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ABSTRACT 
 

The discovery of stem-like cells in high-grade gliomas fundamentally altered the 

prevailing paradigm for the architecture of these tumors.  

Once believed to consist solely of mutated somatic cells, with equal tumorigenic 

potential, malignant gliomas are now thought to contain a complex hierarchy of cells, 

ranging from brain tumor stem cells at the apex to fully differentiated progenitor cells. As 

explained in this chapter, brain tumor stem cells are hypothesized to drive tumorigenesis, 

confer treatment resistance, and have prognostic value.  

In addition, these stem-like cells may represent novel therapeutic targets in the 

treatment of high-grade gliomas. In this chapter, we describe the current understanding of 

brain tumor stem cells and present some of the current controversies that remain in the 

field.  

 

 

I. INTRODUCTION  
 

Our understanding of cancer has been vastly re-conceptualized in recent years. Tumors 

once thought to arise from the transformation of mature cells are now believed to arise instead 

from small populations of highly tumorigenic, self-renewing cancer stem cells that fuel tumor 

growth. This chapter highlights the implications of the cancer stem cell hypothesis as it 

relates to the pathogenesis and treatment of malignant glioma.  
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Overview: Stem Cell Biology 
 

Stem cells are functionally defined as self-renewing, multipotent cells with broad 

developmental potential [1]. All stem cells maintain the capacity for both self-renewal - the 

ability to divide and sustain a pool of stem cells with equivalent developmental potential - and 

differentiation - the ability to generate specialized daughter cells under the appropriate 

conditions [1, 2].  

 

 

 

 

 

 

 

 

Over several generations, stem cells give rise to rapidly proliferating transient amplifying 

cells. These cells in turn give rise to lineage-committed progenitors that eventually 

differentiate to form mature somatic cells [3]. Empirically, the total variety of cell types into 

which a stem cell can differentiate is known as its potency. Embryonic stem cells are 

pluripotent, giving rise to every cell in the human body. Although pluripotent stem cells do 

not persist into adulthood, reservoirs of long-lived, tissue-specific multipotent somatic stem 

cells have been identified in various adult tissues, where they generate a restricted spectrum 

of daughter cells [4]. One particularly relevant example is neural stem cells (NSCs), which 

can differentiate to form neurons, astrocytes, and oligodendrocytes. While there is no 

definitive molecular signature for adult NSC populations, these cells tend to express the cell 

surface protein Notch, in combination with the RNA binding protein Musashi, the 

intermediate filament protein nestin, and glial fibrillary acidic protein (GFAP) [2]. None of 

these markers, however, is exclusive for the NSC population - Notch is expressed on mature 

neurons while Musashi and GFAP are expressed by mature astrocytes - reinforcing the need 

for functional criteria in the definition of adult stem cell populations [2]. Crucial to the 

maintenance of stem cell populations in adult tissues is the establishment of the stem cell 

niche, the environment that immediately surrounds and influences the stem cell population. In 

the adult CNS, NSCs reside predominantly in two niches: the sub-ventricular zone (SVZ) 

around the lateral ventricles and the dentate gyrus of the hippocampus [5]. Within these 

niches, various soluble factors are known to contribute to NSC proliferation, including 

epidermal and fibroblast growth factors (EGF and FGF). The observation that tightly 

regulated tissue-specific somatic stem cells persist into adulthood, both in the CNS and 

elsewhere, has opened exciting new avenues for scientific research. In particular, researchers 

have begun to investigate the consequences of dysregulation in the stem cell niche.  

 

 

II. CANCER STEM CELL HYPOTHESIS  
 

“A tumor can be viewed as an aberrant organ initiated by a tumorigenic cancer cell that 

acquired the capacity for indefinite proliferation through accumulated mutations. If one views 

Box 1: Self-renewal: the ability to divide and sustain a pool of stem cells with 

equivalent developmental potential to the parent cell  

Proliferation: the ability to divide and generate progeny, which may have 

more restricted developmental potential than the parent cell  
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a tumor as an abnormal organ, then the principles of normal stem cell biology can be applied 

to understand better how tumors develop” [6]  

 

Striking parallels have emerged between stem cells and transformed malignant cells (see 

Figure 1), providing the initial circumstantial evidence for an etiological link between stem 

cells and cancer [1, 6]. Both cell types have a significant capacity for self-renewal: highly 

regulated self-renewal is characteristic of somatic stem cells, whereas dysregulated self-

renewal, in the form of replicative immortality, is a hallmark of cancer [7].  

Furthermore, both cell types differentiate into morphologically and antigenically 

heterogeneous lineages: stem cells differentiate to form various mature tissue components, 

while cancer cells undergo aberrant differentiation to form phenotypically diverse progenitors 

[1].  

These parallels have raised important questions about whether our understanding of 

tumor development and progression can be refined by conceptualizing cancer as a 

fundamentally stem cell-driven system.  

 

 

Figure 1. Organogenesis occurs when tissue-specific somatic stem cells give rise to transient 

amplifying cells, which divide rapidly before differentiating to form mature tissue. The tissue-specific 

stem cell population is maintained through self-renewal. In tumorigenesis, cancer stem cells arise from 

mutagenic transformation of mature or stem cells. These cancer stem cells acquire or retain the ability 

to self-renew indefinitely, conferring the phenotype of uncontrolled replication. Like normal tissue-

specific stem cells, cancer stem cells also differentiate over many generations, forming phenotypically 

heterogeneous tumors. 

Figure 1: Organogenesis occurs when tissue-specific somatic stem cells give rise to transient amplifying cells, which
divide rapidly before differentiating to form mature tissue. The tissue-specific stem cell population is maintained
through self-renewal. In tumorigenesis, cancer stem cells arise from mutagenic transformation of mature or stem
cells. These cancer stem cells acquire or retain the ability to self-renew indefinitely, conferring the phenotype of
uncontrolled replication. Like normal tissue-specific stem cells, cancer stem cells also differentiate over many
generations, forming phenotypically heterogeneous tumours.
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Functional Definition of Cancer Stem Cells 
 

The idea that cancer is initiated and maintained by its own unique set of abnormal stem 

cells, termed cancer stem cells (CSCs), is known as the cancer stem cell hypothesis. As the 

CSC hypothesis becomes more widely cited, considerable controversy continues within the 

literature regarding its definition, the requirements to test it, and its limitations. For this 

chapter, we use the definition established by a panel convened by the American Association 

for Cancer Research (AACR).  

 

Cancer stem cell: a cell within a tumor that possesses the capacity to self-renew and to 

cause the heterogeneous lineages of cancer cells that comprise the tumor [8] 

 

According to the AACR consensus, such cells form a self-sustaining reservoir that is 

crucial to continued tumor expansion. Based upon the AACR findings and the literature, we 

have summarized five central tenets that comprise the foundation of the CSC hypothesis (see 

Figure 2).  

 

 

Empirical Evidence for the CSC Hypothesis 
 

The first evidence for the CSC hypothesis emerged from the study of leukemia and 

multiple myeloma.  

 

 

Figure 2. Based on the current literature, we have summarized five central tenets of the cancer stem cell 

hypothesis.  Figure 2: Based on the current literature, we have summarized five central tenets of the cancer stem cell
hypothesis.
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To demonstrate that a predictable subset of cells was capable of initiating disease, Dick et 

al. solated CD34
+
CD38

-
 cells from patients with acute myeloid leukemia (AML) and showed 

these cells had a highly enriched clonogenic capacity when engrafted in non-obese diabetic 

severe combined immunodeficient (NOD-SCID) mice [9]. Importantly, these cells, which 

occurred at a frequency of approximately one per million tumor cells, were capable of re-

generating the phenotypic heterogeneity observed in the original patient samples. 

Taken together, these observations constituted the first evidence that a human cancer (a) 

contained a distinct subset of stem-like cells with enriched cancer-initiating potential, and (b) 

these cells could differentiate into phenotypically distinct progenitors. With these 

experiments, the proof of principle was established for the CSC model. The next challenge 

was to demonstrate the existence of highly tumorigenic sub-populations in solid tumors. Al-

Hajj et al. found that CD44
+
 CD24

-/low
 subpopulations isolated from human breast cancer 

specimens were highly tumorigenic when xenografted in NOD-SCID mice, forming tumors 

from as few as 100 cells. By contrast, cells of other antigenic phenotypes failed to form 

tumors even when tens of thousands of cells were injected [10].  

 

 

Empirical Criteria for Cancer Stem Cells 
 

For a set of isolated cells to be considered CSCs, three observations are required [4].  

 

1) Only a subset of cancer cells isolated from each tumor retain tumorigenic potential 

when xenografted into immunodeficient mice  

2) These tumorigenic cells display distinctive stem cell surface markers  

3) Tumors that arise from xenografts of these tumorigenic cells recapitulate the 

phenotypic heterogeneity of the original tumor  

 

Using these criteria, CSC populations have been isolated from a number of solid tumors, 

including cancers of the prostate [11, 12], skin [13, 14], pancreas [15, 16], colon [17, 18], 

lung [19, 20], and brain [21, 22].  

 

 

III. BRAIN TUMOR STEM CELLS DISCOVERY 
 

The first evidence for a CSC population in gliomas was found when Ignatova et al. first 

isolated stem-like cells from glial tumors utilizing growth conditions optimized for neural 

stem cells [23]. The investigators isolated stem-like cells from tumor samples that mimicked 

neural stem cells and formed non-adherent neurospheres in culture. The first in vivo evidence 

originated from the Dirks lab when Singh et al. isolated highly tumorigenic cells with the 

stem cell marker CD133 (also known as Prominin-1) from fresh glioblastoma patient samples 

(Figure 3) [22]. In vitro, these cells demonstrated significant capacity for both self-renewal 

and proliferation, forming neurospheres when cultured in serum-free medium supplemented 

with EGF/FGF.  
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Figure 3. Schematic of isolation of brain tumor stem cells from patient surgical samples. CD133+ cells 

were sorted from patient tumor samples via fluorescence-activated cell sorting (FACS). When grown 

under neural stem cell conditions (serum free, supplemented with epidermal and fibroblast growth 

factors), CD133
+
 cells formed self-renewing neurospheres. When cultured in pro-differentiation 

conditions (serum, no growth factor supplements), the CD133
+
 cells differentiated and expressed 

markers found in the original patient tumor (e.g. GFAP). In vivo, as few as 100 CD133
+
 cells form 

tumors, while up to 1 x 10
4
 CD133

-
 cells fail to form serially transplantable tumors. The tumors that 

arise from CD133
+
 cells accurately recapitulate the phenotypic heterogeneity and architecture of the 

patient tumor.  

In vivo, as few as 100 CD133
+
 cells could regenerate tumors in immunocompromised 

mice, compared to 10
5 

CD133
-
 cells from the same sample [22]. Importantly, tumors derived 

from these CD133
+
 cells recapitulated the phenotypic heterogeneity of the original patient 

tumor.  

Through these experiments, the authors demonstrated that the putative brain tumor stem 

cells met all three functional criteria for CSCs. Subsequent groups explored alternative 

methods of isolating and enriching for CSCs in patient-derived glioma samples. Alternative 

surface markers emerged, including CD15/SSEA-1 [24, 25], L1CAM [26], A2B5 [27], and 

integrin 6 [28]. Refined culture methods also demonstrated the existence of mitogen-

independent brain tumor stem cells [29]. In virtually all studies, the phenotypic heterogeneity 

of the patient tumor was recapitulated in an orthotopic xenograft model from a small number 

of cells. As the field matures, clinical evidence that brain tumor stem cells exist and drive 

treatment resistance in patients remains lacking. As such, many experts in the field dispute the 

term “brain tumor stem cells” in favor of the less value-laden term Brain Tumor Initiating 

Cells (BTICs). This nomenclature emphasizes that such cells are isolated based on their 

ability to initiate tumors in xenograft models, and are not necessarily of neural stem cell 

origin.  

 

Figure 3: Schematic of isolation of brain tumour stem cells from patient surgical samples. CD133+ cells were sorted from
patient tumour samples via fluorescent assisted cell sorting (FACS). When grown under neural stem cell conditions (serum
free, supplemented with epidermal and fibroblast growth factors), CD133+ cells formed self-renewing neurospheres. When
cultured in pro-differentiation conditions (serum, no growth factor supplements), the CD133+ cells differentiated and
expressed markers found in the original patient tumour (e.g. GFAP). In vivo, as few as 100 CD133+ cells for tumours, while up
to 1 x 104 CD133- cells fail to form serially transplantable tumours. The tumours that arise from CD133+ cells accurately
recapitulate the phenotypic heterogeneity and architecture of the patient tumour.
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Key Questions 
 

As apparent from the introduction above, there remain several important questions 

concerning BTICs and CSCs that we address below.  

 

Do Mutated Stem Cells Represent the Cell of Origin for Gliomas in Patients?  

To answer this question, we must first understand the developmental hierarchy of normal 

neural tissue. Replication-competent NSCs in the post-natal brain were first isolated under 

neurosphere conditions by Sam Weiss and Brent Reynolds in 1992 [30]. These endogenous 

NSCs persist into adulthood, poised at the apex of the brain’s developmental hierarchy. Over 

time, NSCs undergo asymmetrical cell division in order to simultaneously maintain the stem 

cell population and give rise to transient amplifying progenitors, which proliferate and 

gradually lose their self-renewal abilities with each division, giving way to lineage-committed 

progenitors. These progenitor cells in turn give rise to mature astrocytes, oligodendrocytes, 

and neurons. To date, this model has been envisioned as being exclusively unidirectional, 

with multipotent cells gradually giving way to more committed lineages. However, it is 

possible that certain de-differentiation events may occur as part of normal neural tissue 

development. Neurogenic precursors have been shown experimentally to de-differentiate in 

response to EGF [31] and astrocytes have been shown to revert to a stem cell phenotype in 

response to transforming growth factor alpha [32], highlighting a possible role for de-

differentiation events in neural development.  

With the advent of the CSC hypothesis, it has been suggested that gliomas arise from 

actively dividing NSCs that mutate during the process of normal neural development. These 

mutant cells are thought to produce a renegade population of multipotent stem-like cells with 

dysregulated proliferative abilities, which eventually expand and generate the full spectrum of 

tumor cells. The expression of NSC-associated proteins such as nestin by certain BTIC 

populations highlights this possibility [33]. However, it is also possible that mature cells, such 

as astrocytes, may assume certain stem-like properties following oncogenic insult, and revert 

to a less differentiated phenotype. It stands to reason that different cells of origin are possible, 

perhaps at different levels of the hierarchy, and that the identity of the cell of origin may 

greatly influence the phenotype and classification (neural, proneural, mesenchymal, or 

classical) of the patient tumor. Many research groups have experimented with the generation 

of oncogenic mutations in specific cell types by genetic or anatomical targeting, with the 

objective of understanding which cells in the hierarchy are capable of acting as the cell of 

origin. For example, Holland et al. demonstrated that nestin-expressing NSCs could give rise 

to high-grade gliomas upon the activation of Ras and Akt [34]. In addition, GFAP-expressing 

NSCs and progenitor cells can give rise to high-grade gliomas upon GFAP-Cre-mediated 

inactivation of p53 and PTEN [35]. Similarly, it has been shown that inactivation of Nf1 and 

p53, or Nf1, p53, and PTEN, in nestin-expressing NSCs can give rise to malignant gliomas 

[36]. Jacques et al. also demonstrated that deletion of PTEN/p53 in adult SVZ stem cells can 

result in gliomagenesis, whereas mutation of the same tumor suppressors in mature 

parenchymal astrocytes did not [37]. Each of these studies demonstrated that NSCs or their 

progenitors are capable of oncogenic transformation. Importantly, however, these studies do 

not specifically address whether the mutant NSCs themselves, or their mutant progenitors, are 

ultimately responsible for tumor formation.  
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Recently, an influential paper by Liu et al. shed light on the cell of origin question using 

an elegant lineage-tracing technique termed mosaic analysis with double markers (MADM) 

[38]. The authors used a Cre-mediated recombination system in which p53/Nf1 inactivating 

mutations were initiated in dividing NSCs. Successful recombination events activated the 

expression of green fluorescent protein (GFP), while alternative recombination that did not 

inactivate p53/Nf1 activated red fluorescent protein (RFP) expression. Non-recombinant cells 

lacked both fluorescent tags. The authors observed that both wildtype (RFP) and mutant 

(GFP) NSCs could give rise to the normal repertoire of progenitors. Although a variety of 

different cell types bore the oncogenic mutation, including NSCs, oligodendrocyte precursor 

cells (OPCs), neurons, astrocytes, and oligodendrocytes, only OPCs underwent 

transformation and initiated tumor development. Importantly, these OPCs acquired the 

expression of NSC markers upon transformation, highlighting that certain NSC phenotypic 

traits, such as surface marker expression, can be acquired by an otherwise committed cell 

type. Furthermore, although NSCs may represent the cell of mutation, they are not necessarily 

the most likely candidates for the cell of origin, in this murine model of p53/Nf1-driven 

glioma.  

 

Do Current Experimental Models Reflect Stable Populations of Stem-Like Cells in 

Patient Tumors? 

A fundamental assumption in the field is that CSCs isolated from patient surgical samples 

accurately represent stem-like cells in the patient tumor. However, there is concern that the 

experimental strategy for isolating CSCs - using in vitro culture systems or xenografts to 

serially propagate stem-like cells - will select for populations that are not true CSCs. Once a 

cell reaches the stage of xenograft transplantation, it has survived various manipulations, 

including removal from its niche in the patient tumor, isolation from the surgical specimen, 

mechanical and enzymatic dissociation, sorting, and implantation into a series of foreign 

hosts. Each of these events exerts a unique selective pressure, confounding an assay that is 

intended to provide an unbiased read-out of tumorigenicity. Furthermore, no assay is 

available to interrogate the tumorigencity of a given patient-derived BTIC population in a 

syngeneic host; all models, by definition, must cross the species barrier, which introduces an 

additional element of selective pressure [39]. Lastly, putative BTICs are transplanted from an 

immunocompetent host to an immunocompromised model, which may substantially influence 

the tumor microenvironment. In summary, the context in which tumorigenicity is measured 

differs widely from the context of the original tumor [39]. Our current experimental models 

select for cells that can survive in the murine microenvironment, rather than selecting for the 

most tumorigenic sub-population, making it difficult to extrapolate to patient tumors [40, 41].  

Assuming a BTIC population does exist in patients, how stable is the stem-like 

phenotype? We must consider that the BTICs isolated from surgical specimens only provide a 

snapshot of the cellular hierarchies at the time of resection. Given the highly plastic nature of 

these cells, it is possible that their phenotypes are unstable, and may change over days, weeks, 

or the lifetime of the tumor. As described by the AACR panel: 

 

The stem cells within an individual tumor may constitute a moving target, that is, the 

cells that drive growth at one point in time may not be identical to those doing so at another 

stage in tumor evolution…furthermore, the genetic and epigenetic instability that are 
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fundamental properties of tumor biology can induce cellular heterogeneity within the stem and 

non-stem cell populations of the tumor [8]  

 

In addition to intrinsic cellular changes that may make patient BTIC populations 

unstable, one must also consider the evolution of the niche over the lifetime of the tumor. 

Various factors, such as the infiltration of immune cells and development of large areas of 

necrosis - as well as changes caused by surgery, chemotherapy, and radiation - profoundly 

alter the tumor microenvironment, which may impact the stability of BTIC populations. We 

must remember that BTICs are only an important therapeutic target if the phenotype in 

patients is both stable and reasonably similar to experimentally-isolated BTICs [42]. At 

present, there is no direct evidence in patients that untreated human gliomas maintain a stable 

subset of uniquely tumorigenic stem-like cells.  

 

Do BTICs Have Prognostic Relevance?  

The clinical data regarding the prognostic relevance of BTIC markers in high-grade 

gliomas remain somewhat conflicting. In 2008, Zhang et al. demonstrated that survival in 

glioma patients was positively correlated with low expression of the stem cell markers CD133 

and nestin in tumor samples, as determined by immunohistochemistry (IHC) [43]. Similarly, 

expression of CD133 was identified as an independent prognostic marker in a study of 44 

glioblastoma patients in Italy [44] and 95 glioma patients in Germany (45), with high 

expression being correlated with low survival. However, a recent clinical study examining the 

expression of three BTIC markers (CD133, CD15, and nestin) in 88 glioblastoma samples 

showed no correlation between BTIC marker expression and clinical outcome, suggesting that 

these markers may lack prognostic significance [46]. As more clinical data are accumulated, 

the prognostic relevance of BTIC markers will continue to be clarified.  

 

What Defines the BTIC Niche in the Tumor?  

It is well known that the adult NSC niche is finely tuned to support the balance between 

stem cell proliferation and quiescence. Similarly, it has been observed that BTICs 

preferentially occupy certain tumor microenvironments, particularly the nutrient-rich 

microvascular proliferating zone or perivascular niche (PVN) [47]. The PVN, which borders 

angiogenic microvascular structures within the tumor, is characterized by significant cellular 

heterogeneity - within this region can be found astrocytes, endothelial cells, macrophages, 

microglia, and post-mitotic tumor cells, in addition to BTICs [48]. In several types of brain 

cancer, including high-grade gliomas, the density of these PVN structures appears correlated 

to the number of BTICs in the tumor [47]. Disruption of the vasculature, and concomitantly 

the perivascular niche, has been shown to deplete the BTIC population and halt the growth of 

PDGF-driven gliomas [47]. Mechanistically, it has also been shown in a PDGF-induced 

glioma model that the endothelial cells, juxtaposed alongside BTICs, release nitric oxide 

(NO), a highly reactive free radical that activates the Notch pathway in BTICs and promotes 

self-renewal in vitro as well as tumor growth in vivo [49]. However, communication between 

BTICs and the vasculature is bidirectional; not only do endothelial cells enhance BTIC 

proliferation, but BTICs also enhance angiogenesis through the expression of vascular 

endothelial growth factor (VEGF) [50, 51]. It is believed that the expression of VEGF by 

BTICs is initiated by the stabilization of hypoxia-inducible factors (HIF) transcription factors, 

activated in response to hypoxic conditions within the tumor [52]. Interestingly, various genes 
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associated with the BTIC phenotype are transcriptionally regulated by HIF2, and hypoxic 

conditions have been shown to trigger non-stem cells to revert into a more stem-like state [52-

54]. This demonstrates that BTICs can occupy both hypoxic and perivascular niches, and alter 

their gene expression according to their niche microenvironment. 

 

Are BTICs Resistant to Multiple Treatment Modalities? 

The current standard of care for high-grade gliomas includes surgical resection followed 

by radiotherapy combined with the DNA alkylating agent temozolomide. Despite this three-

pronged approach, the prognosis remains dismal. The emergence of the CSC hypothesis 

provides one explanation for the failure of conventional glioma therapies: traditional 

approaches target the bulk of tumor cells but fail to eradicate the CSCs that fuel its growth. 

Similarly, small molecule inhibitors are designed based on the documented gene signatures of 

the bulk of tumor cells; these gene signatures may not be representative of the CSC 

population in these tumors, allowing them to escape eradication by targeted therapies. Over 

the past several years, BTICs have been shown to possess different mechanisms that 

specifically enhance resistance to both chemo- and radiotherapy. Resistance to radiotherapy 

may arise through both an enhanced capacity for DNA repair in response to genotoxic stress, 

and by resistance to radiation-induced apoptosis. Bao et al. demonstrated that CD133
+ 

BTICs 

have reduced sensitivity to ionizing radiation compared with their CD133
-
 counterparts [55]. 

In fact, under the selective pressure of radiation, BTIC populations expand dramatically, a 

phenomenon enabled by their preferential activation of the DNA damage checkpoint 

response. A variety of molecules have been implicated in radioresistance, including Notch, 

SirT1, and Bmi1, suggesting that multiple overlapping mechanisms exist for maintaining a 

radioresistant state [56-58]. Slow transit time through the cell cycle of CD133
+
 BTICs, 

compared to CD133
-
 cells, combined with high basal expression of the checkpoint kinases 

Chk1 and Chk2, are also thought to contribute to radioresistance [59]. Furthermore, CD133
+
 

BTICs have shown heightened expression of a variety of anti-apoptotic proteins, including 

livin and survivin, which are thought to counteract the pro-apoptotic effect of genotoxic stress 

[60]. In addition to mechanisms for radioresistance, BTICs also have increased resistance to 

chemotherapeutics. In particular, they are known to express various ATP-binding cassette 

(ABC) transporters, which are transmembrane drug efflux pumps that confer reduced 

sensitivity to various chemotherapeutic agents. For instance, CD133
+
 BTIC populations 

express high levels of ABCG2/BCRP1 [61, 62], a promiscuous transporter that can efflux 

both hydrophobic and hydrophilic chemotherapeutics, including topotecan, doxorubicin, 

irinotecan, imatinib, and methotrexate [63]. Some BTICs, though not all, are resistant to 

temozolomide (TMZ), though the mechanism of resistance has yet to be determined [64, 65]. 

It has been found, however, that inhibiting pathways unique to the BTIC phenotype, such as 

Notch and sonic hedgehog, can increase susceptibility to TMZ [66].  

 

Are BTICs a Viable Therapeutic Target?  

With the failure of conventional therapies to substantially improve patient prognosis, 

considerable emphasis has been placed on determining whether BTICs represent a valid 

therapeutic target in high-grade gliomas. As mentioned above, various surface markers have 

been identified for isolating BTIC populations, including CD133, CD15/SSEA-1, L1CAM, 

A2B5, and integrin 6. Whether these proteins represent useful therapeutic targets, or serve 
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as viable prognostic markers, remains to be determined. Interestingly, a functional role has 

been shown for L1CAM and integrin 6, whereby inhibition or knockdown reduces 

tumorigenicity in xenograft models [26, 28].  

In addition to cell surface proteins, various signaling cascades implicated in the 

maintenance of intra-tumoral BTIC populations may be targeted. For instance, the sonic 

hedgehog (SHH) pathway regulates BTIC proliferation, and high SHH expression correlates 

with reduced patient survival [67)] Abrogation of SHH signaling reduces BTIC 

tumorigenicity in vivo [67-69]. Similarly, Notch signaling is activated in BTICs and NSCs 

[70]. Forced expression of the Notch intracellular domain leads to the expression of nestin (a 

quintessential BTIC/NSC marker) and enhances the expression of resistance-conferring ABC 

drug transporters. Inhibiting Notch cleavage with gamma-secretase inhibitors reduces 

tumorigenicity drastically and prolongs survival in vivo [58, 70]. These results demonstrate 

the therapeutic potential of small molecule inhibitors targeting BTIC pathways. Another 

strategy to inhibit BTICs is the induction of differentiation to improve radio- and 

chemosensitivity. Piccirillo and colleagues demonstrated that bone morphogenetic proteins 

(BMPs) induce differentiation of BTICs in vitro and virtually eliminate tumorigenic potential 

in xenograft transplantation assays [71]. Similarly, Wurdak et al. demonstrated that 

knockdown of the adapter protein TRRAP induced BTIC differentiation in vitro and 

suppressed tumor formation in intracranial xenograft models [72]. In the clinic, differentiation 

strategies may prove to be safer, less toxic alternatives than treatments that generate massive 

cell death within the brain. CSC-targeting treatments are currently being piloted in the clinic 

for a variety of solid tumors. For instance, pilot studies have been established for the use of 

SHH pathway inhibitors to target CSC populations in pancreatic cancer (clinicaltrials.gov 

identifier: NCT01195415) and head and neck cancer (NCT01255800). Similarly, the gamma-

secretase inhibitor MK-0752 is being tested in Phase I/II trials for its ability to eliminate 

breast cancer stem cell populations (NCT00645333). In gliomas, the gamma-secretase 

inhibitor RO4929097 is also being tested in various Phase I/II trials (NCT01269411; 

NCT01119599; NCT01189240). Similarly, the SHH inhibitor GDC-0449 is currently being 

tested in Phase I/II trials for gliomas and medulloblastoma (NCT00980343; NCT00939484; 

NCT00822458). Feasibility studies are also being conducted to optimize the clinical 

procedures required to rigorously test the efficacy of CSC-targeting therapies. For example, a 

feasibility study is underway at Stanford University to determine whether CSCs in head and 

neck cancers can be accurately quantified using presurgical patient tissue biopsies 

(NCT00610415). Such studies will also be necessary in high-grade gliomas before 

undertaking large-scale trials using BTIC-specific therapeutics.  

 

 

CONCLUSION 
 

The discovery of stem-like cells in human gliomas has challenged our fundamental 

assumptions about brain cancer and offered a fresh therapeutic perspective to examine tumor 

heterogeneity and recurrence. New therapeutic targets have been elucidated and new 

treatment approaches suggested for high-grade gliomas; however, the initial rush of 

excitement has given way to prudent caution. Though the BTIC hypothesis offers much 
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promise to improve patient care, many vital questions still remain, and we must be ruthless, 

relentless, and rigorous in our pursuit of answers. 
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