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Abstract: Glioblastoma is currently described as the worst brain tumor because of
its aggressiveness and poor prognosis. Chemotherapy and irradiation are not cura-
tive, and the average survival for patients with glioblastoma is around 15 months.
The cellular heterogeneity and infiltrative capability of glioblastoma make complete
surgical resection almost impossible. Moreover, the presence of cancer stem-like
cells in this tumor leads to therapeutic resistance and tumor recurrence after
surgery. Numerous studies have explored the physiology of these cancer stem
cells, and attempts have been made to develop devices aimed at isolating this rare
population of cells. This chapter describes the complexity of cancer stem cells in
glioblastoma. Their role in autophagy, gene regulation by epigenetic modifications,
and the challenges in isolating these cells are addressed. This knowledge may pave
the way for a better understanding of cancer stem cells in glioblastoma, and the
potential development of new therapeutic strategies for this deadly disease.
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| Introduction

Glioblastoma (GBM) is the most frequent and the most aggressive glial tumor of
the central nervous system. Each year, about 240,000 cases of brain tumor are
diagnosed worldwide, of which the majority are GBMs. Conventional therapeutic
strategy is mainly surgery, in combination with temozolomide chemotherapy and
radiation (corresponding to the Stupp protocol) (1). Novel drugs that are being
developed include monoclonal antibodies against vascular endothelial growth
factor (VEGF), inhibitors of tyrosine kinase receptors (2, 3), and Programmed
death-ligand 1 (PD-L1) (4, 5). Despite recent advances, only a few patients with
GBM are still alive 5 years after the initial diagnosis (3-10%, depending on the
applied protocol). The estimated survival time without progression of the disease
hardly exceeds 18 months. Various reasons could explain such a poor outcome:
late diagnosis, difficulty to clearly identify the tumor due to its histopathological
heterogeneity, relapse of the tumor due to GBM cancer stem-like cells (CSCs), dif-
ficulties in identification and isolation of these cells, and paucity of knowledge
about the physiology of CSCs. This chapter gives an overview of the complexity
of GBM and the ongoing cell sorting methods.

| Evolution of Classifications and Diagnosis

Reliable identification of tumors is a prerequisite for the development of efficient
therapies. Because of the heterogeneity of the cells found in GBM, interobserver
variability is not infrequent (6, 7), and this makes proper identification a difficult
task. A tumor that has been initially identified as a GBM could turn out to be of
a different type on subsequent analysis (7). These discrepancies justify the need
for tools that will allow the unambiguous identification of GBM. GBM is the only
solid tumor defined as higher grade tumor (grade 1V) in the absence of any meta-
static component. All other solid tumors can be classified (e.g., tumor-nodes-
metastasis [TNM] classification of colon tumor), depending on their tissue
infiltration, degree of cell differentiation, mitotic index, and metastatic inva-
sion (8). Because of the complexity and the heterogeneity of GBM, the 2007
World Health Organization (WHO) classification of brain tumors was based only
on the histological profile of the cells, combined with their mitotic index and
molecular criteria (9). Different kinds of GBM were listed in this classification:
pure astrocytoma, oligoastrocytoma, and neuro-astrocytoma. The 2016 WHO
classification developed a new approach (10) that primarily relies on the genetic
profile of the tumor. The most notable changes are in the isocitrate dehydroge-
nase (IDH) status (mutated vs. wild type) and the detection of 1p19q co-deletion.
Importantly, if the histological phenotype and the genotype are nonconcordant,
then the genotype will take over and will be used to determine the diagnosis and
subsequent therapeutic decision-making. This guideline, associated with the
mitotic index and the histological nature of the cells, helps to orientate the thera-
peutic scheme. In this way, the current WHO classification not only allows to
determine the nature of the tumor but also enables to make a choice for thera-
peutic management.
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CANCER STEM CELL IDENTIFICATION

CSCs were initially reported by Singh et al., who described a subpopulation of
cells positive for CD133 that were able to initiate tumors in vivo (11). Hence, they
were termed “tumor initiating cells” (11). Solid tumors such as GBMs are charac-
terized by a high degree of heterogeneity, which has been explained by two differ-
ent theories. According to the first theory, the stochastic model, tumor cells share
the same genetic mutations (homogeneous), and heterogeneity is the result of
intrinsic as well as extrinsic factors. According to the second theory, the hierarchy
model, cells are intrinsically different in terms of differentiation stage and only a
small subset, the CSCs, can initiate tumor growth and progression (12). This sub-
population is increasingly referred to as the cause of tumor onset and recurrence
as well as therapeutic resistance. The difficulty encountered in studying CSCs is
largely the result of challenges in precisely identifying them (13). Although CD133
is classically associated with this cell subset, it is also expressed in normal neural
stem cells; thus, the relevance of this biomarker is still a matter of debate when it
comes to GBM stem cells. Indeed, it has been shown that CD133"¢ cells are also
capable of inducing tumors when implanted in rat brains (14). Consequently, it is
now recognized that additional markers are needed to identify this subpopulation.
Among these markers, CD44 and ABC transporters are probably the most reliable.
Recently, our team contributed to identify a new GBM stem-like cell marker, the
KLRC3 gene coding for NKG2E, a protein expressed in natural killer cells (15).
We showed that the silencing of KLRC3 decreased self-renewal, invasion, and
proliferation capacities, along with radioresistance and tumorigenicity of the
U87-MG GBM cell line. Transcription factors such as sox2, oct4, Bmil, and nanog
are also known to contribute to the stemness properties of CSCs (16). Researchers
currently working on this peculiar cell subpopulation consider that seeking more
than a single marker is mandatory to identify and/or enrich this population. These
potential molecular markers, combined with functional properties, such as self-
renewal and cancer-initiation capacities, will enable the identification and enrich-
ment of this subpopulation of cells.

AUTOPHAGY

Similar to many solid tumors, GBM development leads to the formation of
hypoxic areas. Uncontrolled proliferation of tumors, especially in the high
cellular density pseudo-palisading region, leads to a decrease in O, tension.
In response to this stress, cancer cells stabilize the hypoxia-inducible factor 1
(HIF-1), which in turn induces overexpression of VEGF (17). The binding of this
growth factor to its receptor on endothelial cells promotes neoangiogenesis. This
vascularization is characterized by abnormal, dysfunctional, and/or occluded
vessels, which are unable to sustain normoxia, hence the formation of hypoxic
regions. Although a hypoxic microenvironment could induce cell death in nor-
mal conditions, it is also well known to maintain CSCs, especially in GBM (18).
While actively proliferating cells are more likely to be found close to the vessels,
stem-like cells lie in the central parts of the tumor, the core region, which
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contributes to a CSC niche. The core region is more likely to be radioresistant
and chemoresitant, and usually necrotic. These different distributions of cells
illustrate the GBM heterogeneity. CSC population density and aggressiveness are
inversely related to oxygen tension (19).

In the context of vasculature and oxygen supply deficiency, several studies,
including ours, demonstrated that autophagy is induced as a cytoprotective
mechanism (20, 21). This catabolic process, which is complementary to the
ubiquitin—proteasome system, leads altered organelles and proteins to lysosomes
where they are degraded. Besides basal physiological level, autophagy is upregu-
lated when cells are subjected to various stresses such as nutrient starvation,
oxygen deprivation, or therapy (22). In GBM, hypoxia-induced autophagy pro-
motes cell survival and aggressiveness. This could be explained in part by the
pro-survival effects of autophagy in response to antiangiogenic therapy, leading to
hypoxia (23). Furthermore, it has been shown that antiangiogenic agents targeting
VEGF or its receptor induce expansion of CSCs in tumors implanted in animals,
supporting the link between hypoxia-induced autophagy and stemness (24).
Another major function of autophagy is to supply metabolic precursors, such as
amino acids and/or fatty acids, via the catabolic process, which contributes to
energy supply and cellular homeostasis. When microenvironment is unfriendly,
autophagy is likely to be enhanced in CSCs to allow cell viability and quiescence
(25). Such a response has also been demonstrated during temozolomide chemo-
therapy or radiotherapy (26, 27). Both treatments are known to favor conserva-
tion of the CSC subset, which is responsible for therapy escape and tumor
recurrence. Consequently, the use of autophagy inhibitors, such as chloroquine
or its analog hydroxychloroquine, combined with classical therapy (i.e., temo-
zolomide), appears to enhance the cytotoxicity against CSCs (28). Prospective
studies are needed to better delineate the exact application and efficiency of this
combination treatment, where autophagy inhibition could represent an adjuvant
cancer therapy.

EPIGENETIC REGULATION

Cells constantly change their state of equilibrium in response to internal and
external stimuli. These changes in cell identity are driven by highly coordinated
modulation of gene expression, which is achieved largely by changes in the struc-
ture and composition of the chromatin, driven by epigenetic modulators.
Epigenetic modifications such as histone modification and DNA methylation are
crucial for normal development but can also be involved in cancer initiation
and progression. Recent discoveries in cellular and genomic reprogramming have
highlighted the importance of chromatin modifications in the regulation of
CSC in GBM.

HISTONE MODIFICATIONS

Histones can be subjected to posttranslational modifications which alter their
interaction with DNA and nuclear proteins. Modifications of the histone tails
include methylation, acetylation, and phosphorylation, among others. Chromatin
opening through the methylation of H3K4 (Lysine 4 of Histone 3) allows
transcription to be performed, whereas chromatin closing through H3K9 and
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H3K27 methylations (Lysine 9 and Lysine 27 of Histone 3) constitutes the two
main repressive mechanisms in mammalian cells. In a study of 230 gliomas, the
global expression of several histone modification markers was assessed using
immunocytochemistry. Based on WHO grade, histology, and histone modifica-
tions, H3K9ac (acetylation of Lysine 9 of Histone 3), H3K4me2 (dimethylation of
Lysine 4 of Histone 3), H3K18ac (acetylation of Lysine 18 of Histone 3), and
H4K20me3 (trimethylation of Lysine 20 of Histone 4), 10 distinct prognostic
groups were generated, suggesting that aberrant histone modifications can have a
role in GBM (29).

In the case of CSCs, it has been demonstrated that CD133 expression is regu-
lated by H3K9me2. CD133-positive cells, which are usually considered as CSCs,
were found to be H3K9me2 negative, whereas most cancer cells were found to
be H3K9me2 positive. In their study, Tao et al. demonstrated that the G9a-
dependent H3K9me2 repression of CD133 was one of the crucial switches for
the self-renewal of CSCs, similar to the embryonic stem cells (30). Transcriptional
repression by histone methylation is facilitated by polycomb genes like EZH2
and Bmil and had been linked to differentiation and self-renewal abilities of
CSCs. EZH2 silencing of the BMP pathway in CSCs inhibits their ability to
differentiate. Moreover, inhibition of EZH2 or forced expression of methylated-
promoter-repressed BMP pathway restores normal differentiation capacity of
CSCs. This reduces proliferation and induces terminal differentiation of CSCs,
causing loss of self-renewal and a decrease in tumorigenicity of CSCs (31, 32).
Bmil, a key component of the polycomb repressive complex 1 (PRC1), is upreg-
ulated in GBM and significantly enriched in the CSC population, but it is not
expressed in normal astrocytes. Moreover, its suppression in human CSCs inhib-
its their growth in vitro and in vivo (33). Finally, the expression inhibition of Bmil
by knockdown in a glioma mouse model suppresses the formation of malignant
tumors (34).

DNA METHYLATION

DNA methylation, catalyzed by DNA methyltransferases (DNMTs), is a major
epigenetic modification that modulates gene expression. DNA methylation pat-
terns are heritable and reversible, conserved during cell division, and involved in
cell reprogramming processes. DNA methylation directly represses gene expres-
sion via the inhibition of transcription factor recruitment (35). Transcription
inhibition could also be indirect through the recruitment of methyl-CpG-bind-
ing proteins and their associated repressive chromatin remodeling activities (36).
DNA methylation deregulation is found in cancer where hypermethylation of
specific tumor suppressor genes (TSGs) leads to the inhibition of their expression.
It is known that aberrant DNA methylation is linked to the initiation and the
progression of cancer. Global DNA hypomethylation promotes chromosomal
instability, reactivation of transposable elements, and loss of imprinting. Local
hypomethylation induces oncogene activation, while hypermethylation induces
the silencing of TSGs (37). Aberrant DNA methylation patterns have been
detected in GBM. A well-studied example is the silencing of the DNA repair
enzyme MGMT (O°®methylguanine-DNA methyltransferase) following hyper-
methylation of the MGMT CpG island. Methylation of the MGMT promoter
results in defects in DNA repair and is associated with a better response to
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treatment with alkylating agents (38). MGMT methylation status is now used in
the clinical management of GBM patients as a biomarker for predicting drug
responsiveness.

Epigenetic changes like DNA methylation can be involved in the adaptation of
CSCs to the environment in such a way that they reinforce the malignant state of
the tumor. For example, it has been shown that the resetting of DNA methylation
by induction of pluripotent stem cell reprogramming, followed by lineage differ-
entiation, suppresses the malignant properties of GBM (39). Moreover, in CSCs,
the cell-surface marker CD133, defined as a CSC-specific marker, is found
methylated. In their study, Gopisetty et al. showed that Spl and Myc regulate
CD133 transcription in CSCs and that promoter methylation and methyl-DNA-
binding proteins cause repression of CD133 by excluding transcription-factor
binding (40). Expression of the transcriptional coactivator with PDZ-binding
motif (TAZ) has been linked to GBM subtype. It has been shown that its silencing
in mesenchymal CSCs suppress the mesenchymal gene expression signature,
while expressing TAZ in proneural CSCs, leading to increased expression of
mesenchymal signature genes (41).

More recently, taking advantage of the genome-wide analysis technology, it has
been shown that specific DNA methylation patterns were associated with CSCs.
Concurrent promoter hypermethylation and gene body hypomethylation were
observed in a subset of genes, including MGMT, AJAP1, and PTPRN2. These
unique DNA methylation signatures were also found in primary GBM-derived
xenograft tumors, indicating that they are not tissue culture-related epigenetic
changes. Integration of GSC-specific epigenetic signatures with gene expression
analysis further identified candidate TSGs that are {requently downregulated in
GBMs, such as SPINT2, NEFM, and PENK (42).

| Isolation of Cancer Stem Cells in Glioblastoma

Because of their key roles in tumorigenesis, metastasis, and therapeutic relapses,
CSCs appear as major biological and therapeutic targets, in particular for GBM
(43-46). This cellular status fully justifies the discovery, development, and valida-
tion of methods allowing purification and characterization of CSCs (43-46).
However, the heterogeneity of the tumor cell population, the rarity of CSCs within
the tumor mass (1-5%, depending on the type of cancer (43)), the difficulty in
accurately defining their properties, and the criteria on which the sorting and
characterization methods are based (44, 45, 47, 48) continue to pose major
challenges.

FUNCTIONAL TESTS

CSCs are known to display different properties which give them the ability
to relapse, and be more resistant to chemotherapy (49, 50) or radiation ther-
apy (51). These properties are currently being investigated in order to better
characterize CSCs. The self-renewal of CSCs (which is one of the properties
defining CSCs) can be determined with two different tests: the colony forming
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unit approach and the limiting dilution assay. Both tests are based on the abil-
ity of a single CSC to proliferate and create a new neurosphere in vitro (49).
CSCs share common properties with normal stem cells such as their ability
to differentiate into specific cell lineage. For GBM, the CSCs should be able to
differentiate into neurons, astrocytes, and oligodendrocytes. Moreover, the
most important feature of CSCs is their ability to resist treatment (50, 51).
In GBM, this property leads to tumor relapse and unfortunately to patient
death. The most conventional approach includes the evaluation of the apop-
totic impact of temozolomide and/or radiation on CSCs. A strong resis-
tance to these treatments is a characteristic of CSC (52). Finally, the capability
of CSC to form a tumor has to be addressed by xenograft or orthotopic cell
engraftment (51).

CLASSICAL CELL SORTING METHODS

The classical cell sorting methods are based on the recognition of specific extracel-
lular or intracellular antigens using fluorescent (FACS) or magnetic (MACS)
probes. Other methods such as affinity chromatography, panning, and aptamers
also use the immunological recognition principle (44, 47, 48). In GBM, some
of the most useful markers are SOX2, OCT4, NANOG, CD133, and ABCG2
(44, 45, 53). However, no single marker can be considered a gold standard, and,
therefore, a series of markers is mandatory to validate the stemness status.
Aldehyde dehydrogenase (ALDH) activity can be used in addition to the above
staining. High ALDH expression has been reported in precursor cells of GBM.
Another way to separate CSCs from GBM is the detection of the side population
using Hoechst staining. However, this labeling could lead to functional modifica-
tions of the cell such as induction of cell differentiation and therefore difficulties
for in vitro studies (culture, graft, etc.) (44, 47).

SEDIMENTATION FIELD-FLOW FRACTIONATION CELL SORTING

Field-flow fractionation (FFF) techniques were developed by J.C. Giddings in
the late 1960s (54). FFF methods are considered as gentle methods as cells are
sorted by applying low-intensity forces: (i) one corresponding to an external
multigravitational field due to the channel rotation and (ii) the other corre-
sponding to hydrodynamic lift-forces due to the flowing of the cells in the
mobile phase (Figure 1). The balance of these two forces leads to the focusing
of identical subpopulations (with respect to size, density, shape, and rigidity)
into thin layers, which are eluted from the flow stream passing through their
gravitational center (hyperlayer elution mode) (55). Sedimentation field-flow
fractionation (SAFFF) is a gentle (low flow rate and low external field to limit
shear forces exerted on cells) and noninvasive method, which takes into
account, without any labeling, a complex matrix of cell properties such as the
size, the cell-cycle position (related to the density), or the rigidity of the cyto-
skeleton, which are the major properties of stem cells. Usually, the largest and
less dense cells (the most differentiated) are eluted first, while the smallest and
the most dense cells (low nucleo-cytoplasmic ratio corresponding to stems
cells) are eluted last. This elution order also depends on the ploidy or the
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Figure 1 (1) Schematic representation of an SAFFF separation channel and its implementation
in the chromatographic chain. (2) Schematic representation of hyperlayer elution mode and
cell elution order depending on the size. a: distance from the center of gravity of the cell to
the accumulation wall. V: velocity of cells.

position in the cell cycle; the cells eluted in the last fraction are usually in the
GO/G1 phase (56, 57).

Our first work on CSC isolation began with human neuroblastoma cell lines
(SKNSH-SY5Y, IMR-32) and was then followed by the U87-MG human GBM
cell line analysis (58-60). We demonstrated that cells eluted in the ultimate
part of the fractogram (Figure 2) overexpressed vimentin and CD133, pre-
sented the ability to form neurospheres in defined culture medium, and were
resistant to Fas-induced apoptosis. To increase the purity and the diversity of
subpopulations with different degrees of differentiation, we developed an ana-
lytical SAFFF protocol using different external fields. The following four cell
culture conditions were tested: normal (+ FBS), defined (- FBS), normoxia, and
hypoxia (O, < 0.1%). Defined culture medium and hypoxia mimicked the con-
ditions found in the tumor niche and yielded an enriched CSC population. The
use of two different fields in SAFFF allowed the separation of differentiated
cells at 25 g, while a lower field of 15 g favored the isolation of CSCs. Eight
different subpopulations were identified based on the expression of CD133,
NCAM, nestin, Oct4, A2B5, cell-cycle position, ALDH activity, and clonogenic-
ity (Figure 2). As described in Figure 2, differentiated cells are eluted in the
fraction F1 of cells cultured in normal culture medium under normoxia,at
25 g. The most undifferentiated cells were obtained by collecting fraction F3 at
15 g from cells cultured in defined medium under hypoxic conditions. These
populations should be further used to identify CSC properties or to test their
sensitivity to therapy.
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Figure 2 Representation of the global method used to enrich CSCs from human glioblastoma cell
line. Four conditions are established with different media and oxygen tensions, namely, NN,
NH, DN, and DH, in order to obtain a matrix of CSCs enrichment (1). CSC level is increased
by the use of SAFFF cell sorting method (2: representative fractograms). Oct4 stem cell
marker expression (3) in subpopulations obtained after SAFFF sorting (F1/F3), compared to
crude (C) populations. Concerning fractograms (2), the optimal elution conditions were:
injection of 2x10° U87-MG cells; flow rate: 0.80 mL/min; mobile phase: sterile PBS, pH =7.4;
and external multi-gravitational field strength: 15 or 25.00 + 0.02 g (312 or 412 + 0.2 rpm).
These optimal elution conditions allowed cell separation under the biocompatible
hyperlayer elution mode. Time-dependent collected fractions F1 and F3 corresponded to
differentiated and cancer stem cells, respectively.

I Conclusion

Despite current advances in the study of GBM and the physiology of GBM CSCs, it
remains impossible to cure GBM. To develop a better therapy, one of the steps would
be the development of new methods such as SAFFF that allow the isolation of CSCs
without causing any cellular modification. The ability of tumor cells to adapt to their
environment is of great interest and mechanisms by which tumor cells communicate
with their microenvironment are increasingly being investigated. Studies concern-
ing exosomes (vesicles excreted from cells) and their role in cancer progression
underline new point of views on tumors including GBM (61, 62). Numerous studies
are also being performed on the epigenetic profile of tumor cells, which could be
involved in cell reprogramming and adaptation to their environment. Together,
these approaches could enable a better understanding of the role of CSCs in GBM
initiation and progression, and help develop novel therapeutics in the days to come.
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