem cells in the adult human brain has led to the emergence
of a new area of scientific inquiry connecting neuro-oncology with developmental
neurobiology. This field has gained prominence in recent years with the identifica-
tion and characterization of stem-like cells within glioma tumors which retain the
capacity to both self-renew and differentiate into neuronal subtypes. Glioma tumors
have been shown to resemble neuronal germinal niches in structural, functional, and
molecular characteristics. Findings such as these may pave the way for the identifi-
cation of a cell-of-origin for human glioma allowing for the development of novel
therapeutic agents and strategies to improve glioma prognosis.
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