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Abstract

Glioblastoma multiforme (GBM) is the most common and deadliest brain cancer in
adults. Despite considerable efforts at both bench and bedside, the average survival for
GBM patients is only 14-15 months. This dismal prognosis stems from challenges in
treatment and a malignant tumour biology. A key need in addressing GBM is to better
understand and therapeutically target GBM cell invasion into the surrounding healthy
brain tissue.

Cytoskeletal remodelling and dynamics, mediated by ROCK effector proteins,
play an important role in the ability of GBM cells to migrate. ROCK inhibition is being
considered as potential cancer therapy; however, there is insufficient data examining a
chemical pan-ROCK inhibition effect in the cellular context of GBM. I address this gap
in the context of undifferentiated patient-derived brain tumour stem cell (BTSC)
models. My results show that chemical ROCK pathway inhibition with several
different compounds led to a reversible neurite-like outgrowth phenotype across three
different patient-derived cell models. This phenotype was accompanied by a decrease
in BTSCs motility, which enabled the cells to form an interactive multicellular
network. Interestingly, ROCK inhibition did not alter the self-renewal ability or
proliferation capacity of BTSCs.

To further investigate this diffusive nature of GBM cells, I developed an in vitro
3D model that allows the study of GBM infiltration in real-time. My work demonstrates

the ability of GBM spheres to spontaneously fuse with, and infiltrate, neural-like early-



stage cerebral organoids (eCOs) with the use of stem cell culture-based organoid
methodology. In addition, this hybrid’ GBM tumour organoid possessed an invasive
tumour compartment, which was specific to GBM cells. Thus, this self-assembly GBM

tumour organoid may be used to identify anti-GBM invasion treatment approaches.
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1. Introduction

This thesis describes work undertaken to address gaps in the understanding of
migration and invasion of Glioblastoma Multiforme (GBM) using two complementary
approaches: the study of cytoskeleton modulation mediated by Rho-associated protein
kinases (ROCK) signalling pathway inhibition and its effect on GBM behaviour, and
the creation of a 3D model to study real-time invasion. In this introductory chapter, I
will establish the rationale underlying the aims of this work.

I start by characterising the pathology of GBM, explaining how it is categorised,
and argue that the poor current outcomes make it a pressing unmet clinical need (1.1).
I then briefly outline how GBM is being treated at present and the range of (targeted)
therapies being developed. I briefly address how new treatments, while initially
promising, have often failed in later phases of clinical trials (1.2). I then move on to
describe key features of the biology of GBM - a likely hurdle in the development of
successful therapies. I do so in three main sections. Firstly, I describe the (inter and
intra tumoural) heterogeneity of GMB, which is a main cause of differential treatment
response amongst patients (1.3); I then address brain tumour stem cells and their role
in treatment resistance and tumour recurrence (1.4). In the third section I explore the
question of migration in brain tumours (1.5). While all three sections are relevant for
this work, the focus of my PhD is on the broad issue of GBM cell migration. Thus, in
section 1.5 I examine the role of cytoskeletal mechanisms in this process in some detail,
with particular focus on the RhoGTPase effector protein ROCK. I also reflect on how

migration in brain tumours has been studied; and the appropriateness / possibilities



opened up by the use of organoid models for studying migration in a final section (1.6).

Lastly, I outline the aims and objectives of the work developed under this PhD.

1.1. Glioblastoma multiforme

The majority of primary brain tumours are thought to originate from cells of the glial
lineage. These tumours are categorised collectively as gliomas, and together account
for nearly 80% of all malignant brain tumours (1-3). Gliomas can be (and have
historically been) classified according to their presumed cell of origin/predominant
cell type (morphological features) as astrocytomas, oligodendrogliomas,
oligoastrocytomas and ependymomas. However, the current international standard
for the diagnosis of gliomas is the more sophisticated World Health Organization
(WHO) grading system (Table 1) (4). Under this system, tumours are grouped based
on their pathological features, their proliferation rate and potential to spread into
healthy neighbour tissue. The WHO classification of central nervous system (CNS)
tumours distinguishes four classes of gliomas, grades I-1V; grades I and II are classified
as low-grade gliomas and grades III and IV are defined as high-grade gliomas.

There is one prominent glioma classified as WHO grade IV, and that is
Glioblastoma Multiforme. GBM is the most common primary brain tumour in adults,
(5) with a yearly global incidence for newly diagnosed cases of 3-5 per 100,000 people
(6, 7). In England, for example, incidence in the period 2007-2011 has been found to
be closer to the upper bound, with approximately 2,100 new cases being diagnosed on
average each year (8). With a rapid clinical onset, the symptoms presented by patients
are highly variable and depend on the tumour location and size as well as the anatomic
brain structures involved (9). The initial clinical presentation may include focal
neurologic deficits (aphasia, paresthesia and visual disturbances); symptoms resulting
from increased intracranial pressure (headaches, nausea and vomiting); changes in

mood and personality and also seizures (4, 9). Diagnosis of the disease results from



imaging studies of the brain which include computed tomography (CT), positron

emission tomography (PET) and magnetic resonance imaging (MRI) (4, 10).

Oligodendrogliomas

Grade II Oligodendroglioma

Grade III Anaplastic oligodendroglioma
Astrocytomas
Grade II Diffuse astrocytoma

Grade III Anaplastic astrocytoma

Grade IV Diffuse midline glioma
Grade IV Glioblastoma Multiforme

Other Astrocytic Tumours

Grade I Pilocytic astrocytoma

Grade I Subependymal giant cell astrocytoma
Grade II Pleomorphic xanthoastrocytoma

Grade III Anaplastic pleomorphic xanthoastrocytoma
Mixed Gliomas

Grade II Oligoastrocytoma

Grade III Anaplastic oligoastrocytoma

Ependymal Tumours

Grade I Subependymoma

Grade I Myxopapillary ependymoma

Grade IT Ependymoma

Grade III Anaplastic ependymoma

Other Gliomas
Grade I Angiocentric glioma
Grade IT Choroid glioma of the third ventricle

Not graded | Astroblastoma

Table 1.1- The 2016 WHO classification and grading of the distinct glioma tumours (adapted
from (26)).

While a common brain tumour, from the standpoint of (general) cancer
epidemiology, GBM is rare, accounting for only 2.5% of cancer diagnoses. However, it
is the third foremost cause of death from cancer, due to its extremely poor prognosis

(11, 12). Unfortunately, regardless of multimodal therapy efforts, 70% of GBM patients



will suffer disease progression and die of the disease within a year (13). Indeed, and
despite the diversity of modern therapies against GBM, these tumours are amongst the
most devastating cancers leaving patients with a median survival of approximately 14
to 15 months from the moment of diagnosis (14, 15), and less than 5% surviving five
years (16).

The poor prognosis for GBM patients stems from the infiltrative character of the
disease and its complex and heterogeneous biology (17). Given GBM’s highly diffuse
and invasive growth pattern, the malignant cells have the tendency to disseminate
along the white matter tracts and frequently cross the corpus callosum, thus rendering
complete surgical resection of the tumour impossible (18). As a result, tumour
recurrence takes place in almost 80% of cases (and usually appears within 2-3 cm of
the margin of the primary lesion) (11, 19). Furthermore, it has been proposed that the
main cause for tumour progression lies in the presence of a highly heterogeneous
population of cells; and that beyond a highly heterogeneous subpopulation of
differentiated cancerous cells there is also a subpopulation of stem-like cells which are
highly malignant (20). These cells which possess molecularly different phenotypes are
the likely cause for individual sensitivities and resistances of GBM patients to
treatment (21). Hence, the extensive inter-patient cellular and genetic heterogeneity in
GBM coupled with the intra-tumoural heterogeneity may contribute to therapeutic
failure (22-25).

This recent foregrounding of heterogeneity in GBM has also been reflected in a
revision of the WHO classification of the tumours (26). Traditionally, GBM diagnosis
has relied on histological features — mainly pseudopalisading necrosis, increased
cellularity, pleomorphism, vascular endothelial proliferation and high KI 67 labelling
index (16). However, the WHO grading system was revised in 2016 with one of the key
aims being the better defining of tumour entities within CNS tumours. GBM
classification no longer relies solely on pathological/histological features, but it now

also incorporates molecular parameters (Table 2) (4). Glioblastomas are now to be



classified into one of the following three diagnoses: 1) Isocitrate dehydrogenase (IDH)-
wildtype ( >90%, primary glioblastoma), which corresponds frequently with the
clinical definition of primary, or de novo, GBM which arises without a known
precursor and prevails in patients over 55 years of age (1, 27, 28); 2) IDH-mutant
(about 10% of the cases), which corresponds to the clinical definition of secondary
GBM, and progresses slowly from a pre-existing lower grade diffuse tumour and
normally arises in younger patients (1, 27, 28); and 3) NOS (not otherwise specified),

which corresponds to tumours in which the IDH testing cannot be performed (4).

Glioblastoma, IDH wildtype

- Giant cell glioblastoma

- Gliosarcoma

- Epithelioid glioblastoma
Glioblastoma, IDH mutant
Glioblastoma, NOS

Table 1.2- Glioblastoma classification according to the WHO classification of CNS tumours (adapated

from (26)).

1.2. Current treatment

Despite clinical and technological advances in neuroimaging, neurosurgery and
radiation therapy, the overall survival rate of patients with GBM has changed very little
(18). The standard of care for GBM patients has remained consistent for the last 30
years and continues to consist of maximal safe surgical resection of the tumour mass,
followed by radiation therapy and concomitant chemotherapy (29-31). The infiltrative
nature of these tumours renders complete surgical removal of these tumours
impossible, and GBM is thus a surgically incurable neoplasm (15, 32). Nevertheless,
tumour resection still provides considerable benefit, namely by reducing the number

of cancer cells that need to be treated; the procedure also frequently removes the



hypoxic core of the tumour which is resistant to radiation and normally inaccessible
to chemotherapy (16). In addition, studies have supported the importance of
aggressive total resection, which resulted in better outcomes and a longer overall
survival for the patients with greater extent of resection (30, 31, 33, 34). In order to
increase maximal surgical resection, it is necessary to distinguish viable tumour from
healthy adjacent brain during surgery. The development of fluorescence-guided
surgery using 5-aminolevulinic acid has helped increase the thoroughness of resection
(35, 36), though complete resection remains out of reach.

Following optimal surgical resection, standard fractionated radiation remains the
most effective therapy for patients with GBM. Randomized studies have shown that 50
to 60 Gy radiation after surgery significantly increased the average survival of patients
from 14 to 36 weeks (37-42) (though higher doses resulted in increased radiation
injury to normal brain without any additional survival benefits (43-46)). In addition to
radiotherapy treatment, GBM patients also receive the chemotherapeutic agent
temozolomide (TMZ), which is a DNA alkylating agent (47); similarly to radiotherapy,
this intervention elicits therapeutic effects by triggering apoptosis through the
induction of DNA damage and cytotoxicity (48). The clinical benefit of the addition of
TMZ therapy has been shown in a large phase 3 clinical trial. The administration of
radiation therapy with concomitant TMZ chemotherapy, followed by an adjuvant
TMZ chemotherapy, enabled an increase in survival when compared to radiotherapy
alone; it increased the median overall survival to 14.6, from a 12.1 months baseline
with radiotherapy alone, and also increased the 2 year survival more than two fold

(from 10.4 to 26.1%) (49). However, this still constitutes a poor prognosis.

1.2.1. Developing targeted therapies

Despite the aggressive standard treatment regime of surgical resection and radio-
and chemotherapy, the poor patient prognosis highlights the need for agents that

target GBM; and, in particular, specific cell populations in GBM tumour responsible



for tumour recurrence. Extensive research into potential new avenues for treatment
has led to the discovery of therapeutic agents that directly target GBM cells or
modulate the tumour microenvironment. Elucidating the molecular signalling
pathways activated in GBM - such as those involved in tumour growth, apoptosis,
invasion/migration and angiogenesis — yields knowledge of specific molecular
abnormalities of a particular tumour; abnormalities which may potentially be usefully
targeted to better direct therapies. In this section, I will briefly address three such novel
strategies (and their shortcomings) — gene therapy, immunotherapy and molecularly
targeted therapies.

Over the last 2-3 decades, efforts to develop more effective gene therapy treatment
for GBM has resulted in the development of several new and promising approaches (5,
50). With regards to GBM treatment, the most used gene therapy strategy involves the
delivery of tumour-suppressor genes, suicide genes, genetic immunotherapy and
oncolytic virus (50). Still, despite encouraging preclinical animal model data and
results from phase I clinical trials demonstrating that these treatments possess
promising safety profiles, this strategy has failed to show significant therapeutic
efficacy in phase III clinical trials (5).

One of the largest phase III randomised clinical trials for the use of gene therapy
for GBM treatment involved the delivery of herpes simplex virus thymidine kinase
(HSV-tk) gene using retroviral packing cells. However, the addition of gene therapy to
standard care yielded no significant therapeutic benefit, with the 12-month survival
rates for control groups being 50% versus 55% in the treatment group (51). A later trial
conducted by Colombo, where retroviral vector producing cells were used to deliver
interleukin-2 (IL-2)/HSV-tk illustrated a common pitfall of GBM treatment (53). Of a
total of 12 patients that received the therapy, 2 of them showed partial response to the
therapy, 4 showed minor response, 4 showed stable disease and 2 had disease
progression. These results highlight the heterogeneous response GBM tumour has to

treatment and the difficulty of treating the disease as a whole (52).



A second type of targeted therapy is based on GBM treatment through
immunotherapy strategies. A prominent recent strategy has shown that targeting the
immune checkpoints programmed cell death 1 (PD-1) and programmed cell death
ligand 1 (PD-L1) resulted in dramatic results in a pre-clinical model (53).
Furthermore, preliminary data from the ongoing phase II clinical trial shows that 5
patients out of the 31 patients enlisted in the cohort analysed remain progression free
after 1 year (54). Other attempts to treat GBM by targeting the patient’s immune
system are being accomplished by activating the immune system to eliminate the
tumour. This can be achieved by presenting tumour lysate to the patient’s own
dendritic cells and then reintroducing the cells into the patients (DC vaccination). The
most advanced DC vaccine in clinical trials -DCVax-L (NCT00045968) - is showing
encouraging results with 33% of the patients surviving for at least 48 months and 27%
of the patients reaching the 72 months mark (55). A first analysis after trial completion
confirmed the elongation of the survival tail, as well as a significant extension of the
median overall survival for patients with O-6 methylguanine-DNA methyltransferase
(MGMT) methylation (56). As such, the therapy appears to yield an impressive
extension of survival, but only to some populations.

Molecularly targeted strategies have gradually come to the fore over the course of
this century. Due to the highly vascularized nature of tumours in GBM, one of the first
molecularly targeted strategies was based on the use of angiogenesis inhibitors (57, 58).
Following an initial promising single arm clinical study (59), a humanised monoclonal
antibody - bevacizumab — was used to prevent neovascularisation by blocking vascular
endothelial growth factor (VEGF) signalling. Unfortunately, clinical trials showed that,
after the initial promise, bevacizumab in combination with standard therapy did not
result in a clear survival benefit versus standard treatment alone (57). Another high-
profile strategy was the targeting of epidermal growth factor receptor (EGFR). EGFR
is a popular target for (oncological) drug development (60), and since changes to EGFR

can be found in more than 50% of GBM it was deemed a potentially promising target.



A further intervention targeting this pathway was the development of a conjugate
peptide vaccine, rindopepimut, which targets epidermal growth factor receptor variant
ITI (EGFRVIII) specifically. This approach was predicated on the fact that 50% to 60%
of EGFR mutants present the mutation EGFRVIIL. Preliminary studies appeared
promising (61), which led to the design of a successful phase II clinical trial (62) and a
further push into phase III. Regrettably, however, the randomized study uncovered
there was no survival benefit to this compound, with the median overall survival
comparing even unfavourably to the control arm (20.4 vs 21.1 months) (63).

The up and downs of recent clinical trials results highlight the heterogeneity and
complex pathogenesis of glioblastoma tumours and the unlikely event of there being a
single-agent for GBM treatment. That is largely due to three key features of GBM: its
heterogeneity, the presence of brain tumour stem cells (BTSCs) and the highly invasive
nature of the malignancy. I will now briefly address the issues of heterogeneity and
BTSCs in the two following sections, and finish by exploring the main focus of this

thesis — migration.

1.3. Heterogeneity in GBM

An important hallmark of GBM tumours is their level of heterogeneity, as is
indicated by the term multiforme. Tumour heterogeneity results from the presence of
distinct cellular populations or clones within a tumour that contain different biologic,
genetic or expression profiles (64). A recent study by Soeda et al. (65)showed that the
sensitivities of subclones within the same population to treatment differed amongst
these cells, denoting that other factors such as heterogeneity are a cause of treatment
resistance. Thus, the presence of clones which are resistant to treatments are a cause of

treatment failure and tumour relapse (66).



1.3.1. GBM subtypes

Recent studies focusing on the mutational landscape, heterogeneity and lineage
of each tumour, allied with the large-scale sequencing of the glioblastoma genome,
have revealed genomic abnormalities and gene expression profiles linked with GBM
tumorigenesis (67-69). Initial results arising from these studies demonstrated that at
least two distinct molecular pathways lead to the development of GBM and this would
allow the subtyping of the disease into primary and secondary glioblastoma (70, 71).
Even though primary and secondary glioblastoma are histologically indistinguishable,
these subtypes constitute different disease entities that affect patients in different age
groups; that progress through distinct genetic pathways; and that present different
expression profiles for RNA and proteins (70). Frequent genetic alterations associated
with primary GBM are the overexpression of EGFR, mutations in phosphate and
tensin homologue (PTEN) and loss of chromosome 10q. On the other hand, secondary
GBM commonly have mutations in isocitrate dehydrogenase 1 (IDH1), tumour
protein 53 (TP53) and loss of chromosome 19q (5, 72, 73).

In addition, further analysis of the data from the Cancer Genome Atlas network
by Verhaak et al. (74) resulted in a robust gene expression-based molecular subtype
classification of GBM. Using integrated multidimensional genomic data to establish
patterns of mutations, DNA copy number and transcriptional signatures, four distinct
subtypes were identified: Classical, Proneural, Mesenchymal and Neural (74).

Classical subtype. The GBM classical subtype presents with mutated EGFR,
which leads to the high expression of EGFR, and lacks the mutation in TP53 and the
deletion of cyclin dependent kinase inhibitor 2A (CDKNA2A), resulting in the
inactivation of the retinoblastoma associated pathway. It is characterized by the
amplification of chromosome 7 and deletion of chromosome 10. Transcriptional

changes associated with classical subtype include high expression of neural precursor
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and stem cell marker nestin as well as neurogenic locus notch homolog protein 3
(NOTCHS3), smoothened, frizzled class receptor and growth arrest specific gene 1.

Proneural subtype. Main features of the proneural subtype are the alterations in
the platelet-derived growth factor receptor a (PDGFRA) and point mutations in IDHI.
Mutations in PDGFRA lead to the activation of phosphoinositide 3-kinase (PI3K) and
rat sarcoma (RAS) pathway and, interestingly, the presence of PDGFRA abnormalities
is related to the absence of IDH1 mutations. The majority of TP53 mutations and loss
of heterozygosity were found in this subtype. Furthermore, this subtype presented with
high expression of oligodendrocytic developmental genes.

Mesenchymal subtype. The mesenechymal subtype has mutations not only in
NF, which in turn activates the PI3K/protein kinase B (Akt) pathway, but also in
PTEN, which activates the RAS pathway (74). This subtype also displayed the
expression of chitinase-3-like protein (YKL-40) and met proto-oncogene (MET),
which is suggestive of an epithelial-to-mesenchymal transition (74, 75).

Neural subtype. Even though no genetic signature has been attributed to the
neural subtype, it is associated with transcriptional expression of neuron markers, such
as neurofilament, light polypeptide, synaptotagmin 1, gamma-aminobutryc acid A
receptor a 1, or solute carrier family 12 member 5 (74).

The stratification of GBM into molecular subgroups is proposed to be linked to
different patterns of disease progression and survival outcomes. For example, the
overall survival of treated patients varies with the subtype, with classical or
mesenchymal subtypes surviving longer than the proneural subtype. Thus, the
discovery of these subtypes in GBM may be of clinical relevance in suggesting different
therapeutic approaches that each subtype may require (69), and might accelerate our

understanding of the disease.
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1.3.2. Inter and intra-tumour heterogeneity

Tumour heterogeneity can result from mutational and transcriptional variability
amongst tumours as well as different genetic, epigenetic, functional and phenotypic
properties of cellular subsets and even single cells within a tumour (76). Inter-
tumoural heterogeneity has been described in GBM for matrix metalloproteinase-2
(MMP-2), integrins and MGMT (77-79).

The implications of inter-tumoural heterogeneity regarding therapeutic
treatment is clear for the case of patients with MGMT hypermethylation. The
recognition of MGMT hypermethylation as a valid prognostic and predictive marker
in patients undergoing chemotherapy with alkylating agents is the perfect example of
the successful implementation of personalized therapy based on the individual’s
genomic landscape (80, 81). MGMT is a repair protein that specifically removes
promutagenic alkyl groups from O6-methyguanine (82). The promoter methylation of
the gene encoding for MGMT leads to the loss or reduction of MGMT activity, which
ultimately causes the increase of double strand breaks and induces apoptosis and cell
death (82). The methylation status of the MGMT promoter is associated with increased
efficacy of current standard of care (concomitant and adjuvant radiotherapy with
TMZ), with the median survival of patients with methylated MGMT promoter of 21.7
months versus 12.7 months in non-methylated patients (83, 84). In addition, studies
have shown that profiling-based subtypes have clinical relevance when it comes to
therapeutic strategies directed at MGMT methylated tumours (74). In both classical
and mesenchymal subtypes, MGMT methylated tumours respond better to aggressive
treatment when compared to the non-MGMT methylated tumours. In the neural and
proneural subtypes there was no difference in the response to aggressive treatment
when these were stratified based on their MGMT status (74). In addition to the
heterogeneous expression of MGMT amongst distinct tumours, there is also intra-

tumoural heterogeneity regarding MGMT promoter methylation, with the tumour
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possessing distinct areas with positive MGMT expression surrounded by negative cells
(85, 86).

Similarly, several studies have described a heterogeneous inter and intra-

tumoural pattern of receptor tyrosine kinase (RTK) amplifications in GBM (87, 88).
From the most commonly amplified RTK in GBM (EGFR, PDGFRA and MET) studies
revealed that amplifications of these occurred in a heterogeneous fashion amongst
tumours; with the majority of tumours possessing amplification to either one or two
RTK (87, 89, 90). This discovery may explain why small-molecule inhibitors used in
GBM clinical trials show little or no improvement in overall survival of the patient.
The targeting of a single RTK is not effective because the cells can switch to another
RTK (RTK-switching), thus maintaining the activation of the downstream pathway
and driving tumour growth (89). Furthermore, amplification of these three RTKs have
also been detected in small subsets of cells in separate regions or dispersed throughout
the tumour (89).
A recent study by Patel et al. (25) highlighted the intratumoural heterogeneity in
primary glioblastoma using single-cell RNA-seq. Cellular variability within each
tumour was demonstrated by the differential expression and splicing patterns in
signalling molecules pertinent to GBM, as for example EGFR, fibroblast growth factor
1 and its receptor, and neurogenic locus notch homolog protein 2 (NOTCH2).
Interestingly, an attempt to cluster the single cells into the four glioblastoma subtypes
described above resulted in the single cells from a unique tumour corresponding to
different glioblastoma subtypes (25). This cell-to-cell variability highlights the fact that
analysis of the tumour bulk detects the dominant subtype and does not truly represent
the diversity of subtypes within a tumour.

Heterogeneity exists in every GBM and it has been shown that increased
intratumoural heterogeneity is associated with decreased survival (25, 91). Hence, the
understanding of tumour heterogeneity is crucial for the treatment of the disease. As

mentioned above, the use of single-agent targeted therapies has been disappointing,
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and this is because GBM rely on multiple redundant signalling pathways.
Consequently, an effective GBM therapy must result from combined therapies and
personalized medicine which is based on the mutational landscape and heterogeneity

of each tumour.

1.4. Brain tumour stem cells (BTSCs)

In addition to the heterogenous nature of GBM cells, it has been demonstrated that
this disease has an apparent stem cell foundation - here termed brain tumour stem
cells (BTSCs) (20). The important role that brain tumour stem cells play in the
heterogeneity of GBM requires an extensive understanding of the nature of these cells.
Traditionally, genetic analyses of brain tumours were carried out on the bulk tumour
mass. However, these studies were unable to explain why brain tumours that have
similar morphology and phenotype can also have different prognosis and response to
therapy (92). While this difference can reasonably be attributed to tumour
heterogeneity, studies have also linked this to a small population of tumours cells with
self-renewing capacity (93). Studies in other cancers, such as leukaemia and breast
cancer proved the existence of a population of rare cells that had considerable
proliferative and self-renewal potential and was also able to drive tumour growth and
formation (94, 95).

While established for other cancers, the cell(s) that gives rise to the brain tumour
stem cell subpopulation is still contested (96). Identification of the cell of origin for
GBM would contribute to a wider knowledge regarding the initiation and propagation
of the tumour as well as its biology. Although the exact mechanisms by which BTSCS
arise remains unknown, diverse evidence demonstrated that this subpopulation may
originate from either the de-differentiation of differentiated cells or from neural stem
cells or progenitor stem cells (97, 98). These cells then have the capacity to give rise to

the tumour’s cellular hierarchy via differentiation and thanks to their self-renewing
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abilities (97). Albeit the mainstream consensus is that BTSCs originate from stem cells
(neural or progenitor), studies have shown that somatic cells can dedifferentiate and
acquire pluripotency and the ability to self-renew. For example, Friedmann-Morvinski
et al.(99) demonstrated, in mice, that a diversity of cells in the brain, comprising
terminally differentiated neurons and cortical astrocytes, had the ability to originate
GBM (99).

Conversely, it is conceivable that the cell of origin can be derived from the
transformation of either a neural or of a progenitor stem cell (98). Whilst the former
cells are pluripotent and can give rise to all cell types in the body, the latter cells are
multipotent and restricted to cells in a particular lineage (100). Despite the initial
uncertainty of whether adult brains possessed an active neural stem cell (NSC) niche,
studies have now identified multipotent NSC in the subventricular zone of the adult
human brain (101, 102). Thus fuelling the theory that these cells might act as the cell
of origin for GBM. Genomic analysis presented by Verhaak et al. (74) and Galli et al.
(103) showed that there was an evident relationship between GBM classes and cellular
lineages. Therefore, suggesting that a common cell of origin, such as the neural stem
cell, exists for the disease and that each subtype merely results from diverse
differentiation pathways.

Moreover, a recent study by Lee et al. (104) showed that NSC niches in the
subventricular zone of the human brain, can harbour neural stem cells that possess
low-level driver mutations which are typically associated with GBM (104). Hence, this
study shows for the first time a direct genetic link between human NSC and GBM
(104). Nevertheless, it also remains unclear whether GBM is the result of unique cell
of origin or if the BTSCs result from a combination of several cells with the ability of
self-renewal and give rise to differentiated progeny. This latter hypothesis could
potentially explain the inter and intra tumour heterogeneity seen in GBM.

Regardless of the proposed origin, BTSCs are now described as undifferentiated

tumour cells that are characterized by their capacity to self-renew (maintaining
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tumour growth indefinitely); their ability to give rise to more differentiated cell
progeny of neuronal, astroglial and oligodendriglial phenotypes (constituting the bulk
of the tumour) and their capacity to initiate tumour growth in vivo (75). In addition,
BTSCS diverge from differentiated tumour cells with regards to gene expression and
biological behaviour, like proliferation and resistance to conventional therapeutic
interventions (105-107). Their self-renewal capacity is reminiscent of self-renewal
mechanisms of neural stem cells; hence, they share various features with NSCs
including NSCs surface markers - e.g., neuroectodermal stem cell marker (NESTIN),
sex determining region Y-box 2 (SOX2), CD133, and CD44 (20, 108). Furthermore,
Lan et al.(109) also confirmed the existence of BTSCs and their ability to form a
tumour in vivo with a serial xenotransplantation of barcoded GBM cells. Following
serial passaging of the GBM cells, a subset of clonal cells only became apparent after
the second passage, which demonstrates that the initial population contained a fraction
of cells with self-renewing capacity (109).

However, targeting this subpopulation of BTSCs continues to pose a serious
hurdle, given that their resistance to standard cytotoxic therapies. They exhibit
resistance to both radiotherapy and chemotherapy, possibly due to the activation of
DNA repair mechanisms, in the former case, and the existence of efflux drug
transporters (ATP mediated cassette transporters), in the latter (106, 110, 111). Thus,
it comes as no surprise that these relatively quiescent chemo- and radio- resistant stem
cells are the fundamental driving force not only in maintaining long-term tumour
propagation, but also in tumour recurrence (112, 113).

A promising therapeutic avenue that specifically targets BTSCs resulted from in
vitro studies in which BTSCs were forced to differentiate with the use of small chemical
compounds, such as bone morphogenetic proteins (BMP), retinoic acid, 2-hyroxyoleic
acid, serum and curcumin (114-118). Piccirillo et al. demonstrated that there was a
significant decrease in tumourigenicity following differentiation (118). In addition,

continuous propagation of BTSCs in the presence of serum forces the cells towards a
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differentiated state resulting in alterations of the molecular and phenotypic
characteristics of the cells (119). Thus, the combination of differentiation therapy and
current available therapies could provide an encouraging treatment for reducing GBM

recurrence and ameliorating patient survival.

1.4.1. Isolation and culturing of BTSCs

The initial discovery of brain tumour stem cells in GBM was based on the surface
expression levels of neural stem cell markers. Singh et al. (20) reported the existence of
tumour cells which possesses stem-like features in phenotypically distinct human
brain tumours. In this study, they demonstrated that the enrichment of these stem-like
cells was possibly based on the isolation, from patient tumours, of a CD133-positive
population. This subpopulation of CD133 positive cells, also termed BTSCs, possessed
the capacity to proliferate, self-renew and differentiate. Furthermore, only the CD133
positive population was able to grow a xenograft tumour in mouse models, which
displayed histopathological resemblance to the patient tumour (20). Nevertheless,
other studies have demonstrated that CD133 negative cells also have tumorigenic
potential (120-122). Additionally, recent studies have further identified other stem cell
markers related to BTSCs, i.e. CD15 and CD44 (107, 123). However, the notion of
using surface markers as a universal marker for BTSCs is contested, with studies
showing that the process of tumour cell isolation can result in the reorganization of
cell surface markers, thus, leading to the loss of these stem cell markers over time (124).

Other methods of BTSC enrichment have been proposed. In particular, Lee et al.
(119) showed that tumour cells cultured, either as adherent cells or as neurospheres,
in media containing human basic fibroblast growth factor (bFGF) and epidermal
growth factor (rhEGF) allowed the maintenance of their stem-cell like phenotype
when compared to serum-cultured cells. Furthermore, they showed that these BTSCs

closely resembled the genotype, gene expression profile and in vivo biology of their
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