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A B S T R A C T

Brain tumors, which are typically very heterogeneous at the cellular level, appear to have

a stemcell foundation. Recently, investigations frommultiple groups have found that human

aswell as experimentalmouse brain tumors contain subpopulations of cells that functionally

behaveastumorstemcells,driving tumorgrowthandgenerating tumorcellprogenythat form

the tumorbulk, butwhich then lose tumorigenic ability. Inhumanglioblastomas, these tumor

stemcells expressneural precursormarkersandarecapableofdifferentiating into tumorcells

that expressmorematureneural lineagemarkers. Inaddition,modeling brain tumors inmice

suggests that neural precursor cellsmore readily give rise to full blown tumors, narrowing po-

tential cellsoforigin to thoserarerbraincells thathaveaproliferativepotential. Applyingstem

cell concepts andmethodologies is giving fresh insight into brain tumor biology, cell of origin

andmechanisms of growth, and is offering newopportunities for development ofmore effec-

tive treatments. Thefieldofbraintumorstemcells remainsveryyoungandthere ismuchtobe

learned before these new insights are translated into new patient treatments.

ª 2010 Federation of European Biochemical Societies.

Published by Elsevier B.V. All rights reserved.
1. Introduction Kesari, 2008). They arise in critical functional areas of the brain
Brain tumors are aggressive neoplasms afflicting both chil-

dren and adults. The adult glioblastoma, despite recent

advances in chemotherapy, still has a very poor outcome

with only a median survival of 15 months (Paulino and Teh,

2005; Stupp et al., 2005). As a heterogeneous group of tumors

comprised of different phenotypes, brain cancers are a leading

cause of cancer death in children, and one of the commonest

causes of cancer death under the age 40. Childrenwho survive

their brain cancers (mainly medulloblastomas) often suffer

substantial adverse effects related to the toxicities of therapy

on the developing nervous system.

Malignant brain tumors, particularly glioblastomas, are

extraordinarily difficult to treat for many reasons (Wen and
ation of European Bioche
thatoffer formidable technical challenges for surgical resection,

and they have a propensity to be infiltrate beyond the visible

margins demonstrated on MRI imaging. There are few known

risk factors, no preventive strategies, and no practical method

for screening. There is rarely an opportunity to study the tumor

tissue of early lesions, nor is there easy access to tumor tissues

at different stages of treatment to assess biological responses to

therapy. For adult low grade fibrillary gliomas, which typically

becomemalignant aftermanyyears, there remainscontroversy

whether even intervening at an early stage leads to a better pa-

tient outcome. Brain tumors are, along with pancreatic cancer,

one of themost difficult human cancer problems.

In the past few years, however, due to the application of

the conceptual and methodologic framework of stem cell
mical Societies. Published by Elsevier B.V. All rights reserved.
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biology (Dirks, 2008a; Pardal et al., 2003; Reya et al., 2001;

Visvader and Lindeman, 2008; Ward and Dirks, 2006; Zhou

et al., 2009), together with the emergence of genome wide

data(2008; Huse and Holland, 2010; Parsons et al., 2008), it ap-

pears wemay be getting a better understanding of the cellular

andmolecular mechanisms involved in brain tumor initiation

and growth. These studies offermore hope thatwewill be able

to develop more effective therapies, but at this point huge

challenges remain in our understanding to translate new in-

sight into better treatment and patient outcomes.
2. Brain tumors as stem cell problems

Human brain tumors, on the heels of work in human breast

cancer (Al-Hajj et al., 2003), were among the first solid tumors

inwhich a cellular hierarchy for tumor initiation, utilizing pro-

spective cell sorting and limit dilution analysis in vivo, was

demonstrated (Singh et al., 2004). These brain tumor subpopu-

lations, enriched for stem cell activity, have been shown to be

resistant to conventional treatments (Bao et al., 2006a) and

may maintain localization within a vascular niche (Bao et al.,

2006b; Calabrese et al., 2007; Gilbertson and Rich, 2007), which

is reminiscent of thenormal neural stemcell niche (Shen et al.,

2004, 2008;Tavazoieet al., 2008). Genetically engineeredmouse

models of brain tumorshave been shown to alsomaintain ahi-

erarchy for tumor initiation (Alcantara Llaguno et al., 2009;

Read et al., 2009; Ward et al., 2009), and these models strongly

point to normal brain precursors, either stem cells or progeni-

tor cells, as cells of origin (Alcantara Llaguno et al., 2009; Yang

et al., 2008). Improvedmethodologies for culturing brain tumor

precursors, adapted from normal neural stem cell biology, ei-

ther in adherent or sphere based conditions in chemically de-

fined media, are offering opportunities for chemical and

genetic screening for drug discovery and newmolecular target

identification (Diamandis et al., 2007; Pollard et al., 2009a,b;

Reynolds and Vescovi, 2009). Serum derived cell lines have

been shown to be poorly representative of the patient brain

tumor, from both a genotypic and phenotypic perspective

(Lee et al., 2006). These research findings and the continued

adaptation of new experimental methods have changed the

field of brain tumor research. Although there remains contro-

versy about details about the precise identity of brain tumor

initiating cells, particularly with respect to cell surface

markers, there is no doubt that brain tumor research has

benefited by adopting a stem cell perspective.

One important point to reflect on, in trying to reconcile

recent genome wide findings about brain tumors with recent

stem cell insight, is that the key glioblastoma identified cancer

pathways are in fact stem cell pathways. You cannot separate

them completely. For the main tumor suppressor pathways

implicated in brain tumorigenesis, p53, PTEN, and pRB-p16;

all pathways are involved in control of normal neural precur-

sors, and loss of function in mice is associated with a prolifer-

ative expansion of the neural precursor compartment in the

brain (Gil-Perotin et al., 2006; Groszer et al., 2006, 2001;

Meletis et al., 2006; Molofsky et al., 2006). These data suggest

that the development of brain tumors may first require an

expansion of the neural precursor compartment before full

blown neoplastic transformation occurs.
Given the amount of progress in research on brain tumor

stem cells, in part because of the flexibility of assay systems

in vitro and in vivo, there is a great deal of attention being fo-

cused on the brain tumor field to inform the relatively new

field of cancer stem cell biology, at least in solid tumors.
3. Brain tumor hierarchy and enrichment of tumor
initiating cells

An idea that brain precursor cells are connected to brain can-

cer is not new, based on longstanding pathological observa-

tions of brain tumors (I strongly recommend reading the

now out of print neuropathology textbook of Russell and

Rubenstein) (Russell and Rubenstein, 1989). Experimental

mousemodels of brain tumors have long pointed to brain pre-

cursor zones as sites of origin of brain tumors in response to

viruses or chemical carcinogenesis (reviewed previously in

detail (Dirks, 2008b)). However, the discovery of precursor cells

in the postnatal mammalian brain, coupled with the develop-

ment of techniques to prospectively isolate these cells using

magnetic bead or fluorescence activated cell sorting (FACS),

and study them in appropriate stem cell assays in vitro and

in vivo (Figure 1), has led to a prominent emergence and

reporting of stem cell studies of human brain tumors and

experimental brain tumors generated in mice.

A few years ago, several groups attempted to grow human

brain tumor cells in serum free media containing EGF and FGF,

along the lines initially demonstrated by Reynolds and Weiss

(Reynolds and Weiss, 1992). These groups virtually simulta-

neously demonstrated an ability of these cells to grow as

replate-able neurospheres, with cells expressing neural precur-

sormarkerssuchasnestin,andalsodemonstratingacapacity to

differentiate in vitro (Galli et al., 2004; Hemmati et al., 2003;

Ignatova et al., 2002; Singhet al., 2003).Asonlya limitednumber

of the tumor cells are capable of proliferating in these condi-

tions, as demonstrated by in vivo limit dilution analysis (Singh

et al., 2003), it is clear that culture represents a strong selection

strategy favoring the growth and survival of subpopulations of

tumor cells, that have a precursor phenotype, that respond to

the culture conditions. Therefore, the vast majority of the orig-

inal patient tumor cells arenotmaintained inamitogen supple-

mented serum free culture, as these bulk cells from the patient

tumor do not proliferate in culture. The full tumor hierarchy is

therefore not accessible in a culture situation.

Although this is themost likely interpretation of the effects

of culture, it remains possible that culture may enable growth

of tumors cells that are not capable of growing in the patient,

as EGF/FGF may promote a “dedifferentiation” of populations

(see (Conti and Cattaneo, 2010) for a discussion of neural stem

cell culture systems and their caveats), also distorting the hier-

archy in the culture system from that which exists in the

patient. As well, on the other side of the coin, another possibil-

ity remains that a tumor subpopulation that is not capable of

being read out in a cell culture assay still has capacity to initiate

tumor formation in the patient themselves, or in an experi-

mental in vivo assay. Caution is therefore recommended

when interpreting tumor hierarchy or stem cell properties

solely in culture, and extrapolation of findings in a culture to

theprimarypatient tumorhas important limitations.However,
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Figure 1 e Brain tumor stem cell assay development. Brain tumor stem cells can be interrogated in stem cell assays in vivo and in vitro. The gold

standard for identification of a cancer stem cell involves a sort of the stem cell population from the bulk population directly from freshly isolated

tissue, and then analysis compared to bulk in an in vivo orthotopic transplantation assay. Cancer stem cells can also be isolated by selection in

culture, in defined media with growth factors in the absence of serum. Fresh tumors can also be xenografted directly to expand tumor cell

populations, but this method may also select for populations favored to survive in immunodeficient mice. Therefore, only a fresh sort allows

comparison between putative stem cell population and bulk population. A full hierarchy of the original patient tumor is no longer available after

culture, and possibly, after xenografting. Stem cells in vitro, however, give opportunities to probe mechanisms of self renewal, proliferation and

differentiation, as well as to perform chemical and genetic screens. Findings on in vitro systems must be validated in vivo, ideally back to freshly

sorted cells.
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the development of defined culture conditions has been criti-

cally important for the emergence of further insight intoneural

stemcell andbrain tumors stemcell biology, as cellswithapre-

cursor phenotype aremaintainedmore or less (Lee et al., 2006;

Pollard et al., 2009b). Glioblastoma stem cells may be better

grown more efficiently in EGF/FGF in adherent conditions on

laminin, facilitating chemical and genetic screens (Pollard

et al., 2006, 2009b;Wurdak et al., 2010). However, a prospective

method for identifying the stem cell, where the cells do not see

culture, remains essential to probe its functional properties.
4. Prospective sorting for brain tumor initiating cells

Prospective sorting of uncultured human brain tumor cells was

first demonstratedby sorting for theCD133 antigen (Singhet al.,
2004), which had been previously shown to enrich for neuro-

sphere initiating cells from the human fetal brain (Uchida

et al., 2000), aswell as being amarker for human hematopoietic

stem cells (Miraglia et al., 1997; Yin et al., 1997). Prominin1 (the

name of the CD133 protein) had also been shown to mark cells

lining the ventricle in mice (Weigmann et al., 1997), but impor-

tantly, reagents developed for human and mouse cells are

very different, with antibodies against human identifying a gly-

cosylated epitopewhile those againstmouse Prominin1 do not.

CD133þ fresh uncultured medulloblastoma and glioblastoma

cells could initiate tumors after injection of small numbers of

cells into the brains of NOD/SCID mice, but not CD133� cells,

even though viable human cells could be found in the brain

months after CD133� cell injections (Singh et al., 2004). These

CD133þcellsalsohadanability to initiateprimary tumorsphere

formation as well, but CD133� cells could not, suggesting, that

http://dx.doi.org/10.1016/j.molonc.2010.08.001
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thesepopulationswere readingout similar properties, clonoge-

nicity in vitro as well as tumorigenicity in vivo (Singh et al.,

2003). In another important demonstration of stem cell prop-

erties, Vescovi’s group showed that single cells plated out

from established glioblastoma spheres could initiate new

spheres that then were tumorigenic in vivo. This experiment

was important as ultimately the tumors were shown to have

derived from single cells (Galli et al., 2004), and single cell tu-

mor initiation is the sought after standard for a cancer stem

cell functional analysis. Several studies have now suggested

that the fraction of CD133þ cells in a human brain tumor is

correlated with patient outcome (Beier et al., 2008b; Pallini

et al., 2008; Rebetz et al., 2008; Thon et al., 2010; Zeppernick

et al., 2008). An ability to grow as spheres in EGF/FGF media,

may also identify patients who follow a more aggressive clin-

ical course (Laks et al., 2009).

Following these demonstrations that CD133 is amarker ca-

pable of enriching for brain tumor initiating cells, a number of

reports have suggested that for some brain tumors, tumor ini-

tiating ability resides in both CD133þ and CD133� fractions

(Beier et al., 2007; Chen et al., 2010; Clement et al., 2009; Joo

et al., 2008; Wang et al., 2008a). These data suggest that other

markers must be sought. In a study by Beier et al. (2007), both

CD133þ and CD133� cells derived from tumor sphere cultures

were shown to be tumorigenic, however, a comparison was

not made on fresh uncultured sorted populations. An impor-

tant finding in this study is that portion of patient glioma cells

do not express CD133 preculture and they generate entirely

negative CD133� cultures, that can engraft immunodeficient

mice, strongly suggesting that for at least somemalignant gli-

omas, other markers need to be sought. Interestingly, in

patient samples, Beier’s group suggests that CD133 expression

correlates with patient prognosis for malignant oligodendro-

gliomas, another suggestion that markers may be different

in vivo compared to in vitro (Beier et al., 2008b).

A very recent report from the Phillips group suggested that

both CD133þ and CD133� cells frommultiple patient glioblas-

toma tumors could form neurospheres in culture, but rigorous

quantitative primary in vitro limit dilution analyses were not

presented, and direct comparison of uncultured sorted cells

in an in vivo assay were not shown (Chen et al., 2010). In this

study, sphere based cultured lines contained tumorigenic

CD133þ and CD133� populations, that demonstrated differ-

ent phenotypic behaviors. In some tumors that we have stud-

ied, we also see CD133þ cells as a vanishingly rare fraction,

but tumor initiating activity exists in cells that are CD133�
(Pollard et al., 2009b). Therefore, what is clear from these sev-

eral studies is that CD133 does not define a tumor initiating

population from all patient samples of glioma. As well, it is

also apparent that in samples that do have a CD133þ fraction

in the uncultured patient sample, once serum free cell cul-

tures are established, CD133 may no longer identify a unique

tumor subpopulation, as both CD133þ and CD133� cultured

cells show tumorigenic activity. However, as discussed above,

the significance of these findings based on cell populations

that have been selected in culture is uncertain. Additional

studies suggesting that the two fractions with respect to

CD133 do not distinguish tumorigenicity have also been

reported, with some data on fresh sorted samples (Clement

et al., 2009; Joo et al., 2008; Wang et al., 2008a). One must,
however, maintain caution regarding an evaluation of the

usefulness of CD133 or any other cell surface marker in tumor

cells that have been cultured, even for relatively brief periods.

In culture conditions, it is also our experience that markers

lose their ability to define populations with different clono-

genic or tumorigenic abilities. In adherent culture, CD133�
populations of normal human neural stem cells are also clo-

nogenic and tripotent (Sun et al., 2009).

In human brain tumors where CD133 is not informative in

defining tumorigenic subpopulations, it is conceivable that

other (yet unidentified) markers may identify a hierarchy. A

fact of primary patient tumors is that clonogenic fractions

are relatively rare, as defined by in vitro LDAs. In vivo LDAs

with unsorted uncultured human tumors have not been pub-

lished, although data support the presence of rare tumori-

genic fractions in mouse tumors (ie. many cells need to be

injected orthotopically to observe tumor formation) (Ward

et al., 2009). The challenge remains to identify markers,

expressed on fresh tumor cells, straight out of the patient,

that define a tumorigenic population in vivo. Importantly, as

mentioned, markers can be very different between mouse

and human. Therefore, a marker that is informative in human

should not necessarily be expected to be informative in the

mouse, such as CD133/Prominin1. In our own experience,

Prominin1 is not helpful in identifying functionally distinct tu-

mor populations in mouse medulloblastomas, which is also

reported by others (Read et al., 2009; Ward et al., 2009).

More recently, work from Fine’s group suggests that the

normal mouse neural stem cell marker SSEA-1/CD15

(Capela and Temple, 2002, 2006) may be an informative

marker to define tumor initiating ability in human glioblas-

toma, particularly in samples that do not have an identifiable

CD133 population (Son et al., 2009). This finding is particu-

larly interesting as also several groups, including our own,

have shown that this marker also enriches for tumor initiat-

ing activity in cells from freshly isolated mouse medulloblas-

tomas arising in the Ptcþ/� mice (Read et al., 2009; Ward

et al., 2009). In the Fine study, CD15 was expressed in every

human glioblastoma studied by FACS analysis, whereas

CD133 was not found to be expressed in about half of primary

uncultured tumors. However, in 3/12 primary tumors, CD15

represented >50% of the cells in the tumor, suggesting that

in these tumors CD15 would not be an informative marker.

In two of these tumors with high CD15 fractions, CD133 rep-

resented10.4% and 6.6% of tumor cells, suggesting that CD133

might be informative in these tumors, although it was not

tested. CD15 was shown to identify cells that are relatively

more clonogenic than CD15� cells in culture and CD15þ cells

were more tumorigenic than CD15� cells from one primary

patient sample and three cultured samples. The data sup-

ports that CD15 sorting enables enrichment, but not purifica-

tion of the tumor initiating population. CD133 or CD15,

therefore clearly stand to be improved upon as markers of tu-

morigenic brain tumor cells, and remain the most useful

markers identified to date. Further studies in an increasing

number of human samples, also suggests some patient tu-

mor to patient tumor variability in expression of cell surface

markers (unpublished observations).

A very recent study from the Rich lab also suggests that a6

integrin may enrich for tumor initiating activity in human

http://dx.doi.org/10.1016/j.molonc.2010.08.001
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glioblastoma, linking the localization of glioblastoma stem

cells to the perivascular niche(Calabrese et al., 2007) and

tumor initiating activity (Lathia et al., 2010). a6 integrin is

a component of the laminin receptor (a6b1), and laminin sub-

strate has recently been found to be a key ingredient for the

culture of relatively pure populations of normal neural stem

cells and glioblastoma stem cells in adherent culture (Conti

et al., 2005; Fael Al-Mayhani et al., 2009; Hall et al., 2008;

Pollard et al., 2009b). a6b1 integrin has been previously shown

to expressed in the SVZ, to enrich for neural stem cell activity

in vitro, and to form important interactions for the normal

neural stem cell niche (Campos et al., 2004; Lathia et al.,

2007; Leone et al., 2005; Loulier et al., 2009). a6 integrin is

expressed in CD133þ GBM cells but seems to be depleted in

CD133� cells. Sorting for a6 integrin may offer improvement

over CD133 in some GBM samples that were expanded by

xenograft passaging. In this study, it remains to be deter-

mined how informative this marker is in a larger sample of

primary patient samples. However, this study offers therapeu-

tic potential, as ex vivo treatment of at least some GBM spheres

with a6 blocking antibody attenuates tumorigenicity in vivo.

Clearly more effort is required to define the characteris-

tics of tumor initiating cells based on cell surface markers

or functional properties. For neural stem cells, aldehyde de-

hydrogenase activity may be informative (Corti et al., 2006),

but has not yet been widely adapted to human brain tumors

(Bar et al., 2007). A2B5, a ganglioside cell surface epitope

expressed on neural precursors has also been suggested to

identify tumor initiating cells from human glioblastoma

(Ogden et al., 2008; Tchoghandjian et al., 2010). Autofluores-

cence emission at 520 nm after excitation at 488 nm has

also been proposed to identify subpopulations of human gli-

omas with tumor initiating activity (Clement et al., 2010).

Several groups have identified a side population of glioma

cells in mouse models that defines a tumorigenic subpopula-

tion (Bleau et al., 2009; Harris et al., 2008). Some of the differ-

ences observed in marker expression or enrichment ability

may be in part laboratory dependent, and techniques and ex-

pertise are evolving, but there are proposals to standardize

the reporting of analytical flow cytometry and cell sorting

data so that methods can be compared more easily between

different groups (Alexander et al., 2009). Importantly, one

must remain careful about extending conclusions derived

frommouse to human, but findings that mouse brain tumors

from several experimental models contain subpopulations of

cells that have tumor initiating activity also lend support to

a hierarchical model of cancer for tumor initiating ability

(Bleau et al., 2009; Harris et al., 2008; Read et al., 2009;

Tamase et al., 2009; Ward et al., 2009).
5. Molecular pathways and therapeutic resistance

Akeypremiseput forwardby the cancer stemcellmodel is that

the tumor initiating population is resistant to conventional

therapies. There is increasing evidence that radiation and che-

motherapy treatmentsofbrain tumorscausean increase in the

relative fractions of cells that show stem cell phenotype, indi-

cating their resistance to the treatment. The Rich lab first

showed that this was true for human glioblastomas treated
with radiation therapy, based on CD133 sorting (Bao et al.,

2006a), and the Holland lab suggests that an increase in side

population cells occurs inmouse brain tumors that are treated

with chemotherapy (Bleau et al., 2009). Human glioma stem

cells may activate DNA repair mechanisms more robustly

than tumor bulk, and can be sensitized to radiation by treat-

ment with checkpoint kinase inhibitors (Bao et al., 2006a).
6. Therapeutic opportunities

The cancer stem cell model suggests additional strategies for

treating brain tumors based on a stem cell hierarchy

(Figure 2). The presence of distinct compartments in a tumor

may demand distinct treatments, thereby requiring treat-

ments for both cancer stem cells and bulk tumor cells. A goal

for brain tumor treatment must continue to be elimination of

all tumor cells, as there is no evidence so far that targeting

acancer stemcell populationalonecan lead toadurablecancer

cure. It remains unknown in human solid tumors whether

there is a smaller population of cells within a putative stem

cell compartment that arequiescent, analogous to theprolifer-

ative state of normal stem cell populations in normal tissues.

Thus far, theevidence fromthestudies thus far is that thebrain

tumor initiating cells are proliferating. A more proliferative

state of the brain tumor stem cell may offer a therapeutic win-

dow to spare normal neural stem cells. Further study is also

required to understand why brain tumor stem cells do not dif-

ferentiate properly. Blockeddifferentiation is a keyhallmarkof

malignant tumor cells and restoration of differentiation con-

trol may offer another strategy for cancer treatment. In mice,

combined (but not singular) deletion of p53 and PTEN blocks

neural stem cell differentiation, as well as enhancing prolifer-

ation, through upregulation of c-myc, which is critical effecter

for the neoplastic phenotype (Zheng et al., 2008b).

The most important therapeutic advance in glioblastoma

treatment recently has been the use of upfront temozolomide

chemotherapy (Stupp et al., 2005). Obviously, the modest

improvement in survival of GBM patients treated with temo-

zolomide suggests that it does satisfactorily target neither

GBM stem cells, nor tumor bulk. However, data from Beier

et al. (2008a) shows some human GBM stem cell activity of

the drug, although other studies indicate strong resistance

in a CD133þ GBM subpopulation (Liu et al., 2006). Holland’s

group, in a study of experimental gliomas driven by activated

Akt, suggests that side population cells increase in gliomas

post temozolomide treatment, further evidence that brain

tumor stem cells demonstrate chemoresistance to this drug.

Further studies are required to determine if the modest clini-

cal improvements in patients treated with temozolomide

reflect cancer stem cell specific activity.

Developmental signalingpathwaysare under intense study

as pathways that can be exploited to block brain tumor stem

cell self renewal and promote differentiation. Several studies

now show that promotion of bone morphogenic protein

(BMP) signaling can enhance brain tumor initiating cell differ-

entiation and attenuate tumorigenic phenotype in vitro as well

as in vivo (Lee et al., 2008; Piccirillo et al., 2006). Transforming

growth factor-beta (TGF-b) and leukemia inhibiting factor

(LIF) are also expressed in human glioma samples and their

http://dx.doi.org/10.1016/j.molonc.2010.08.001
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Figure 2 e Cancer Stem Cells and Therapeutic Opportunities. From a conceptual standpoint, applying stem cell thinking to cancer opens up new

therapeutic opportunities. Self renewal, as a subset of proliferation, becomes a critical process for targeting. The stem cell’s supportive niche can be

attacked. If one can block stem cell generation of progeny that cause clonal expansion, perhaps tumor bulk progression can be slowed. Proliferation

of tumor “progenitors”, if they are more rapidly proliferative than stem cells (unproven as of yet), will be an important target. Promotion of

differentiation, particularly if terminally differentiated cell types can be generated, such as neurons, may be another useful strategy. Of course,

killing all tumor cells, and particularly tumor stem cells should be a goal, by further sensitizing them to conventional therapy, or targeting

molecular pathways responsible for stem cell behavior. Migration, a property of normal brain precursor cells, will be important to target, if this is

also a property of the cancer stem cell.
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signaling has been shown to drive glioblastoma sphere prolif-

eration and tumorigenicity in vitro and in vivo, and blocking ei-

ther pathway attenuates tumorigenicity (Ikushima et al., 2009;

Penuelas et al., 2009). Inhibition of Notch signaling,

implicated in normal neural stem cell self renewal also atten-

uates brain tumor sphere tumorigenicity (Fan et al., 2009,

2006). Notch signaling may also play a role in radiation resis-

tance of glioblastoma tumor initiating cells (Wang et al.,

2009a). Hedgehog blockade may target tumor initiating cells

in mouse medulloblastoma and in human glioma (Clement

et al., 2007;Wardet al., 2009). TheRichgrouphasalso identified

a number of pathways that seem to be more activated in

CD133þ glioma cells, such as HIF2a (Li et al., 2009), c-myc

(Wang et al., 2008b), L1CAM (Bao et al., 2008), and Akt (Eyler

et al., 2008), identifying these pathways as potential therapeu-

tic targets. Maternal embryonic leucine zipper kinase (MELK)

may also be a key regulator of brain tumor stem cell activity

(Nakanoetal., 2008).Anadditional strategy,blockingaputative

niche for brain tumor stemcells, by targeting interactionswith

the vasculature, may also be important (Bao et al., 2006b;

Borovski et al., 2009; Calabrese et al., 2007; Gilbertson and

Rich, 2007; Lathia et al., 2010). In clinical trials bevacizumab

(VEGF antibody) has shownsomepromise forGBMpatients, al-

though it may just be modifying patterns of recurrence to

a more infiltrative type (Deangelis, 2010; Iwamoto et al.,

2009). Finally, increasingly sophisticated small molecule or

RNAi screens in neural stem cells or in glioblastoma precur-

sors, based on advanced cultures and assays in vitro may also
identifynewunexpectedpathways involved in stemcell prolif-

eration and differentiation, with potential application to brain

tumor treatment (Diamandis et al., 2009, 2007; Pollard et al.,

2009b; Saxe et al., 2007; Wurdak et al., 2010).
7. Brain cancer’s origins: neural stem cells?

The question of brain tumor cell of origin has been a focus of

intense study particularly over the past ten years. The finding

of proliferative activity in cells with multilineage differentia-

tion potential in the postnatal brain has been revolutionary.

This discovery has opened the door to considering neural

stem cells or their immediate downstream more proliferative

progenitors as cells of origin. Although it may be quite incon-

ceivable that a terminally differentiated projection neuron

could give rise to a brain tumor, the fact that differentiated

astrocytes or oligodendrocyte lineage restricted progenitors

retain proliferative potential in response to injury, suggests

that it is premature to ignore these populations as potential

cells of origin for brain tumors. It is conceivable that tumors

of different histologic types have different cells of origin,

and there is also data to suggest that tumors of the same his-

tologic type can have two different cells of origin. Identifica-

tion of the cell of origin may ultimately permit earlier

detection, more accurate prediction of tumor clinical behav-

ior, or guide therapy as activation of the same oncogenic
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pathway may have different effects on tumor cell growth

depending on cell of origin (Perez-Losada and Balmain, 2003).

In the normal postnatal mammalian brain, stem cells are

thought to reside adjacent to the cerebral ventricle, in the sub-

ventricular zone. Several studies suggest similar locations for

normal human neural stem cells (Curtis et al., 2007; Sanai

et al., 2004). A recent clinical study examined the location of

human gliomas byMRI imaging, and found a close association

in the majority of tumors to at least a point of contact to the

ventricular wall, suggesting a possible origin of these tumors

from the normal stem cell compartment (Barami et al.,

2009). However, it is clear that other tumors have no detect-

able connection to the ventricle. I believe that we cannot nec-

essarily infer cell of origin in human tumors based on the

expression of lineage markers in the tumor in situ, nor the

phenotype of the brain tumor stem cells or their differentia-

tion profile. Non-stem cells may reacquire self renewal ability

or less restricted differentiation profile as part of the neoplas-

tic transformation process, as has been shown in experimen-

tal leukemias (Krivtsov et al., 2006).

Studying cell of origin is obviously more feasible in mice.

The identification of markers for neural stem cells has

enabled testing whether neural precursor compartments

are more easily transformable than differentiated cell com-

partments. One problem remains that no single marker can

precisely distinguish stem cells from progenitor cells, so

that any cell compartment manipulation at best distin-

guishes only precursor cells from differentiated cells. Nestin

and Sox2 mark stem cells as well as progenitor cells, but

are the best characterized neural precursor markers

described thus far. Some additional precursor markers

become even more confusing, so for example glial fibrillary

acidic protein (GFAP) seems to mark differentiated astro-

cytes as well as neural precursor cells, and its promoter

has been formerly used to target gene alterations to differ-

entiated cells, but more recently to precursors based on the

identification of the Type B GFAPþ neural precursors in the

subventricular zone of the adult mouse brain (Doetsch

et al., 1999, 1997).

Despite these limitations, targeting precursor cellswith on-

cogenic lesions in animals in vivo point to precursor cells or

zones in the brain for being more easily initiated into brain

tumors than non-precursor zones. Holland’s group was the

first to showthat themoreprimitiveNestinþcell compartment

was more permissive to neoplastic transformation into glio-

blastoma than a GFAPþ compartment, in response to forced

EGFRvIII expression in neonatal mice using the RCAS-tva sys-

tem (Holland et al., 1998). Nestin positive compartments can

also be targeted to induce medulloblastomas in mice (Rao

et al., 2004). Tumorphenotypedepends inparton theoncogene

that is overexpressed. Elegant work from Parada’s group has

suggested that, in response to targeted combined deletion of

p53 and NF1, only GFAPþ SVZ precursor compartments can

be initiated into glioblastomas (Alcantara Llaguno et al., 2009;

Zhu et al., 2005). Cre adenoviral injection at 4e8 weeks of age

into the SVZ, but not the cortex of NF1flox/flox; p53flox/flox mice,

NF1flox/flox; p53flox/� mice, or NF1flox/flox; PTENflox/þ mice

resulted in malignant astrocytoma formation (Alcantara

Llaguno et al., 2009). In another study, the frequency of tumor

initiation in response to oncogenic Ras carrying Cre-loxP
controlled lentiviral vectors injected into the brains of adult

GFAP-Cremicewas alsomuch greater when the hippocampus

or SVZ was targeted, compared to the cortex (Marumoto et al.,

2009). Targeting a mutant p53 gene throughout the brain

causes a selective accumulation of mutant p53 protein in

Olig2þ precursors in the SVZ, resulting in their expansion

and subsequent glioma formation (Wang et al., 2009b). Mice

bearing conditional alleles of p53, pRB, and PTEN in different

combinations, which are injected with adenoCre, only have

tumors arise in precursor zones and not from mature periph-

eral astrocytes (Jacqueset al., 2009),withalso tumorphenotype

depending on the molecular alteration.

In vitro induced transformation of astrocyte populations

(with EGFRvIII and Ink4a/Arf deficiency) may also give rise to

brain tumors in experimental models, but the astrocytes

that are cultured in vitro may represent a more primitive pop-

ulation than those found in vivo (Bachoo et al., 2002). Interest-

ingly though, utilizing the same model of oncogenic

transformation, superimposed on Bmi1 deficiency, suggests

that the most aggressive brain tumor phenotypes may arise

in the astrocyte compartment and not in a stem cell compart-

ment (Bruggeman et al., 2007).

Other more restricted progenitors may also give rise to

gliomas in experimental models. Myelinating oligodendro-

cyte precursor cells, marked by CNPase (20,30-cyclic nucleo-

tide 30 phosphodiesterase) expression can be transformed

into gliomas in response to forced expression of PDGF-B

(Lindberg et al., 2009). Interestingly, Akt and K-Ras were

not able to induce tumors in this model.

For medulloblastomas, Wechsler-Reya’s group has re-

cently demonstrated that in response to complete loss of

function of Patched1, a GFAPþ stem cell compartment, or

a Math1þ committed granule neuron progenitor compart-

ment are both permissive to give rise to medulloblastomas

(Yang et al., 2008). The data, together with work from Row-

itch’s lab (Schuller et al., 2008), suggests the tumor initiating

cell phenotype may not be manifest until the cells go

through a granule cell precursor stage, reminiscent of what

is observed in experimental malignant peripheral nerve

sheath tumors. In these models of peripheral nervous sys-

tem tumors, genetic changes must occur in neural crest

stem cells to give rise to these malignant tumors, but the

cell that then propagates the tumor does not have a neural

crest stem cell phenotype, but has the phenotype of more

differentiated progeny, Schwann cells (Joseph et al., 2008;

Yang et al., 2008; Zheng et al., 2008a). Recent work from Mar-

ino’s group also supports that medulloblastomas in mice can

arise from precursor cells of a non-granule cell lineage as

well as from those of a granule cell lineage, in response to

adenoCre viral injection into mice with floxed Rb and p53

alleles (Sutter et al., 2010). It is hoped that discerning distinct

cells of origin for given tumor phenotypes may have impact

on understanding the biological aggressiveness and targets

available for therapeutic intervention.
8. Conclusion

The field of brain cancer stem cells remains in its infancy.

There is a great deal more study required to better understand
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brain tumor heterogeneity and hierarchy andmany questions

remain unanswered. It remains critical to keep assays rigor-

ous and to relate research findings made in in vitro systems

back to in vivo systems. The full relevance of experimentally

generated tumors in mice to human tumors must be continu-

ally sought, and it is my view that both need to be studied in

parallel. Studies on human tumors must continue as a high

priority for the field, and greater numbers of samples need

to be made available to researchers in order to determine

how widespread initial research findings are applicable to

a larger number of patients with the disease. However, the

pace of knowledge in this field is rapid, offering new hope to

patients who are desperate for better treatment.
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