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Decoding the cancer stem cell
hypothesis in glioblastoma

James S Hale*', Maksim Sinyuk*', Jeremy N Rich?® & Justin D Lathia*'?

Brain tumors contain highly resistant and angiogenic tumor cells called cancer stem cells. Many brain
tumors recur in a nodular pattern, suggesting a clonal origin that may be derived from a combination of
genetic changes and a selection of cancer stem cells.

B Cancer stem cells reside in supportive environments called niches that function to maintain these cells.
Targeting the supportive niche may be a useful therapeutic approach as there may be a lower likelihood
of resistance. In fact, radiation and chemotherapy may function as niche inhibitors.

Practice Points

B Cancer stem cells secrete proangiogenic factors to stimulate tumor growth. Bevacizumab may function
in part to block this effect. The blood vessels also serve as part of the cancer stem cell niche.

®  Cancer stem cells are often invasive in animal models. Recent studies suggest that bevacizumab may
switch active pathways in the tumor to stimulate greater invasion. This may explain the changes in tumor
growth patterns seen with some bevacizumab-treated patients.

B The pathways in cancer stem cells that increase resistance to current therapies may be amenable to
pharmacologic inhibition. Clinical trials are testing these approaches.

B |Immunologic therapies for brain tumors include vaccines and immune modulators. These may be
effective in targeting cancer stem cells.

B (linical trials with anticancer stem cell therapies are underway. They often include functional assays that
measure characteristics of cancer stem cells.

B Personalized or precise medicine approaches may be better informed by the consideration of cancer
stem cells.

SUMMARY  Our understanding of the complexity of nervous system cancers has been
enhanced through the incorporation of cellular heterogeneity into tumor models, with
cellular subsets displaying stem cell characteristics. Advanced cancers such as glioblastoma
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are organized in a hierarchy with cancer stem cells at the apex. Cancer stem cells are
functionally defined by their ability to self-renew and propagate tumors similar to the
parental tumors from which they are derived. We will discuss advances in cancer stem cells,
including the ability to prospectively isolate and interrogate cancer stem cells, by defining
molecular mechanisms responsible for the tumor maintenance and growth. While the field
of cancer stem cell biology is relatively young, continued elucidation of the tumor hierarchy
holds promise for the development of novel patient therapies.

Brain tumors arise from tissues of the CNS or as
a result of metastasis of primary tumors originat-
ing in distant organs of the body. They are clas-
sified by WHO primarily based on the cell types
involved, location and degree of malignancy. Gli-
omas are the most common primary form of neo-
plasia in the CNS and account for approximately
80% of malignant brain tumors [1]. Gliomas
appear histologically similar to glial cells, which
include astrocytes and oligodendrocytes [2]. Low-
grade gliomas (grades I and II) are slower grow-
ing and less aggressive than their grade Il and IV
counterparts, which include anaplastic ependy-
moma, anaplastic oligoastrocytoma, anaplastic
astrocytoma, anaplastic oligodendroglioma and
glioblastoma multiforme (GBM). In addition to
being the most common and well-characterized
primary brain tumor in humans, GBM is also
the most malignant and lethal.

The Centralized Brain Tumor Registry of
the United States estimates 24,620 new cases of
malignant brain or CNS tumors will be diag-
nosed in 2013 3]. While Richard Nixon declared
war on cancer in the 1970s, limited advancement
has been made in GBM, with median survival
times remaining poor at 12—18 months following
diagnosis [4]. Independent prognostic factors for
survival include patient age, performance status,
number of lesions and resection status [5]. The
5-year survival rate is 5%, which is among the
lowest of any cancer, with a mean age of presenta-
tion of 53 years [6]. Given the high mortality and
the challenges associated with treatment, GBM
will be the main focus of this article.

Hallmarks & challenges of GBM

Cancers are associated with several defining
characteristics, including inhibition of apopto-
sis, immune suppression and evasion, sustained
proliferative signaling, evasion of growth inhibi-
tion, invasion and metastasis, immortality, and
angiogenesis [7.8]. GBM tumors display these
hallmark characteristics and are particularly dis-
tinguished by robust vascularization, necrosis,
tissue infiltration and resistance to chemotherapy
and radiation [9-12]. Vascularization and necrosis
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separate grade Il and IV gliomas, and are viewed
as traits of the latter. GBMs display a high level
of inter- and intra-tumor heterogeneity, with
conserved and individual mutations observed in
each case, compounding the difficulty in design-
ing targeted therapies that may be utilized across
a broad patient population [13,14]. The Cancer
Genome Atlas research effort and independent
genomic profiling studies have identified at least
four groups of GBM [15,16] that have subsequently
been separated into neural, proneural, mesenchy-
mal and classical subtypes based on gene expres-
sion [17]. Recently, it has been argued that addi-
tional subtypes exist based on global methylation
status instead of protein expression and that these
new groups are better able to encompass pediatric
GBMs, which are now recognized as molecularly
distinct from their adult counterparts [14,18,19].
Therefore, molecular characterization and tumor
grouping/classification has focused on the goal
of tailored therapies, targeting specific abnor-
malities unique to each GBM tumor subset or
individual tumor [17].

Current treatment regimens, which are pal-
liative in nature, involve resection in conjunc-
tion with radiation, chemotherapy or other
experimental treatments, such as targeted anti-
angiogenic immunotherapies [20-22]. In many
instances tumor recurrence is observed in GBM.
With these considerations in mind, a paradigm
shift in the way we view and treat GBMs must
occur. Tumors cannot be thought of as distinct
intact entities residing in normal tissues, but
instead as aberrant organs with a high degree
of stromal tissue and tumor cell interaction.
Furthermore, tumors are no longer thought of
as a homogeneous population of cells all pos-
sessing equal tumorigenic potential, leading us
into an alternative hierarchical view of GBM,
with a stem-like population of cells contributing
to tumor progression and therapeutic resistance.

Cancer stem cell hypothesis

The cancer stem cell (CSC) hypothesis, outlined
in , posits the existence of a cellular hier-
archy within an individual tumor. At the apex,
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Figure 1. Cancer stem cell hypothesis. Tumors are hierarchically arranged with CSCs at the apex
able to give rise to the heterogeneous populations of cells seen throughout the tumor. These CSCs
have the ability to self-renew and demonstrate increased tumorigenic potential over their non-stem
counterparts. However, non-stem tumor cells also possess some classical features of CSCs and are
able to revert to a more ‘stem-like’ state in response to microenvironmental stress.

CSC: Cancer stem cell.

or head of the hierarchy, are CSCs (also referred
to as tumor-initiating cells, stem-like tumor cells
or tumor-propagating cells) that are able to give
rise to the diverse array of cells observed in a
tumor. While CSCs express markers associated
with the normal stem cell state (i.e., CD133),
they are functionally defined by their ability to
self-renew, proliferate in a sustained manner and
form heterogeneous tumors that recapitulate the
cellular diversity observed in parental tumors.
However, the CSC hypothesis is not without
controversy. Critics of the CSC hypothesis advo-
cate that this theory conflicts with the stochastic
model of tumor formation, which argues thatall
tumor cells possess an equal ability to propagate a
tumor, and genetic cues dictate which cells drive
tumor progression. Furthermore, confusion has
prevailed regarding the term CSC; are these
cells dedifferentiated tumor cells or transformed

future science group

normal stem cells? Tumors contain a population
of cells, whether from normal stem cells or dedif-
ferentiated tumor cells, which possess stem-like
properties and reside in distinct anatomical
regions termed niches. CSCs receive cues from
the microenvironment, comprised of somatic and
neoplastic cells and the extracellular matrix, and
give rise to more-differentiated tumor cell prog-
eny. These progeny may still possess a degree
of multipotency, allowing for further selection.
In addition, chromosomal instability has been
described in CSC populations, highlighting a
possible mechanism for selection and tumor
evolution by CSCs [23]. Thus, the CSC hypo-
thesis does not exclude stochastic selection or
the acquisition of resistance by tumors; instead
it may be viewed as a concurrent or complemen-
tary model aimed at addressing the complexity of
tumorigenesis and therapeutic resistance.
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CSCsin GBM

The first description of an identified CSC popu-
lation in cancer came in 1997 in leukemia by
Bonnet and Dick [24]. Subsequent, studies in
GBM [25], breast [26], prostate [27], colon [28]
and pancreatic [29] cancers have confirmed the
presence of therapeutically resistant progenitor
populations able to recapitulate the parental
lesions. In the context of GBM, CSCs were first
identified in 2002 [30,31] and successive stud-
ies have more thoroughly characterized GBM
CSCs (GSCs). This subpopulation of tumor
cells has been shown to form neurospheres in
defined serum-free stem cell media supplanted
with growth factors, such as EGF and bFGF,
self-renew, express normal neural precursor cell
markers, and possess multipotent potential and
the ability to reform the parent tumor upon
orthotopic implantation. Following this discov-
ery, it was demonstrated that GBM cells cultured
under serum-free conditions displayed a high
degree of genotypic and phenotypic similarity
to the parental tumor [32]. Confirmation of the
tumor cell identity of GSCs by FISH analysis
demonstrated the presence of conserved chromo-
somal mutations with the parent tumor suggest-
ing lineage commonality [33]. Identification and
isolation of putative CSCs has largely relied on
the use of differential cell surface marker expres-
sion profiling. Following their identification,
extensive efforts were undertaken to characterize
enrichment markers for this highly tumorigenic
population of cells with the goal of developing
selective targeting strategies. Prominin-1, better
known as CD133, was identified by flow cytom-
etry in a small fraction of GBM cells. It was
subsequently shown to enrich for tumor cells
able to form spheres and recapitulate the original
tumor, features not traditionally thought to be
shared by their CD133" tumor cell counterparts
(3435]. As such, CD133 has become the proto-
typic marker for GSCs. Numerous other markers
have been explored for their utility in identify-
ing and targeting CSCs from various cancers.
In GBM integrin a6 [36], CD15 371, EGER 38],
A2B5 (391, LICAM [40], CD44 [41] and CXCR4
(42] have all been studied as CSC markers. In
breast cancer CD44, ALDH and integrin o6
(43] have been used as CSC markers, while in
colon cancer ALDHI1, CD44 and CDI166 are
more commonly used [44]. Marker overlap has
been observed across multiple cancers, allowing
for the possibility of conserved pathways and the
potential for conserved therapies.
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While the functions of some of these markers
have yet to be fully described in GSCs, others
have proven to be promising anti-GBM thera-
pies. CD133 has emerged as being essential to
the maintenance and tumorigenic potential
of GSCs [43]. Silencing CD133 in GSCs using
shRNA knockdown strategies demonstrates
that both self-renewal and tumorigenic capac-
ity were ablated, while the inhibitory phenotype
was recovered completely following CD133 re-
expression [45]. Identifying additional markers
could accelerate GBM research as targeting
multiple cell surface makers has the potential to
increase the therapeutic efficacy of GBM treat-
ment by further identifying which are neces-
sary for GSC maintenance and self-renewal, and
designing strategies to prevent the malignant
phenotype associated with their expression. Of
note, integrin a6 has been found to be highly
expressed in the GSC population, localizing
with CD133 as well as its coreceptor, integ-
rin B1, and ligand, laminin, in both GBM sur-
gical biopsies and tumorspheres [34]. The study
also demonstrates, through the use of shRNA
silencing and antibody blockade, that target-
ing integrin a6 in GSCs inhibits self-renewal,
proliferation and tumor formation capacity
both in vitro and in vivo [46]. Another promis-
ing marker for GSCs is the EGFR, which has
been shown to be activated in more than 50%
of patients with GBM through a constitutively
active mutation [38]. A recent study has suggested
that constitutively activated EGFR signaling
confers increased tumorigenicity to glioma cells
through the acquisition of GSC characteristics
and angiogenesis by induction of ID3 and ID3-
regulated cytokines via AKT-dependant activa-
tion of Smad5 (38]. The importance of EGFR
signaling cannot be understated as pharmaceuti-
cal inhibitors of EGFR (AF1478 and gefitinib)
initially suppress GSC phenotypes, such as pro-
liferation and clonal potential, but lose effective-
ness soon after withdrawal of treatment [38]. The
identification of such GSC markers is invaluable
in the long term in order to increase the amount
of available targets for future therapeutic deliv-
ery. An interesting possibility for future study
would be elucidating whether targeting multiple
GSC markers at one time has a synergistic effect
on GSC and patient survival. Owing to their
innate cellular heterogeneity, GSCs display dif-
ferential expression of these markers across their
population. Using one targeting strategy may
ablate a subpopulation of GSCs while leaving
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another untouched to regrow the tumor. Using
multiple markers to target GSCs bypasses this
problem and, in combination with current radi-
ation and chemotherapy treatment paradigms,
may potentially be a viable clinical solution to
GBM. More aggressive therapy may also be pos-
sible for extremely malignant tumors by target-
ing multiple GSC markers, thereby sensitizing
tumor cells to treatment with chemotherapeutic
agents as well as radiation, leaving them unable
to regrow the tumor. In addition, it is impor-
tant to note that some of these markers are also
observed in normal tissues. Thus, it is vital to
effectively target the tumor compartment while
leaving host tissues intact.

Recently, it has been demonstrated that
populations of CD133- GBM cells also pos-
sess classical features of CSCs, such as neuro-
sphere formation, multipotency, self-renewal
and recapitulation of the original tumor [47].
It has been postulated that this subpopula-
tion of tumor cells may in fact simply express
low levels of CD133 and fail to be identified
as positive. Alternatively, cell cycle variation
in CDI133 expression has previously been
described [48] and CD133" cells were shown to
reside mainly in G /G,. Thus, care should be
taken when utilizing CD133 in targeting GSCs,
as quiescent cells may not express CD133 at
detectable levels. Furthermore, this highlights
the fact that no single surface marker may be
definitively utilized as an absolute marker of
stemness, whether in normal or neoplastic tis-
sues. Alternative strategies have been proposed
for the identification and isolation of not only
GSCs, but also CSCs from multiple cancer
types as a whole. With regard to GSCs, these
alternatives have focused on functional marker-
independent strategies, including dye retention
[49], migratory capability [s0] and drug resistance
markers, such as ALDH and ABC transporters
51). Although attractive, side populations are
not informative for human GSCs [52] and drug
resistance markers require further investigation.

An inability to reproduce several studies and
conflicting reports with regard to the utility
of certain cell surface markers have empha-
sized the fact that GSCs display a high degree
of heterogeneity, which may be tied to the cell
cycle. Therefore, we should view these elusive
cells as dynamic entities in a constant state of
flux, changing marker expression profiles and
phenotypes in response to internal and external
cues. As demonstrated in , aside from
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having self-renewal capacity and the ability to
recapitulate tumors, CSCs can differentiate into
non-stem tumor cells that still retain a measure
of ‘stemness’ and are able to revert back to a
CSC state in response to microenvironmental
stress. The dynamic movement of CSCs within
the tumor hierarchy makes them especially dif-
ficult to detect as CSC markers are upregulated
or downregulated depending on whether a cell
is gaining or losing ‘stemness.” With regards
to external cues, CSCs are not randomly
interspersed throughout the tumor mass, but
instead are maintained within discrete micro-
environmental locations, termed niches. Within
GBMs, at least two such anatomical locations
have been identified and described in detail: the
hypoxic and perivascular niches.

Induction of the CSC phenotype by
microenvironmental cues

Oxygen is a universal and vital energy source for
cellular metabolism. In the adult brain, oxygen
levels vary from 0.55 to 8.0% [s3. GBMs are
highly vascularized, requiring vessel recruitment
to supply oxygen and nutrients, thereby allow-
ing expansion and metastasis. Upon histologic
examination, tumors display areas of robust cel-
lular division surrounding capillaries. Further
from vessels, oxygen tension drops as there is
limited diffusion into the surrounding stroma,
largely due to rapid utilization by respiring tis-
sues [53]. In GBM, oxygen tension is similar to
that observed in normal brain tissue, in the range
of 0.1-10% (54]. Regions of hypoxia have been
identified in GBM ranging from mild (0.5-2.5%
oxygen) to moderate (0.1-0.5% oxygen) to
severe (<0.1% oxygen) [55]. Hypoxic regions are
typically associated with necrotic areas, as well
as at the leading edge of pseudopalisading tumor
cells infiltrating normal tissue, and play a vital
role in promoting stem marker expression pro-
files and phenotypes, such as CD133 expression
and increased self-renewal and differentiation
capacity, via increased levels of hypoxia inducible
factors [54,55].

The molecular mechanisms controlling the
perivascular niche are better understood than
those active in hypoxic regions of GBMs. How-
ever, the structural framework of the niche
remains largely unknown and the i vivo regu-
lation of GSCs is unclear. Supporting the role of
the perivascular niche in GSC maintenance, it
has been demonstrated that vascular density in
GBM correlates with CSC content [56]. Within
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the perivascular niche, aside from non-stem
GBM cells and GSCs, numerous supporting cell
types have been identified, including microvas-
cular endothelial cells, microglia, pericytes and
astrocytes. Each of the aforementioned cell types
uniquely contribute to the formation and main-
tenance of the perivascular microenvironment
and subsequently GSCs via contribution to the
structural framework of the niche (through sta-
bilization of the tumor vasculature or deposition
of extracellular matrix), direct interaction with
GSCs and/or by the secretion of soluble factors.

Aside from forming the tumor vasculature
and delivering oxygen and nutrients to the
expanding tumor, GBM-associated endothelial
cells have also been shown to secrete soluble fac-
tors, such as nitric oxide, which promote self-
renewal and proliferation of GBM cells in vivo
(57]. Reports have also described vasculogenic
mimicry and transdifferentiation of GSCs into
cell types resembling vascular smooth muscle
cells and endothelial cells (s8-60]. Microglia/infil-
trating macrophages, originally thought to be a
natural host response to cancerous cells, have
been shown to be recruited by GSCs [61,62].
Recruited microglia/macrophages are converted
to an immunosuppressive phenotype, actively
secreting IL-10 and TGEF-B1. Induction of
inflammation and secretion of matrix metallo-
proteinases by microglia has also been shown
to promote GBM vascularization, proliferation
and migration [63,64]. Additionally, pericytes are
thought to be vital to vascular integrity, directly
associating with and regulating microvascular
endothelial cells [65]. It is thought that these cells,
mesenchymal in lineage, may be instrumental in
the formation and maintenance of the structure
of the perivascular niche in GBM [66]. Other
cell types, such as perivascular astrocytes, are
poorly understood in GBM; however, they are
known to regulate normal neural stem cells [67].
Astrocytes are the main producers of extracel-
lular matrix proteins, laminin and collagen, in
the brain and extracellular matrix deposition
has been shown to regulate the GSC state via
interaction between GSC cell surface receptor
integrin 0.6 [36] and laminin [68]. Astrocyte acti-
vation of matrix metalloproteinases has also been
implicated in tumor invasion [69] and astrocytes
have been shown to express SHH, a signaling
pathway known to regulate self-renewal and
GBM progression [70].

From these studies we gain a better apprecia-
tion for the diverse cell types and mechanisms
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regulating GSCs within the perivascular niche.
As demonstrated in , it is composed of
endothelial cells and pericytes, forming the main
body of the tumor vasculature. Around this ves-
sel, astrocytes, in addition to endothelial cells,
secrete extracellular matrix proteins, building
a scaffold for cell migration and communica-
tion. also demonstrates the close physi-
cal proximity of the heterogenic cell popula-
tions residing in the niche. The interaction of
macrophages, pericytes and endothelial cells
along with GSCs most likely contribute to the
latter’s tumorigenicity. GSCs residing in close
association with the vasculature modulate tumor
growth, contributing to the differentiated tumor
bulk and recruitment of microglia/macrophages,
further promoting a protumor microenviron-
ment. However, the complexity of the hypoxic
niche is not well understood and further investi-
gation into this particular tumor microenviron-
ment is warranted. GSCs and their respective
niches present numerous potential targets to
more effectively target and treat GBM in the
clinical setting.

Expression & function of miRNAs in CSCs
miRNAs are endogenous, ssRNA molecules that
have been described as highly conserved regula-
tors of gene expression. These molecules act by
base pairing with their target mRNAs through
perfect or near-perfect complementarity, partic-
ularly at the 3" untranslated regions of the target
mRNAgs, leading to their translational repres-
sion and/or direct cleavage (71]. Several studies
have shown that miRNA expression profiles are
altered in tumors, including GBM (72}, prostate
[73] and breast cancer [74], all of which contain a
heterogeneous cell population with a self-renew-
ing CSC population at the apex of the hierar-
chy. There are approximately 500-1000 differ-
ent mammalian miRNA genes whose products
act in a tissue-specific and temporally regulated
manner during development [72]. Although the
majority of miRNAs and the pathways that they
regulate have yet to be characterized, recent
reports have suggested that certain miRNAs act
as critical regulators of stem cell function, self-
renewal and differentiation. However, increasing
evidence has linked miRNAs to cancer, where
they are implicated in tumor pathogenesis and
progression [73].

In the context of GBM, miRNAs have many
pro-oncogenic functions as some are overexpressed
(e.g., miR-21 [71], miR-26a [75], miR-10b [76] and
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Figure 2. The tumor perivascular and hypoxic niches. Tumors are composed of heterogeneous

cell populations that interact within the microenvironment. The perivascular niche is composed of
macrophages, pericytes and endothelial cells that probably interact with cancer stem cells and may
contribute to their tumorigenicity. The structural and extracellular elements of the hypoxic niche are
currently poorly understood and, therefore, not shown.

miR-10a [77]) in GBM versus normal brain tis-
sue, as well as GSCs versus enriched bulk GBM
cells. While the exact mechanisms by which these
miRNAs function in GBM are unclear, recent
evidence has emerged which suggests that miR-
26a acts as a negative regulator of the tumor sup-
pressor gene PTEN. In addition, it was shown that
PTEN repression by miR-26a increases de novo
tumor formation in a mouse model of high-grade
glioma [76]. Similar to miR-26a knockdown, it has
been reported that miR-21 knockdown disrupts
glioma growth in an iz vive glioma model (72],
while others have demonstrated similar results
with miR-10b inhibition both iz vitro and in
stem cell-derived orthotopic GBM xenografts
(75]. However, in these instances the molecular
targets of the miRNAs remain poorly under-
stood and additional work is needed in order to
better understand the direct signaling pathways
involved.

While some miRNAs are overexpressed in
GBM versus normal brain tissue, others, such
as miR-7 (78], miR-125b [79], miR-34a [80] and
miR-326 [81], are downregulated and function
as tumor suppressors. miR-7 has been shown
to be a tumor suppressor in GBM by targeting
critical cancer pathways, suppressing EGFR
expression and inhibiting the Akt pathway by
targeting its upstream regulators. Importantly,
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miR-7 overexpression also led to decreased cell
viability and invasiveness of primary GBM cells
(78]. Other miRNAs, such as miR-125b, have
been implicated in normal neural stem cell com-
mitment and may play many other tissue-specific
roles as studies have revealed that there may be
hundreds of predicted targets for this miRNA
(79]. However, in the context of GBM, it has been
shown that miR-125b inhibits the proliferation
of CD133* GSCs through the induction of cell
cycle arrest at the G, phase by directly down-
regulating E2F2, which plays a central role in
regulating GI/S transition [79]. It is important
to note that miRNAs are not limited to one
particular target or pathway. miR-34a is a tran-
scriptional target of p53 in some cancer cell lines
and has been shown to potently inhibit c-Met
protein expression and c-Met 3" untranslated
region-reporter activity in glioma and medul-
loblastoma [80]. Of particular note, miR-34a
inhibited both Notch-1 and -2 protein expres-
sion in glioma cells, although forced expression
of c-Met, Notch-1 and -2 partially rescued the
effects of miR-34a on cell death in glioma [80].
In a similar manner to miR-7 and miR-125b,
miR-34a overexpression inhibited cell prolifera-
tion, cell cycle progression and 7 vivo glioma
xenograft growth, while showing no inhibitory
effects on astrocyte survival, and demonstrated
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the ability to suppress tumor growth by affecting
several malignancy end points via downregu-
lation of multiple oncogenes [80]. Interestingly,
Notch-1 inhibition also upregulates miR-326,
which functions through a feedback loop to
inhibit the Notch protein and its activity [s1],
indicating that miRNAs may function in a
synergistic manner to reduce GSC tumorige-
nicity. Such miRNA feedback loops have been
described as a cellular response designed to resist
metabolic stress functions in the decision of can-
cer cells to migrate or proliferate as a result of
microenvironmental stress [81,82] and demon-
strate the complex epigenetic factors involved
in GBM. These studies suggest that miRNAs
may be used as biomarkers of tumor progression
and therapeutic agents to target GSCs. How-
ever, GSCs and normal neural cells share core
developmental properties and, in order to ensure
optimal therapeutic efficacy, miRNAs should
only target GSCs and leave normal neural cells
intact. Therefore, identifying miRNAs that
are differentially expressed in GSCs and nor-
mal neural stem cells becomes essential for the
development of optimal miRNA-based therapies
for GBM patients.

Clinical significance of the CSC hypothesis
in GBM
GBM is a uniformly fatal disease with one of
the poorest prognoses among cancer types for
which little progress has been made with regards
to treatment and quality of life over the past
30 years. This devastating disease is character-
ized by recurrence following primary resection
and resistance to conventional therapies, such
as chemotherapy and radiation. GSC resistance
and location of stem niches at the infilcrating
edges of the tumor may explain resection dif-
ficulties and the frequently observed relapses in
GBM patients. Current standard treatment for
GBM involves a combinatorial approach utiliz-
ing radiotherapy in combination with DNA
alkylating chemotherapeutic agents, such as
temozolomide. Together, these therapies have
shown significant effects on patient survival;
however, prognosis remains poor with tumor
resistance to therapy and lesion recurrence. To
address this issue, numerous current clinical tri-
als are underway, exploring targeted therapies
for the treatment of GBM.

Selectively ablating the tumor vasculature
through targeting of the VEGF signaling
pathway has shown utility. Treatment with
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bevacizumab, a humanized monoclonal anti-
body against VEGEF-A, has also been shown to
reduce tumor bulk in preclinical and clinical
studies [83.84]. Unfortunately, recent evidence
suggests that antiangiogenic targeting may
in fact select for more malignant cells with
increased tumor cell invasiveness observed
(84]. Additional signaling pathways have been
explored in the tumor bulk as a whole, irrespec-
tive of cell type. These focus on inhibiting cel-
lular survival and include targeting EGFR {ss],
histone acetylation [86] and the PI3K/mTOR
pathway [87]. These treatments have had lim-
ited efficacy, with little statistical success and
frequent relapse.

Exploiting the CSC hypothesis of GBM pro-
gression is a promising new therapeutic possibil-
ity. Supporting a role for CSC status in tumor
malignancy, neurosphere culture provides a
unique model to investigate the role of CSCs in
GBM progression and severity [ss8]. It has been
found that both renewable neurosphere forma-
tion and tumorigenic capacity are significantly
associated with clinical outcome measures.
Renewable neurosphere formation in cultured
human GBM cells significantly predicted an
increased hazard of patient death and more
rapid tumor progression for patients with GBM
whose cultured tumors had increased in vitro
tumorigenic capacity as compared with those
whose tumors either did not grow or did not
form tumors [88]. The model reflects the severity
of the original patient tumor, regardless of grade,
age or overall cell proliferation, and while it may
preclude direct clinical application, these results
exemplify how neurosphere culture serves as a
clinically relevant model for the study of malig-
nant glioma [88]. Further supporting a role for
GSCs in GBM, CD133 has been implicated as a
prognostic factor for patient outcome. Investiga-
tors demonstrated that expression of CD133 in
>2% of GBM cells from patients was negatively
correlated with overall and progression-free
survival in patients [89).

Targeting the GSC population of GBMs is
conceptually similar to pulling the roots of a
weed. If the residual initiating structure remains,
the CSC roots, regrowth is anticipated. Several
groups have assessed selective targeting of the
stem-like populations in GBM. These studies
have focused on traditional developmental pro-
grams, including SHH [90], Notch [91] and Wnt
(92], shown to be integral to the regulation and
resistance of GSC populations. Unfortunately,
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no clinical success over conventional treatment
has been achieved at present when selective small
molecule inhibitors targeting these pathways
have been utilized in GBM [92). The innate het-
erogeneity of the tumor bulk prevents any single
therapy from eliminating the CSC compartment
in GBM, enabling tumor regrowth. Recent work
in mouse models has demonstrated that sensitiz-
ing GSCs to radiotherapy through Notch-1 or -2
inhibition rendered GSCs more sensitive to radi-
ation at clinically relevant doses [93]. The study
used y-secretase inhibitors, inhibitors of the
Notch pathway, to enhance radiation-induced
cell death of GSCs while leaving the non-stem
glioma cells untouched. The study also suggests
that the mechanism by which Notch inhibi-
tion sensitizes GSCs is by impairing radiation-
induced Akt activation and upregulation of the
truncated apoptotic isoform of Mcl-1, thereby
inhibiting their ability to proliferate and reduc-
ing their clonogenic potential (93]. These studies,
both in vitro and in vive, support the investiga-
tion of strategies combining current therapeutic
treatment along with specifically targeting the
CSC component in GBM.

Conclusion & future perspective

The inter- and intra-tumor cellular heterogeneity
observed in GBM highlights the complexity of
cancer. CSC populations have been definitively
identified in GBM among many other advanced
cancers. Furthermore, these populations have
shown increased resistance to conventional
radiation and chemotherapies, suggesting a
mechanism behind GBM relapse and regrowth.
Known to reside in distinct anatomical niches,
the regulation of GSCs remains unclear with
mixed results both iz vitroand in vive. Although
the cell types within these microenvironments
have been identified, the specific anatomical
structure of the hypoxic and perivascular niches
remain poorly understood. This devastating
disease remains uniformly lethal despite recent
advances in our understanding of the funda-
mental events regulating GBM initiation and
progression.

The Cancer Genome Atlas represents one of
the most promising efforts towards a more thor-
ough understanding of the complexities of GBM
and cancer as a whole. By more thoroughly char-
acterizing genetic abnormalities observed and
grouping subclasses of GBM we may allow for
more targeted therapeutic intervention. In line
with selective targeting, the CSC hypothesis
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presents us with a new host of possibilities in our
quest to effectively combat and possibly cure
GBM. While current clinical trials targeting
CSC-associated pathways in GBM have been
unsuccessful, this should not deter future inves-
tigation. The innate biological nature of CSCs
makes it difficult to detect and distinguish them
from normal neural cells in the brain and the
possibility of ablating the normal neural com-
partment, as well as the surrounding extracellular
matrix, puts additional pressure on the need to
correctly identify this subpopulation. Combina-
tion therapies after resection along with radiation
and chemotherapy approaches are most likely
to succeed as they target CSCs through mul-
tiple mechanisms while preserving as much of
the normal architecture of the brain as possible.

We are continuing to uncover the complex-
ity of cancer as well as the transient nature of
cellular states. Additional work is required to
more thoroughly identify, define and char-
acterize putative stem populations in GBM.
The discovery of additional pathways and the
finite nature of cellular interactions within
CSC niches present diverse options for patient-
personalized targeting of GBM. In addition,
as a broader therapy, it is attractive to consider
the possibility that instead of directly selecting
CSCs, we may be able to ablate this population
by destroying its reservoir within the tumor, the
CSC microenvironment or niche.
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