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Several years ago, the discovery of a highly tumorigenic subpopulation of stem-like cells embedded within
fresh surgical isolates of malignant gliomas lent support to a new paradigm in cancer biology—the cancer
stem cell hypothesis. At the same time, these “glioma stem cells” seemed to resolve a long-standing conun-
drum on the cell of origin for primary cancers of the brain. However, central tenets of the cancer stem cell
hypothesis have recently been challenged, and the cellular origins of stem-like cells within malignant glioma
are still contended. Here, we summarize the issues that are still in play with respect to the cancer stem cell
hypothesis, and we revisit the developmental origins of malignant glioma. Do glioma stem cells arise from
developmentally stalled neural progenitors or from dedifferentiated astrocytes? Five separate predictions

of a neural progenitor cell of origin are put to the test.

Introduction

Primary tumors of the central nervous system account for less
than 1.5% of all new cancer cases reported in the United States
each year (Central Brain Tumor Registry of the United States,
http://www.CBTRUS.org). However, the majority of these can-
cers are either anaplastic astrocytomas or malignant gliomas.
The more aggressive manifestations of these cancers (WHO
grades lll and IV, see Figure 1) are for all intents and purposes in-
curable. Accordingly, astrocytic tumors are the third leading
cause of cancer-related death among middle aged men and
the fourth leading cause of death for women between 15 and
34 years of age (Prados and Wilson, 1993). Pilocytic astrocyto-
mas (WHO grade |) are the most common form of brain cancer
in children (Kleihues and Cavenee, 2007). Some of these pediat-
ric tumors are surgically curable, and many of the others are re-
sponsive to radiation (Kortmann et al., 2003) or conventional
chemotherapy (Packer et al., 1997; Prados et al., 1997); how-
ever, the clinical impact of surgery, radiation, and cytotoxic
drugs on growing children can be significant.

Against this backdrop, malignant gliomas and pediatric brain
cancers have become one of the favored scientific vehicles for
“the cancer stem cell hypothesis.” The central tenet of this hy-
pothesis is that solid and liquid tumors alike are composed of
(1) a relatively small subset of slowly cycling cells that undergo
self renewal for an indefinite/unlimited period of time and (2)
a larger population of cells that have committed to a particular
fate and have finite division capacity (Reya et al., 2001). A prac-
tical corollary of the cancer stem cell hypothesis is that cancer
therapies frequently fail because they are directed toward the
wrong cellular targets (Tan et al., 2006).

An important and testable notion with direct relevance to the
cancer stem cell hypothesis is that tumors arise from mutated,
developmentally arrested progenitor cells that normally drive or-
ganogenesis and/or tissue repair. For several reasons, cancers
of the brain lend themselves especially well to critical assess-
ment from this developmental perspective. Adult neural progen-
itors have been identified and mapped to spatially restricted
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regions of the postnatal brain. Marker proteins and antibodies
are available for most of the specific cell types that comprise
the adult brain. Protocols for the culture of normal, multipotent
neural progenitors are well established. Above all, the “wall
charts” for development of the normal brain, though far from
complete, are surpassed in detail only by those for development
of blood.

Cancer stem cells have now been isolated from a wide range
of CNS neoplasms, including gliomas (both adult and pediatric)
anaplastic oligodendrogliomas, and malignant medulloblasto-
mas (Table 1). For neuro-oncologists, the notion that brain
tumors arise from developmentally arrested neural progenitors
seems to resolve some long standing puzzles: Why are these
tumors (especially high-grade gliomas) so notoriously resistant
to radiation and chemotherapy? What accounts for the bizarre
mixture of cell types found in the most aggressive gliomas
(WHO grade 1V, a.k.a. glioblastoma mulitiforme; see Table 1)?
Above all, how do any cancers arise in an organ that is well iso-
lated from environmental toxins and—to a first approximation—
mitotically inert?

Despite its considerable teleological charm, the cancer stem
cell hypothesis remains a work in progress. Many aspects of
cancer biology do not lend themselves well to a stem cell per-
spective. Recent developments in the area of stem cell research
refresh a decades-long polemic on the cell of origin for malignant
gliomas. We will start this review by framing the issues that are
currently in dispute with respect to the cancer stem cell hypoth-
esis in general and glioma stem cells in the particular. We will
then critically evaluate five testable predictions of the cancer
stem cell hypothesis.

The Cancer Stem Cell Hypothesis and Astrocytic
Tumors: The Issues at Hand

One practical component of the cancer stem cell hypothesis
addresses the issue of intrinsic resistance to radiation and che-
motherapy. Cancer stem cells are predicted to be difficult tar-
gets for cancer therapeutics because (1) they cycle slowly, (2)
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Pilocytic Diffuse Anaplastic
Astrocytoma Astrocytoma Astrocytoma
(WHO gradel)  (WHO gradell) (WHO grade lil)
Age of Onset First two 30to 40 yrs Early 40s
decades of life
Throughout the Cerebral Cerebral
Typical neuraxis. Optic hemispheres. hemispheres
Location pathway tumors  Pons/brainstem,
are frequent esp. in children
Average Years to Five years Two to five years
Survival decades

Glioblastoma
a.k.a.
Glioblastoma
Multiforme
(WHO grade IV)

Mid 50-60s

Cerebral
hemispheres

Fourteen months

Figure 1. An Overview of the Astrocytic
Tumors

The World Health Organization (WHO) recognizes
ten major classes of neuroepithelial tumors and
more than 40 subclasses. Of these, 60% belong
to one major class—the astrocytic tumors, which
are parsed into four grades in accord with histopath-
ological appearance and clinical prognosis. As indi-
cated, there is a direct relationship between tumor
grade and age of onset and an inverse relationship
between tumor grade and time to death. A subset
of grade IV gliomas are thought to arise via progres-
sion of diffuse astrocytomas (WHO grade Il) or ana-
plastic astrocytomas (WHO grade Ill). Grade IV glio-
mas that arise via progression are referred to as
“secondary gliomas.” However, most high-grade
gliomas are diagnosed in patients with no evidence
of a pre-existing, less malignant astrocytoma and
are termed “primary gliomas.” See Kleihues and
Cavenee (2007) for further reading.

express high levels of drug export proteins, and (3) they may not
express or may not depend upon the oncoproteins that are
targeted by the new generation of “smart drugs,” such as Glee-
vec and Iressa. Collectively, these observations and consider-
ations (and speculations) provide a fresh rationale for tumor re-
sistance to therapy and suggest that a new class of agents
should be designed to specifically target cancer stem cells
(Al-Hajj et al., 2004).

However, some cancers respond dramatically to chemother-
apy, including cancers that arise from germ cells (i.e., testicular
cancer) and cancers that clearly have a stem cell component,
such as chronic myelogenous leukemia (Polyak and Hahn,
2006). Acquired resistance to radiation or chemotherapy is
even more difficult to reconcile with the cancer stem cell hypoth-
esis. Selective pressure and clonal expansion of tumor cells with
preexisting mutations for drug resistance provides a plausible (al-
beit more prosaic) explanation for these typical failures of cancer
medicine (Weinberg, 2007). In accord with the clonal expansion
view, high-throughput DNA sequence analysis of breast cancer
stem cells (marked by the cell surface antigen CD44) shows
that the CD44-positive tumor stem cells are genetically more dis-

similar to their CD44-negative counterparts than would be pre-
dicted by the cancer stem cell hypothesis (Shipitsin et al., 2007).

For brain cancers in particular, skeptics complain that glioma
stem cells are defined in operational ways that have little or no
bearing on brain development (see below). Moreover, even if
their existence is conceded, the cellular and developmental ori-
gins of “glioma stem cells” can be contended. Do these cells ac-
tually arise from postnatal neural progenitors? Alternatively, are
glioma stem cells the progeny of mature glia or committed glial
progenitors that have dedifferentiated to a more stem-like state?
The latter point of view, though somewhat counterintuitive, has
gained credibility with recent reports on genetic reprogramming
of adult skin cells to pluripotent embryo stem cells by transfec-
tion with small sets of transcription factors (Nakagawa et al.,
2008; Okita et al., 2007; Takahashi et al., 2007; Wernig et al.,
2007). These extreme examples of genetic reprogramming are
low-frequency events in culture. Moreover, insertional muta-
genic events may contribute to the process because retroviral
expression vectors have thus far been required to transduce
the transcription factors. Nevertheless the skin-to-stem cell
transformations do illustrate the fundamental genetic plasticity

Table 1. Milestones in the History of the Glioma Stem Cell

e Mid-to-late 19th century: Lobstein, Cohnheim, and others comment on similarities between embryogenesis and the biology of cancer

cells (1).

e 1926: Bailey and Cushing develop the brain tumor classification system from which modern taxonomies derive. The system emphasizes the
histological resemblance of brain tumor cells to cells of the developing CNS (2).

e Mid 60s: Metcalf, Sachs, and others develop in vitro clonogenic assays to display the cellular progenitors of blood (3 and 4).

e 1966: Altman and Das describe postnatal neurogenesis in rats (5).

e 1988: Weissman and coworkers isolate the multipotent hematopoietic stem cell (6).

e 1992: Reynolds and Weiss identify postnatal neural progenitors (neurosphere cultures) (7).

e 1994: Dick and coworkers isolate malignant stem cells from human acute myeloid leukemia (8).

e 2000: Prospective isolation of human CNS stem cells (9).

e 2002-2004: Cancer stem cells isolated from adult and pediatric astrocytomas (10-13).

(1) Rather (1978); (2) Bailey and Cushing (1926); (3) Bradley and Metcalf (1966); (4) Ichikawa et al. (1966); (5) Altman and Das (1966); (6) Spangrude et al.
(1988); (7) Reynolds and Weiss (1992); (8) Lapidot et al. (1994); (9) Uchida et al. (2000); (10) Ignatova et al. (2002); (11) Galli et al. (2004); (12) Hemmati

et al. (2003); (13) Singh et al. (2003).
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of replication-competent cells. Within this context, the conver-
sion of committed astrocytes or astrocyte progenitors into
multipotent neural progenitors seems to be a small and easily
surmountable challenge. Indeed, one cannot rule out that rever-
sion to a less-differentiated state might be a normal, albeit rare,
event in healthy CNS tissue.

These unresolved issues in cancer cell biology and malignant
glioma are the focus of this review. We will begin with a quick
synopsis of glioma stem cell biology and a brief overview of
the candidates for “glioma cell of origin.” We will then address
the cell of origin issue by considering five testable predictions
of the cancer stem cell hypothesis.

Glioma Stem Cells: Definitions

Neural stem cells are classically defined as cells active in devel-
opment, cell turnover, or repair that are (1) self-renewing and (2)
multipotent. Although the definition of “glioma stem cell” was ini-
tially coined to reflect these two cardinal properties, there is
growing recognition that cancer stem cells, while self-renewing,
cannot be considered multipotent because the differentiated
progeny derived from a transformed precursor are genetically
abnormal. The operational definition of glioma stem cell is a tu-
mor subpopulation that can self-renew in culture, perpetuate
a tumor in orthotopic transplant in vivo, and generate diversified
neuron-like and glia-like postmitotic progeny in vivo or in vitro.

Glioma stem cells meeting these criteria grow as neuro-
spheres in culture and can express CD133 (a.k.a. Prominin-
1)—a cell surface antigen that is also a known marker of multipo-
tent stem cells in blood and other tissues, including the brain
(Galli et al., 2004; Singh et al., 2003; Yuan et al., 2004). The
CD133-positive cells isolated from human brain tumors can initi-
ate formation of “neurospheres” when cultured under nonadher-
ent conditions in medium supplemented with EGF and FGF.
When these growth factors are removed and the tumor neuro-
spheres are cultured under adherent conditions in serum-
supplemented medium (or, in some studies, LIF-supplemented
medium), individual cells began to express marker proteins as-
sociated with neurons and glia (Galli et al., 2004; Hemmati
et al., 2003; Ignatova et al., 2002; Singh et al., 2003). Notably,
the repertoire of neuronal and glial marker proteins that are ex-
pressed under these conditions recapitulates, the repertoire of
multipotent neural progenitors (Galli et al., 2004; Hemmati
et al., 2003; Singh et al., 2003).

Such CD133-positive, neurosphere-forming cancer stem cells
are typically a minor subset of the total cells within glioma. How-
ever, they are by far the most tumorigenic component of the tu-
mor. For example, disaggregated cells from fresh surgical iso-
lates of malignant glioma will form tumors when inoculated into
the cranium of immune suppressed mice; typically though, anin-
noculum of at least 10° cells is required to initiate tumor growth.
By contrast, as few as 100 CD133-positive cells will suffice to ini-
tiate tumor formation (Singh et al., 2004). Interestingly, in accord
with the cancer stem cell hypothesis, the CD133-positive glioma
stem cells are relatively resistant to radiation (Bao et al., 2006a).

Glioma Stem Cells: Caveats

There are exceptions to the stem cell properties noted above and
experimental pitfalls for the unwary. For example: (1) Not all of
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the cells that fit the operational definition of a glioma stem cell
are marked by CD133. Some gliomas contain CD133-negative
cells that, in every other respect, fit the operational definition of
a cancer stem cell (Beier et al., 2007). (2) CD133 is expressed
on cells that are not glioma stem cells—for example, endothelial
cells. Slowly cycling endothelial cells are expected to be intrinsi-
cally resistant to radiation and could (in principle at least) com-
plicate the analysis of radiosensitivity studies such as those
conducted by Bao et al. (2006a). (3) Experiments with tumor xe-
nograft models may lead to underestimation of the percentage of
tumor-initiating or “tumor-sustaining” cells (Kelly et al., 2007). (4)
Some of the cellular heterogeneity seen in high-grade gliomas
may reflect the recruitment of nonmalignant neural or glial pre-
cursors into the tumor milieu (Assanah et al., 2006). These non-
malignant progenitors could contribute to the neurosphere pop-
ulation in vitro and obfuscate the interpretation of cell culture
experiments. (5) Single neurospheres are not usually derived
from single cells. Even in the absence of agitation or manipula-
tion, free-floating neurospheres are highly motile entities. Time-
lapse video microscopy shows that individual neurospheres
are rapidly drawn toward each other and merge to form larger
neurospheres, irrespective of whether cultures are passaged at
conventional density or very low density (Singec et al., 2006).
Neurosphere merger events are clearly germane to the property
of multiple fate choice—one of the defining characteristics of
a cancer stem cell.

Overshadowing all of these tactical concerns is a strategic
problem: Stem-like properties in a neoplastic cell cannot be
taken as evidence prima facie of a developmental origin from
a “stalled” neural progenitor. The cancer stem cell hypothesis
and the cellular origins of cancer are separate and distinct is-
sues. Graphic evidence of the disconnect between a stem-like
phenotype and a stem cell origin comes from studies on leuke-
mias where it has been shown that committed progenitor cells
can be transformed into leukemia stem cells by misexpression
of the oncogenic fusion protein MLL-AF9 (Krivtsov et al., 2006).
In the case of malignant glioma, there are at least three neural
cell types that could, in principle, serve as cell of origin for glioma
stem cells. These are (1) mature “dedifferentiated” glia, (2) “re-
stricted” neural progenitors that are normally unipotent, and (3)
multipotent neural progenitors (see Figure 5).

Cellular Progenitors of Glioma Stem Cells I:

The Case for Mature Glia

Prior to the discovery of replication-competent neural progeni-
tors in the postnatal brain (Reynolds and Weiss, 1992), mature
astrocytes or committed astrocyte progenitors were thought to
be the only replication-competent cells in the postnatal brain
and thus the only cells capable of malignant transformation.
The conceptual problem with mature or committed glia as tumor
progenitors is that the transformed glia would have to dedifferen-
tiate to produce the malignant, multipotent cells that are embed-
ded within human gliomas. This “retrograde differentiation”
might seem counterintuitive; however, it has recently been
shown that genetic cocktails of just a few transcription factors
can convert normal skin cells into totipotent embryonic stem
cells (Nakagawa et al.,, 2008; Okita et al., 2007; Takahashi
et al,, 2007; Wernig et al.,, 2007). Within this context, the
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conversion of a terminally differentiated astrocyte into a multipo-
tent neural progenitor seems to be a small and easily surmount-
able challenge.

Multiple studies have shown that early cortical astrocytes can
be targeted in vitro or in vivo with oncogenes or activated signal-
generating proteins to produce tumors in animal models with
convincing glioma histology (Bachoo et al., 2002; Blouw et al.,
2003; Ding et al., 2001; Holland et al., 1998a; Rich et al., 2001;
Sonoda et al., 2001; Uhrbom et al., 2005; Weiss et al., 2003;
Xiao et al., 2005). For example, Bachoo et al. (2002) isolated
neonatal astrocyte cultures from p76™“2/p19*™ null mice and
infected these cells with a retrovirus encoding a mutated,
constitutively active version of the EGF receptor (EGFRuvIII). Neu-
rospheres generated from these genetically modified astrocytes
could form gliomas when implanted into the brains of SCID mice
(Maher et al., 2001). However, there are important caveats to
most of these studies.

Several lines of evidence suggest that in vitro and in vivo cel-
lular targeting paradigms select for a less mature cell in the as-
troglial lineage. First, retroviral expression vectors can only in-
fect proliferating cells and are thus biased toward immature
progenitors relative to their terminally differentiated progeny.
Second, such transformation-competent astrocyte cultures
can be generated from the neonatal cortex but not the adult
cortex, arguing for selection of a less mature astrocytic cell
type (Laywell et al., 2000). Indeed, culture of adult cortical as-
trocytes has proved extremely difficult. Third, cultured “astro-
cytes” are generally characterized by only one marker, GFAP,
which is found on multipotent precursors as well as reactive
astrocytes (see below). Finally, in vivo targeting studies suffer
from a lack of reliable and specific regulatory sequences to
drive gene expression specifically in mature cortical astrocytes.
In this regard, the commonly used marker GFAP is quite prob-
lematic because it is expressed in neural stem cells as well as
some committed astrocyte progenitors and cortical astrocytes
(Doetsch et al., 1999). Thus, a major remaining challenge for the
dedifferentiation hypotheses of glioma is the development of
genetic systems capable of selective transmission of oncogenic
events solely to mature astroglial cells. The critical need to dis-
cover novel markers of mature astrocytes was articulated in the
summary statement of the NINDS-sponsored “Workshop on
Astrocyte Function in Health and Disease (http://www.ninds.
nih.gov/news_and_events/astrocyte_function_health_disease.
htm).

Cellular Progenitors of Glioma Stem Celis II:
The Case for ‘Restricted’ Neural Progenitors
The discovery of replication-competent multipotent neural pro-
genitor cells in the postnatal brain (Reynolds and Weiss, 1992)
created an attractive alternative candidate for the glioma cell of
origin. Because such stem cells have the machinery for self-
renewal already activated, maintaining this activation may be
simpler then turning it on de novo in a more differentiated cell;
that is, fewer mutations might be required to maintain self-
renewal then to activate it ectopically (Reya et al., 2001).
“Restricted progenitors” of the brain are able to proliferate but
are generally defined as unipotent. Examples include granule cell
neuron precursors of the cerebellum and oligodendrocyte pre-

cursors in vivo. These restricted progenitors might first need to
acquire the self-renewal potential of multipotent progenitors to
have the opportunity to experience additional mutations that
would lead to transformation. Some insight into this process
can be taken from the hematopoietic system wherein restricted
lymphoid and myeloid progenitors fail to self-renew detectably
upon transplantation (Mikkola and Orkin, 2006; Tenen, 2003). In-
troduction of the MLL-AF9 fusion protein into committed granu-
locyte-macrophage precursors is sufficient for leukemic trans-
formation including generation of self-renewing stem cells
(Krivtsov et al., 2006).

Kondo and Raff have shown that committed oligodendroglial
progenitors can reacquire stem-like properties after extensive
treatment in vitro (Kondo and Raff, 2000), which results in chro-
matin remodeling and reactivation of the primitive neural epithe-
lial marker, Sox2 (Kondo and Raff, 2004). Interestingly, Sox2
expression is prevalent in human gliomas (Schmitz et al.,
2007), consistent with the possibility that similar mechanisms
could be involved in the process of transformation of a restricted
neural (glial) precursor to transformed cell type.

In the postnatal brain, cycling neural progenitors encompass
the diffuse NG2 progenitor cell population (Diers-Fenger et al.,
2001; Levine and Stallcup, 1987). NG2 cells are the most actively
cycling cells in the adult brain, and they have been reported
to have multipotent qualities (Belachew et al., 2003; Liu et al.,
2007). The majority of NG2 cells express Olig2, which is required
for oligodendrocyte lineage development (Ligon et al., 2006b),
consistent with the proposal that NG2 cells are fundamentally
similar to, or give rise to, oligodendrocyte precursors (Baracskay
et al., 2007). Others have argued that NG2 cells comprise a
distinct (fourth) neuroepithelial lineage (Greenwood and Butt,
2003; Nishiyama, 2007). In any case, NG2 cells can undergo
reprogramming in culture to produce neurons and astrocytes
via epigenetic mechanisms as described for oligodendrocyte
precursors (Liu et al., 2007). Fate mapping in vivo also supports
contributions to gray matter astrocytes (Zhu et al., 2008), al-
though it is unclear whether such NG2 cells with increased
potential represent a distinct functional subset or whether NG2
marks several classes of cells with distinct capabilities to form
astrocytes or oligodendrocytes (Tamura et al., 2007).

Cellular Progenitors of Glioma Stem Cells lll:

The Case for Multipotent Neural Progenitors

Multipotent neural progenitors, found in specialized niches such
as the dentate gyrus and subventricular zone (SVZ), have been
extensively scrutinized, and have recently been suggested as
cells with potential to form gliomas (for reviews see Sanai
et al., 2005; Vescovi et al., 2006). Alvarez-Buylla and colleagues
have described several basic subclasses of SVZ progenitor cells
on the basis of histology and immunohistochemical and ultra-
structural characteristics (Alvarez-Buylla et al., 2001; Doetsch
et al., 1999). As indicated in Figure 2, quiescent “type B” stem
cells that expresses the astrocytic marker GFAP and exhibits
other morphological features of astrocytes are capable of re-
sponding to growth factors such as EGF and PDGF. Mitogen-
treated type B cells give rise to transit-amplifying type C cells
that in most cases will go on to form neuroblasts of the rostral mi-
gratory stream. However, type B cells can also give rise to
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Figure 2. Neural Progenitor Subtypes in the
Subventricular Zone

(Top) Coronal section through the postnatal adult
mouse forebrain depicts subventricular zone
(SVZ) progenitors in situ including type B (blue),
C (amber), and A (green) cells, as well as ciliated
ependymal cells (pink) that line the lateral ventricle
(see Alvarez-Buylla et al. [2001] for further read-
ing). (Bottom) Type B cells divide very slowly and
express the markers indicated. They give rise to
transient amplifying type C cells that in turn gener-
ate type A neuroblasts that contribute to the rostral
migratory stream in most cases. However, a frac-
tion of type C cells express Olig2 and NG2 and can
form myelinating oligodendrocytes. The potential
of type B cells to produce oligodendrocyte precur-
sors might relate in principle to tumor-compe-
tence for glioma.

= TYPE B TYPEC TYPEA
Relatively Quiescent mp Q Rapidly Proliferating  wp (Olfactory Bulb
Nestin + - ("Transit Amplifying Cell”) Neurons)
GFAP * the proposal that Notch pathway inhibi-
PED%TR'+ 3-5% Ofig2 85-97% OBN tors might be employed in glioma therapy
NG2 (Kanamori et al., 2007).
1 Mitogens such as EGF, FGF, PDGF, and
oL

oligodendrocytes during normal development and after white
matter injury (Hack et al., 2005; Menn et al., 2006). Interestingly,
treatment with antimitotic agents such as cytosine-$-D-arabino-
furanoside destroys type C but not type B cells, a finding that
could be relevant for understanding the recurrence of brain can-
cer after chemo- and radiotherapy (Sanai et al., 2005).

As illustrated in Figure 2, these functional subgroups of the
normal SVZ provide a conceptual framework for investigating
features of gliomagenic stem cells as well as the cell of origin
for glioma. For example, the normal type B cell captures essen-
tial properties of quiescence, self-renewal, and multipotentcy
that one might ascribe to a cancer stem cell. Do glioma
stem cells arise from developmentally stalled neural progenitors
such as the type B cell? In the sections below, five separate
predictions of a neural progenitor cell of origin are put to the
test.

Prediction 1: Neural Progenitors and Brain Tumor Stem
Cells Are Driven by Common Signaling Pathways

Four examples of signal transduction pathways that modulate
growth and differentiation of neural progenitor cells during devel-
opment and also in the postnatal brain are depicted schemati-
cally in Figure 3. As indicated, mutations of key regulatory ele-
ments within these pathways are associated with adult gliomas
and pediatric medulloblastoma.

During development, Notch signaling promotes formation and
suppresses differentiation of radial glia (Gaiano et al., 2000). In
the postnatal brain, Notch promotes survival of neural progeni-
tors and thereby expands the population of these cells both in
vitro and in vivo (Androutsellis-Theotokis et al., 2006). The Notch
signaling pathway is constitutively active in many high-grade gli-
omas and glioma cell lines—conceivably through an autocrine/
juxtacrine loop mechanism involving coordinate expression of
Notch and Notch ligands (Purow et al., 2005). The activation
state of Notch in these tumors and tumor cell lines has lead to
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LIF promote the growth of adult neural

progenitor cells from the subventricular
zone or dentate gyrus and are used routinely for neurosphere
cell culture (Jackson et al., 2006; Reynolds and Weiss, 1992; Shi-
mazaki et al., 2001; Vescovi et al., 1993). Amplification and/or ac-
tivating mutations in EGF and PDGF receptors are seen in adult
high-grade gliomas (Kesari et al., 2006). PDGF ligand/receptor au-
tocrine loops are also a common feature of malignant gliomasin all
grade levels (Guha et al., 1995; Hermanson et al., 1992; Lokker
et al., 2002). The receptors for EGF, FGF, PDGF, and LIF all acti-
vate the canonical Ras/Raf/MAPK signaling axis (Weinberg,
2007). Loss-of-function mutations in NF1 (encoding a GTPase)
promote activation of the Ras/Raf/MAPK signaling axis and are
associated with low-grade astrocytomas in patients with heredi-
tary neurofibromatosis (Hochstrasser et al., 1988).

A parallel signaling pathway for growth factors and their
receptor tyrosine kinases involves the formation of phosphati-
dylinositol 3 phosphate via activation of phosphatidylinositol
3 kinase (PI3K). Activating mutations in this PI3K are etiologic
in a subset of high-grade gliomas (Samuels et al., 2004). The
trophic functions of PI3K on anabolic metabolism and survival
are opposed by the tumor-suppressor gene PTEN, which is
deleted in a high percentage of malignant gliomas (Duerr
et al.,, 1998; Furnari et al., 2007; Liu et al., 1997; Rasheed
et al., 1997).

Although they are less frequent than low-grade astrocytomas,
malignant medulloblastomas are actually the most common
malignant brain tumor of childhood (Grovas et al., 1997). Medul-
loblastomas are thought to originate from granule neuron precur-
sor cells in the external granular layer of the developing cerebel-
lum. Sonic hedgehog is a critical mitogen for these precursor
cells (Wechsler-Reya and Scott, 1999). Hereditary loss-of-func-
tion mutations in the Sonic hedgehog receptor Patched lead
to constitutive activation of the Sonic hedgehog pathway and
a predisposition to medulloblastoma in Gorlin syndrome (Bale
etal., 1998; Goodrich et al., 1997; Gorlin, 1987). Loss-of-function
mutations in “Suppressor of Fused” (SF) have been detected in
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sporadic medulloblastomas (Taylor et al., 2002), and these mu-
tations would likewise be expected to activate the Sonic hedge-
hog signaling axis (Figure 3).

What do these data say about the cancer stem cell hypothesis
and glioma cell of origin? As predicted by the hypothesis, CNS
cancer stem cells do appear to co-opt mitogenic cues that reg-
ulate the growth of normal neural progenitors. However, the
receptors for EGF, FGF, Shh, and Notch ligands are broadly ex-
pressed. In cell culture, EGF and FGF are known to promote the
growth of normal astrocytes derived from the neonatal cortex.
Thus, the outcome of prediction 1 is ambiguous with respect
to the cellular origins of CNS cancer stem cells.

Prediction 2: Signaling Pathways that Constrain

the Growth of Normal Progenitor Cells Are Suppressed
in Brain Cancers

Cell cycle progression of all mammalian cell types is govern