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Tissues with defined cellular hierarchies in development
and homeostasis give rise to tumors with cellular hierar-
chies, suggesting that tumors recapitulate specific tissues
and mimic their origins. Glioblastoma (GBM) is the
most prevalent and malignant primary brain tumor and
contains self-renewing, tumorigenic cancer stem cells
(CSCs) that contribute to tumor initiation and thera-
peutic resistance. As normal stem and progenitor cells
participate in tissue development and repair, these de-
velopmental programs re-emerge in CSCs to support the
development and progressive growth of tumors. Elucida-
tion of the molecular mechanisms that govern CSCs has
informed the development of novel targeted therapeutics
for GBMand other brain cancers. CSCs are not self-auton-
omous units; rather, they function within an ecological
system, both actively remodeling the microenvironment
and receiving criticalmaintenance cues from their niches.
To fulfill the future goal of developing novel therapies to
collapse CSC dynamics, drawing parallels to other normal
and pathological states that are highly interactive with
their microenvironments and that use developmental sig-
naling pathways will be beneficial.

Development is a coordinated summation of the individ-
ual cellular dynamics that build an organ, and the pro-
grams responsible for this construction are generally
preserved in stem cells for organ homeostasis and tissue
repair. Tumors are complex systems that recapitulate the
complexity of organs or tissues with dynamic regulation
and constituent cellular populations during tumor initia-
tion, maintenance, and progression (Hanahan and Wein-
berg 2011). While many scientists have sought to reduce
the complexity of cancer to a one-dimensional process—
for example, characterizing cancers solely based on genet-
ics—most advanced cancers unfortunately remain nearly
as lethal since the declaration of the War on Cancer in
1971. Targeted therapeutics offer a transient benefit for
some cancer types with drivingmutations, but even these

tumorswill develop resistance to overcome initially effec-
tive therapies that poison driving oncogenes.
Glioblastoma (GBM; World Health Organization grade

IV glioma) is the most prevalent and lethal primary in-
trinsic brain tumor (Stupp et al. 2009). Unlike other solid
tumor cell types, GBM widely invades the surrounding
brain but rarely metastasizes to other organs. While halt-
ing steps to fight GBM are being made using targeted
therapies (e.g., bevacizumab) or immunotherapies, GBM
therapy remains focused on achieving maximal surgi-
cal resection followed by concurrent radiation therapy
with temozolomide (TMZ; an orally available methyla-
tion chemotherapy) and subsequent additional adjuvant
TMZ therapy. Conventional treatment offers patients
with GBM additional survival timewith generally accept-
able quality of life, but a cure is never achieved. GBM
represents one of the most comprehensively genomi-
cally characterized cancer types, leading to recognition
of groups of tumors defined by transcription profiles (pro-
neural, neural, classical, and mesenchymal), genetics
(mutations of isocitrate dehydrogenase 1 [IDH1]), and epi-
genetics (CpG island methylator phenotype [CIMP])
(Weller et al. 2013). Long-term survivors are often, but
not exclusively, patients with tumors harboring muta-
tions in IDH1, which likely represent a different disease
than most GBMs. Beyond IDH1 mutations and a few
other biomarkers (deletion of chromosomes 1p and 19q
in oligodendrogliomas, methyl guanine methyltransfer-
ase [MGMT] promoter methylation, etc.), the accumulat-
ed genetic characterization of GBMs has failed to impact
clinical practice, suggesting that other discovery para-
digms should also be considered.
The brain, like other organs with clearly defined cellu-

lar hierarchies in development and homeostasis (e.g.,
blood, breast, skin, and colon), gives rise to tumors with
defined cellular hierarchies, suggesting that cancer repli-
cates ontogeny (Reya et al. 2001). Atop the apex of cellular
hierarchies are stem cells, which have been assumed to
be rare, quiescent, self-renewing cells, but several highly
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proliferative organs (e.g., the intestine and skin) contain
at least two pools of stem cells: one quiescent, and the
other highly proliferative (Barker et al. 2010). Stem cells
generate transient amplifying cells, which in turn create
lineage-restricted progeny that are eventually fated to be-
come the terminally differentiated effector cells.

Neural stem and progenitor cell (NSPC) pools vary in lo-
cation and control during development, suggesting that
different cellular hierarchies may be co-opted by brain tu-
mors (Gibson et al. 2010; Lottaz et al. 2010). Informed
by techniques used to enrich and characterize NSPCs,
several groups in parallel demonstrated that gliomas and
other primary brain tumors contain self-renewing, tumor-
igenic cells (Ignatova et al. 2002; Hemmati et al. 2003;
Singh et al. 2003, 2004; Galli et al. 2004). The nomencla-
ture for these cells has been controversial (as discussed be-
low), with the dominant choice being cancer stem cells
(CSCs) or tumor-initiating cells (importantly, these terms
are not identical, as a CSC designation is more restrictive
but also more informative) (Table 1). Unlike normal brain
organization—where the generation of differentiated prog-
eny is stage-specific (neurons and then glia during devel-
opment) and derived from rapidly dividing progenitor
cells and quiescent, multipotent stem cells that persist
into adulthood and become activated upon differentiation
(Rowitch and Kriegstein 2010)—these populations have
yet to be delineated in brain tumors. The ability to distin-
guish between self-renewing cells with stem and progeni-
tor cell cycle properties and transcriptional signatures is
likely to provide clarity with respect to nomenclature
and the functional interplay between cells at the apex of
the hierarchy. The challenges distinguishing CSCs from
their progenyarederived, in part, fromthe limited recogni-
tion of points of relative stability (“attractor states”) in the
landscapeof cellular identity that define the stemcell state
and transitions into (dedifferentiation) and out of (differen-
tiation) a stable state (Chang et al. 2008). Much like the
Heisenberg uncertainty principle in physics, our ability
to observe the state of a cell is limited by our act of mea-
surement. The presence of subatomic particles is con-
firmed in retrospect; similarly, the functional definition
of both normal and neoplastic stem cells requires retro-
spective confirmation. The ability to prospectively distin-
guish glioma stem cells, which reside at the apex of tumor

hierarchies, from their differentiated progeny remains
challenging; however, stem cell biology faces a similar dif-
ficulty with normal stem cell identification. Of note, the
CSChypothesis does not claim a stem cell as the cell of or-
igin for cancers, suggesting that CSCs do not need to ad-
here to all of the observed features of normal stem cells.

In the following sections, we provide an update on in-
trinsic and extrinsic regulators of the CSC state in GBM
and discuss how the integration of genetics, epigenetics,
and metabolism has shaped our understanding of how
CSCs function to driveGBMgrowth.We also highlight fu-
ture opportunities to further understand the complexity
of CSC regulation through interactionwith other cells (in-
cluding immune cells) and how the translation of CSC-
based therapies needs to take into account the cellular dy-
namics of CSCs, which rely on developmental signaling
programs.

The history of the CSCs

The heterogeneity of tumor cells has long been appreci-
ated, but two decades ago, seminal work fromDick’s labo-
ratory (Bonnet and Dick 1997) described the isolation of a
leukemia-initiating cell, the first purification of cancer
stem-like cells, a population of cells that had originally
been proposed to exist >150 years earlier (Sell 2004). The
first prospective isolation of humanNSPCswas performed
using CD133 (Uchida et al. 2000) and prompted a search
for brain tumor cells that shared the characteristics of
NSPCs. A burst of studies soon followed describing brain
CSCs in anaplastic astrocytoma (Ignatova et al. 2002), me-
dulloblastoma, pilocytic astrocytoma, ependymoma, gan-
glioglioma (Hemmati et al. 2003; Singh et al. 2003), and
GBM (Ignatova et al. 2002; Hemmati et al. 2003; Galli
et al. 2004). Brain CSCs have subsequently been shown
to be resistant to standard-of-care chemotherapy (Chen
et al. 2012) and radiotherapy (Bao et al. 2006a), underscor-
ing their role in disease progression and recurrence.

What’s in a name?

While cellular heterogeneity within CNS tumors is
well recognized (Bonavia et al. 2011;Meacham andMorri-
son 2013), the nomenclature used to describe the self-

Table 1. Definitions and functional characteristics of CSCs, tumor-initiating cells, and tumor-propagating cells

Nomenclature Derivatives Definition Functional characteristics

Cancer stem cell/
cancer stem-like
cell

Tumor stem cell/stem-like cell, glioma
stem cell/stem-like cell, brain tumor
stem cell/stem-like cell

Ability to self-renew
and give rise to
differentiated progeny

Generation of a tumor upon secondary
transplantation that contains cellular
heterogeneity, and progeny contain
varying degrees of self-renewal capacity
(i.e., contains CSCs and NSTCs)

Cancer-initiating
cell

Tumor-initiating cell, glioma-initiating
cell, brain tumor-initiating cell

Ability to initiate a
tumor upon
transplantation

Generation of a tumor upon secondary
transplantation

Cancer-propagating
cell

Tumor-propagating cell, glioma-
propagating cell, brain tumor-
propagating cell

Ability to propagate a
tumor upon
transplantation

Propagation of a tumor upon serial
transplantation

Lathia et al.

1204 GENES & DEVELOPMENT

 Cold Spring Harbor Laboratory Press on May 18, 2024 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


renewing population of tumor cells with enhanced tumor-
igenic properties is far from uniform (see Table 1). To date,
many terms have been used to describe this population,
including cancer/tumor/glioma/brain tumor stem cell,
stem-like tumor cell, cancer-/tumor-/glioma-/brain tu-
mor-initiating cell, and cancer-/tumor-/glioma-/brain
tumor-propagating cell. This lack of uniformity has gener-
ated confusion and controversy by redirecting the focus
away from the biology of these cells and their contribution
to tumorigenic processes toward identifying markers that
the cells express andwhether tumor cells can be propagat-
ed as free-floating spheres. In addition, while the term
“stem cell” is used, it does not necessarily mean these
cells have been generated from a transformed stem cell,
as there is evidence that multiple cell types—ranging
from stem cell to differentiated progeny, depending on
the model—are amenable to oncogenic transformation.
Therefore, in the current context, it is essential that the
strictest functional assays continue to be performed and
a singular term be used for studies using models that ful-
fill this criteria. As the accepted functional definition of
a stem cell is the ability to self-renew and generate differ-
entiated progeny, any claims for a CSC population must
also demonstrate this capacity (Fig. 1). For brain tumors,
this means the ability to generate a tumor upon intra-
cranial transplantation that recapitulates the cellular het-
erogeneity present in the parental tumor. Unlike the
designation of a tumor-initiating cell, CSCs cannot be in-
vestigated in isolation due to the required comparison
with differentiated progeny. Prospective enrichment and
depletion of tumorigenic and nontumorigenic cells dem-
onstrate the presence of a cellular hierarchy. Cells that
meet these criteria (tumorigenic and containing a cellular
hierarchy) should be referred to as CSCs (or alternatives
such as glioma stem cells, glioma CSCs, or brain tumor
stem cells in the context of GBM). While the ability to
grow as spheres is also evident in CSCs, it is not by default
the defining feature of a self-renewing population of cells.
In fact, the majority of spheres derived from both normal

and neoplastic brain cells come from progenitor cells
with limited self-renewal potential, not stem cells (Pas-
trana et al. 2011). Furthermore, high-passage cell lines,
which do not offer the ability to accurately represent
tumor complexity in vivo (Lee et al. 2006), should not be
replaced with cells grown in long-term passage as spheres
but ratherwith functionally validatedCSCmodels, as this
offers the best opportunity tomore deeplymodel the com-
plexity of brain tumors. Thus, although culture of glioma
cells as neurospheres may not be required to maintain
stemness (Pollard et al. 2009;Cheng et al. 2012), themicro-
environment, includingmedium composition and culture
conditions, does necessarily affect the characteristics of
CSCs (Pastrana et al. 2011).

CSC enrichment

Great energy and passion have been devoted to the discov-
ery, validation, and use of CSC enrichment methods.
Demonstration of a cellular hierarchy demands methods
to separate populations that can be functionally studied.
Ideally, an enrichment method would be based on a prop-
erty that defines an essential CSC feature (self-renewal,
tumor initiation, etc.) that is immediately lost upon dif-
ferentiation (i.e., a digital readout) and is usable with
live cells. Currently, no such system exists for any cell
type (normal or neoplastic) because biologic systems
rarely exhibit “all or none” phenomena. Critics of the
CSC hypothesis have held this limitation up as proof
against CSCs; while the same limitations exist for even
the best-characterized normal stem cell (hematopoietic
stem cell), no scientists deny the existence of hematopoi-
etic stem cells. Leukemia stem cells are considered a de-
finitive tumor population, yet no marker signature for
these cells is definitive (Eppert et al. 2011). Amore sophis-
ticated and nuanced use of enrichment systems that is in-
formed by recognition of the diversity of GBMs can lead to
context-specific methods to produce matched tumorigen-
ic and nontumorigenic populations.

Figure 1. Functional criteria of CSCs. CSCs are de-
fined by functional characteristics that include sus-
tained self-renewal, persistent proliferation, and
tumor initiation upon secondary transplantation,
which is the definitive functional CSC assay. CSCs
also share features with somatic stem cells, including
frequencywithin a tissue (or tumor), stemcellmarker
expression (examples relevant to GBM and the brain
are provided), and the ability to generate progeny of
multiple lineages.

Glioblastoma stem cells
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Most glioma CSC markers have been appropriated
from normal stem cells, but the linkage between glioma
CSCs and normal stem cells remains controversial.
Many of the transcription factors or structural proteins es-
sential for normalNSPC function alsomark gliomaCSCs,
including SOX2 (Hemmati et al. 2003), NANOG (Ben-
Porath et al. 2008; Suva et al. 2014), OLIG2 (Ligon et al.
2007), MYC (Kim et al. 2010), MUSASHI1 (Hemmati
et al. 2003), BMI1 (Hemmati et al. 2003), NESTIN (Tunici
et al. 2004), and inhibitor of differentiation protein 1 (ID1)
(Anido et al. 2010). However, because of the limited util-
ity of intracellular proteins for enriching CSCs from non-
stem tumor cells (NSTCs) using traditional methods
such as flow cytometry, a multitude of potential cell sur-
facemarkershavebeen suggested, includingCD133 (Hem-
mati et al. 2003), CD15 (also called Lewis x and SSEA-1
[stage-specific embryonic antigen 1]) (Son et al. 2009),
integrin α6 (Lathia et al. 2010), CD44 (Liu et al. 2006),
L1CAM (Bao et al. 2008), and A2B5 (Ogden et al. 2008).
These types of cell surface markers mediate interac-
tions between cells and the microenvironment, but disso-
ciation of cells from their surroundings rapidly degrades
the informational content of markers, requiring rapid
utilization.

The first proposed marker, CD133 (Prominin-1), a cell
surface glycoprotein expressed on neural stem cells, en-
riches for cells with higher rates of self-renewal and pro-
liferation and increased differentiation ability (Singh
et al. 2003). However, CD133 expression, rather than the
AC133 surface epitope, should be used with care to enrich
for any cells: Surface CD133 marks stem cells and de-
creases with differentiation, but the expression of Promi-
nin-1 mRNA is not regulated with stemness (Kemper
et al. 2010), suggesting that only the glycosylated surface
proteinCD133 is CSC-specific. TheAC133 antigenmarks
the glycosylated molecule localized in lipid rafts that sig-
nals through PI3K and other key pathways to mediate in-
teractions between a cell and its microenvironment (Wei
et al. 2013). Most studies fail to recognize this role and
use CD133 as amarker in cells that have been extensively
cultured out of their microenvironment. Furthermore,
the information contained in CD133 is context-depen-
dent. CD133 mRNA, protein lysates, immunofluores-
cence, and FACS analysis for the AC133 glycoprotein
have very different relationships to cell biology. Unfortu-
nately, the complexity of these biomarkers has led to a
reductionist view that has challenged the field due to
the lack of consistency in methodology and models. It
is nearly certain that CD133 is not universally infor-
mative in all tumors and has a false-negative rate for iden-
tifying CSCs (CD133-negative cells can be tumor-
propagating in some tumors) (Beier et al. 2007). Addi-
tionally, the use of CD133 as a stemmarker is complicat-
ed by the observation that expression of CD133 can be
regulated at the level of the cell cycle, with potentially
slow-cycling NSPCs lacking CD133 expression during
G0/G1 cell cycle phase but still maintainingmultipotency
(Sun et al. 2009).

Although CD133 continues to be the most commonly
used cell surface marker, other markers, such as integrin

α6, have been proposed to segregate CSCs and NSTCs
(Lathia et al. 2010). CD15/SSEA-1 and CD44 have also
been proposed as possiblemarkers, potentially with an as-
sociation with specific subgroups of GBM (Bhat et al.
2013). Thesemarkers have utility butmust be approached
with caution. Each can mark a large percentage of cells,
consistent with a high false-positive rate. Due to the cur-
rent limitations in the functional assays defining CSCs,
false-positive markers are sometimes claimed to be supe-
rior to functional identification, but markers lack signifi-
cant utility in discovery studies, which benefit from
greater specificity. Additionally, it is likely that nomarker
will ever be uniformly informative for CSCs becausemost
tissue types containmultiple populations of stem cells ex-
pressing different markers and due to the inherent adapt-
ability of cancer cells.

Several methods other than marker expression have
been used to enrich for glioma CSCs, such as the abilities
to grow as neurospheres in serum-free medium or efflux
fluorescent dyes (Goodell et al. 1996; Kondo et al. 2004).
Many investigators have used neurosphere culture to se-
lect for progenitor cells in the normal and neoplastic brain
cells, but there are challenges with this approach. Neuro-
sphere culture selects for a small fraction of the original
tumor cells with bias toward progenitor features and ex-
pression of epidermal growth factor receptor (EGFR) and
FGFR based on growth factors (EGF and FGF) added to
the medium (Pastrana et al. 2011). This selection process
eliminates the ability to prospectively enrich and deplete
stem-like cells, preventing the delineation of a cellular hi-
erarchy required to prove the presence of CSCs. Neuro-
sphere culture selects for cells that can grow in stem cell
medium; however, the selection of CSCs simply based
on culture methods fails to recapitulate the heterogeneity
of the original tumor in vivo as assessed by histological
morphology, differentiated cell lineage, and gene expres-
sion (Lee et al. 2006; Lathia et al. 2011; Venere et al.
2011), a characteristic that CSCs acutely isolated using
marker expression maintain (Singh et al. 2004). An alter-
native approach to CSC enrichment is the use of flow cy-
tometry to isolate a side population containing CSCs,
which is based on the hypothesis that stem cells contain
drug efflux transporters (Yu et al. 2008). While this ap-
proach has identified a population of self-renewing cells
in a mouse glioma model (Bleau et al. 2009), it has not
been used successfully to enrich for self-renewing cells
in human GBM (Broadley et al. 2011; Golebiewska et al.
2013), highlighting the model- and species-specific chal-
lenges of enrichment methods.

Functional validation—when is a stem cell
not a stem cell?

CSC markers, although useful to enrich populations of
stem cells from nonstem cells, are not sufficient to define
either population due to the lack of definitive markers.
Functional validation—the observation of differences in
stem cell characteristics of CSCs andNSTCs—is essential
to ensure that the enriched cells truly exhibit the function-
al characteristics of stem cells (Fig. 1). Various methods,
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both in vitro and in vivo, are employed to assess stem cell
characteristics (self-renewal, proliferation, and ability to
reproduce the complexity of the original tumor) of en-
riched cells. In vitro neurosphere formation assays test
for both proliferation and self-renewal but fail to address
cellularhierarchyanddonot recapitulate the tumormicro-
environment. Sphere formation is a surrogate of self-
renewal capability and—when performed in a limiting
dilution format—stem cell frequency, but in vivo tumor
formation assays are essential to claim the presence of
CSCs.
The gold standard for CSC determination remains the

ability of a limiting dilution of cells to recapitulate the
complexity of the original patient tumorwhen transplant-
ed orthotopically. The ability to derive heterogeneity is
essential because populations of transit-amplifying cells
may form a tumor butwill only give rise to cells from their
specific lineage. Heterotypic transplantation of cells—for
example, into the flank of the animal—may also be infor-
mative, but this technique lacks the propermicroenviron-
mental cues of orthotopic implantation.

CSC regulation

Glioma CSCs are regulated by six main mechanisms,
which include intrinsic factors such as genetics, epigenet-
ics, and metabolism as well as extrinsic qualities of niche
factors, cellular microenvironment, and the host immune
system (Fig. 2). The following sections describe the key
features of each of these factors and highlight new advanc-
es in the topics of epigenetics mapping, single-cell hetero-
geneity, metabolism, and immunotherapy.

Intrinsic CSC regulatory mechanisms

Genetics and epigenetics

Through advances in genomic technologies, we now have
a comprehensive picture of the genetic mutations and
structural variants present in GBM (Atlas 2008; Brennan
et al. 2013). Some of the most recurrent alterations in-
clude EGFR, IDH1, PDGFRA, HDM2, PIK3CA, and
TERT promoter and PI3KR1 gain-of-function mutations
or amplifications andmutations or deletions of the tumor
suppressors PTEN, TP53, CDKN2A, NF1, ATRX, and
RB1. While many of these mutations are prevalent in sev-
eral other cancer genomes, several mutations are highly
enriched in GBM, such as IDH1 mutations, which lead
to a CIMP (G-CIMP) (Noushmehr et al. 2010). These stud-
ies highlight the significant degree of intertumoral hetero-
geneity present in GBM, which is further captured at both
the transcriptional and epigenetic levels (Phillips et al.
2006; Verhaak et al. 2010), and also underscore the com-
plexity of the clonal evolution and clonal diversity that
occur during the genesis of GBM and their bearing on
the shape and structure of the CSC hierarchy. While
both genetic and epigenetic landscapes define functional-
ly distinct clones during tumor evolution, epigenetic dif-
ferences likely account for the functional differences
between cells within the hierarchy.
Epigenetic maintenance of the CSC state is regulated

largely at the level of transcriptional and chromatin regu-
lation. CSC regulation converges on MYC, which occurs
in the presence of MYC-mediated cancer cell survival
and proliferation programs (Wang et al. 2008; Zheng
et al. 2008; Wurdak et al. 2010; Chan et al. 2012; Fang
et al. 2014). Additional transcription factors have been

Figure 2. Regulation of CSCs. Cell-auton-
omous (intrinsic) and external (extrinsic)
forces regulate the CSC state. Key intrinsic
regulators include genetic, epigenetic, and
metabolic regulation, while extrinsic regu-
lators include interactionwith themicroen-
vironment, including niche factors and the
immune system.

Glioblastoma stem cells
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identified as important for CSC identity, including
STAT3 (Sherry et al. 2009), SOX2 (Gangemi et al. 2009),
FOXM1 (Joshi et al. 2013), FOXG1 (Verginelli et al.
2013), GLI1 (Clement et al. 2007), ASCL1 (Rheinbay
et al. 2013), ZFX (Fang et al. 2014), NANOG (Zbinden
et al. 2010), and ZFHX4 (Chudnovsky et al. 2014), which
recruit necessary chromatin remodeling factors to pro-
mote maintenance of the glioma CSC state. By using epi-
genome-wide mapping of cellular chromatin state, Suva
et al. (2014) identified a core set of four transcription fac-
tors in proneural GBMable to reprogramdifferentiated tu-
mor cells into glioma CSCs. These investigators showed
that POU3F2, SOX2, SALL2, and OLIG2 are master tran-
scription factors required to maintain the tumor-forming
capability of these cells, suggesting that mediators of
stem cell programs could capture the oncogenic capacity
of CSCs. In addition to transcription factors, regulators
of nucleosome structure have also been reported to main-
tain the CSC state. The mixed lineage leukemia 1 (MLL1)
protein has been shown to maintain the CSC phenotype
through activation ofHOXA10, which subsequently regu-
lates a network of homeobox genes that is required for tu-
mor maintenance (Heddleston et al. 2012; Gallo et al.
2013). Similarly, the H3K27 methylase EZH2 has been
shown to be important for CSC maintenance through its
function as a regulator of both Polycomb-repressive do-
mains and STAT3 signaling (Kim et al. 2013). The BMI1
Polycomb ring finger oncogene regulates both normal
neural stem cells and GBM cells (Bruggeman et al. 2007).

These studies highlight the importance of understand-
ing the dynamics of core transcription factors inmaintain-
ing stem cell state and the effect that these factors have on
shaping the chromatin landscape of cells within the tu-
mor hierarchy.

Single-cell RNA sequencing (RNA-seq) interrogation of
cellular heterogeneity within GBMs identified novel
genes predominantly present in GBM CSCs compared
with differentiated cells and provocatively detected cells
of multiple GBM subtypes within single tumors, drawing
into question the utility of subtyping tumors and target-
ing specific subtypes (Patel et al. 2014). Furthermore,
these investigators described an inverse correlation be-
tween stem signature and cell cycle gene expression, sug-
gesting that the cells that form neurospheres in culture
cycle more slowly compared with differentiated and dif-
ferentiating tumor cells. A parallel, single-cell functional
analysis of GBMs confirmed a strong variation of geno-
mics and response to therapy (Meyer et al. 2015). Addi-
tional detailed analysis of heterogeneity of this type will
greatly expand our understanding of the differences be-
tween tumor cells both within and among GBM patients
and improve the characterization of glioma CSCs.

Metabolism

GBM CSCs reside in varied tumor microenvironments
that limit nutrients, such as glucose and oxygen. Under
such conditions, cancer cells, including glioma CSCs, ex-
hibit the “Warburg” effect, a metabolic shift toward aero-
bic glycolysis and the accumulation of lactate in exchange

for sustained ATP production and metabolite generation
for macromolecule synthesis. Glioma CSCs demonstrate
plasticity in the metabolic pathways used in response to
metabolic restrictions and may shift toward the use of
the pentose phosphate shunt (Vlashi et al. 2011; Kathagen
et al. 2013). This inherent persistence of CSCs under hyp-
oxic and acidic conditions as well as the preferential utili-
zation of HIF-2α signaling compared with NSTCs and
normal progenitors promote the maintenance of self-
renewal, proliferation, and survival (Li et al. 2009b). Sim-
ilarly, in conditions of nutrient deprivation such as low
glucose, glioma CSCs outcompete neighboring NSTCs
for glucose uptake through preferential up-regulation of
the high-affinity GLUT3 transporter (Flavahan et al.
2013). A consequence of alteredmetabolic state is the pro-
duction of reactive oxygen species. Glioma CSCs not only
are dependent on NOS2 activity for promoting tumor
growth but also synthesize nitric oxide through the specif-
ic up-regulation ofNOS2 protein (Eyler et al. 2011). Impor-
tantly, in GBM, cellular metabolic characteristics are
often genetically hardwired, such as recurrent IDH1 mu-
tations, which are commonly observed in proneural
GBM.Mutant IDH1 leads to a gain-of-function enzymatic
activity, causing accumulation of 2-hydroxyglutarate, an
oncometabolite that inhibits the TET1 and TET2 deme-
thylases to cause aberrant hypermethylation of DNA
and histones. While the function of IDH1 mutations in
the context of CSCs is not directly defined, IDH1 muta-
tions induce a loss of differentiation, preventing the termi-
nal differentiation of lineage-specific progenitors (Lu et al.
2012). Moving forward, integrated metabolomic and epi-
genomic profiling may reveal other examples of intricate
relationships between metabolism and epigenetic pro-
grams and their influence on the glioma CSC state.

Extrinsic CSC regulatory factors

Niche factors

Brain development is orchestrated by a series of regulatory
pathways with spatially and temporally controlled acti-
vity. Notch and NF-κB (nuclear factor κB) signaling in-
structs the fate of NSPCs, with the guidance and lineage
commitment of progeny dictated by pathways that in-
clude the ephrins and bone morphogenetic proteins
(BMPs). In a manner that mimics aberrant differentiation,
CSCs co-opt developmental programs to maintain an un-
differentiated state, increasing their survival and mainte-
nance. Common pathways activated in CSCs include
Notch, BMP, NF-κB, and Wnt signaling (Li et al. 2009a;
Day et al. 2013; Rheinbay et al. 2013; Lubanska et al.
2014; Yan et al. 2014). Collectively, niche factors repre-
sent an overriding theme in CSC biology, where stem
and progenitor cell features provide selective advantages
to maintain tumor growth (Fig. 2). These pathways may
be activated through a combination of genetic and epige-
netic alterations in addition to microenvironmental and
metabolic factors.

The Notch pathway plays a role during neural devel-
opment, functioning to inhibit neuronal differentiation
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and sustain NSPC populations. This pathway is co-opted
in GBM, where aberrant NOTCH activation stimulates
astrocytes to assume a stem-like state accompanied
by increased proliferation (Jeon et al. 2008). The impor-
tance of Notch signaling in glioma CSC biology is high-
lighted by the convergence on this pathway from other
pathways and exogenous factors, such as hypoxia, eNOS
signaling, and response to radiation (Charles et al. 2010;
Wang et al. 2010; Qiang et al. 2012). The dependence of
glioma CSCs on Notch signaling is further supported by
experiments demonstrating depletion of CSCs by treat-
ment with γ-secretase inhibitors (Fan et al. 2006, 2010).
As BMPs direct NSPC fate toward an astroglial lineage,

these signals have been proposed as a possible differentia-
tion therapy for GBM (Piccirillo et al. 2006). Despite the
presence of BMP expression in primary GBM tissue, glio-
ma CSCs are highly resistant to the differentiation effects
of BMPs in a process that occurs through at least two dis-
tinct cell-autonomous mechanisms: the shift to a fetal
BMP receptor expression in glioma CSCs through recruit-
ment of the transcriptional repressor EZH2 (Lee et al.
2008) and the secretion of BMP antagonists, specifically
Gremlin1, by CSCs to protect against endogenous BMP-
mediated differentiation (Yan et al. 2014). In this manner,
CSCs generate differentiated progeny that provide suppor-
tive cues to the parental cells (e.g., Notch ligands, inter-
leukin-6 [IL-6], and extracellular matrix) while resisting
differentiation signals.
The NF-κB pathway has emerged as an important regu-

lator of GBM cell survival and identity through an endog-
enous cell stress response transcriptional program (Bhat
et al. 2013). The A20 protein (TNFAIP3), a mediator of
cell survival and the NF-κB pathway, is overexpressed in
CSCs compared with NSTCs (Hjelmeland et al. 2010).
Supporting these findings, Sema3C and its receptors, Plex-
inA2 and PlexinD1, are also coordinately expressed in
CSCs and activate Rac1 and NF-κB in an autocrine/para-
crine loop to promote CSC survival (Man et al. 2014).
GBM CSCs have also been shown to be highly depen-

dent on Ephrin receptor signaling for survival and the
maintenance of stem cell properties. Specifically, Ephrin
A molecules and the EPHA2 and EPHA3 receptors are
highly expressed in glioma CSCs and potentially function
through the negative regulation of mitogen-activated pro-
tein kinase (MAPK) signaling (Binda et al. 2012; Day et al.
2013).
Wnt signaling is highly active in CSCs and is critical for

the maintenance of the stem cell phenotype. An integrat-
ed genomic and biological analysis identified PLAGL2
as highly amplified in gliomas with functional suppres-
sion of CSC differentiation through modulation of Wnt/
β-catenin signaling (Zheng et al. 2010). Comprehensive
mapping of chromatin modifications in CSCs and their
NSTC counterparts revealed widespread activation of
Wnt pathway genes through loss of Polycomb-mediated
repression. The CSC chromatin landscape is thought
to be dependent on achaete scute family basic helix–
loop–helix (bHLH) transcription factor 1 (ASCL1), which
activates Wnt signaling through negative regulation of
dickkopf WNT signaling pathway inhibitor 1 (DKK1)

(Rheinbay et al. 2013). Hedgehog signaling in the CNS is
mediated in part by NSPC communication with the cere-
brovascular fluid through primary cilia. Gliomas contain
primary cilia, and the resulting CSCs are dependent on
hedgehog signaling (Bar et al. 2007; Clement et al. 2007;
Ehtesham et al. 2007).
Given the role of growth factors in normal brain devel-

opment, it is not unexpected that numerous canonical
growth factor signaling pathways have been shown to
contribute to GBM maintenance and function. PDGFRβ
signaling promotes CSC survival, self-renewal, and
invasion and tumor growth through downstream STAT3
activation (Kim et al. 2012). Similarly, glioma CSCs pref-
erentially express the IL-6 receptor, which also promotes
convergent signaling upon STAT3 activation (Wang
et al. 2009).
EGFR signaling has also been reported to contribute to

CSC maintenance through the activation of AKT, the re-
cruitment of SMAD5, and the induction of ID3, IL-6, and
IL-8. This suggests a potential hypothesis in which the
EGFR and PDGFRβ pathways are linked by IL-6 signaling.
A potential alternate hypothesis is the presence of distinct
CSC populations dependent on different growth factor re-
ceptor signaling pathways. Supporting this latter notion,
EGFR inhibition promotes expansion of a cMET growth
factor receptor-positive population of CSCs (Jun et al.
2014). Furthermore, elevated cMET expression is impor-
tant for CSCmaintenance, tumorigenicity, and resistance
to radiation (Joo et al. 2012).
Aligned with its role in stress responses, transforming

growth factor β (TGF-β) stimulates CSC self-renewal. Au-
tocrine TGF-β signaling permits retention of stemness
through positive regulation of SOX2 and SOX4 expression
(Ikushima et al. 2009). A distinct subset of TGF-β-depen-
dent CSCs expresses CD44 and ID1 (Anido et al. 2010),
which are markers of functionally distinct CSCs. A cru-
cial mediator of the TGF-β response in CSCs is the BMI1
protein, which connects stem cell programs and ER stress
pathways through the transcriptional repressor ATF3
(Gargiulo et al. 2013).

Immune system

Immune suppression is a hallmark of cancer (Hanahan
and Weinberg 2011); while the brain possesses a unique
series of immune surveillance mechanisms that become
active during pathogenic states (Ransohoff and Engelhardt
2012), brain tumors have been characterized as immuno-
suppressive (Platten et al. 2001; Fecci et al. 2006). There
is increasing enthusiasm for immunotherapy strategies
based on the limited success of signaling pathway inhibi-
tors and anti-angiogenic agents in brain tumors and the
success of immunotherapy in melanoma. Immunothera-
pies for brain tumors include cellular (adoptive T-cell
transfer and chimeric antigen receptor engineered T cells),
vaccination, and immunomodulatory therapies target-
ing immune checkpoints (including anti-programmed
death 1 [PD1], PD ligand 1 [PD-L1], and cytotoxic T lym-
phocyte-associated protein 4 [CTLA4] antibodies) (Rear-
don et al. 2014). Reversing tumor-induced immune
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suppression by increasing cytotoxic cell function and
reducing suppressor cell function may unleash the end-
ogenous immune response. Immunologic therapies may
offer an additional benefit, as most strategies do not re-
quire intracranial delivery, a major restriction point for
many oncologic treatments. While CSCs are key drivers
of tumor growth, CSC interactions with the immune sys-
tem and potential exploitation in immunotherapy are un-
der active investigation (Fig. 3). These studies will require
innovative approaches, as the majority of CSC studies in-
volve xenograft models that lackmajor immune cell com-
ponents, and many mouse models have reduced cellular
heterogeneity. However, the information obtained from
mouse model approaches is likely to be informative for
the human immune response, as genetically engineered
mousemodels can recapitulate key aspects of brain tumor
immunosuppression (Kong et al. 2010).

Despite these challenges, there is building evidence
that CSCs directly modulate the immune system. In co-
culture studies, CSCs induced regulatory T cells while in-
hibiting proliferation and cytotoxic T-cell activation with
a concomitant induction of cytotoxic T-cell apoptosis,
mediated via PD1 and soluble galectin-3 (Di Tomaso
et al. 2010; Wei et al. 2010). Other CSC-secreted factors
include IL-10 and TGF-β, which also suppresses tumor-
associated microglia/macrophage function and generates
a more immunosuppressive (M2) phenotype (Wu et al.
2010). Another immunotherapy approach that may bene-
fit from CSC targeting is the development of anti-tumor
vaccines. Current vaccine efforts have focused on tu-
mor-specific antigens (such as EGFRvIII) or whole tumor
cell lysates, and there is evidence from preclinical models
thatCSC lysates aremore effective in generating dendritic
cell (DC) vaccines than differentiated cells (Pellegatta
et al. 2006; Xu et al. 2009). CSCs modulate T-cell and tu-
mor-associated microglia/macrophage function through
secreted factors (Zhou et al. 2015), which may be exploit-
ed in the development of vaccine strategies or in combina-
tion with other drugs (Sarkar et al. 2014). These data

provide a rationale for future studies investigating how
the interaction betweenCSCs and other immune cell pop-
ulations may drive immune suppression and in vivo inter-
rogations into how CSC targeting may alter the immune
activation status. Evaluating changes in CSC populations
as a result of immunotherapywill also be essential, as will
be evaluating combinatorial targeting strategies using im-
munotherapies and anti-CSC approaches.

Microenvironment

Most conventional anti-neoplastic therapies target pro-
liferating cells, but the malignancy of advanced cancers
also derives from effects on the immune system, vascula-
ture, and invasion/metastasis (Fig. 3). GBMs infiltrate
the surrounding brain, precluding curative surgical re-
section. Infiltrative tumors must adapt to new environ-
ments, including the formation of new vessels to obtain
nutrients. GBMs express proangiogenic growth factors
(Batchelor et al. 2007), withCSCs driving neoangiogenesis
with high levels of VEGF (Bao et al. 2006b). The human-
ized monoclonal antibody bevacizumab was developed
to target VEGF to inhibit angiogenesis and has been
used to treat recurrent GBM (Cohen et al. 2009). Bevaci-
zumab attenuates tumor size, but the surviving tumor
may display increased invasion in human and mouse
models (de Groot et al. 2010), potentially due to a release
of c-MET inhibition (Lu et al. 2012). Cancer cells often
activate redundant angiogenic pathways in response to
VEGF pathway inhibition (Atlas 2008). CSCs located
at the perivascular niche are in close contact with the
endothelial cells (Calabrese et al. 2007), permitting
engagement of endothelial cell Notch ligands with
glioma CSC Notch receptors to activate Notch signaling,
which supports self-renewal of glioma CSCs (Zhu et al.
2011). CSCs also contribute to vascular structure through
transdifferentiation into pericytes to promote tumor
growth (Cheng et al. 2013). Inhibition of CSC-derived peri-
cytes disrupts angiogenesis and inhibits tumor growth,

Figure 3. Proposed features of CSCs. Non-cell-au-
tonomous aspects of CSCs may drive tumor growth
but also serve as points of fragility. These include
the increased ability to invade through the brain pa-
renchyma, immune evasion, relationship with a
niche, and promotion of angiogenesis.
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directing attention toward nonendothelial cell targeting
strategies. Anti-angiogenic drugs in current use have
failed to provide a significant survival benefit to GBM pa-
tients (Gilbert et al. 2014), suggesting that a benefit may
exist to investigating the mechanisms by which tumor
cells regulate angiogenesis and that contribute to tumor
growth and maintenance to efficiently target the GBM
vasculature.

Therapeutic resistance

The mainstay treatment of GBM involves surgery, con-
current radiation with chemotherapy, and adjuvant
chemotherapy with TMZ (Stupp et al. 2009). Despite ad-
vances in the field, the overall survival rate remains
only 15–19 mo (Stupp et al. 2009). The high degree of tu-
mor heterogeneity in GBM contributes to treatment fail-
ure, to which functional and molecular heterogeneity
and aberrant receptor tyrosine kinase (RTK) activity all
contribute. CSCs located at the top of the hierarchy initi-
ate and maintain the tumor after treatment (Chen et al.
2012). Glioma CSCs have also been shown to contribute
to radiation resistance by increasing the DNA damage re-
sponsemachinery (Bao et al. 2006a). In terms ofmolecular
heterogeneity, different subtypes of GBM with distinct
molecular profiles coexist within the same tumor and
likely exhibit differential therapeutic responses (Sottoriva
et al. 2013). For example, several RTKs, including PDGFR
in the proneural and EGFR in the classical subtype, are al-
tered in GBM (Verhaak et al. 2010). The abnormal activa-
tion of RTKs involves many pathways that are redundant
and can initiate and maintain downstream signaling,
making tumors refractory to treatment (Stommel et al.
2007). A recent single-cell analysis of primary GBM pa-
tients showed that cells from the same tumor have differ-
ential expression of genes involved in oncogenic signaling,
proliferation, immune response, and hypoxia (Patel et al.
2014). Furthermore, an increase in tumor heterogeneity
was associatedwith a decrease in patient survival. The ad-
dition of TMZ to radiation has increased median survival
by several months (Stupp et al. 2009), but lineage tracing
studies in mouse models demonstrate that CSCs repopu-
late brain tumors after TMZ treatment (Chen et al.
2012). A number of molecular mechanisms have been
identified that mediate the therapeutic resistance of
CSCs to cytotoxic therapies, including the DNA damage
checkpoint, Notch, NF-κB, EZH2, and PARP (Bao et al.
2006a; Wang et al. 2010; Bhat et al. 2013; Venere et al.
2014; Kim et al. 2015), which suggests that CSCs develop
multiplemechanisms of resistance thatmay require com-
binations of targeted agents. Moving forward, these stud-
ies demonstrate the importance of understanding the
molecular alterations that are present in recurrent tumors
and how these influence the structure of cells within the
tumor hierarchy. In addition, it is necessary to consider
that therapeutic resistancemechanismsmay not be solely
innate but may evolve from exposure to microenviron-
mental factors such as hypoxia and acidic and metabolic
stress (Heddleston et al. 2009; Li et al. 2009b; Hjelmeland
et al. 2011; Flavahan et al. 2013; Xie et al. 2015).

Therapeutic targeting

Conventional treatment for GBM promotes a transient
elimination of the tumor and is almost always followed
by tumor recurrence, possibly with an increase in the per-
centage of CSCs (Auffinger et al. 2014), as CSCs are in-
volved in tumor recurrence and therapeutic resistance
(Bao et al. 2006a; Chen et al. 2012). To effectively elimi-
nate CSCs, it is critical to target their essential functions
and their interactions with the microenvironment. Treat-
ment with TMZ may kill CSCs that contain higher ex-
pression of the DNA repair protein MGMT; however,
TMZ cannot prevent self-renewal of CSCs that contain
MGMT (Beier et al. 2008). Another feature of CSCs is
their ability to evade apoptosis. A potential therapeutic
strategy would be the use of PARP inhibitors to enhance
apoptosis under genotoxic damage. When the PARP in-
hibitor ABT-888 was used in combination with TMZ
and radiation in GBM cell lines, apoptosis increased, and
cells were sensitized to therapy (Barazzuol et al. 2013).
GBMs thrive in harsh microenvironments characterized
by hypoxia and limited nutrient availability. TheHIF fam-
ily of transcription factors is involved in promoting angio-
genesis and cell migration in hypoxic regions (Kaur et al.
2005), and several drugs have been developed to target
this gene family, with a few undergoing clinical trials.
For example, as described previously, glioma CSCs repro-
gram their metabolic machinery and preferentially take
up glucose to survive in environments with limited nutri-
ents by expressing the high-affinity glucose transporter
GLUT3 (Flavahan et al. 2013). GLUT3 therefore repre-
sents a promising therapeutic target for potential selective
inhibition of CSCs. Epigenetic modifications are manifest
in tumor recurrence (Nagarajan and Costello 2009). His-
tone acetylation and methylation are reversible and can
be targeted by drugs; the histone deacetylase (HDAC) in-
hibitor vorinostat is currently in clinical trials (Bezecny
2014). Immunotherapy is an additional emerging thera-
peutic approach for GBM. The development of vaccines
based on heat-shock proteins, EGFRvIII (Del Vecchio
et al. 2012), and DCs (Terasaki et al. 2011) has shown
promising results in clinical trials. ICT-107, a patient-de-
rived DC vaccine developed against six antigens highly
expressed in glioma CSCs (Phuphanich et al. 2013), is cur-
rently under clinical evaluation for use in patients.
Some of the challenges of developing therapeutic tar-

geting agents are derived from the lack of universally in-
formative markers to identify CSCs and the common
molecular pathways shared by CSCs and NSPCs. The un-
derstanding of the biology of the CSCs and how these cells
interact with their microenvironment in combination
with the genetic and epigenetic landscape in GBM will
be essential to develop more effective therapies.

Reducing complexity through mathematical modeling

As biological observations have revealed increasing levels
of complexity, mathematical modeling approaches have
provided a framework to understand the dynamic com-
plexity of stem cell self-renewal and differentiation. By
use of proliferation data and lineage tracing analysis,
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quantitativemodels have been generated for tissue-specif-
ic stem cells that have provided insight into the kinetics of
cell fate choice and tissue development (Blanpain and Si-
mons 2013). Similar approaches have been taken to reduce
the complexity of CSCs. A network-based model has sug-
gested that CSCs can transition between plastic (prolifer-
ative, symmetrically dividing, and less invasive) and rigid
(quiescent, asymmetrically dividing, and more invasive)
networks that can be modulated by extrinsic stressors,
such as hypoxia, inflammation, and therapies (Csermely
et al. 2015). Testing thismodelwith biological data is like-
ly to provide additional insights into the complexity of
CSCs and identify points of fragility for additional thera-
peutic development. Mathematical approaches have also
been used to evaluate the dynamics of GBM growth. Pro-
liferation and invasion are phenotypes that have been
modeled (Harpold et al. 2007). By use of amodel that takes
into account rates of proliferation and invasion in com-
bination with imaging data, it has been proposed that
IDH1 mutant tumors are actually less proliferative and
more invasive (Baldock et al. 2014). Clinically relevant pa-
rameters, such as identifying optimal radiation schedules,
have also beenmodeled using genetically engineeredmice
(Leder et al. 2014). Additionally, quantitative approaches
have been developed to model the events leading to inter-
tumoral and intratumoral heterogeneity in both human
patient specimens (Sottoriva et al. 2013) and mouse
models (Cheng et al. 2012). Integrating mathematical ap-
proaches into future CSC studies will provide an opportu-
nity to identify key pathways essential for self-renewal
and will predict responses to therapeutic perturbations.

Future directions

GBM provides an excellent system to investigate the im-
portance of CSCs. While there is a standard set of assays
used to enrich for and identify CSCs, it remains unclear
whethermultiple CSC populations exist in different nich-
es (perivascular and hypoxic) and possess different char-
acteristics (slow vs. rapid cycling) as well as how key
developmental signaling pathways are used by each of
these populations. In addition, while a hierarchy is in
place for GBM, the current view of CSCs and NSTCs is
mutually exclusive and lacks a progenitor cell population
that serves as an intermediate for differentiated progeny
generation from somatic stem cells. Mouse studies have
revealed that multiple stem and progenitor cell popula-
tions have the capacity to give rise to tumors upon onco-
genic transformation, but it remains unclear whether
there is a single cell of origin for the human disease or,
more likely, whether multiple cells of origin exist and
how this may be linked to genetic diversity. Making in-
roads into these unresolved questions will refine the ex-
perimental foundation upon which translational studies
aiming to develop novel anti-CSC therapies are built
and provide key signaling pathways responsible for CSC
maintenance that are amenable for targeting.

The extensive molecular characterization of gliomas of
all grades has permitted the recognition that the continu-
um of tumor grade has hidden a set of genetically distinct

diseases. IDH1 mutations produce an oncometabolite, 2-
hydroxyglutarate, that reprograms cellular chromatin to
assume a stem-like state (Lu et al. 2012). Thus, IDH1 mu-
tant gliomas may have a relatively flat hierarchy, with
most tumor cells acquiring stem-like features early in
tumor initiation. In contrast, primary GBMs accumulate
a greater diversity of genetic and epigenetic alterations,
which is associated with a more vertical cellular hierar-
chy. This duality of tumor biology resembles that of the
two forms of head and neck cancers. Human papilloma
virus-induced head and neck cancers are morphologically
uniform and, like IDH1mutant gliomas, aremore respon-
sive to therapies. Alcohol- and tobacco-associated head
and neck cancers harbor more mutations and display a
worse outcome with a reliable cellular hierarchy. Large-
scale genomic sequencing has informed commonalities
among cancer types based on driving genetic lesions. It
is possible that similar patterns will be appreciated with
cancer types based on epigenetic and cellular hierarchies,
creating broader opportunities to improve diagnostics
and therapeutics. In fact, expanding the organizational
structures is likely to be a useful approach to increase
our understanding of complex disease states.Many diseas-
es display heterogeneous aspects that are governed by
both cell-autonomous and microenvironmental forces.
With the success of immunotherapy approaches to acti-
vate the immune system via immune checkpoint in-
hibition in cancers such as melanoma, understanding
how GBM and, in particular, CSCs interface with the im-
mune system is an immediate priority. An alternative
view of heterogeneity and therapeutic response may also
be informative for future studies. For example, bacterial
infections contain distinct populations of cells that have
different proliferative potential and responses to therapy.
Viable but nonculturable bacteria and latent infections,
including tuberculosis, may be found in particular niches
associated with inflammation, hypoxia, acidic and ni-
trosative stress, and nutrient restriction (Oliver 2010).
Most antibiotics, like anti-neoplastic agents, are directed
against the proliferative population, leaving a resistant
population behind. Novel methods are being used to
screen for new agents that target resistant bacteria, such
as latent tuberculosis (Bryk et al. 2008). Nathan (2004)
suggested that “essentiality is conditional, and the condi-
tions defining essentiality are multiple” in the context of
latent infections. An identical view can instruct CSC tar-
geting efforts as we grow in our understanding of the gov-
erning stimuli both internal and external to CSCs.

One infrequently discussed point is a re-equilibration of
a cellular hierarchy in tumors generated from CSCs. If
cell-autonomous advantages were the sole determinant
of the differentiation state of tumor cells, CSCswould rep-
resent the majority of tumor cells, as the evolutionary
drive toward increased fitness would provide a selective
advantage to CSCs. At steady state (in distinction from
homeostasis), tissues balance competing requirements
through multiple levels of interaction among stem cells,
progenitor cells, and differentiated progeny. Collectively,
the individual cellular dynamics in cancer permits tu-
mors to respond to exogenous insults (cytotoxic therapies,
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immunologic attack, etc.) to maintain the aberrant organ
system. These dynamics are also at play within the cellu-
lar hierarchy in which CSCs give rise to NSTCs, and,
when necessary, NSTCs give rise to CSCs to maintain
the cellular equilibrium necessary for optimal tumor
growth. CSCs should not be considered a model to sim-
plify the modeling of GBMs and other cancers, but rather
the CSC hypothesis constitutes an additional level of
complexity that contributes to themalignancy of cancers.
As CSCs reside in multiple niches governed by different
molecular programs, therewill not be single anti-CSC tar-
geted therapeutics with broad activity; instead, CSCs will
demand multitargeted approaches. Patients with GBMs
are in desperate need of improved therapies. The real val-
idation of CSCs will come with better treatments due to
the integration of CSCs into drug development.
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