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Abstract

Glioblastoma (GBM) is the most prevalent primary brain tumor and ranks among the most lethal

of human cancers with conventional therapy offering only palliation. Great strides have been made

in understanding brain cancer genetics and modeling these tumors with new targeted therapies

being tested but these advances have not translated into substantially improved patient outcomes.

Multiple chemotherapeutic agents, including temozolomide, the first-line treatment for

glioblastoma, have been developed to kill cancer cells. However, the response to temozolomide in

GBM is modest. Radiation is also moderately effective but this approach is plagued by limitations

due to collateral radiation damage to healthy brain tissue and development of radioresistance.

Therapeutic resistance is attributed at least in part to a cell population within the tumor that

possesses stem-like characteristics and tumor propagating capabilities, referred to as cancer stem

cells. Within GBM, the intratumoral heterogeneity is derived from a combination of regional

genetic variance and a cellular hierarchy often regulated by distinct cancer stem cell niches, most

notably perivascular and hypoxic regions. With the recent emergence as a key player in tumor

biology, cancer stem cells have symbiotic relationships with the tumor microenvironment,

oncogenic signaling pathways, and epigenetic modifications. The origins of cancer stem cells and

their contributions to brain tumor growth and therapeutic resistance are under active investigation

with novel anti-cancer stem cell therapies offering potential new hope for this lethal disease.
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1. Introduction

Glioblastoma (GBM; World Health Organization grade IV glioma) is the most prevalent

primary malignant brain tumor. GBM is a highly cellular tumor with pleomorphic cells

expressing astrocytic lineage markers, nuclear and cytoplasmic atypia, frequent mitoses, and

necrosis and endothelial proliferation as common findings. Its resistance to conventional

therapies, rapid growth and highly infiltrative nature necessitate the use of highly aggressive

therapies including tumor resection, radiation, and chemotherapy (Furnari et al., 2007; Stupp

et al., 2009). Standard post-resection treatment includes the oral methylator temozolomide

(TMZ) administered concurrently with radiation – which continues to evolve with use of

new technologies allowing for precise tumor-specific delivery while sparing the normal

brain from intense radiotherapy – followed by adjuvant TMZ. However, even with such

therapies, prognosis is dismal with the median patient survival of patients under 70 years old

with a resection between 14–16 months (Stupp et al., 2009). Older patients fare far worse

and there is no accepted standard-of-care for the elderly. Notably, 80–90% of tumors recur

within 2–3 cm of the original resection cavity and often in a nodular pattern suggesting a

clonal source of recurrence. Numerous therapies have entered clinical trial for GBM

therapy, and while many have shown initial promise, nearly all have had minimal or no

efficacy (Adamson et al., 2009; Lima et al., 2012; Tobias et al., 2013). The anti-angiogenic

bevacizumab (Avastin) has recently been FDA-approved for use with GBM and improves

progression-free survival, but does not offer clear improvement in overall survival in either

the recurrent or upfront setting. The minimal improvement in GBM treatment compared to

other cancers along with the highly infiltrative nature of GBM stress the need for more

effective and less toxic therapies. To develop more effective treatments, it is critical to

understand pathways involved in the basic biology of GBM and to identify important targets

for therapy. This has been aided by the recent delineation of tumor subgroups by Heidi

Phillips (Phillips et al., 2006) and the Cancer Genome Atlas (TCGA), which have provided

additional granularity to this disease, although this has not translated into changes in clinical

management to date. Brain tumors consist of heterogeneous cell types arising from an

equally complex microenvironment making it challenging yet necessary to identify the cells

that are at the root of tumor development, progression and therapeutic resistance.

More than 150 years ago, German pathologist Rudolf Virchow proposed that cancers arise

from the activation of dormant, embryonic-like cells present in mature tissue. Later, first in

leukemias and later in breast cancers, cellular hierarchies were defined with selected cells

functionally capable of self-renewal and propagating heterogeneous tumors phenocopying

parental tumors (Bonnet and Dick, 1997; Lapidot et al., 1994; Reya et al., 2001). The

inability to effectively treat GBM may be due in part to their cellular heterogeneity, which

may be governed by at least two interactive models involving stochastic or clonal evolution

and hierarchies or cancer stem cells (Reya et al., 2001). The clonal evolution model of

cancer posits that selected cancer cells have the ability to proliferate, self-renew and

regenerate the tumor based on the random acquisition of mutational events, creating clonally

derived subpopulations within the tumor. The cancer stem cell model postulates that there is

a subpopulation of cells within the tumor that has stem-like properties, including the ability

to self-renew, give rise to the complex cell types within the tumor, and proliferate. Cancer
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stem cells yield the bulk of the cells in the tumor, which have limited tumorigenic potential

and display a more differentiated phenotype. These models are not mutually exclusive, but

the debate has become energized with recent studies suggesting that the cancer stem cell

subpopulation could contribute to tumor growth, recurrence and therapeutic resistance. Of

note, cancer stem cells remain controversial due to unresolved issues in enrichment markers,

functional assays, and cellular origin (Rahman et al., 2011), yet the importance of these cells

has been supported by several groups demonstrating that several types of brain tumors

(gliomas, medulloblastomas, and ependymomas) display a functional cellular heterogeneity

with a potential hierarchy of differentiation. Cancer stem cells, when compared to their non-

stem cell counterparts, display much greater tumorigenic potential when injected into the

brains of immunocompromised mice. Furthermore, studies from our laboratory and others

have demonstrated that cancer stem cells are preferentially resistant to radiation through

activation of the DNA damage checkpoint (Bao et al., 2006a; Blazek et al., 2007;

Hambardzumyan et al., 2008b) while others have revealed chemoresistance (Liu et al., 2006;

Todaro et al., 2007; Wulf et al., 2001).

2. Defining glioma stem cells

2.1 Identification

The defining features of cancer stem cells are evolving but for GBM stem cells (GSC), it is

relevant to note some shared characteristics with normal neural progenitors including the

expression of neural stem cell markers, as well as having the capacity for self-renewal and

long term proliferation and the formation of neurospheres. Less certain is the ability to

differentiate into multiple nervous system lineages (neurons, astrocytes, and

oligodendrocytes). There are clearly important differences between cancer stem cells and

their normal counterparts, including genetic lesions and tumor formation with unresolved

issues of quiescence (Galli et al., 2004; Hemmati et al., 2003; Rich and Eyler, 2008; Sanai et

al., 2005; Singh et al., 2004, 2003; Taylor et al., 2005; Vescovi et al., 2006; Yuan et al.,

2004). Prospective functional GSC enrichment poses challenges and disputes across the

field due to technical variance and lack of universal markers, suggesting the need for

continued efforts in validating GSC markers with improved consistency in enrichment

methods. Initial reports by Singh and colleagues demonstrated that as few as 100 brain

tumor cells expressing the neural stem cell surface marker, CD133 (prominin-1), were

capable of recapitulating tumor growth in vivo upon transplantation into

immunocompromised mice (Singh et al., 2004). Over the last decade several additional

candidate markers used to enrich for GSCs have emerged, including A2B5 (Ogden et al.,

2008; Tchoghandjian et al., 2010), CD44 (Anido et al., 2010), CD171 (L1CAM) (Bao et al.,

2008), CD15 (SSEA1) (Read et al., 2009; Son et al., 2009; Ward et al., 2009), CD49f

(integrin α6) (Lathia et al., 2010), Musashi (Thon et al., 2010), Nestin (Bexell et al., 2009;

Zhang et al., 2008), Nanog (Guo et al., 2011; Mathieu et al., 2011; Niu et al., 2011), Oct4

(Guo et al., 2011; Ikushima et al., 2011; Mathieu et al., 2011) and Sox2 (Ge et al., 2010;

Guo et al., 2011; Hägerstrand et al., 2011), yet CD133 has remained as the most popular

marker to date. Other functional assays include sphere formation that limits the ability to

compare cells and requires substantial time in culture, the side population that has failed to

validate, and the Aldefluor assay. There is still no clear universal GSC marker, which is
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likely due to differences in diversity of cellular hierarchies between tumors (possibly

reflected in different TCGA subgroups). Some scientists have dismissed the cancer stem cell

hypothesis due to the lack of consistent markers but this is a simplistic view as no two

human tumors have identical genotypes so it is likely that the molecular features of cellular

hierarchies show variability, with evidence of dynamic marker information within tumors

during disease course. Cancer stem cells play integral roles in maintaining and promoting

tumor niches (perivascular-proliferative and perinecrotic-hypoxic, Figure 1). A number of

molecular targets that regulate GSCs directly influence the cellular microenvironment,

further regulating the cancer stem cell state (Bao et al., 2006b; Calabrese et al., 2007;

Gangemi et al., 2009; Heddleston et al., 2009; Lathia et al., 2010; Li et al., 2009a; Seidel et

al., 2010; Soeda et al., 2009; Wang et al., 2008). It is likely that the GSC state is a reversible

phenotype and that no single cellular marker is universally informative for GSCs,

necessitating the use of validated functional assays and the use patient derived tumors with

no or limited time in culture to prevent potential changes from the original tumor phenotype.

2.2 Characterization

Molecular signals that drive tumor formation and maintenance are frequently shared with

normal development and wound responses, processes in which normal stem and progenitor

cells function (Al-Hajj et al., 2003; Bonnet and Dick, 1997; Galli et al., 2004; Hemmati et

al., 2003; Lapidot et al., 1994; Reya et al., 2001; Rich and Eyler, 2008; Rosen and Jordan,

2009; Sanai et al., 2005; Shackleton et al., 2009; Singh et al., 2004, 2003; Taylor et al.,

2005; Vescovi et al., 2006; Yuan et al., 2004; Hongwu Zheng et al., 2008). However, GSCs

exhibit significant distinctions from normal stem cells in frequency, proliferation, aberrant

expression of differentiation markers, chromosomal abnormalities, and tumor formation (Al-

Hajj et al., 2003; Bonnet and Dick, 1997; Galli et al., 2004; Hemmati et al., 2003; Lapidot et

al., 1994; Reya et al., 2001; Rich and Eyler, 2008; Rosen and Jordan, 2009; Sanai et al.,

2005; Shackleton et al., 2009; Singh et al., 2004, 2003; Taylor et al., 2005; Vescovi et al.,

2006; Yuan et al., 2004; Hongwu Zheng et al., 2008). Importantly, cancer stem cells need

not be derived from normal stem cells but may be subjected to evolutionary pressures that

select for the capacity to self-renew (Al-Hajj et al., 2003; Bonnet and Dick, 1997; Galli et

al., 2004; Hemmati et al., 2003; Lapidot et al., 1994; Reya et al., 2001; Rich and Eyler,

2008; Rosen and Jordan, 2009; Sanai et al., 2005; Shackleton et al., 2009; Singh et al., 2004,

2003; Taylor et al., 2005; Vescovi et al., 2006; Yuan et al., 2004; Hongwu Zheng et al.,

2008). The potent tumorigenic capacity of cancer stem cells coupled with increasing

evidence of radioresistance and chemoresistance suggests that cancer stem cells contribute

to tumor maintenance and recurrence and that targeting cancer stem cells may offer new

avenues of therapeutic intervention (Zhou et al., 2009). This hypothesis has been recently

validated in breast cancer clinical trials in which patients undergoing treatment with

cytotoxic chemotherapy experienced an increase in breast cancer stem cells in the surviving

tumor while the use of a targeted therapeutic against the stem cell population stabilized the

cancer stem cell population (Creighton et al., 2009; Li et al., 2008; Schott et al., 2013).

Together these data suggest that significant effort should be undertaken to identify potential

targets in cancer stem cells that not only promote tumor maintenance but would be amenable

to disruption. Overall, GSCs add additional complexity to brain cancer models with GSCs as

potential products and regulators of their microenvironment, contributing to the concept of
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both a cell autonomous and an extrinsically defined cancer stem cell (Rosen and Jordan,

2009).

3. Microenvironmental regulation of GSCs

3.1 Perivascular niche

Several molecular GBM cancer stem cell targets that integrate the cellular

microenvironment with the cell state have been defined (Bao et al., 2006b; Calabrese et al.,

2007; Gangemi et al., 2009; Guryanova et al., 2011; Heddleston et al., 2009; Lathia et al.,

2010; Li et al., 2009a; Seidel et al., 2010; Soeda et al., 2009; Wang et al., 2008). GSCs

reside in specific anatomical and functional locations or niches that consist of direct contact

with several cell types and as well as access to extracellular matrix and secreted factors that

likely play a role in maintaining properties of stem cell self-renewal and proliferation

(Figure 1). Neural stem cell maintenance and self-renewal is regulated by adhesion and a

vascular niche, so it is not surprising that GSCs are commonly located within close

regulatory contact with the tumor vasculature. Medulloblastoma cells positive for both

nestin (a filament protein expressed during neural development) and CD133 reside next to

capillaries, particularly those with the highest microvessel density. CD133-positive cells

receive secreted factors from endothelial cells that foster a self-renewing and

undifferentiated state for GSCs (Calabrese et al., 2007). Co-implanting endothelial cells with

CD133-positive cells into the brains of immunocompromised mice rapidly accelerates tumor

growth, further highlighting the importance of how the endothelium can aid in promoting

GSC tumorigenicity. When the contribution of the perivascular niche is inhibited through

the use of anti-angiogenics (such as bevacizumab), the percentage of self-renewing GSCs is

reduced as is the growth of glioma orthotopic xenografts.

GSCs are not passive recipients of microenvironmental cues as they in turn can stimulate

angiogenesis through elaboration of pro-angiogenic growth factors and physical

contributions to the vasculature (Bao et al., 2006b; Ricci-Vitiani et al., 2010; Soda et al.,

2011; Wang et al., 2010). Patient-derived GSCs produce much higher levels of VEGF

(consistently up-regulated 10- to 20-fold) compared to non-GSCs, under normoxia and

hypoxia (Bao et al., 2006b). Tumors generated from CD133-positive glioma cells are highly

angiogenic with increased tumor vascularity, necrosis, and hemorrhage compared to

CD133− glioma cells. GSCs also induce endothelial cell migration and tube formation

whereas overexpression of vascular endothelial growth factor (VEGF) in GSCs induces the

expansion of vascular-rich GBM tumors (Bao et al., 2006b; Oka et al., 2007). Cultures

enriched for GSCs induced higher levels of endothelial progenitor cell proliferation,

recruitment, and mobilization compared to low-GSC cultures (Folkins et al., 2009). When

VEGF or stromal-derived factor 1 (SDF-1) is blocked in high-GSC cultures, all aspects of

angiogenesis are severely reduced (Bao et al., 2006b; Folkins et al., 2009).

To add further complexity to the relationship of GSCs with the endothelium, recent studies

have identified endothelial cells of possible tumor origin. A subset of endothelial cells

within GBM that contain the same somatic mutations often present in tumors cells such as

amplification of EGFR and chromosome 7 (Wang et al., 2010). Between 20–90% of

endothelial cells in GBM have the same genomic alterations as tumor cells, further
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supporting the idea that vascular endothelium have a neoplastic origin (Ricci-Vitiani et al.,

2010). Tumor-derived GSCs cultured in endothelial medium express endothelium markers

and that these cells have the ability to differentiate in vitro and in vivo into mature

endothelial cells. While exposure to the anti-angiogenic bevacizumab or RNA interference

against VEGFR2 inhibit the differentiation of tumor endothelial progenitors, neither of these

treatments have the same effect of blocking differentiation from GSCs to endothelial

progenitors (Wang et al., 2010; Ricci-Vitiani et al., 2010). However, analysis of a large

number of human brain tumors has suggested that tumor-derived endothelia are rare

(Rodriguez et al., 2012). In contrast, GSCs were shown to differentiate into pericytes to

support vessel function and tumor growth in a recent study. Upon differentiation, a fraction

of GSCs express multiple pericyte markers in vitro such as α-SMA, NG2, CD248, and

CD146 (Cheng et al., 2013). Lineage tracing of GSCs from 21 GBM xenografts reveal that

GSCs gave rise to pericytes in vivo (Cheng et al., 2013). Furthermore, GSCs are recruited to

endothelial cells via SDF-1/CXCR4 signaling with GSC differentiation into pericytes due in

part through endothelial cell-secreted TGF-β (Cheng et al., 2013). Collectively, these studies

indicate that the paracrine interaction between GSCs and the perivascular niche is more

representative of a two-way street, with both compartments feeding off of one another.

4. Hypoxia and GSCs

4.1 Hypoxia signaling

Tumor-mediated recruitment or at least attraction of vasculature acts a neoplastic feeding

source yet often vessels are highly disorganized and diffuse of oxygen likely due to rapid

tumor expansion (Carmeliet and Jain, 2000). Solid tumors, including gliomas, contain

regions of irregular blood flow that experience fluctuating abnormal hypoxic oxygen tension

levels - ranging from less that 1% to 5% (Dewhirst et al., 2008). In GBM patients, hypoxia

is a negative prognostic factor and is associated with tumor aggression (Evans et al., 2010;

Sathornsumetee et al., 2008). The hypoxic microenvironment is also linked to therapeutic

resistance as MGMT (a key player in TMZ resistance) is expressed in hypoxic regions in

gliomas (Pistollato et al., 2010). Furthermore, hypoxia increases the expression of the stem

cell marker CD133 in brain tumors (Blazek et al., 2007; Platet et al., 2007). Hypoxia

mediated responses are carried out predominantly by hypoxia-inducible factor (HIF) family

of transcription factors. Under normoxic conditions, HIFs are hydroxylated by HIF prolyl-

hydroxylases allowing for ubiquitination by the von Hippel-Lindau (vHL) tumor-suppressor

gene followed by proteasomal degradation (Harris, 2002; Keith and Simon, 2007). Yet

under hypoxia, HIF prolyl-hydroxylase which requires oxygen is inhibited. HIF proteins

become stabilized leading to dimerization and subsequent binding to hypoxia-responsive

elements (HREs) on the promoters of target genes often involved in modulating cell

survival, motility, metabolism, and angiogenesis (Harris, 2002; Keith and Simon, 2007).

4.2 Regulatory role of hypoxia inducible factors in GSCs

HIF1α is widely expressed in various tissues while HIF2α expression appears to be more

restricted. In parallel, HIF1α promotes proliferation and survival of all cancer cells as well

as being activated in normal neural progenitors, potentially limiting its therapeutic index. On

the other hand, HIF2α is specifically regulated with enhanced transcription in GSCs even in
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modest hypoxic conditions while non-glioma stem cells express essentially no HIF2α,

making HIF2α an appealing GSC target (Li et al., 2009a). Other hypoxia-induced genes that

are higher expressed in GSCs compared to matched non-stem glioma cells include Oct4,

glucose transporter type 1 (Glut1), SerpinB9, and VEGF. Targeting HIF1α or HIF2α using

RNA interference decreases GSC neurosphere formation and proliferation as well as VEGF

activity and endothelial cell growth in vitro (Li et al., 2009a). The gold standard assay used

to evaluate cancer stem cells is the ability to propagate tumors in vivo. GSCs transduced

with either HIF1α or HIF2α shRNA are unable to initiate tumors in an orthotopic xenograft

model, supporting an essential role for both HIFs (Li et al., 2009a).

In non-stem glioma cells, over-expression of HIF2α demonstrates a role in cellular

reprogramming of cancer. Ectopic delivery of HIF2α or utilization of a non-degradable

HIF2α mutant construct results in an increase in the fraction of CD133-positive cells, an

upregulation of Oct4, Nanog, and c-Myc mRNA levels and increased tumor formation in

vivo (Heddleston et al., 2009). Similarly, hypoxia regulates the side-population gene

signatures associated with the perivascular or perinecrotic niches (Seidel et al., 2010). While

overexpressing HIF1α has little effect on cancer stem cell genes, overexpressing HIF2α

dramatically increases the levels of side population markers (Seidel et al., 2010). HIF2α

expression correlates strongly with poor glioma patient survival (Sathornsumetee et al.,

2008) and is induced by acidic stress (Hjelmeland et al., 2011). HIF2α may regulate global

chromatin structure through activation of epigenetic modifiers such as the histone

methyltransferase, mixed lineage leukemia 1 (MLL) (Heddleston et al., 2012), further

demonstrating how the microenvironment can have widespread effects on tumor

heterogeneity and even patient outcomes.

Studies primarily examining the role of HIF1α further support hypoxia-mediated expansion

and self-renewal of CD133-positive cells as well as regulating expression of surface markers

CXCR4, CD144low, and A2B5 through cross-talk and possible amplification with the PI3K-

Akt and ERK1/2 signaling pathways (Soeda et al., 2009). Hypoxia stimulates numerous

pathways and targets hijacked by GSCs, including the Notch pathway, induction of stem

genes (such as KLF4 and Sox2) and overexpression of additional oncogenes like ZNF217

(Bar et al., 2010; Mao et al., 2011). In addition to the aforementioned effects on GSC-

mediated angiogenesis, hypoxia augments other GSC-microenvironmental interactions

including the potentiation of GSC-mediated immunosuppression. Through pSTAT

activation, hypoxia increases GSC secretion of immunosuppressive cytokines (CSF1 and

CCL2) and enhances the ability of GSCs to inhibit T cell proliferation and macrophage

phagocytosis (Wei et al., 2011). Thus, tumor hypoxia and the wide range of effects on GSC

intra- and extracellular signaling pathways might explain why a number of the recent anti-

angiogenic and immunosuppressive therapies have not yielded more successful responses.

5. GSC signaling pathways

5.1 Notch

Notch family proteins (Notch 1, 2, 3, 4) are transmembrane receptor proteins that mediate

cell-cell interactions and function in proliferation, differentiation, and apoptosis (Purow et

al., 2005). Notch receptors interact with five ligands (Delta-like 1, 3, 4 and Jagged-1, 2)
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(Lathia et al., 2008; Ohishi et al., 2002). Activation of Notch-1, the best described Notch

receptor, occurs upon binding to Delta-like or Jagged ligands at the epidermal growth factor

region of the Notch-1 extracellular domain (Purow et al., 2005). Two sequential enzymatic

cleavages by the γ-secretase complex release the Notch intracellular domain (NICD) from

the membrane to the nucleus. The NICD translocates into the nucleus where it binds the

CBF1/RBPJk/Su(H)/Lag1 (CSL) transcription factor family. The CSL family can either

activate or repress transcription via histone acetylases and histone deacetylases, respectively

(Kopan, 2002; Lathia et al., 2008). Upon binding of the NICD, CBF-1/RBP-JK becomes a

transcriptional activator of beta-helix loop helix (bHLH) transcription factors known as

hairy/enhancer of split (HES) genes.

Notch signaling has a role in neural embryological development and within the adult central

nervous system (CNS) both physiologically and pathologically (Presente et al., 2001). Notch

signaling promotes neural stem cell survival and self-renewal during embryonic CNS

development (Mizutani et al., 2007) and may also have a role in adult brain plasticity

(Presente et al., 2001). Pathologically, Notch signaling regulates brain tumor progression

and cancer stem cells. Inhibition of Notch-1 signaling via a γ-secretase inhibitor induces

medulloblastoma stem cell apoptosis and differentiation and reduces tumor progression (Fan

et al., 2006). γ-secretase inhibitors enhance temozolomide treatment of human gliomas in

vitro and in flank tumors (Gilbert et al., 2010). Notch signaling is activated in human glioma

cultures (Shiras et al., 2007) and primary human GBM specimens (Kanamori et al., 2007;

Lino et al., 2010; Shih and Holland, 2006). Notch signaling is also a major pathway

activated in GSCs, with evidence demonstrating that Notch promotes radioresistance in GSC

(J. Wang et al., 2010). Blocking Notch signaling in human GSCs using high concentrations

of γ-secretase inhibitors decreases tumor sphere formation, GSC proliferation, and xenograft

growth as well as increases differentiation (Fan et al., 2010). Additionally, in a K-ras

induced GBM mouse model, Notch activates the stem-cell marker, nestin, further suggesting

that Notch contributes to the stem-like phenotype of GSCs (Shih and Holland, 2006). Other

proteins that interact with Notch, including the Delta/Notch-like epidermal growth factor-

related receptor (DNER) (Sun et al., 2009), Notch ligand Delta-like 4 (DLLR) (Hoey et al.,

2009; Li et al., 2011, p. 4, 2007), CXCL4 (Williams et al., 2008), interferon regulatory

factor 7 (Jin et al., 2012), ADAM17 (Chen et al., 2013), inhibitor of differentiation-4 (ID4)

(Jeon et al., 2008), and miR-18A*(Turchi et al., 2013), all regulate GBM growth and/or

GSC activity (Cheng et al., 2010).

While Notch-1 is the most commonly investigated Notch isoform, recent studies identify a

similar role for Notch-2, demonstrating that primary GSCs have high Notch-2 expression

(Yoon et al., 2012). Additionally, constitutive Notch-2 signaling in neural stem cells

produce features similar to GSCs (Tchorz et al., 2012). Collectively, it is apparent that

Notch signaling represents a pathway commonly in the midst of regulating the GSC

phenotype.

5.2 Phosphotidylinositol 3-kinase (PI3K)/Akt

Receptor tyrosine kinases (RTKs) promote signal transduction after being activated by

cytokines or growth factors, including epidermal growth factor (EGF) and basic fibroblast
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growth factor (bFGF), two mitogens typically used to grow GSCs in culture (Lee et al.,

2006). One of the best characterized pathways downstream from RTK is the Akt pathway,

an important component of the PI3K/Akt/mTOR pathway that is commonly found in human

cancers (Hambardzumyan et al., 2008c). Over-activation of Akt, which is involved in cell

survival and growth, can occur through loss of PTEN, oncogenic ras, and mutations of PI3K

(Hambardzumyan et al., 2008b, 2008c). Downstream targets of Akt include the BCL-2

family member BAD, caspase-9, HDM2, Forkhead transcription factors, and others, many

of which are involved in cell survival (Brunet et al., 1999; Cardone et al., 1998; Datta et al.,

1997; Hambardzumyan et al., 2008a; Mayo and Donner, 2001). PTEN deletions activate the

PI3K/Akt pathway, possibly involved in the pathogenesis of medulloblastomas (Hartmann et

al., 2006). In malignant gliomas, the PI3K/Akt/mTOR pathway is commonly activated by

EGFR, which is frequently amplified or constitutively activated in GBM and the GSC

subpopulation (Choe et al., 2003; Huang et al., 2010; Moscatello et al., 1998).

Overexpression of EGFR in mice induces formation of glioma-like tumors (Holland et al.,

1998) and inhibition of EGFR decreases GSC proliferation and increases GSC apoptosis

(Soeda et al., 2008). Transducing primary astrocytes with Akt and c-Myc increases

tumorigenicity and increases expression of several stem cell markers (Radke et al., 2013).

CD133 may directly bind the p85 regulatory subunit of PI3K to activate the pathway (Wei et

al., 2013). CD133 knockdown inhibits PI3K/Akt pathway activity while reducing GSC self-

renewal and tumorigenicity. CD133 phosphorylation not only overlaps with Akt activation,

but also correlates with tumor grade. Directly inhibiting Akt preferentially disrupts GSC

maintenance causing increased apoptosis, decreased neurosphere formation, and reduced

migration and invasion (Eyler et al., 2008; Gallia et al., 2009). In vivo, targeting Akt delays

intracranial tumor development in mice thereby extending survival (Eyler et al., 2008; Gallia

et al., 2009).

5.3 Hedgehog

During CNS development, Sonic Hedgehog-Gli signaling is involved in the patterning of

cell differentiation and organization of dorsal brain structures (Cayuso et al., 2006; Stecca

and Ruiz i Altaba, 2005). In adults, this pathway regulates neural stem cells but also

aberrantly activated in cancer to promote tumor progression and metastatic growth (Ruiz i

Altaba et al., 2007). Hedgehog-Gli signaling is overactivated in GBM and medulloblastoma,

and to a lesser extent, in neuroblastoma, as compared with normal tissues (Shahi et al.,

2008). In GSCs, Hedgehog-Gli signaling increases expression of stem genes (i.e. CD133,

Olig2, Oct4, Nanog, Sox2, etc.), promotes self-renewal, and supports glioma growth and

survival (Bar et al., 2007; Clement et al., 2007; Ehtesham et al., 2007; Xu et al., 2008).

Inhibiting the hedgehog pathway has a number of effects on GSCs, including suppression of

self-renewal and migration, induction of apoptosis, enhancement of TMZ efficacy, and

delay of tumor development in mice (Clement et al., 2007; Uchida et al., 2011; Ulasov et al.,

2011). While hedgehog antagonists have shown limited activity in early clinical trials for

glioma patients, the use of a hedgehog pathway inhibitor (GDC-0449) in a patient with

metastatic medulloblastoma led to rapid, albeit transient, regression of the tumor and

associated symptoms (Rudin et al., 2009).
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5.4 Bone morphogenetic protein

Bone morphogenetic proteins (BMPs) are a family of growth factors that bind to their cell-

surface receptor kinases to regulate proliferation, apoptosis, and differentiation in neural

stem cells (Panchision and McKay, 2002). The canonical effectors are the Smad proteins

(Receptor Smads: Smad 1/5/8, Co-Smad: Smad 4), which translocate into the nucleus to

regulate transcription (Li et al., 2009b). In GSCs, BMPs induce differentiation, determined

by an increase in the number of GFAP-positive cells, and delay tumor growth (Lee et al.,

2008). In vivo delivery of BMP4 blocks GBM growth in some models (Piccirillo et al.,

2006). BMP4 inhibits GSC proliferation through down-regulation of cyclin D1 and induces

GSC apoptosis in GSCs via increasing Bax expression and inhibiting Bcl-2 and Bcl-xL

(Zhou et al., 2011). GSC tumorigenicity increases upon epigenetic silencing of the BMP

receptor, BMPR1B (Lee et al., 2008). It is important to note that in this study, not all GSCs

were responsive to BMP-mediated glial differentiation. Specifically, the GSCs isolated from

a particular patient had defective BMP signaling and hypermethylation of the BMPR1B

promoter, which could be restored by demethylation or knockdown of EZH2 (a facilitator of

CpG methylation). Accordingly, as treatment options become more personalized it is

important to consider the individual tumor’s genomic and epigenetic characteristics when

determining optimal treatment.

5.5 Wnt β-catenin

Highly conserved in numerous organisms, the canonical Wnt β-catenin pathway is involved

in embryonic development, as well as controls homeostatic self-renewal and regulates

normal and cancer stem cell maintenance (Cheng et al., 2010; Clevers, 2006; Grigoryan et

al., 2008). The signal cascade is initiated by Wnt ligands, causing binding of Wnt to specific

receptors in the Frizzled and low density lipoprotein receptor-related protein/alpha2-

macroglobulin receptor (LRP) families. In the presence of Wnt ligands, the destruction

complex that usually captures β-catenin is disassembled, and the free β-catenin is able to

translocate to the nucleus where it binds the T-cell factor/lymphoid enhancer factor (TCF/

LEF) family of transcription factors thereby transcribing Wnt target genes (Grigoryan et al.,

2008). Both gain- and loss-of-function mutations of Wnt are associated with CNS cancers.

Genomic alterations in the Wnt pathway are present in medulloblastomas (Rogers et al.,

2012; Thompson et al., 2006) and high-grade gliomas (Schüle et al., 2012). β-catenin is a

negative prognostic factor for GBM, more predictive than Ki67, p53, and EGFR (Rossi et

al., 2011). Targeting Wnt in glioma cells in vivo reduces intracranial tumor formation (Kaur

et al., 2013). The role of Wnt β-catenin signaling is becoming more clear in cancer stem

cells, particularly in glioma and medulloblastoma stem cells (Gong and Huang, 2012;

Manoranjan et al., 2013). FoxG1 and FoxM1, effector proteins in the Wnt β-catenin

pathway, correlate with tumor grade and invasiveness. Deleting FoxM1 disrupts the Wnt/

FoxM1/β-catenin complex and nuclear localization of β-catenin, which regulates self-

renewal and tumorigenicity of GSCs (Gong and Huang, 2012; Zhang et al., 2011). Wnt3a

and Wnt1 ligands are overexpressed in GSCs and their inhibition decreases cell

proliferation, cell migration, and drug resistance (Kaur et al., 2013). Others wnt targets, such

as LGR5 (Nakata et al., 2013), Dishevelled 2 (Pulvirenti et al., 2011) and Frizzled 4 (Jin et

al., 2011) promote self-renewal, tumorigenicity, and invasiveness of GSCs.
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5.6 STAT3

Signal transducer and activator of transcription 3 (STAT3) is involved in neural stem cell

and astrocyte development (de la Iglesia et al., 2009) and has oncogenic or tumor

suppressive roles in GBM depending on the tumor genotype (de la Iglesia et al., 2008).

STAT3 can be activated by the ciliary neurotrophic factor (CNTF) family cytokine receptors

in neural cells to, in turn, activate JAK cytokine-receptor associated tyrosine kinases.

STAT3 is then recruited to the cytokine receptor, and activated when the tyrosine residue,

Tyr705, is phosphorylated (de la Iglesia et al., 2009). STAT3 can also be directly activated

by the tyrosine kinase activity of growth factors receptors, such as EGFR. STAT3 mRNA

levels in GBMs are associated with patient progression-free survival and overall survival,

(Televantou et al., 2013). STAT3 also interacts with inducible nitric oxide synthase (iNOS)

and EGFR to promote glioma formation (Puram et al., 2012). Preferential activation of

STAT3 in GSC can occur through the activity of the bone marrow X-linked nonreceptor

tyrosine kinase, BMX, which is dispensable in normal neural stem cells suggesting a high

therapeutic index (Guryanova et al., 2011). Additionally, the STAT3 pathway is required for

survival, proliferation, and multipotency of GSCs, and is important in GBM in vivo tumor

growth (Cao et al., 2010; Wang et al., 2009; Wei et al., 2010). Inhibiting the STAT3

pathway regulates the cell cycle in GSCs by inducing G1 arrest and downregulation of

cyclin D1 and up-regulation of p21WAF1/CIP1. STAT3 inhibition also decreases expression

of CD133 and c-Myc in GSCs and causes apoptotic cell death (Sai et al., 2012). Moreover,

phosphorylation of STAT3 is a possible mechanism of interferon (IFN) treatment induction

of differentiation and reduction of the tumorigenic GSC pool in vivo (Yuki et al., 2009).

Further highlighting the range of oncogenic process potentially regulated by STAT3

signaling, STAT3 is necessary for GSC-induced immunosuppressive immunity in GBM

(Wu et al., 2010). In this study, inhibiting the STAT3 pathway reversed anti-phagocytic and

anti-inflammatory modulation by GSCs.

6. GSC transcription factors

In addition to the signaling pathways that transduce extracellular signals into the cell,

transcription factors inside the cells also have an integral role in the regulation of brain

tumor stem cells. These factors, which include Sox2, Oct4, Nanog, c-Myc, Olig2, and Bmi1

among others, are involved in GSC survival, maintenance, self-renewal, and proliferation.

6.1 Oct4, Sox2, and Nanog

Oct4 interacts with Sox2 and Nanog to regulate patterns of self-renewal and differentiation

in embryonic stem cells (Li et al., 2009b). Takahashi and Yamanaka transduced Oct4 and

Sox2 (with Klf4 and c-myc) into mouse embryonic fibroblasts to induce pluripotent stem

cells (Takahashi and Yamanaka, 2006). Oct4 is highly expressed in human gliomas and

correlates with tumor grade (Du et al., 2009). Oct4 also promotes colony formation and

inhibits differentiation in glioma cells, potentially through upregulation of phosphorylated

STAT3. Oct4 and Sox2 are increased in GSC and promote tumorigenic activity as validated

by tumorsphere formation and intracerebral tumor formation (Ikushima et al., 2011, 2009).

ID4 represses miR-9*-mediated suppression of Sox2, thereby increasing activity of Sox2

leading to maintenance of GSC and promoting GSC chemoresistance (Jeon et al., 2011).
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Inhibiting Nanog via siRNA or resveratrol reduces GSC self-renewal and tumorigenicity

(Sato et al., 2013). Nanog expression is higher in GSC, co-expressed with CD133-positive

glioma cells, and less expressed in regions enriched for the differentiation marker, GFAP

(Niu et al., 2011). Nanog interacts with the hedgehog-gli1 pathway to modulate GSC

proliferation, neurosphere formation, and tumor promotion in orthotopic xenografts

(Zbinden et al., 2010).

6.2 c-Myc

Discovered more than 30 years ago, the high frequency of c-myc alterations has contributed

to a large number of cancer deaths, making it one of the best studied transcription factors

and oncoproteins in normal and cancer stem cells (Bishop, 1982; Sheiness et al., 1978). c-

Myc increases the efficiency of cellular reprogramming of adult fibroblasts with Oct4, Sox2,

and Klf4 to induce pluripotency (Takahashi and Yamanaka, 2006). c-Myc levels correlate

with glioma tumor grade (Cheng et al., 2010; Yoshida et al., 2009) and c-Myc is highly

expressed in GSCs relative to non-GSCs. Not only does c-Myc promote proliferation, it may

represent a GSC-specific survival factor (Wang et al., 2008). Based on flow-cytometry, c-

Myc is highly expressed in approximately half of CD133-positive cells acutely isolated from

primary human GBM specimens whereas expression is considerably lower in the CD133-

negative fraction. In acutely frozen human glioma surgical specimens, 90% of nestin-

positive cells co-express c-Myc. Knockdown of c-Myc in GSCs reduces proliferation

causing cell cycle arrest in the G(0)/G(1) phase with upregulation of cell cycle regulators

p21WAF1/CIP1 and down regulation of cyclin D1. Furthermore, injecting GSCs with limited

c-Myc activity into the brains of immunocompromised mice do not form tumors,

demonstrating the importance of c-Myc for maintaining the tumorigenic potential of GSCs.

Supporting this role for c-Myc in brain tumors, the DePinho lab demonstrated that p53 and

Pten deficiencies in their murine glioma models stimulates c-Myc, which upon knockdown,

causes GSCs to differentiate, reducing their capability to form tumors in vivo (H Zheng et

al., 2008). Along these lines, primary astrocytes on a p53−/− background transduced to

express c-Myc and Akt increase their expression of the stem cell markers CD133,

Musashi-1, Nestin, and Olig2 with decrease immunopositivity for the differentiation marker,

GFAP. Additionally, p53−/− astrocytes expressing c-Myc and Akt are tumorigenic in vivo

(Radke et al., 2013).

6.3 Olig2

Olig2 is a basic helix-loop-helix (bHLH) transcription factor that is specific to the CNS

(Takebayashi et al., 2000) and functions in the oligodendrocyte lineage as well as other

multipotential neuron/glia progenitors (Zhou and Anderson, 2002). Among human brain

tumors, Olig2 is highly expressed in diffuse gliomas including the astrocytomas,

oligodendrogliomas, and oligoastrocytomas (Ligon et al., 2004). Mice intracranially

implanted with neurospheres derived from neural stem/progenitor cells from p16Ink4a/p19Arf

null mouse embryos that also contain active mutation of epidermal growth factor receptor

(EGFRvIII) have 100% glioma formation (Ligon et al., 2007). These mice do not get tumors

when the neurospheres have loss of Olig2 (Ligon et al., 2007). Moreover, Olig2 (but not

Olig1) is critical for proliferation of brain tumor stem cells (Ligon et al., 2007). In human

GBM sections and quantitative flow cytometry of fresh human GBM specimens, Olig2 is
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expressed in at least 85% of the Ki67-positive glioma progenitor cells. Of the CD133-

positive fraction, nearly all cells (98%) are positive for Olig2. Additionally, Olig2 is

expressed in the majority of cycling cells, based on co-localization with BrdU labeling and

directly interacts with the p21 gene. Specifically in GSCs, knockdown of L1CAM reduces

Olig2 and upregulates p21WAF1/CIP1 to induce apoptosis and reduce GSC growth and

neurosphere formation. Similar effects are observed in vivo (Bao et al., 2008). This suggests

that Olig2 can control GSC proliferation through multiple avenues, including cell adhesion

and cell cycle progression. Furthermore, Olig2 expression may not be restricted to only a

stem-like glioma cell phenotype but may also represent a multipotent progenitor cell

phenotype still able to contribute to tumor growth as in the cease with PDGF-driven gliomas

(Barrett et al., 2012). Forced expression of Neurogenin-2 (Ngn2), which functions in

opposition to Olig2, causes sharp down-regulation of Olig1/2, as well as Shh and Myc, in

GBM stem-like cells which is accompanied by cell death, inhibition of proliferation, and

neuronal differentiation (Guichet et al., 2013). These studies support the role of Olig2 as

being important in maintaining glioma stemness and tumor growth forming capabilities.

6.4 Bmi1

Bmi1 is one of the Polycomb group proteins, which act as epigenetic silencers to regulate

stem cell function during embryonic development (Acquati et al., 2013). Bmi1 is a

component of the Polycomb Repressive Complex 1 found in undifferentiated neural stem

cells and high grade gliomas, with higher expression correlating to poor glioma patient

survival (Acquati et al., 2013; Häyry et al., 2008; Li et al., 2009b). Bmi1 is enriched in

GSCs and is required for their self-renewal (Facchino et al., 2010). Bmi1 is also enriched in

chromatin after irradiation and in DNA damage response proteins. By knocking down Bmi1,

the DNA damage response is impaired, thereby increasing GSC sensitivity to radiation.

GSCs and normal neural stem cells may depend on the same epigenetic mechanism to

survive the hyperproliferative state caused by upregulated Bmi1 expression (Acquati et al.,

2013). As discussed in more detail below, miR-128 down regulates Bmi1, which blocks

GSC self-renewal (Godlewski et al., 2008). Consistent with a reduction in Bmi1 is a

decrease in H3K27 methylation and Akt activation along with overexpression of

p21WAF/CIP1, a regulator of cell cycle progression. In addition to these findings in glioma

stem cells, Bmi1 is integral in the maintenance of medulloblastoma stem cells (Wang et al.,

2012).

7. Epigenetic regulation of GSCs

7.1 DNA methylation

Epigenetic regulation controls gene expression through mechanisms other than changes in

the underlying genomic sequence. Increasing evidence points to the critical role epigenetics

have in defining cellular state and that epigenetic mechanisms help regulate the cellular

hierarchy seen in both normal and neoplastic tissue (Carén et al., 2013; Smith and Meissner,

2013; Suvà et al., 2013). The embryonic and induced pluripotent stem cell fields have shown

that the epigenetic state of a cell is critically important in determining both the

reprogramming and differentiation potential of a cell (Leonardo et al., 2012; Papp and Plath,

2013) and studies have shown this may also be true in cancer stem cells, including GSCs
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(Stricker et al., 2013; Suvà et al., 2013). The most studied epigenetic mechanisms in GSCs

are DNA methylation, chromatin remodeling through histone methylation and regulatory

non-coding RNAs (Figure 2) (Carén et al., 2013; Heddleston et al., 2011).

The role of DNA methylation in GBM was initially established by a wide range of reports of

individual loci that were transcriptionally controlled by hyper- or hypomethylation, but the

most significant advance in our understand of DNA methylation in GBM was the

identification that isocitrate dehydrogenase 1 (IDH1) mutations, which are associated with a

proneural GBM subgroup, are sufficient to establish the glioma-CpG island methylator

phenotype (G-CIMP) (Noushmehr et al., 2010; Turcan et al., 2012; Verhaak et al., 2010).

This hypermethylation phenotype leads to the stable modification of DNA methylation

patterns on a genome-wide scale, which changes the transcriptional profile and may alter the

differentiation state. Specifically in GSCs, DNA methylation of the CD133 promoter may

repress transcription of CD133 in the CD133-negative population (Gopisetty et al., 2012)

and aberrant DNA methylation of microRNA-211 up-regulates MMP-9 expression and GSC

resistance to radiation and chemotherapy (Asuthkar et al., 2012). Expression of the

transcriptional co-activator with PDZ-binding motif (TAZ) correlates with the mesenchymal

gene expression signature in GBM and that silencing of TAZ by promoter hypermethylation

correlated with the proneural signature in GBM (Bhat et al., 2011). Silencing of TAZ in

mesenchymal GSCs suppressed the mesenchymal gene expression signature while

expressing TAZ in proneural GSCs or NSCs led to increased expression of mesenchymal

signature genes (Bhat et al., 2011). Recent evidence also demonstrated that CpG island

methylation status, not expression levels, of the two key genes involved in arginine

biosynthesis predicts sensitivity to arginine deprivation by pegylated arginine deiminase

(ADI-PEG20) in GBM cells including GSCs (Syed et al., 2013).

7.2 Histone methylation

Histone methylation controls cell fate decisions through the interplay of histone

methyltransferases and histone demethylases and has been relatively well studied in GSCs.

Histone methylation can open chromatin to allow transcription, mediated through the

methylation of H3K4 (histone 3 at lysine 4) by the trithorax methyltransferase group, or

histone methylation can close chromatin and repress transcription, which is mediated by

H3K27 (histone 3 at lysine 27) methylation by a family of polycomb methyltransferase

genes. In GSC, hypoxia induces mixed-lineage leukemia 1 (MLL1), a trithorax histone

methyltransferase, which then regulates HIF2a expression and tumorigenic potential of

GSCs (Heddleston et al., 2012). In a subsequent report, MLL also directly activates the

Homeobox gene HOXA10 in GSCs and the HOXA10 enacts a gene expression program that

may additionally contribute to the tumorigenic potential of GSCs (Gallo et al., 2013).

Transcriptional repression by histone methylation is facilitated through polycomb genes,

such as EZH2 and Bmi1. EZH2 silencing of the BMP pathway in GSCs inhibits their ability

to differentiate, and inhibition of EZH2 or forced expression of the BMP pathway causes

loss of self-renewal and decreased tumorigenicity of GSCs (Lee et al., 2008; Suvà et al.,

2009). Bmi1, a key component of the polycomb repressive complex 1 (PRC1) discussed

above, is upregulated in GBM and significantly enriched in the GSC population, but is

interestingly not expressed in normal astrocytes (Abdouh et al., 2009). Suppression of Bmi1
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in human GSCs inhibits their growth in vitro and in vivo (Abdouh et al., 2009) and Bmi1

knockdown in a glioma mouse model suppresses malignant tumor formation (Bruggeman et

al., 2007). MicroRNA-128 targets Bmi1, but is downregulated in GBM allowing for the

overexpression of Bmi1. However, overexpression of microRNA-128 in neurosphere

cultures decreases Bmi1 and blocks self-renewal in these cells (Godlewski et al., 2008). The

counterpart to histone methylation is histone demethylation, which is carried out by a family

of histone demethylases. While histone demethylation has been less well studied, JMJD3, a

H3K27 demethylase, is induced during differentiation of GSCs (Ene et al., 2012). JMJD3

promotes differentiation through both conventional demethylase activity at the INK4A/ARF

locus and chromatin independent stabilization of p53. They also find JMJD3 is

downregulated in a subset of GBMs due to mutations or DNA hypermethylation and this

deregulation may contribute to gliomagenesis (Ene et al., 2012).

7.3 microRNAs

Regulatory non-coding RNAs play a critical role in a wide range of biological processes,

including neural development and GBM tumorigenesis. While there are many classes of

regulatory non-coding RNA (e.g. lncRNA, siRNA, piRNA, etc.), microRNA (miRNA) is

the only class this far to have a clear role in regulating GSC biology. MiRNAs are

approximately 22 nucleotide non-coding RNAs that down regulate gene expression by

binding to the 3′UTR of their target genes and inhibiting translation (Bartel, 2004). There

has been an explosion of research on miRNAs in the past decade, which has touched nearly

every field in biology including the GSC field. It is now appreciated that miRNAs are

involved initiation, progression and resistance of GBM and some of the miRNAs identified

were substantiated in GSCs. This is not surprising as miRNAs have well-established roles in

pluripotency and reprogramming (Leonardo et al., 2012), and in GBM it has also been

shown that miRNAs regulated neural stem cell pathways (Godlewski et al., 2010; González-

Gómez et al., 2011). It has been shown that miRNAs such as miRNA-128 (Godlewski et al.,

2008), miRNA-124 (Xia et al., 2012), miRNA-146a (Mei et al., 2011) and miRNA-34a

(Guessous et al., 2010) regulate the stem cell phenotype in GSCs and may contribute to

gliomagenesis (reviewed in (Zhang et al., 2012)). As GSCs are known to be involved in

chemo- and radiotherapy, several reports have analyzed the effects of miRNAs on this

process and found that, among others, miRNA-124 (Yang et al., 2012), miRNA-125b (Shi et

al., 2012) and miR-9* (Jeon et al., 2011) contribute by regulating mostly known mediators

of chemo- or radiotherapy resistance (reviewed in (Chistiakov and Chekhonin, 2012)). As it

turns out in GSCs, epigenetic mechanisms such as DNA methylation (Asuthkar et al., 2012)

and histone modifications (Katsushima et al., 2012) can also regulate miRNA expression,

and in turn miRNAs can regulate epigenetic modifying genes such as Bmi1 (Godlewski et

al., 2008), adding to the complexity of epigenetic regulation in GSCs.

While most of the previous studies look at the contribution of individual epigenetic

modifiers to GSC biology, a recent report by Stricker and colleagues aimed to get a better

appreciation of the overall contribution of the epigenetic landscape to GSC traits (Stricker et

al., 2013). They demonstrated that resetting the epigenetic landscape of GSCs through

induced pluripotent stem cell reprogramming techniques they could suppress the malignant

behavior of these cells only if they were re-differentiated into a non-neural cell types,
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suggesting that while cancer genome plays a significant role in maintaining a malignant state

it is possible to override genetic influence through epigenetic mechanisms. However, this

requires substantial manipulation of the cells (Stricker et al., 2013).

As is evident from the many studies above, the epigenetic state of a cell is intimately

intertwined with both its microenvironment and its genetic landscape and this interplay

determines the cellular fate and therapeutic response of the cell. With the identification of

several epigenetic regulators as potential therapeutic targets in GSCs (e.g. Bmi1 (Acquati et

al., 2013), MLL1 (Heddleston et al., 2012)) and evidence that epigenetic mechanisms

contribute to the cellular hierarchy and therapeutic response in GBM, developing therapies

against epigenetic targets may provide significant benefit to patients.

8. The contribution of GSCs to therapeutic resistance

8.1 Radioresistance

Current therapies for high grade brain tumors are only palliative which suggests a resistant

population. Increasing evidence suggests that brain tumor recurrence and progression to

more aggressive tumor phenotypes is due in part to GSC resistance towards radiation,

chemotherapy, and anti-angiogenics. In primary human glioma specimens, radiation

dramatically increases cell populations enriched for GSCs and minimally affects GSC

tumorigenic potential (Bao et al., 2006a). Furthermore, GSCs are more resistant to radiation-

induced apoptosis via activation of DNA damage repair mechanisms. Compared to non-stem

tumor cells, GSCs recover more rapidly and are able to more efficiently repair DNA

damage. This is likely due to the activation of several DNA damage checkpoint proteins

including ataxia telangiectasia mutated (ATM), the cell cycle checkpoint protein Rad17, and

the checkpoint kinases Chk1 and Chk2 (Bao et al., 2006a). Inhibition of Chk1 and Chk2

kinases dampens GSC tumor growth ability, suggesting a potential target for sensitizing

GSCs to radiation. The cell surface adhesion protein and GSC marker, L1CAM (CD171),

enhances DNA checkpoint activation and DNA repair by activating the phosphorylation of

ATM, Rad17, Chk1 and Chk2 in response to radiation-induced DNA damage (Cheng et al.,

2011). L1CAM directly regulates NBS1, a core component of the MRN complex that is

important for activating the DNA damage checkpoint response following double stranded

breaks (Cheng et al., 2011). Considering its preferential expression in GSCs, L1CAM

represents a potential molecular target that may be beneficial in attenuating radioresistance

observed in GBM. An additional mechanism of radioresistance through the DNA damage

response may involve the polycomb group protein, BMI1, which has been implicated as an

oncogene in glioma regulation and is further enriched in GSCs. Following radiation, BMI1

is redistributed to the chromatin, colocalizing with proteins necessary for the DNA double-

stranded break (DSB) response (Facchino et al., 2010). Interestingly, BMI1 deficiency

impairs this recruitment, sensitizing GSCs to radiation. Other studies supporting the GSC

radioresistance have shown enhanced survival of GSCs following radiation as well as

preferential activation of Chk1 and Chk2 without signs of elevated DNA repair (Ropolo et

al., 2009).

It is likely that there are multiple, non-mutually exclusive pathways implicated in

contributing to the radioresistance of GSCs. Autophagy, the protein degradation system with
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both cell death and protective roles across different cancers, has recently emerged as a

means by which glioma cells respond to radiation. While the benefit of targeting autophagy

is controversial in glioma, radiation preferentially induces autophagy in GSC compared to

non-stem tumor cells within 24 hours (Lomonaco et al., 2009). GSCs express higher levels

of autophagy-related proteins (LC3, ATG5, and ATG12) and autophagy inhibitors or

silencing autophagy genes sensitize GSC to radiation, decreasing their viability and sphere-

forming capabilities (Lomonaco et al., 2009). Yet the role of autophagy and radiation in

brain tumor GSCs is less than straightforward given that other studies demonstrate that

activation of autophagy pathways via the inhibition of mTOR signaling in conjunction with

radiation increases radiosensitivity, increases neural differentiation and reduces self-

renewal, proliferation, and clonogenic ability in GSCs (Wang et al., 2013; Zhuang et al.,

2011). Likewise, the combinatorial treatment of cilengitide, an αv integrin inhibitor

currently in clinical trials, and radiation induce autophagy in GSC and enhance cytotoxicity,

decreasing cell survival (Lomonaco et al., 2011).

Stem cell maintenance pathways are also implicated in promoting radioresistance in GSCs.

Constitutively activating the notch pathway in GSCs offers protection from radiotherapy

while blocking notch activation with γ-secretase inhibitors in combination with radiation

impairs GSC survival and enhances radiation-induced cell death (J. Wang et al., 2010).

Notch promotes radioresistance through activation of the PI3K/Akt pathway and the

upregulation of the pro-survival protein, Mcl-1. Interestingly, this effect, as well as response

to notch inhibition is not observed in non-GSCs (J. Wang et al., 2010). Recently, the

radioprotective effect of Akt signaling has also been implicated in response to activation of

IGF1 receptors on GSCs as well as through their increased IGF1 secretion (Osuka et al.,

2012). Furthermore, treatment of tumors with IGF receptor blockers further increases GSC

radiosensitivity. Wnt/β-catenin signaling is another pathway highly involved in embryonic

and cancer development which is associated with radioresistance. While identified earlier to

mediate radioresistance in mammary progenitor cells and to enrich for breast cancer stem

cells (Woodward et al., 2007), more recently Kim and colleagues used transciptomic

analysis of orthotopic GBM xenografts with or without in vivo irradiation and revealed that

Wnt proteins, including WISP, an effector of activated Wnt, and active β-catenin showed the

highest level increase in post-irradiated GBM cells which were also positive for Sox2, a

putative stem cell marker (Kim et al., 2012).

8.2 Chemoresistance

GSC display preferential resistance to many cytotoxic agents, including a number of

chemotherapeutic agents. Temozolomide (TMZ) is a methylating agent that is the current

standard of care for treatment of high grade brain tumors (Hegi et al., 2005; Liu et al., 2006;

Shervington and Lu, 2008). TMZ induces DNA alterations by methylating the O6 position

of guanine in DNA thereby causing cell damage, triggering cell death. The relative

sensitivity of GSC to TMZ is unresolved as some reports have suggested that TMZ depletes

GSC (Beier et al., 2008) while others suggest a relative resistance (Chen et al., 2012; Gaspar

et al., 2010; Liu et al., 2006; Murat et al., 2008). GSCs express higher levels of the DNA

repair enzyme, O6-methylguanine-DNA-methyltransferase (MGMT), which limits TMZ

therapeutic efficacy (Liu et al., 2006; Bleau et al., 2009). In a genetically engineered mouse
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model, TMZ treatment not only fails to inhibit GSC self-renewal but also increases the GSC

compartment (Bleau et al., 2009). GSCs are less sensitive to TMZ-induced cell death

compared to other tissue and tumor types with TMZ treatment in GBM cells resulting in a

stem-like gene signature (Bleau et al., 2009; Ulasov et al., 2011). While therapy with TMZ

may slow GBM growth, slightly prolonging survival, tumor recurrence is often inevitable

which further indicates a resistant cell population in GBM.

In addition to TMZ, glioma-derived GSCs are more resistant to several other

chemotherapeutic agents, including carboplatin, paclitaxel, and etoposide (Liu et al., 2006).

In this study, recurrent GBM tissue obtained from multiple patients contain increased

mRNA expression of CD133 compared to newly diagnosed tumors, suggesting that GSCs

may be responsible for GBM relapse (Liu et al., 2006). Enrichment of GSC surface markers

is observed on proliferating glioma cells that withstand lethal exposure of the alkylating

agent, BCNU. Tumors develop when these BCNU-resistant cells are subsequently injected

into the brains of immunocompromised mice (Kang and Kang, 2007), further demonstrating

that identifying new ways of sensitizing GSCs to therapy may improve GBM growth

control. This importance is fortified by an elegant study in which a genetically-engineered

glioma model was used to lineage trace cells that are responsible for re-growth after TMZ

treatment. Cells of strong resemblance to GSCs are indeed the subset that has the capacity to

refortify the tumor (Chen et al., 2012).

A potential mechanism for brain GSC drug resistance is increased expression of drug

transporters that pump out chemotherapeutic agents. These include ABC (ATP-binding

cassette) drug transporters which use the energy from ATP hydrolysis to efflux various

substrates, including drugs, across extra- and intracellular membranes. The side population

is a functional cellular phenotype associated with cancer stem cells in some cancers but with

mixed evidence in gliomas (Broadley et al., 2011; Golebiewska et al., 2013; Harris et al.,

2008). In a glioma model in which the side population was highly tumorigenic and enriched

following TMZ treatment, Akt regulates ABC transporter activity (Bleau et al., 2009). Other

studies suggest that the stem cell surface marker CD133 might have a functional role in

promoting drug resistance. Upon exposure to the anti-cancer drugs, camptothecin and

doxorubicin, ectopic overexpression of CD133 results in an upregulation of ABC

transporters concomitant with a reduction in apoptosis (Angelastro and Lamé, 2010).

Recently, melatonin has been shown to enhance the methylation of a class of ABC

transporters and when combined with TMZ, causes a synergistic toxic effect on GSCs

(Martín et al., 2013).

Additional pathways implicated in brain tumor radio- and chemoresistance include the

Notch and Shh signaling pathways. Notch and Shh pathways have many functions yet are

most notably involved in promoting proliferation during neurogenesis. In combination with

TMZ, targeting Notch and Shh may be an additional strategy to sensitizing GSCs to

chemotherapy (Ulasov et al., 2011). Following exposure to TMZ, Notch and Shh pathway

activity is enhanced with upregulation of Notch1, Hes1, Hes5 and GLI1 in CD133-positive

cells. However, simultaneous treatment of TMZ with Notch and Shh antagonists (GSI-1 and

cyclopamine, respectively) more than double the level of toxicity in CD133-positive cells

(Ulasov et al., 2011). These findings suggest a possible interaction of Notch and Shh
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pathways with DNA repair machinery given that TMZ elicits its toxic effects by direct DNA

damage.

9. Conclusion and future perspectives

Recent advances in our understanding of brain tumor stem cell specific signaling pathways,

transcription factors, niches, and other modes of initiating and propagating malignant brain

tumors have led to the development of novel targeted therapies. For example, phase I and

phase II clinical trials using γ-secretase inhibitors (RO4929097) to interfere with Notch

signaling thereby interfering with GSC maintenance are ongoing (Tanaka et al., 2013).

Similarly, vismodegib, an oral medication hedgehog antagonist, is currently in clinical trials

for patients with recurrent GBM (Tanaka et al., 2013). The aforementioned signaling

pathways, including Hedgehog, Wnt, Notch, and BMP, are all being selectively targeted in

tumor initiating cells in various clinical trials for various cancer types (Zhou et al., 2009).

In addition to targeting specific signaling pathways and transcription factors, the cancer stem

cell niche, which protects cancer stem cells from therapies, can be targeted as well. For

example, factors within the vascular niche promote radioresistance in GSCs (Lathia et al.,

2012). Therefore, despite maximal surgical resection and effective radiation therapy,

resilient GSCs can recreate a tumor that even more challenging to treat. Accordingly, there

are clinical trials using anti-angiogenic drugs such as bevacizumab (Desjardins et al., 2008;

Vredenburgh et al., 2007) and cediranib (Batchelor et al., 2010, 2007), to disrupt this

protective niche (Gilbertson and Rich, 2007).

To achieve brain cancer cure, all tumor cells, particularly the stem cells, must be eliminated.

Cancer stem cells represent an extraordinary population of cells that are able to evade

therapy and even change the tumor landscape to promote a more aggressive, ultimately

lethal disease. Unfortunately, the current pharmaceutical drug discovery methods fail to

recapitulate the hierarchical cancer stem cell phenotype and accordingly high throughput

screens fail to identify the brain tumor stem cell targets (Rich, 2008). New methods are

being discovered and reported to address these limitations in drug discovery (Diamandis et

al., 2007). An added complexity in treating brain tumors is the heterogeneity that exists

within each tumor as well as between patients which is becoming increasingly apparent with

defined GBM subgroups. Thus, understanding the interplay between GSCs, which likely

continue to evolve through disease progression, and their microenvironment will be

important as we move towards identifying better biomarkers and delivering more

personalized treatment options. An additional obstacle in discovering novel cancer stem cell

therapeutic targets is ensuring that there are limited toxicities to the normal brain. With

increasing studies identifying brain tumor stem cell targets that are differentially expressed

or regulated, validation in pre-clinical and Phase-I clinical trials may prove to be more

fruitful. Novel targeting modalities are also being considered including vaccine and viral

therapies (Alonso et al., 2012; Jiang and Fueyo, 2010; Jiang et al., 2009, 2007; Pellegatta et

al., 2006; Wakimoto et al., 2009). The Neuro-Oncology community must collectively

embark on efforts to use optimal human and rodent models informed by genetic and

epigenetic information to improve the outcome for brain cancer patients.
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Figure 1.
GBM stem cell (GSC) microenvironment. GSCs often reside and thrive in perivascular and

hypoxic niches where growth factors and cytokines promote their maintenance. In turn,

GSCs up-regulate the expression, activation, and secretion of a number of niche-dependent

signaling molecules and transcription factors involved in pathways such as angiogenesis,

proliferation, migration, hypoxia response, etc. GSCs interact with other tumor cells and

have the potential to differentiate into other cell types including endothelial cells and

pericytes.
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Figure 2.
Epigenetic regulation in GSCs. Epigenetic regulation important in GSC biology includes

histone methylation, DNA methylation and miRNA-mediated suppression of target gene

translation. Histone methylation in GSCs is mediated by MLL1 (H3K4 methylation), Bmi1

and EZH2 (H3K27 methylation). Demethylation of these marks has been shown to be

accomplished through JMJD3. Promoter DNA methylation can suppress the transcription of

targets such as CD133, miRNA-211 and TAZ. MicroRNAs, such as miRNAs-124,-125b,
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-128, -146a, -34a, -9* and -211 regulate various aspects of GSC biology by inhibiting

translation of their target genes.
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