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Abstract

Glioblastoma (GBM) is the most lethal and aggressive brain cancer in adults with a
median survival of approximately 20 months after diagnosis. GBM represents a highly
infiltrative and heterogenous tumour, formed by populations of cells harbouring
diverse molecular signatures and responses to therapy. Tumour recurrence and poor
prognosis have been thought to be a consequence of resident glioblastoma stem cells
(GSCs), which are quiescent cells capable of self-renewal, migration and initiation of
new tumours. These cells are subject to cell-autonomous factors and extrinsic cues,
which are translated into cell responses that promote tumour progression. Particularly,
trophic factors from the tumour microenvironment, such as fibroblast growth factor 2
(FGF2), are essential to GBM growth and GSC maintenance. FGF2 and its cognate
receptors have been linked to malignancy and progression in GBM as they promote
angiogenesis, proliferation and GSC self-renewal. However, the specific mechanisms
of how this growth factor contributes to GSC functions remain incompletely
understood.

Therefore, we analysed expression of FGF receptors (FGFRs) and the effects of FGF2
on patient-derived glioblastoma cells. We found that FGF2 induces expression of the
stemness-associated transcription factors ZEB1, SOX2 and OLIG2. Analysis of
FGFR1-3 function using knockdown approaches in patient-derived glioblastoma cell
lines revealed that FGFR1 was the only FGFR relevant for GSC maintenance. FGFR1
knockdown reduced sphere/colony-formation, invasion and increased survival in
xenograft mouse models. On the other hand, serial dilution orthotopic xenografts of
FGFR1+ sorted cells revealed higher tumour formation capacity than FGFR1- cells,
consistent with a stem cell population. We found that differentiated cancer cells
showed a reduction in FGFR1, ZEB1, SOX2 and OLIG2 expression, and that FGFR1
regulated ZEB1 function through ERK1/2 signalling. Finally, analysis of large-scale
gene-expression datasets revealed association of FGFR1 with the mesenchymal
subclass of glioblastoma and increased expression levels of FGFR1 in 30-40% of
cases. Therefore, in this thesis we demonstrate that FGF2-FGFR1 axis regulates key
stemness transcription factors and identify FGFR1 as a potential GSC marker and
therapeutic target.
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1.1 Glial cells and their function in the adult brain

Glial cells were first distinguished from neurons by Rudolf Virchow in 1856 who
described them as the “Nervenkitt” or “nerve glue” of the brain (Kettenmann and
Verkhratsky 2013; Jakel and Dimou 2017). Although initially, glial cells were thought
to only have passive roles, their importance in brain development and cooperation with
neurons has been highlighted through research over the past few decades. They
constitute 90% of the central nervous system (CNS) cells and are subdivided into
astrocytes, oligodendrocytes and microglia (Baumann and Pham-Dinh 2001; Paw et
al. 2015; Jakel and Dimou 2017). Astrocytes and oligodendrocytes are derived from
neural stem cells (NSCs), while microglia originate from hematopoietic cell precursors
(Paw et al. 2015).

Astrocytes were first identified through the microscopic studies and drawings by
Ramon y Cajal who described them as “star-like cells” (Ramon y Cajal 1913).
Generally, astrocytes are characterised by their GFAP expression and interaction with
capillaries (Kettenmann and Verkhratsky 2013). Astrocytes are the most abundant
cells in the CNS and have the essential role of giving support and maintaining the
structure of the brain parenchyma (Jakel and Dimou 2017). In addition, they reinforce
neurotransmission and synaptogenesis, and control local blood flow, providing
neurons with the required metabolic support (Araque and Navarrete 2010; Vasile et
al. 2017).

Oligodendrocytes and microglia were first described by Rio-Hortega (Rio-Hortega
1921; Rio-Hortega 1928). Functionally, oligodendrocytes are responsible for the
generation of the myelin sheath that encases neuronal axons of the CNS, which is
necessary for the conduction of nerve impulses. They also regulate axon growth,
regeneration and maintenance (Baumann and Pham-Dinh 2001). Some
oligodendrocytes, such as satellite oligodendrocytes, do not possess myelination
capacity and control ionic homeostasis instead (Kettenmann and Verkhratsky 2013).
On the other hand, microglia play an immunodefensive role and protect the brain from
pathogens (Wake et al. 2012). Moreover, they are responsible for shaping neural
circuits during development and neurogenesis as they control the appropriate function
of synaptic connections (Allen and Barres 2009). Therefore, glial cells are crucial for
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brain function and homeostasis and their default and/or deregulation can lead to brain

injuries, lesions and tumours such as gliomas.
1.2 Gliomas

Gliomas are the most common primary brain tumours of the CNS (Goodenberger and
Jenkins 2012). Despite a very small proportion of them derive from rare inherited
syndromes, they usually occur sporadically (Schwartzbaum et al. 2006; Bondy et al.
2008). Gliomas are normally diagnosed by Magnetic Resonance Imaging (MRI) once
the patient suffers neurologic symptoms such as headaches, seizures, aphasia and
visual-field deficits among others (DeAngelis 2001; Noushmehr et al. 2010). The
specific cell-of-origin of this heterogeneous disease is not yet completely understood.
Nonetheless, previous studies have suggested that these tumours are derived from
astroglial cells. Although gliomas were initially classified by their etiology, location and
aggressiveness, their categorization has broadly changed in the past decades (Paw
et al. 2015).

1.2.1 WHO classification of gliomas

The World Health Organization (WHO) Executive Board and World health assembly,
initiated between 1956 and 1957, the process required to publish a classification of
the existing human cancers (Louis et al. 2007). Clinicians and scientists used
histopathological criteria, clinical outcome and patient survival data to organise
tumours into grades with the objective to facilitate and improve the existent clinical
trials and tumour diagnosis worldwide. The first classification of CNS tumours was not
published until 1979 (Kleihues et al. 1993). Among the different CNS tumours, gliomas
are classified, according to their presumed cell-of-origin and their histological and
clinical features, into four broad groups: oligodendrogliomas, brain stem gliomas,
ependymomas and astrocytomas, the latter being the most common form of glioma
(Parpura et al. 2012; Otani et al. 2017). In addition, they are organised from low- to
high-grade (I-IV) according to malignancy. Grade | pilocytic astrocytomas do not
normally progress towards more malignant gliomas, have well-defined borders, do not
invade the surrounding tissue, and have a good prognosis after surgical resection
(Louis et al. 2007; Watanabe et al. 2009). Grade II-lll (oligodendrogliomas and

astrocytomas) and IV (glioblastomas; GBM) gliomas, are called diffuse or infiltrative
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gliomas as they have a higher invasion capacity and therefore a poorer prognosis
(Ceccarelli et al. 2016). Low-grade diffuse gliomas (Il) occur in early adult life (40s)
and are slow-proliferating, well-differentiated tumours with low mitosis activity and a
lack of necrosis (Watanabe et al. 2009; Vigneswaran et al. 2015; Modrek et al. 2017).
When treated, patients diagnosed with oligodendrogliomas have better prognosis than
those with diffuse astrocytomas as they have a survival rate of 62% and 37%
respectively at 10 years post-diagnosis (Weller et al. 2015). However, this rate
decreases to 39% and 19% in anaplastic oligodendroglioma and anaplastic
astrocytoma, which are both grade Il gliomas (Ohgaki and Kleihues 2007;
Vigneswaran et al. 2015; Weller et al. 2015). Grade Il gliomas are described as high
vascularized tumours with an invasive capacity and high mitotic activity. They normally
progress to grade IV gliomas, termed GBMs, which constitute 55% of adult gliomas.
GBMs have similar characteristics to grade lll gliomas, although they acquire higher
endothelial cell proliferation and necrosis which generates the least favourable
prognosis among brain tumours (Goodenberger and Jenkins 2012). GBM will be

further reviewed in section 1.2.3.

1.2.2 Updated WHO classification and introduction of molecular markers

After the first brain tumour WHO classification, updated editions have been published
due to the development of new technologies such as whole genome sequencing
(WGS), mRNA sequencing and whole genome methylation profiling. Deeper
investigations, which have led to an improved characterisation and definition of each
brain tumour entity, have made possible the evolution from a subjective
histopathological criteria to a more molecular analysis as described in the last revised
CNS classification system provided by WHO in 2016 (Louis et al. 2016; Otani et al.
2017). Despite, several studies have proposed other ways of organising these
tumours in the last few years (Ceccarelli et al. 2016; Capper et al. 2018) and it is
possible that a new updated version of the WHO classification is in progress, in this
section we will focus on the 2016 WHO edition as it is the currently use criteria for
defining grading in gliomas (Louis et al. 2016). The 2016 classification combines
histological parameters with genetic information, aiming to reach more accurate
diagnosis and design precise treatments for brain tumours. The main highlight of this
classification is the organization of diffuse gliomas by the presence of genomic lesions,
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specifically point mutations in isocitrate dehydrogenase 1 (IDH1) and 2 (IDH2)
(DeAngelis 2001; Cohen et al. 2013; Louis et al. 2016). IDHs are homomeric enzymes
that catalyse the reversible conversion of isocitrate into alpha-ketoglutarate (reducing
NADP+ to NADPH and producing CO>) and are important in regulating oxidative stress
(Balss et al. 2008; Losman and Kaelin 2013). IDH1 and IDH2 alterations occur in the
arginine at positions 132 and 172 respectively, located in the binding site of the
isocitrate (Balss et al. 2008; Frezza et al. 2010). These mutations were first
characterised by Parsons et al. who found that 12% of the analysed GBMs contained
IDH1 mutations (Parsons et al. 2008). IDH2 mutations are not as common as IDH1
(90% of gliomas) and are found in 3% of glial tumours (Cohen et al. 2013; Otani et al.
2017). IDH1 mutants acquire the ability to reduce alpha-ketoglutarate into a new
product, 2-hydroxyglutarate, that accumulates in gliomas and behaves as an “onco-
metabolite” (Dang et al. 2009; Cohen et al. 2013; Otani et al. 2017).

In total, 80%-90% of low-grade gliomas (lI-1ll) and secondary adult GBMs (IV) were
reported to have IDH71 mutations (Dang et al. 2009; Toedt et al. 2011; Losman and
Kaelin 2013); on the other hand, these mutations were expressed in only 10-12% of
primary GBMs (Balss et al. 2008). This finding implies that IDH-negative low-grade
gliomas and IDH-positive primary GBMs are potentially misdiagnosed. IDH1 mutations
are present in 65% of astrocytomas, before they show loss of TP53 and ATRX. In the
case of oligodendrogliomas, this mutation appears before the loss of C/IC/FUBP1 and
chromosome 1p/19q (70%), which is the defining molecular characteristic for
oligodendrogliomas (Goodenberger and Jenkins 2012; Vigneswaran et al. 2015; Van
Den Bent et al. 2017). Both findings suggest that the IDH1 mutation is an essential
genomic alteration for lower-grade gliomas and occurs in the early stages of tumour
development (Watanabe et al. 2009; Toedt et al. 2011; Cohen et al. 2013). Despite
being one of first and most common mutations in gliomas, it is not independently
capable of tumour formation (Losman and Kaelin 2013; Johannessen et al. 2016).
Therefore, it has been described as an oncogenic driver which requires other
mutations to maintain gliomagenesis. Importantly, the accumulation of 2-
hydroxyglutarate makes the cells more sensitive to radiation and toxic to therapies
targeting metabolic molecules, thus generating a better prognosis (Frezza et al. 2010;
Cohen et al. 2013; Johannessen et al. 2016). Based on this, aside from being
histologically classified in grades, diffuse gliomas are now divided into three
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subclasses according to an IDH wild-type status, presence of IDH mutations and not
otherwise specified when IDH tests are not available (Figure 1.1).
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Figure 1.1. Simplified overview of adult glioma development and classification. Acquired somatic
mutations occur progressively and their accumulation induces molecular changes in brain cells, leading
to their malignant transformation into tumour cells. IDH1/2 mutations are considered early mutations in
glioma development and have been used to classify these tumours (WHO classification 2016).
Secondary mutations, in addition to /DH mutations, lead the progression of gliomagenesis to specific
tumour types; some mutations will promote the formation of oligodendrogliomas, while others will
generate astrocytomas. These tumours will further progress towards more malignant forms like
anaplastic oligodendrogliomas and secondary GBM. Cells lacking IDH mutations, but with alterations in
chromosomes 7 and 10 and EGFR amplifications, form primary GBM. This histological and genetic
classification can be complemented by the Verhaak et al. molecular classification of GBMs and unifying
studies on molecular characterisation of low-grade and high-grade gliomas (Verhaak et al. 2010;
Ceccarelli et al. 2016). Adapted image from Louis et al. 2016 and created with biorender.com

1.2.3 Glioblastoma

GBM is the most common and malignant brain cancer in adults (DeAngelis 2001;
Sutter et al. 2007; Paw et al. 2015; Weller et al. 2015). It exhibits the poorest prognosis
among gliomas with a median survival of 20 months following treatment (Stupp et al.
2009; Weller et al. 2017; Wick et al. 2017). GBM is more frequent in men than in
women, and each year 3 out of 100,000 people are newly diagnosed worldwide.
Although more than 50% of GBMs occur in older adults (50-60 year olds), there are
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also diagnoses in young adults (approximately 45 years of age) and children (Weller
et al. 2015). GBM is characterised by a rapid and uncontrolled infiltrative growth, high
mitotic activity, pleomorphic cells, angiogenesis, cellular heterogeneity, and
pseudopalisading necrosis (Olar and Aldape 2014; Pisapia 2017). GBM can be
detected and diagnosed by Diffusion Tensor Imaging (DTIl) and MR, the latter showing
a very invasive and infiltrative profile with irregular tumour shape, which reflects the
capacity of this tumour to diffuse into the brain parenchyma, white matter and corpus
callosum of both hemispheres (DeAngelis 2001; Paolillo et al. 2018). In young adults,
this tumour most commonly arises either from a pre-existing lower-grade glioma (WHO
Il or 11l), called secondary GBM, or can rapidly develop de novo in 90% of diagnosed
cases as a primary GBM (Peiffer and Kleihues 1999; DeAngelis 2001; Galli et al. 2004;
Sutter et al. 2007). Although both primary and secondary GBM have similar
histopathological characteristics and prognosis, they acquire different genomic
alterations (Toedt et al. 2011). Secondary GBM is characterised, as previously
mentioned, by /IDH1 mutations, followed by the acquisition of mutant TP53 and less
frequent loss of 10q, PDGFR overexpression, and promoter methylation of MGMT
(Toedt et al. 2011; Ohgaki and Kleihues 2013). Meanwhile, primary GBM is featured
by EGFR amplification (30%-40%) and PTEN deletions found in 80% of the cases
(Goodenberger and Jenkins 2012; Vigneswaran et al. 2015).

1.2.3.1 Molecular subclassification

Since glioma clinicopathological and histological classification is not always
representative of the tumour malignancy and combines different genetic subtypes
within the same grade, a new GBM classification, based on large-scale gene
expression, copy number, and methylation profiles, was suggested by Verhaak et al.
(Verhaak et al. 2010). The data was collected by The Cancer Genome Atlas (TCGA)
project 2008 that aimed to analyse a multitude of patient samples at the DNA, mRNA,
and micro-RNA level, acquiring information about the molecular characteristics that
drive tumour transformation (The Cancer Genome Atlas Network 2008; Meir et al.
2010). This classification divides GBM according to the expression of signature genes
in four different subtypes: classical, mesenchymal, proneural and neural GBM
(Verhaak et al. 2010; Paolillo et al. 2018). Classical tumours are characterised by

chromosome 10 loss, chromosome 7 and EGFR amplification, EGFRVvIII mutations
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and aberrations in the RB pathway. Moreover, they have high expression of neural
and stem cell markers and are associated with an astrocytic signature (Verhaak et al.
2010). On the other hand, the mesenchymal subgroup is formed by tumours with high
angiogenesis, cell necrosis (through the NF-KB pathway) and expression of
inflammatory genes. In addition, NF1, TP53 and PTEN genes are inactivated (Phillips
et al. 2006; Meir et al. 2010). The proneural subtype is associated with alterations in
PDGFRA, P53, PIK3 and IDH mutations and it is characterised by NOTCH signalling
activation and expression of proneural development genes such as SOX2 and DCX
(Verhaak et al. 2010; Ohgaki and Kleihues 2011). This subtype was also associated
with younger patients, secondary GBM and an oligodendrocytic signature (Phillips et
al. 2006; Watanabe et al. 2009; Verhaak et al. 2010). Neural GBMs are not well known
and characterized but are recognised by neuronal markers and genes that are found
in healthy brain tissues (NEFL, GABRA1 and SYT1) (Meir et al. 2010; Ozawa et al.
2014). Among these subtypes, Phillips et al. suggested that the highest percentage of
GBMs (49%) corresponded to the mesenchymal subtype (Phillips et al. 2006). Despite
the description of this molecular classification of GBM, Sottoriva et al. demonstrated
that most patients presented different GBM subtypes within the same tumour
(Sottoriva et al. 2013). This highlights the high heterogeneity and evolutionary
dynamics present at the patient-level and suggests the classification of GBMs in

subclasses may be affected by sample bias.

DNA methylation changes have been widely reported as a hallmark of gliomas.
Promoter-associated CpG islands hypermethylation along the genome has been used
to further stratify GBM molecular subtypes (Noushmehr et al. 2010; Cohen et al. 2013;
Ceccarelli et al. 2016; Johannessen et al. 2016). The Glioma CpG island methylator
phenotype (G-CIMP) is highly enriched in 87% of proneural GBM tumours which
stratifies this group as G-CIMP positive and G-CIMP negative proneural tumours.
Therefore, this aggregates one more level to the molecular classification of GBMs,
which now divides into G-CIMP-positive and G-CIMP-negative proneural,
mesenchymal, classical and neural GBMs. G-CIMP positive tumours are diagnosed in
younger patients and have better prognosis (150 weeks) than G-CIMP negative
tumours (42-54 weeks). Moreover they are highly associated with /DH1 mutations
(Sturm et al. 2012; Ceccarelli et al. 2016). G-CIMP positive tumours have

downregulated genes related to invasion, migration and extracellular matrix and
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demonstrate some upregulated processes such as cellular metabolism and
transcriptional silencing (Noushmehr et al. 2010). Secondary GBM has higher
hypermethylation frequency than primary GBM, which suggests that secondary GBM
evolves from proneural-like low-grade gliomas grade Il or lll which may originate by
PDGFRA gain, PTEN loss and NF1 loss, successively (Ozawa et al. 2014). Finally, a
recent study outlined the possibility of classifying gliomas based on their methylation
profile independently of tumour grade and histopathological and molecular
characteristics (Capper et al. 2018). Thus, new brain tumour classifications have been
proposed during the last few years which demonstrates that this field is subject to
constant evolution. New integrated classifications will be crucial to improve further
research into these tumours and ensure that patients are correctly treated with the
most beneficial targeted therapies for them.

1.2.3.2 Standard of care therapy

The current standard of care for patients with GBM is maximum safe and fluorescence-
guided surgical resection, followed by radiotherapy and adjuvant chemotherapy and
finalised with a maintenance treatment base on chemotherapy administration for 6-12
months (Stupp et al. 2009; Olar and Aldape 2014; Stupp et al. 2015). Although
radiotherapy has been used for the last four decades, new techniques such as the
Gamma Knife radiosurgery (GKRS) have improved its delivery by increasing the
radiation dosage and reducing the tissue necrotic areas in recurrent GBMs (Larson et
al. 2014).

The use of temozolomide (TMZ) for treating newly diagnosed GBM patients was
approved by the FDA and the EU in 2005 (Omar and Mason 2009). Addition of TMZ
as a chemotherapeutic agent to radiotherapy increased patient survival by 2.5 months.
TMZ is an oral alkylating agent that rapidly converts into an active form and is able to
cross the blood-brain barrier. TMZ delivers its cytotoxic effect by methylating guanine
and adenine residues (ex: O8-methylguanine) and preventing cell proliferation (Hart et
al. 2013). Thus, it is most effective in proliferative tumour cells as they tend to cycle
more rapidly, but also has side effects in normal proliferating cells (Atif et al. 2015).
Concomitant TMZ is applied during and after radiotherapy treatment and induces cell
cycle arrest in G2/M phase and DNA double-strand breaks promoting the success of
radiotherapy (Stupp et al. 2005; Chakravarti et al. 2006; Paolillo et al. 2018). Thus, the
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combination of both therapies is important to, at least temporally, reduce GBM growth
(Stupp et al. 2009). TMZ is particularly beneficial for patients with low MGMT, as
MGMT confers resistance to chemotherapy (Silber et al. 1998). MGMT is a crucial
enzyme for genome stability because it repairs DNA lesions (ex: methylation of OS-
position of DNA guanines) and avoids DNA replication and transcription mismatch
errors (Olar and Aldape 2014). For this reason, GBM cells with low expression of
MGMT and/or promoter methylation MGMT have a better prognosis and response to
chemotherapy as they are not able to repair the damage cause by this alkylating agent
(Quinn et al. 2005; Ohka et al. 2012). MGMT promoter methylation is common in
secondary GBMs. Nonetheless, almost half of the diagnosed GBMs have MGMT
overexpression which makes the current therapy ineffective for the latter (Adair et al.
2014). O8-benzylguanine (O®BG) has been used to treat GBM with high MGMT
content and restore TMZ sensitivity by binding and marking MGMT protein for
degradation or inactivation (Silber et al. 1998; Quinn et al. 2005). However, although
O®BG may restore TMZ sensitivity in other gliomas, its addition can induce

myelosuppression and/or show limited beneficial effects in GBM (Quinn et al. 2009).

Aside from a maintenance treatment based on TMZ alone for up to 12 months, the
combination of TMZ after radiation with tumour-treating fields (TTF) has been recently
tested in phase Il clinical trials and approved by the FDA. TTF is a non-invasive
technique based on low-intensity alternating electrical fields which disrupt tumour cell
division, cause cell cycle arrest and promote apoptosis, thus reducing GBM growth
(Zhu and Zhu 2017). The cytotoxic effects of TTF have been reported to be low and
the treatment regime of TTF combined with TMZ seems to increase the patient median
survival from 15.6 (TMZ alone) to 20.5 months (Stupp et al. 2015).

Although, many attempts have been made to improve the poor prognosis of GBM
patient, including changes in radiotherapy delivery methods, the dosage and timing of
TMZ administration, the development of gene targeting therapies like EGFR and
PDGFR inhibitors and antiangiogenic drugs, the results have shown little success
(Stupp et al. 2009). Other strategies have focused on developing therapies based on
delivery of drugs in nanoparticles, immunotherapy, antibody-drug conjugated therapy,
oncolytic viruses and vaccines (Paolillo et al. 2018). However, despite advances in
new technologies, detection techniques and the progress made in other cancer types,

10
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GBM patients present low survival times of 2-5 years in the most favourable cases (10
to 27% of the cases). The challenges of the existing therapies are based on the lack
of successful targets and the difficulty of drugs passing the blood-brain barrier.
Moreover, the high tumour heterogeneity generates clones of cells with different
responses and resistance levels to current therapies. In addition, due to the high
infiltrative characteristics of GBMs, total or complete surgical resection is impossible
and post-treatment, the recurrent glioma commonly transforms into more aggressive
forms. Tumour recurrence and therapeutic resistance to TMZ treatment have been
linked to the existence of a population of quiescent glioma cells which are able to
migrate and colonise other parts of the brain (Paolillo et al. 2018). This population of
cells that are capable of initiating new gliomas are termed glioma stem cells (GSCs)

and have become a new target to treat GBM in the last decades (Lima et al. 2012).
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1.3 Glioma stem cells

1.3.1 Cancer stem cell description and hypothesis

To understand the concept of cancer stem cells (CSCs), it is important to first define
two terms: “stem cell” and “stemness”. A stem cell, based on functional criteria, is a
cell capable of self-renewal, of re-entering cell proliferation after being in a quiescent
state, and of differentiating into multiple cell lineages. Stemness is the degree to which
a cell retains these characteristics (Lathia and Liu 2017). Although normal stem cells
and CSCs share these features, CSCs have the unusual ability to form tumours that
resemble the characteristics of the primary tumour upon serial transplantation in vivo
(Hemmati et al. 2003).

Two different models have been described to explain how tumour cells develop and
differentiate into their progeny (Piccirillo et al. 2006). The first model is the stochastic
or clonal evolution model which claims that all cells within a tumour are tumorigenic
(Rahman et al. 2011). Clonal evolution describes cancer as a very complex tissue
ecosystem in which clones of cells accumulate single or multiple mutations and
compete for their survival (Greaves and Maley 2012), representing the Darwinian
selective pressure of the most fit clone (Nowell 1976). This model highlights the
importance in developing treatments that prevent the adaptive resistance of a clone
once intratumoral heterogeneity has been reduced by surgical debulking and chemo-
and radiotherapies (Figure 1.2) (Osuka and Van Meir 2017). On the other hand, the
CSC model or hierarchical model is based on the presumption that only a minority of
mutated cells (CSCs) are responsible for tumour initiation, invasion and metastasis
(Adams and Strasser 2008; Shackleton et al. 2009). This model proposes the
existence of a cellular hierarchy within the tumour in which only cells that can self-
renew and differentiate into other tumour cells are capable of extensive proliferation
and of sustaining tumour growth. Importantly, this subset of cancer cells is described
as the determinant of tumour recurrence after therapy (Figure 1.2).
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Figure 1.2. Schematic representation of the clonal evolution and CSC/hierarchical models. In the
clonal evolution model, all tumour cells are capable of tumour initiation (in this image, the grey cells
represent the clone of origin). However, only the most adapted clone of cells (represented by red cells)
are responsible for tumour recurrence after therapy (upper panel). On the other hand, the CSC
hypothesis claims the existence of a minority of cells (grey cells) capable of tumour initiation,
propagation and maintenance (lower panel). These cells are the cancer stem cells (CSCs) and survive
after surgical resection and radio- and chemotherapy. Image created with biorender.com.

1.3.2 Evidences of CSCs and GSCs

Although the notion of a stem cell as a possible source of cancer was first proposed
more than 150 years ago by Rudolph Virchow and Julius Cohnheim (Virchow 1855;
Cohnheim 1867), the term CSC primarily arises from the discovery of hematopoietic
stem cells by Bonnet and Dick (Bonnet and Dick 1997). In this study, human acute
myeloid leukaemia (AML) cells were separated by the expression of CD34 and CD38,
which are pluripotent and lineage commitment markers, respectively. Although both
CD34+CD38+ and CD34+CD38- populations formed colonies in vitro, only the latter
was capable of transferring AML to immune-deficient mice (Bonnet and Dick 1997),
supporting the idea that a rare population of cells, expressing markers of stem cells,
was capable of tumour initiation. Subsequently, different studies showed evidence of
CSCs in a range of human solid tumours (Shackleton et al. 2009).
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GSCs were first described by Ignatova et al. who showed that GSCs had similar stem
cell features than cells from neurogenetic niches (Ignatova et al. 2002). This was
confirmed by Singh et al. who demonstrated that 20% of medulloblastoma and GBM
cells could form neuro-spheres and that the bulk of the tumour was heterogeneous
and maintained by GSCs (Singh et al. 2003). Other relevant studies followed
describing GSCs in GBM (Ignatova et al. 2002; Hemmati et al. 2003; Galli et al. 2004).
GSCs have been also termed glioma/tumour initiating-cells and glioma propagating
cells (Rahman et al. 2011; Lathia et al. 2015). To avoid confusion, here | will refer to
GSCs as cells capable of tumour formation upon secondary transplantation, extensive
self-renewal and aberrant differentiation into progeny with different tumorigenic

capacity.

In order to understand GBM biology and the existent debate of the “cell-of-origin” of
brain tumours, it is necessary to describe the functionality and location of adult NSCs

within the adult brain.

1.3.3 NSCs in the adult mammalian brain

Traditionally, the adult mammalian brain was thought to be an organ formed by fully
differentiated cells with no postnatal regenerative capacities (Sutter et al. 2007); this
belief was termed the “no new neuron” dogma (Ramon y Cajal 1928). Some studies
(Altman and Das 1965; Dacey and Wallace 1974; Kaplan and Hinds 1977) suggested
in the 1950s-70s the existence of new neurons in the adult mammalian brain.
However, they were ignored due to the general lack of evidence of somatic stem cells
(Rahman et al. 2011). This concept was challenged by Reynolds and Weiss in 1992,
who proposed that neurogenesis was retained during adult life and not only during
development. They found a small stem cell population (<0.1%) in the mature
mammalian CNS capable of forming new neurons: these cells were able to form
neuro-spheres which could be dissociated and replated as single cells that would
generate secondary spheres in vitro, maintaining their stem-like properties (Reynolds
and Weiss 1992). In addition, initial reports in rodents from Luskin and Lois and
Alvarez-Buylla, demonstrated that this process occurs in the adult brain within the
subventricular zone (SVZ) (Luskin 1993; Lois and Alvarez-Buylla 1994; Weiss et al.
1996) and Cameron et al. showed that it also happens in the subgranular zone (SGZ)
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of the hippocampus (Cameron et al. 1993). These concepts were crucial for the
understanding of brain tumours and GSCs.

In order to understand the role of GSCs in glioma initiation and progression it is
important to describe the hierarchy of cell lineages in the CNS and the markers utilised
to identify these cell populations. Although cells with stem cell properties have been
found in the subcortical white matter and the subcallosal zone (Sanai et al. 2005),
neurogenesis mainly occurs in two neurogenic regions in the adult mammalian brain:
the SVZ of the lateral ventricles and the SGZ of the dentate gyrus in the hippocampus,
as aforementioned (Doetsch 2003; Myers et al. 2003; Llaguno and Parada 2016).
NSCs found in those regions (also known as type B cells in the SVZ and type | cells
in the hippocampus) are quiescent cells expressing GFAP and capable of persisting
through asymmetric self-renewal divisions. NSCs differentiate into all brain cell types
(except microglia) through the transient amplification of multipotent progenitors
(termed type C and type Il cells in the SVZ and SGZ, respectively) (Doetsch 2003;
Sutter et al. 2007). Type C cells from the SVZ produce neuroblasts (Type A cells)
which migrate through the rostral migratory stream and differentiate into granule cells
and interneurons in the olfactory bulb (Lois and Alvarez-Buylla 1994; Doetsch 2003).
On the other hand, type Il cells in the SGZ differentiate into neurons that migrate into
the granule cell layer (Llaguno and Parada 2016). In addition, NSCs give rise to
astrocytes in the olfactory bulb and oligodendrocytes in the corpus callosum and
cortex (Mich et al. 2014).

NSCs have been identified by the expression of markers such as GFAP, NESTIN,
CD133, and SOX2, while transient amplifying progenitors express DLX2 and ASCL1
(Doetsch et al. 1999; Morshead et al. 2003; Pastrana et al. 2009). Glial progenitors
are characterised by expression of NG2, PDGFRa, OLIG1, OLIG2, A2B5, and GLAST
(Canoll and Goldman 2008; Ma et al. 2009; Llaguno and Parada 2016). Some of these
NSCs/progenitors markers (GFAP, OLIG2, SOX2 and PDGFRa) are also expressed
in GBM (Alcantara-Llaguno et al. 2019).
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1.3.4 Similarities and differences between NSCs and GSCs

NSCs and GSCs share many properties such as self-renewal capacity, high
telomerase activity (Sanai et al. 2005) and expression of markers characteristic of
immature and undifferentiated cells like CD133, NESTIN, MSI1 and SOX2, OCT4,
NANOG, CD44, ALDH, and BMI1 among others (Lathia and Liu 2017) (Figure 1.3).
They both proliferate and form neuro/tumour-spheres in non-adherent conditions and
under the effect of growth factors (EGF and FGF2). However, spheres derived from
NSCs can be cultured in vitro for less time and have lower expression of BMI1
(Hemmati et al. 2003). GSCs, but not NSCs, have genetic and epigenetic mutations
that lead to dysregulation of pathways controlling stem cell properties (Figure 1.3). In
particular, pathways regulating NSC self-renewal capacity and multipotency (SHH-
GLlI) (Bai et al. 2002), motility (PTEN) (Li et al. 2003), proliferation (BMI1) (Hemmati
et al. 2003) and growth of neural progenitors (EGFR and C-MYC) (Maher et al. 2001;
Oliver et al. 2003) are linked to aberrant function in GSCs (Vescovi et al. 2006). NSCs
and GSCs have high capacities for invasion and migration and can differentiate into
multiple lineages. While a cell lineage hierarchy has been shown in NSCs, GSCs
present aberrant differentiation (expressing both neural and glial markers), that leads
to a heterogenous population of cells with a variety of differentiation states (Sutter et
al. 2007). NSCs exist in a defined niche, interacting with endothelial cells and
microvessels, which maintain a fine-tuned balance between their proliferative and self-
renewal rates (Goldberg and Hirschi 2009; Luo et al. 2017). However, GSCs are able
to exist outside this niche (Schiffer et al. 2018), as will be discussed in section 1.3.7.

NSC and GSC
Motility
Diversity of progeny Mutations
Proliferation potential Dysregulation of

stemness-related pathways
Self-renewal
Aberrant differentiation
High telomerase activity
Tumour formation capacity
CD133, NESTIN, MSI1, SOX2, BMI1,
OCT4 etc expression Exist outside a niche

Formation of neuro/tumour spheres
in vitro (in EGF/FGF2 conditions)

Figure 1.3. Summary of the similarities and differences between NSCs and GSCs. Left panel:
NSC/GSC similarities. Right panel: GSC only features. Image created with biorender.com
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1.3.5 Cell of origin in gliomas

Upon oncogenic transformation, both NSCs and progenitors can give rise to tumours
(Lathia et al. 2015); however, there is still a lot of debate on the origin of gliomas.
Evidence suggests that zones prone to malignant transformation in the mature brain
are found within the neurogenic regions and in particular the SVZ (Globus and
Kuhlenbeck 1944; Vescovi et al. 2006; Lee et al. 2018; Alcantara-Llaguno et al. 2019).
Adult NSCs are likely to accumulate mutations due to their long life span and
mitotically active status (Sutter et al. 2007). According to a classic study of the cancer
hallmarks, between four and seven mutations in an adult somatic cell are sufficient for
it to undergo neoplastic formation (Hanahan and Weinberg 2000). Transiently
amplifying progenitors (such as type C cells in the SVZ) have limited but high cell
proliferative and division rates, which makes them also prone to acquiring mutations

and initiating glioma (Vescovi et al. 2006).

Transgenic animal models that utilise either NSC/progenitor cell-related promoters or
the inactivation of tumour suppressor genes have been used to investigate the effect
of sequential epigenetic and genetic mutations in NSCs and progenitors and their
involvement in tumour initiation (Ahmed et al. 2013). Bachoo et al. showed that
transgenic Ink4a-Arf”- mouse NSCs, transduced with constitutively active EGFR
retrovirus, generated high-grade gliomas after transplantation, while transduced
GFAP-expressing mature astrocytes induced malignancy only after acquiring an
undifferentiated state (Bachoo et al. 2002). In addition, deletion of tumour suppressor
genes (TRP53, NF1) (Zhu et al. 2005) or the activation of oncogenes (RAS and AKT)
in undifferentiated NESTIN-positive cells (Holland et al. 2000), promoted
gliomagenesis of a higher grade than in GFAP-positive astrocytes. Similarly, this
occurred when PDGFf was overexpressed (Dai et al. 2001). Ascl1-CreER mice
(targeting neural and oligodendrocyte progenitors) carrying Nf1, Trp53 and/or Pten
mutations induced GBM-like tumours (Alcantara-Llaguno et al. 2015). Recently, Lee
et al. have demonstrated, using single-cell sequencing and mouse models, that NSCs
from the SVZ with tumour-driver mutations can migrate to other regions of the brain
and establish tumours. Therefore, they proposed NSCs as the cell-of-origin for

gliomas (Lee et al. 2018).
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By contrast activation of the H-RasV712 oncogene with inactivation of p53 has also
been reported to promote astrocytes and mature neurons transformation (Friedmann-
Morvinski et al. 2012) which suggests that immature cells can form gliomas (Ahmed
et al. 2013). However, a recent study demonstrated that targeting of Nf1, Trp53, and
Pten tumour suppressor mutations in NSCs and bipotential progenitors, induced
glioma formation while targeting more differentiated neural progenitors did not
(Alcantara-Llaguno et al. 2019). Therefore, although some studies have suggested
that mature astrocytes can de-differentiate and gain stem cell properties driven by the
acquisition of mutations (Doetsch et al. 2002), many studies are consistent with
reporting NSCs and transiently dividing progenitors cells as the origin for GBM.

1.3.6 Models used to characterise GSC phenotypes and their caveats

1.3.6.1 Markers used for GSC enrichment

The difficulty of isolating GSCs is a result of the lack of universal markers and
informative gene expression profiles (Shackleton et al. 2009). Moreover, the high
degree of genomic diversity in GBM adds another layer of complexity (Sundar et al.
2014). Nonetheless, great efforts have been dedicated to identify these cells. Most of
the markers used to isolate GSCs have been appropriate from NSCs, due to
molecular, cytological and histological similarities. SOX2, NANOG, OLIG2, C-MYC,
MSI1, NESTIN, BMI-1 and ID1, among others, are examples of markers that are used
to detect both NSCs and GSCs (Molina et al. 2014; Sundar et al. 2014). However,
isolation of GSCs with transcription factors is challenging due to the lack of reliable
antibodies and methods to analyse these cells by cell sorting and flow cytometry. For
these reasons, many cell surfaces markers have been suggested to isolate GSCs;
one of these is the cell surface glycoprotein, CD133 which is also known as Prominin-
1 (Hemmati et al. 2003). CD133+ GBM cells have been shown to differentiate into
GSCs progeny that phenotypically resemble the primary tumour (Singh et al. 2004),
to confer radioresistance in human glioma xenografts and human GBM specimens
(Bao et al. 2006) and to lose tumorigenic capacity after differentiation with BMP4
(Piccirillo et al. 2006). Moreover, the symmetric division rate is higher in CD133+ than
in CD133- cells which is indicative of increased self-renewal capacity (Lathia et al.
2011). Despite the aforementioned pieces of evidence and the fact that this marker
has broadly been used in brain tumour research, other studies have shown that cells
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expressing CD133 are not always representative of GSCs (Joo et al. 2008; Wang et
al. 2008). Moreover, CD133 expression in GBM is regulated by hypoxia and oxidative
stress, suggesting that this marker may not be linked to a stemness phenotype in an
obligatory sense (Griguer et al. 2008). Aside from CD133, other cell surface markers,
such as CD44, CD15, integrin a6 and integrin o7, have also been used to purify this
population of cells (Lathia et al. 2010; Sundar et al. 2014; Haas et al. 2017). Therefore,
the difficulty of GSC enrichment is not dependent on the lack of markers but on the
lack of combinatorial approaches that take into account tumour heterogeneity and use
multiple markers to more accurately identify stem cell-like populations within the

tumour.

1.3.6.2 Tumour-sphere formation assay

Tumour-sphere formation imitates the neuro-sphere formation assay in vitro (Figure
1.4), in which GSCs are maintained in non-adherent conditions and in a defined
medium supplemented with growth factors. Initially, this technique was used to
functionally characterise and quantify the self-renewal capacity of GSCs. Ignatova et
al. showed a GSCs frequency of 0.05%-1.26% in GBM cell populations plated in
sphere-forming conditions (Ignatova et al. 2002), while Galli et al. reported a frequency
of GSCs ranging from 0.1% to 31% (Galli et al. 2004). Following these two studies,
the tumour-sphere formation assay has been broadly used in brain tumour research
due to its low cost and simplicity (Deleyrolle et al. 2008). Nonetheless, it has been
criticized as a predictor for GSC enrichment and stemness. This assay can
overestimate the number of stem cells as a percentage of spheres can be derived
from progenitors with limited proliferation capacity and not GSCs. Therefore, the read-
out of stem cell frequency can be unreliable (Marshall et al. 2007). Importantly,
Pastrana et al. suggest that this assay may not represent quiescent stem cells
(Pastrana et al. 2011). To overcome the limitations of the tumour-sphere assay, Louis
et al. adapted and optimised the previously and widely used colony-forming cell assay
from haematopoiesis to NSC studies (Louis et al. 2008). In this assay, the cells are
embedded in a semi-solid collagen matrix which ensures that a colony is derived from
a single cell and not from cell aggregates. Most importantly, this assay may distinguish
between NSCs and their progeny, as only colonies derived from a “true” NSC would
have a diameter greater than 2mm (Louis et al. 2008). Both assays are the closest
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techniques used to demonstrate GSCs stemness in vitro and while they may be used
for preliminary data analysis, these results need to be interpreted with caution and
validated, e.g. with the use of a limiting-dilution xenotransplantation assay, to formally
test GSCs tumour-formation capacity.

1.3.6.3 In vivo models in GSCs

Although genetically engineered mouse and viral/chemical induced models have been
involved in the study of primary brain tumours, xenografting has been broadly utilised
to functionally test two crucial characteristics that define GSCs, tumour-formation
capacity and self-renewal (Figure 1.4). Xenografting is the implantation of patient-
derived cancer cells or biopsies into immune-compromised mice (Huszthy et al. 2012).
Although this method is the most sensitive model to facilitate GSCs engraftment, it
presents certain limitations. This model cannot recreate the effects that the patient’s
tumour microenvironment has on the transplanted cells. Indeed, many of the factors
that coordinate the interaction between the cell and microenvironment are
incompatible between mouse and human (Rahman et al. 2011). Moreover, the lack of
immune system does not allow the testing of the patient’'s immune response against
the tumour (Shackleton et al. 2009). These limitations constitute an important problem
for experimental drugs and therapies in pre-clinical studies, as many treatments that
have beneficial results in in vivo models subsequently fail in clinical trials (Huszthy et
al. 2012; Aldape et al. 2019). Despite these problems, the use of xenotransplantation
assays of human GSCs have been very informative for the understanding of GSCs
and glioma/GBM development. Nonetheless, this model can be improved by using
humanized mice (mimicking vasculature, organs and cytokines of human origin),
locally injecting human microenvironmental cells and co-transplanting human immune
cells (Valent et al. 2012).
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Figure 1.4. Schematic representation of in vitro and in vivo models used to characterised GBM
cells. Tumour tissue can be isolated from patients or rodent models. Biopsies are dissociated into single
cells that are propagated in vitro (in adherent or suspension cultures), in serum free media
supplemented with EGF and FGF2. Tumour cells can be genetically modified and used in functional
assay such as sphere/colony-forming assay. Despite not being mentioned in this image, many other
genetic and chemical assays can be performed. Tumour cells are transplanted into mice to study tumour
progression and tumour formation in vivo. Image created with biorender.com.

1.3.7 GSCs and their microenvironment regulation

GSCs interact with other cells within the tumour (endothelial cells, vascular pericytes,
fibroblasts, macrophages and microglia, normal and reactive astrocytes etc.) and non-
cellular elements such as growth factors and extracellular matrix molecules that
surround the tumour. These interactions form a complex ecosystem termed the

tumour microenvironment.

GBM niches are described as the regions where the combination of the

aforementioned environmental elements allow GSCs to persist (Schiffer et al. 2018).
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They play an important role in the regulation of GSC stemness, quiescence state and
tumorigenicity and are mainly divided in three different zones: perivascular, necrotic
or hypoxic and invasive or perineural zones (Silver and Lathia 2018). In the
perivascular niche, GSCs are in direct contact with endothelial cells (capillaries and
arterioles) (Calabrese et al. 2007). Beside GSCs, this growth zone contains many cell
types such as normal and reactive astrocytes, pericytes, macrophages and myeloid
cells (Schiffer et al. 2018). The interaction between endothelial cells and GSCs is
bidirectional as GSCs produce VEGF (Bao et al. 2006), that together with
angiopoietins and PDGF, which is secreted by astrocytes, induces angiogenesis and
tumour growth (Fidoamore et al. 2016). Moreover GSCs also contribute to vascular
structure as they can trans-differentiate into endothelial phenotypes (Ricci-Vitiani et
al. 2010; Wang et al. 2010; Cheng et al. 2013). The interactions between GSCs and
endothelial cells permit the activation of NOTCH signalling, crucial for the maintenance
of GSC self-renewal (Zhu et al. 2011) as its blockage reduces stemness antigens such
as CD133, NESTIN and BMI-1 (Schiffer et al. 2018). Other soluble factors present
within this niche such as SHH, FGF2 and CD44 among others, are also involved in
the maintenance of stem cell-like properties of GSCs (Codrici et al. 2016; Silver and
Lathia 2018)

The necrotic niche is localised within the main tumour mass and is characterised by a
hypoxic environment and the presence of pseudopalisades (necrotic areas
surrounded by GSCs) (Brat et al. 2004). Perinecrotic zones are the result of an
imbalance between hyperproliferation of tumour cells and the reduced growth of
vasculature (Schiffer et al. 2018). GSCs within this niche are mainly regulated by HIF
family members, first reported by Li et al. (Li et al. 2009). While HIF-1a. is expressed
in both GSCs and non-GSCs, HIF-2a is specific to GSCs (Seidel et al. 2010). HIF-2a
maintains GSCs in an undifferentiated state as it regulates key stemness genes such
as SOX2, C-MYC, and OCT4 (Codrici et al. 2016). HIF factors also regulate the
expression of VEGF and the induction of neovascularization in the perivascular niche
(Molina et al. 2014).

As described in section 1.2.3, GBM is a highly invasive and infiltrative tumour. These
invasive areas, distant to the tumour core, are normally described as the invasive

niche of the tumour, or tumour edge. In this niche, single glioma cells infiltrate the
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normal brain parenchyma due to their capacity for myelin proteolysis. Moreover,
astrocytes from the surrounding area induce activation of matrix metalloproteinases,
supporting the migration and invasion of GSCs via extracellular matrix (ECM)
degradation (Le et al. 2003). ECM degradation causes the release of trophic factors
crucial for GBM growth and GSC maintenance, such as FGF2. Among the matrix
metalloproteinases, A Disintegrin and Metalloproteinase (ADAM) family of zinc-
dependent proteinases has been shown to regulate GSCs and promote GBM
chemoresistance (Dong et al. 2015; Sarkar et al. 2015). Apart from the tumour
microenvironment, GSCs are also regulated by their metabolism, epigenetic
signatures and the immune system (Figure 1.5). However, these regulatory systems
are beyond the scope of this study.

Systemic regulators
Cytokines
Growth factors
Immune response

Local regulators
Oxygen
Metabolism/nutrients

Constitutive factors
Genetic

Epigenetic Architectural constraints

Physical compartments
Restricted niches

Figure 1.5. Regulation of GSCs by intrinsic and extrinsic forces. GSC survival is dependent on
different regulatory systems such as constitutive factors (genetics and epigenetics), systemic regulators
(cytokines, growth factors and immune system), local cues like oxygen, nutrients and metabolism and
architectural constrains. Image created with biorender.com (Vescovi et al. 2006).

1.3.8 Tumour recurrence and GSC therapies

Currently there is no treatment that overcomes GBM tumour recurrence as both
conventional and molecular targeted therapies have been unsuccessful (Osuka and
Van Meir 2017). A major reason for treatment failure in GBM is tumour heterogeneity.
Intertumoral heterogeneity is described as the differences in epigenetic/genetic
aberrations and gene expression profiles among GBM patients (section 1.2.3). These
differences can be the result of variations in the cell of origin of each tumour
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(Alcantara-Llaguno et al. 2015). In addition, personalized therapies have not been
successful either due to intratumoral heterogeneity, as subpopulations of cells within
the same tumour also possess a variety of phenotypes and express different genes
related to proliferation, hypoxia and immune response (Patel et al. 2014). This
diversity, together with the limitations in the technology and assays used to study GBM
tumours, complicates our understanding of GSCs and their origin.

Nonetheless, independent of the cell of origin, there is a group of cells or clones within
the tumour that overcome current treatment strategies and are responsible for tumour
recurrence (Bao et al. 2006; Chen et al. 2012). Bao et al. showed that CD133+ GSCs
were more radioresistant than CD133- cells due to an efficient DNA damage repair
process. Similarly, Chen et al. identified NESTIN-positive GSCs as the subpopulation
of cells less responsive to TMZ treatment (Chen et al. 2012); these cells possess a
number of molecular mechanisms such as DNA damage checkpoints, NOTCH and
SHH signalling activation and antiapoptotic pathways (e.g. PARP) among many
others, that mediate tumour therapeutic resistance (Lathia et al. 2015). Different
studies have used therapies against these molecular mechanisms to increase TMZ
efficiency in GBM treatment. Barazzuol et al. showed that a combination of PARP
inhibitors (ABT-888), TMZ and radiotherapy increased apoptosis in GBM cells
(Barazzuol et al. 2013). Inhibition of JNK and WNT/R-catenin signalling increased TMZ
efficiency through regulation of MGMT expression. In addition, blocking SOX2 and
ZEB1 expression has also been linked to sensitization of GSCs to TMZ as these
transcription factors are stemness regulators (Siebzehnrubl et al. 2013; Jiapaer et al.
2018).

The SHH inhibitor DC-0449 also known as Vismodegib (ClinicalTrials.gov Identifier:
NCT00980343) was used in a clinical phase | trial in GBM patients; after trial
completion, Vismodegib successfully blocked SHH pathway, but very little
improvement was seen. Ulasov et al. demonstrated a higher efficacy of TMZ when
treating GSCs with GSI-1, a small molecule y-secretase inhibitor that inhibits NOTCH
signalling (Ulasov et al. 2011). In addition, pharmacological inhibitors of CHK1 and
CHK2 render CD133 + cells more sensitive to radiotherapy (Bao et al. 2006). GSCs
therapeutic resistance is induced not only by cell intrinsic factors, but also by factors

from the tumour microenvironment such a cytokines, HIFs and metabolic stress
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(Heddleston et al. 2009; Xie et al. 2015). Small molecules targeting tyrosine kinase
receptors involved in tumour angiogenesis such as VEGFR (bevacizumab) (Bao et al.
2006) have been developed, although without much success due to off-target effects

in other signalling pathways.

On the other hand, immunotherapies based on cytokines, monoclonal antibodies,
peptide vaccines and dendritic cells, have had promising results in clinical trials (Lathia
et al. 2015; Sager et al. 2018). Phuphanich et al. used vaccines against tumour-
specific antigens in a Phase | clinical trial, increasing the median and overall survival
of the treated GBM patients (Phuphanich et al. 2013). Increased survival of mice
bearing GL261 tumours was seen upon intratumoral injection of IL-2 secreting
allogenic fibroblasts (Glick et al. 2006). Moreover, EGFRVIIl peptide vaccines
improved progression-free survival of newly diagnosed GBM patients in phase Il
clinical trials (Sampson et al. 2010).

Despite decades of research and efforts to develop new therapies, very little progress
has been made in the treatment of patients with brain tumours. Therefore, the research
community has to overcome this challenge and redesign the brain tumour research
pipeline (Aldape et al. 2019). This involves the understanding of tumour biology and
the role of the tumour microenvironment in vitro and in vivo, and the development of
more elaborate and predictive pre-clinical models that allow testing of the efficiency of
developed therapies. Thus, new therapies should have the capacity to target not only
intrinsic forces regulating GSCs, but also extrinsic factors such as tumour-stroma
interactions, the microenvironment and the immune system (Lathia et al. 2015).
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1.4 ZEB1, SOX2, OLIG2- key stemness regulators of GSCs

Previous studies have identified three transcription factors, ZEB1, SOX2, and OLIG2,
that are crucial for GSC maintenance and GBM development (Ligon et al. 2007,
Gangemi et al. 2009; Siebzehnrubl et al. 2013) and act independently of putative GBM
oncogenes (Singh et al. 2017). These transcription factors are co-expressed in GBM
xenografts (Siebzehnrubl et al. 2013) and in 90% of human GBM samples analysed
by tissue microarray (Singh et al. 2017). They are aberrantly upregulated in GSCs and
their expression results in higher stemness and tumour formation capacity (Ligon et
al. 2007; Gangemi et al. 2009; Rheinbay et al. 2013; Siebzehnrubl et al. 2013; Singh
et al. 2017).

1.4.1 ZEB1

ZEB1, also known as 6EF1, is part of the ZEB family of transcription factors.
Structurally, ZEB1 contains two zinc finger (ZF) clusters located at the N- terminal and
C-terminal ends of the protein, a homeodomain, a SMAD binding domain and a CtBP
interacting domain (Figure 1.6). This transcription factor binds to E-box-like elements
on DNA through the ZF domain and acts as transcriptional repressor by recruiting
CtBP (Liu et al. 2008; Vandewalle et al. 2009). However, it can also act as a
transcriptional activator through interaction with p300, recruiting Smad proteins and
inducing TGF-B/BMP signalling (Postigo 2003) or by directly binding the Hippo-
pathway effector, YAP (Lehmann et al. 2016).

Activation
p300 Repressor Domain Domain
| 1
o W
NZF SBD HD CID CZF

Figure 1.6. Representation of ZEB1 transcription factor. Two zinc finger clusters are present at the
C-terminal (CZF) and N-terminal (NZF) of the protein and present a 88% and 93% homology with other
transcription factors of the ZEB family. The homeodomain (HD) is centrally located between the Smad-
binding domain (SBD) and the CtBP interaction domain (CID). Image created with biorender.com and
adapted from Vandewalle et al. 2009.
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The transcriptional silencing function of ZEB1 has been linked to the epithelial-to
mesenchymal transition (EMT), as it is a repressor of cell adhesion molecules (i.e E-
cadherin) and epithelial and polarity-related genes (Brabletz and Brabletz 2010;
Edwards et al. 2011). EMT is an essential mechanism associated with embryonic
development, wound healing, tissue regeneration and cancer metastasis (Kalluri and
Weinberg 2009; Thiery et al. 2009). EMT occurs when epithelial cells, that are cross-
linked by their cytoskeleton and have a high number of cell-cell adhesion contacts,
undergo biochemical changes that promote a shift towards a mesenchymal state by
inducing cellular motility, invasion and senescence (Burk et al. 2008; Kalluri and
Weinberg 2009; Brabletz and Brabletz 2010; Tomlinson and Knowles 2010). Although
this classic description implies a shift between two phenotypes, the concept of EMT
has changed in the last decade because cells undergoing EMT do not always acquire
full epithelial or mesenchymal features. This intermediate phenotype is termed partial
EMT (Nieto et al. 2016) and is described as a plastic process in which cells oscillate
between these two transitional states. Cells in this intermediate state are also called

metastable cells as they have high flexibility to induce or reverse EMT.

EMT is an embryonic cell-fate and stemness program that is reused during
carcinogenesis. EMT leads to tumour progression and invasion enhancing metastasis
of CSC (Thomson et al. 2011). Moreover, disseminated cancer cells can undergo an
EMT reverse process, termed the mesenchymal-to-epithelial transition (MET), which
is essential for tumour outgrowth. EMT/MET programs induce tissue plasticity in
cancer and contribute to therapy resistance and immune evasion. (Brabletz and
Brabletz 2010; Goossens et al. 2017). EMT has mainly been studied in cancers
outside the CNS because of the lack of epithelial and mesenchymal tissues in the
brain; however EMT-transcription factors (ZEB1, SNAIL/SLUG, TWIST1/2 and
ENGRAILED1) from epithelial tumours (Lamouille et al. 2014), have been shown to
be active and also responsible for inducing invasion, chemoresistance and stemness
in non-epithelial cancers such as GBM (Brabletz et al. 2018). Among the EMT-
transcription factors, ZEB1 is a key regulator of stemness and its expression is
predictive of poor prognosis and response to TMZ in GBM patients (Siebzehnrubl et
al. 2013). In addition, cells with high levels of ZEB1 demonstrate key features of GSCs
as they can survive in hypoxic conditions, self-renew, induce glioma recurrence and

are located at the invasion front of the tumour in GBM (Siebzehnrubl et al. 2013;
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Kahlert et al. 2015). Moreover, Hoang-Minh et al. have shown that ZEB1 is expressed
in higher levels in slow-cycling cells compared to fast-cycling cells in GBM and that its

knockdown reduces invasion of the former population (Hoang-Minh et al. 2018).

ZEB1 regulates GBM growth through a negative feedback-loop between ZEB1 and
microRNAs and in particular the microRNA-200c (miR-200c) family (Wellner et al.
2009; Siebzehnrubl et al. 2013). MiR-200c activates epithelial differentiation genes
and inhibits stemness, while ZEB1 promotes a non-polarised mesenchymal
phenotype inducing an EMT-like process (Burk et al. 2008; Liu et al. 2008). ZEB1/miR-
200 are involved in the regulation of two downstream targets, ROBO1 and C-MYB,
that are responsible for GBM tumour progression. ZEB1 induces invasion and
migration through ROBO1, a protein that promotes the cytoskeletal detachment of the
cell adhesion molecule N-cadherin (Vandewalle et al. 2009; Brabletz and Brabletz
2010; Sanchez-Tillo et al. 2011; Siebzehnrubl et al. 2013). On the other hand, ZEB1
activates tumour recurrence by controlling stemness genes (OL/G2 and SOX2) and
therapy resistance by regulating C-MYB, which induces the expression of the
chemoresistance enzyme, MGMT. Consequently, it has been shown that the median
survival of in vivo models treated with TMZ increases when ZEB7T is knocked down,
and the overexpression of miR-200 renders GSCs less resistant to therapy (Brabletz
and Brabletz 2010; Siebzehnrubl et al. 2013).

1.4.2 SOX2

SOX2is a single exon gene member of the SRY-related high mobility group box (SOX)
family of transcription factors. These proteins share two domains: a DNA-binding
domain and an activation domain (Mansouri et al. 2016). SOX2 expression is
regulated by cell cycle regulators (E2F3a/b and p21), other transcription factors of the
SOX family such as SOX4 and a negative feedback loop with miR-200c (lkushima et
al. 2009; Peng et al. 2012; Marqués-Torrejon et al. 2013). SOX2 is one of the core
transcription factors, together with OCT3/4, KLF4 and NANOG, required for the
maintenance of pluripotency in embryonic stem cells (Niwa et al. 2000; Avilion et al.
2003; Chambers et al. 2003). Moreover, the breakthrough study of Yamanaka et al.
demonstrated that among these three factors, Oct3/4 and Sox2 in conjunction with c-
Myc and Kif4, are essential for the production of induced pluripotent stem cells
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(Takahashi and Yamanaka 2006). The critical role of SOX2 in development, NSCs
maintenance, proliferation and cell differentiated highlights the importance of this

factor in glioma-initiation (Gangemi et al. 2009).

SOX2 has been reported to be dysregulated in GBM due to genetic amplifications and
epigenetic mechanisms (Alonso et al. 2011; Brennan et al. 2013). Its expression
correlates with glioma grade and is linked to poor clinical outcome (Ma et al. 2008;
Vanner et al. 2014; Singh et al. 2017). The SOX2 gene is amplified in 14.4% of GBMs
and is expressed in highly invasive areas of the tumour (Annovazzi et al. 2011). This
transcription factor is enriched in human GSCs (McLendon et al. 2008; Gangemi et al.
2009) and contributes to invasive and malignant phenotypes seen in gliomas
(DeCarvalho et al. 2010). This has been proven by Song et al. who demonstrated that
SOX2 expression is higher in CD133+ cell populations (Song et al. 2016) and
Gangemi et al. who reported that SOX2 knockdown in GSCs decreases clonogenicity
and stops proliferation (Gangemi et al. 2009). Moreover, a recent study from Singh et
al. showed that GBM cells that became independent of the EGFRVIII oncogene had
increased expression levels of SOX2 (Singh et al. 2017).

Gene-set enrichment analyses identified SOX2 as a key regulator of sets of genes
related to hypoxic and stress conditions, cell morphology, cell-cell adhesion and
proliferation (Acanda De La Rocha et al. 2016). In addition, it has been demonstrated
that Rapamycin (an inhibitor of the mTOR pathway) and cyclopamine (an inhibitor of
SHH) sensitised GSCs to TMZ treatment and decrease levels of SOX2 (Jeon et al.
2011; Mamun et al. 2018). These findings highlight the importance of SOX2 in GBM
chemoresistance (Garros-Regulez et al. 2016) and radioresistance (Mansouri et al.
2016).

1.4.3 OLIG2

OLIG2 is a member of the basic helix-loop-helix (bHLH) transcription factors and a
marker for oligodendroglial lineage progenitors (transient-amplifying type C cells and
NG2-positive glia) and mature oligodendrocytes in the adult brain (Bachoo et al. 2002;
Singh et al. 2016; Tsigelny et al. 2016). OLIG2 is only expressed in the CNS and plays
a crucial role in determining the fate of uncommitted neural progenitors during

development (Meijer et al. 2012; Kosty et al. 2017). OLIG2 is expressed in diffuse
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gliomas (Ligon et al. 2007) and together with SOX2, POU3F2, and SALL2, is one of
the transcription factors involved in the de-differentiation of mature GBM cells into
GSCs (Suva et al. 2014). Moreover it is upregulated in both the core and invasion front
of the tumour in GBM (Singh et al. 2016). According to Lu et al. Olig2 positive cells
are essential for tumour propagation in the proneural subclass of GBM (Lu et al. 2016).
This study showed that the elimination of mitotic Olig2-positive progenitor cells in
murine proneural GBM Pten/trp53 mutants and PDGFRp expression models, blocked

tumour initiation and growth during the early phase of gliomagenesis. However,

deletion of Olig2 in Olig2cKO mice (Ptenf/fl: Trp53f/f1: Olig2f/fl : PDGFRB-Cre), only
decreased the tumour growth rate. In addition, this deletion promoted the
downregulation PDGFRa and the upregulation of EGFR, resulting in a shift from
oligodendrocyte precursor-related phenotypes to astroglia-associated genes
characteristic of classical subtypes (Lu et al. 2016). Whether this shift occurs in
patients is not yet known (Leelatian and lhrie 2016). Furthermore, Ligon et al. reported
that neural progenitors from Ink4a/Arf 7~ mice infected with constitutively active
EGFRVIII retrovirus induced glioma-like tumours upon implantation in SCID mice,
while Ink4a/Arf - Olig2 null infected progenitors did not form tumours (Ligon et al.
2007). Both the Lu et al. and Ligon et al. studies suggest that Olig2 functions are
context-dependent and crucial for gliomagenesis (Kosty ef al. 2017).

Apart from context-dependent features, Singh et al. have demonstrated that the
phosphorylation state of OLIG2 plays a role in its function in GBM. Unphosphorylated
OLIG2 induces GSC invasion by activating mesenchymal genes (ZEB1) through the
TGFB2 pathway, while its phosphorylation promotes proliferation in vivo and in vitro
(Singh et al. 2016). Moreover, this transcription factor sustains glioma growth and
radio-resistance by direct repression of the cell cycle inhibitor p21 that in turn regulates
p53 response to genotoxic damage (Ligon et al. 2007; Mehta et al. 2011). In addition,
OLIG2 prevents apoptosis in GSCs by activation of BAD through a positive feedback
mechanism between OLIG2, tyrosine kinase receptors and the AKT pathway (Tsigelny
et al. 2016).
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1.4.4 Cross-regulation interdependency of ZEB1, SOX2 and OLIG2

Due to ZEB1, SOX2 and OLIG2 being implicated in promoting gliomagenesis and
maintaining GSC stemness, and being considered relevant targets for GBM treatment,
many studies have suggested a possible cross-regulation among them. Siebzehnrubl
et al. showed that SOX2 and OLIG2 were regulated by ZEB1 in GBM and identified
miR-200c binding sites in the three transcription factors (Siebzehnrubl et al. 2013).
Moreover, the negative regulation of miR-200c by ZEB1 contributes to the stabilization
of the post-transcriptional program of SOX2 and OLIG2. In addition, Wellner et al.
demonstrated that SOX2 is a target of the EMT-transcription factor ZEB1 (Wellner et
al. 2009). Likewise, Singh et al. reported ZEB1 expression to be induced by
unphosphorylated OLIG2, suggesting that ZEB1 was a direct target of the latter (Singh
et al. 2016). The cross-regulation interdependency and a feedback loop among the
three factors was finally reported by Singh et al. who showed that Zeb1-Sox2-Olig2
are co-ordinately expressed and constitute a driver of GBM (Singh et al. 2017). This
study demonstrated that co-expression of Zeb1-Sox2-0Olig2 is involved in the de-
differentiation of astrocytes (Figure 1.7). Similarly, Suva et al. showed that following
serum treatment, differentiated GBM cells recovered stem-like functions upon

overexpression of at least two of these transcription factors (Suva et al. 2014).
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Figure 1.7. Transformation of immortalized astrocytes. Astrocytes and NSCs isolated from
Ink4a/Arf-/- transfected with an expression vector (pCMV-0SZ) that induces the coordinate expression
of Olig2, Sox2 and Zeb1 transform those astrocytes in GSC like cells which generate tumours after
implantation. Tumour-formation was not seen in wild type astrocytes or after implantation of astrocytes
transfected with single expression vectors. Image created with biorender.com and adapted from (Singh
et al. 2017).
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Although the function of this set of transcription factors seems to be independent of
putative GBM oncogenes such as EGFR, PDGFRA and MET (Singh et al. 2017),
studies in other cancers have shown that ZEB1 is induced by FGF2, a cytokine highly
prevalent in the brain and in the tumour microenvironment (Edwards et al. 2011; Lau

et al. 2013). This suggests a possible role of the FGFR signalling pathway in their
regulation.
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1.5 FGF-FGFR signalling pathway
1.5.1 FGF family members

FGFs were first isolated from bovine brain extracts in 1939, and characterised by their
ability to induce fibroblast proliferation in vitro (Trowell et al. 1939). Since then, 18
functional FGF ligands within the mammalian FGF family have been identified (Ahmad
et al. 2012). FGFs are secreted growth factors that can be classified into two groups:
hormone-like and canonical FGFs (Dieci et al. 2013). Hormonal-like FGFs (FGF 19,
21 and 23) are characterised by their capacity to diffuse into circulation and act as
endocrine regulators (Guillemot and Zimmer 2011; Ahmad et al. 2012). FGF 19 and
23 interact with Klotho proteins to promote ligand-receptor binding, while FGF 21 can
bind in a klotho-independent manner (ltoh and Ornitz 2011). On the other hand,
canonical FGFs (FGF 1-10, 16-18 and 20) have autocrine and/or paracrine functions
and can bind to their receptors in the presence of heparin/heparan sulphate
proteoglycans (HSPGs). These proteoglycans increase ligand-binding affinity and
activation of the signalling pathway by 2-3 fold (Roghani et al. 1994; Haugsten et al.
2010; Dieci et al. 2013; Touat et al. 2015).

The role of HSPGs in FGF signalling was first discovered by Rapraeger et al. and
Yayon et al. (Rapraeger et al. 1991; Yayon et al. 1991). HSPGs are glycoproteins
formed by a core protein decorated with heparin/heparan sulphate (HS) side chains
covalently attached to its serine residues (Laremore et al. 2009). FGF family members
share a homologous region where the HSGP binding site is located (Beenken and
Mohammadi 2009). HS is one of the most abundant glycosaminoglycans (GAGs) in
the extracellular matrix (ECM) of all tissues (Zhang et al. 2014). In addition, HSPGs
are also present on the cell surface, where they cooperate with integrins and other
ECM molecules that mediate cell-cell interactions (Sarrazin et al. 1965; Ori et al. 2008;
Kundu et al. 2016). Apart from being involved in the stabilization of ligand-receptor
binding and consequently in the activation of the cascade, these co-receptors also
serve as FGF storage as they trap growth factors from the ECM preventing their
degradation by proteases (Eswarakumar et al. 2005; Ahmad et al. 2012; Touat et al.
2015).
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FGFs are involved in many cellular processes during embryonic development and
adulthood, such as morphogenesis, cell survival, proliferation, differentiation, tissue
repair and wound healing (Eswarakumar et al. 2005; Guillemot and Zimmer 2011;
Irschick et al. 2013). Among them, FGF2, also known as basic FGF because of its
isoelectronic point (p1>9.0) and its basic canyon structure (Detillieux et al. 2003; Turner

et al. 2012), is closely related to CNS development and adult neurogenesis.
1.5.2 FGF2 functions in the developing and adult brain

FGF2 is crucial for the formation of the hippocampus and the substantia nigra pars
compacta and for the regulation of early neurogenesis (Woodbury and Ikezu 2014). In
the adult brain, this growth factor is widely expressed in the parenchyma (3.33+0.32
ng/mg in the cerebral cortex), as well as in the SVZ and the SGZ, the two neurogenic
niches of the mammalian brain (Pettmann et al. 1985; Morrison et al. 1986; Mogi et al.
1996; Dehay et al. 2001; Frinchi et al. 2008; Shackleton et al. 2009; Werner et al.
2011; Woodbury and lkezu 2014). FGF2 is mainly present in astrocytes and its
expression increases in reactive astrocytes and decreases by cell contact inhibition
(Joy et al. 1997).

FGF2 is required to preserve multipotency of NSCs both in embryonic and adult
neurogenesis (Wagner et al. 1999; Raballo et al. 2000; Zheng et al. 2004). Although
FGF2 maintains NSCs from further differentiation (Gritti et al. 1996), changes in its
concentration regulate the production of the appropriate number of neurons and glial
cells during gliogenesis (Qian et al. 1997; Guillemot and Zimmer 2011). FGF2 also
controls the migration capacity and fate of NSCs as its deficiency impairs progenitor
colonization in the cerebral cortex (Woodbury and lkezu 2014). In addition, this growth
factor is required for the proliferation of NSCs in vitro (section 1.3.7), however this role
can be compensated in vivo. This was proven by Werner et al. who showed NSCs
grow normally in Fgf2 knockout mice (Werner et al. 2011). Apart from its role as a
neurogenic factor, FGF2 is an important angiogenesis-promoting protein (Morrison et
al. 1990; Joy et al. 1997).
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1.5.3 FGFR family and structure

FGF2 and FGFs in general, are ligands of four FGFRs which were first discovered by
Lee and colleagues (Lee et al. 1989). Human FGFR1-4 form part of the receptor
tyrosine kinase family. A fifth member of the FGFR family, FGFRL1, lacks a
transmembrane domain and acts as a soluble antagonist to FGFR signalling
(Steinberg et al. 2010). Structurally, FGFR1-4 consist of three different domains: an
extracellular domain that binds FGF ligands, heparin/HS and ECM molecules, a
transmembrane domain and an intracellular domain that interacts with cytoplasmic
molecules and transduces FGFR signals (Harmer et al. 2004; Haugsten et al. 2010;
Guillemot and Zimmer 2011; Ahmad et al. 2012; Touat et al. 2015) (Figure 1.8). The
extracellular domain is divided into three immunoglobulin (Ig)-like loops: 1g-I, Ig-1l and
Ig-11l (also called D1, D2 and D3).
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Figure 1.8. FGFR structure. A) FGFR possess three domains: a extracellular domain, a single
transmembrane domain and a intracellular domain. FGF-FGFR complex is stabilised by a heparin/HS
chain of the HSPG. B) The extracellular domain of the receptor is composed by three Ig-like domains:
Ig-1, Ig-1l and Ig-lll. Ig-1 has autoinhibitory capacity while Ig-1l and Ig-Ill form the ligand binding domain.
Ig-1l contains the heparin/HS binding site (HBS) and is separated from Ig-I by an acidic box (AB). The
cytoplasmatic domain is formed by two tyrosine kinases: tyrosine kinase 1 (TK1) and tyrosine kinase
2 (TK2). Image created with biorender.com.
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Ig-1 is linked to Ig-ll by a 30 amino acid stretch called the acid box, which is rich in
serine and acidic residues, and is unique to FGFRs (Mohammadi et al. 2005; Tiong et
al. 2013). Ig-1 and the acid box have receptor auto-inhibitory functions and the Ig-I
and Ig-1ll subdomains form the ligand-binding site of the receptor (Wang et al. 1995;
Beenken and Mohammadi 2009; Dieci et al. 2013; Dienstmann et al. 2014). Ig-ll
contains a heparin/HS binding region and an FGF binding activity site. The junction
between Ig-1l and Ig-1ll controls heparin and FGF affinity (Rapraeger et al. 1991; Yayon
et al. 1991; Harmer et al. 2004; Gong 2014).

Two alternative Ig-lll splice isoforms exist in FGFR1-3, but not FGFR4; these are
termed Ig-lllb and Ig-llic (Eswarakumar et al. 2005; Holzmann et al. 2012; Tiong et al.
2013; Ohashi et al. 2014). Ig-lllb and Ig-llic are generated by exon skipping and are
encoded by exons 8 and 9, respectively (Figure 1.9). By contrast, exon 7, encoding
Ig-llla, is present in all splice variants. Post-transcriptional regulation of FGFR isoform
expression is controlled by regulatory RNA-binding proteins (RBP) (Dassi 2017).
Serine/arginine rich (SR) and heterogeneous nuclear ribonucleoproteins (hnRNP) are
two of the most known RBP families (Holzmann et al. 2012). RBPs can act as
enhancers or silencers of intron and exon splicing. For example, hnRNPs repress exon
inclusion in FGFR2 lllc (Gong 2014). Although RBPs are expressed in all tissues,
there are two RBP paralogues that are epithelial cell-type-specific RBPs
called epithelial splicing regulatory proteins 1 and 2 (ESRP1 and ESRP2). These two
proteins regulate FGFR exon Ig-1llb expression. In addition, ESRPs are master splice
regulators of a set of MRNAs associated with EMT/MET-related splice patterns (Matlin
et al. 2005). Therefore, a complex series of RNA-protein and protein-protein

interactions regulates exon inclusion or exclusion (Holzmann et al. 2012).

The expression of FGFR splice variants is tissue-dependent. For example the Ig-Illb
isoform is expressed in epithelial tissues while Ig-llic is found in mesenchymal ones
(Mohammadi et al. 2005; Ahmad et al. 2012; Gong 2014; Safa et al. 2015). Moreover,
their expression changes throughout tissue growth, proliferation and remodelling
(Yamaguchi et al. 1994).
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Figure 1.9. Schematic representation of Ig-lll splice isoforms (llib/llic). The Ig-lll domain of
FGFR1-3 is coded by exons 7-9. Exon 7 codes Ig-llla which consists of the N-terminal half of the Ig-llI
loop. The C-terminal half is form by IllIb or llic sequence codified by exon 8 and 9 respectively. Image
created with biorender.com.

The FGFR transmembrane domain is crucial for transferring the signal from the
extracellular to the intracellular domain, the latter consisting of a juxtamembrane
domain, two tyrosine kinase domains and the c-terminal tail (Tiong et al. 2013; Gong
2014) (Figure 1.8). Although FGFR domains are highly conserved among receptors,
the tyrosine kinase domains (TKI: 75-88%; TKII: 80-92%) share the highest homology.
The Ig-lll is also highly conserved, especially between FGFR1 and FGFR2 (Gong
2014).

Binding of FGF2 to HSPGs causes FGFR dimerization and transphosphorylation of
the cytoplasmic tyrosine kinase domain, a process in which the hydroxyl group of the
tyrosine receives a y-phospho group from ATP (Lew et al. 2009; Touat et al. 2015). As
an example, autophosphorylation of FGFR1 tyrosine residues occurs in three steps.
Firstly, phosphorylation of Y653 leads to a 50-100 fold increase of the catalytic core
activation of the intracellular domain. Secondly, Y583, Y463, Y766 and Y585 sites are
consequently phosphorylated and finally, the second tyrosine kinase domain

phosphorylation increases the tyrosine kinase activity 10-fold. This sequence of
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autophosphorylation follows a specific and controlled order that, if deregulated, can
induce malfunction of the pathway (Lew et al. 2009).

Different models have been proposed for FGFR dimerization depending on ligand-
heparin-receptor complex, specificity between the ligand and the receptor and the
heparin length required for the binding (Harmer et al. 2004; Mohammadi et al. 2005).
In the first model, HS increases association between the receptor and the high affinity
binding site of the ligand, forming a ternary complex (1:1:1 FGF-HS-FGFR), that then
interacts with a second receptor which induces FGFR dimerization through the FGF
low affinity binding site (2:1:1 FGFR-HS-FGF). On the other hand, the symmetric
model suggests that two individual ternary complexes are formed; the FGFR
dimerization will then occur by FGFR-FGFR direct interaction, FGF ligand interaction
or by HS-HS link (2:2:2 FGFR-HS-FGF). In this model, HS enhances FGFR
dimerization but is not crucial. Finally, according to Harmer et al., in the asymmetric
model HS attaches to two FGF-FGFR complexes, binding both FGFs but only one of
the receptors (2:1:2 FGFR-HS-FGF) (Harmer et al. 2004). Therefore, although
different models have been suggested, more research needs to be done to clarify the
stoichiometry of FGFR dimerization (Harmer et al. 2004; Mohammadi et al. 2005; Ori
et al. 2008).

1.5.4 FGFR signalling pathway

FGF-FGFR stimulates cell signalling pathways related to cell proliferation, survival,
cytoskeletal regulation and FGFR degradation (Tiong et al. 2013). Cell proliferation is
mainly induced by the RAC/JNK, STAT and RAS/MEK/MAPK signalling pathways
(Beenken and Mohammadi 2009; Porebska et al. 2018). RAC kinases can be
activated by the transient phosphorylation of CRK, which simultaneously stimulates
RAC phosphorylation through DOCK1 or SOS/RAS (Tiong et al. 2013). RAC kinases
promote proliferation by activation of JNKs and p38 molecules. On the other hand, the
RAS/RAF/MEK/ERK signalling pathway can be activated by FRS2-GRB2-SOS-SHP2
complex assembly or by PKC activation through PLC phosphorylation (Ahmad et al.
2012; Dieci et al. 2013) (Figure 1.10). Cell survival is mainly promoted by
phosphorylation of STATs and PI3K/AKT signalling pathway through the FRS2-GRB2-
GAB1 complex (Porebska et al. 2018). Finally, FGFRs are also implicated in
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cytoskeletal regulation as PLC phosphorylation leads to the hydrolysis of PIP2into IP3,
inducing calcium release (Dieci et al. 2013) (Figure 1.10).
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Figure 1.10. FGFR signalling pathway. After ligand-receptor binding, FGFRs dimerise and activate
multiple signalling transduction pathways. Each pathway induces the expression of specific target genes
related to cell proliferation (STATs, RAS/p38/JNKs and RAS/MAPK/ERK), survival (STATs and PI3K/AKT)
and cytoskeleton regulation (PLC/Ca*?). Kinases from a specific signalling pathway have the same colour

code in this images. Image created with biorender.com.

1.5.5 FGFR signalling pathway regulation

Due to FGF signalling acting upon many biological functions, a regulatory system that
controls its timing and balances its activation is required. One of these regulatory
systems is FGFR internalization, also referred to as constitutive endocytosis. FGFR
synthesis occurs at higher level than its internalization. However, after ligand-binding,
FGFR internalization from the plasma membrane accelerates (Opalinski et al. 2017).
FGFRs mainly utilise clathrin-mediated endocytosis and require SRC-FRS2 complex
(Auciello et al. 2012). Nonetheless, FGFR3 can also be internalized through clathrin-
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independent endocytosis and FGFR1 through a caveolin-mediated system (Haugsten
et al. 2010; Opalinski et al. 2017). The internalization rate depends on receptor type;
FGFR1 has the highest internalization rate while FGFR3 has the lowest. Endocytosis
of activated FGFRs involves the detachment from the SRC complex (Sandilands et al.
2007). FGFRs can then re-translocate to the cytosol, mitochondria, nucleus (to directly
regulate gene expression), or to the endosomal compartment for receptor degradation
(Opalinski et al. 2017); the latter requires the interaction between FRS2-GRB complex
and CBL and is also receptor-dependent (Ahmad et al. 2012). Indeed, FGFR1 has
more ubiquitination sites than FGFR4, which accounts for its higher degradation rates
(Tiong et al. 2013).

Other regulatory systems of FGFR signalling are the negative regulators SEF,
SPRY1/SPRY4 and MKP1/ MKP3. Activation of cell proliferation is counterbalanced
by SEF that negatively regulates ERK and AKT activation (Dieci et al. 2013). Similarly,
SPRY1/SPRY4 molecules strongly reduce proliferation by directly interacting with
RAS/RAF kinases or by blocking the FRS2-GRB2-SOS-SHP2 complex. MKP1 and
MKP3 also attenuate the FGFR signalling pathway by dephosphorylating MAPK and
ERK (Tiong et al. 2013) (Figure 1.11).

Ig-1
) Autoinhibition

Degradation "‘ﬂo"-.

Proliferation and
survival regulation

[__yTargot genes m

Nucleus

Figure 1.11. FGFR signalling pathway regulation. This pathway is negatively regulated in part by
CBL (inducing FGFR degradation after receptor internalization), by SEF, SPRY, MKP1 and MPK3
(which negatively regulate proliferation and survival related pathways). FGFR can regulate its own
activation thanks the autoinhibitory function of Ig-I. Image created with biorender.com.
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FGFR signalling is also negatively regulated by the autoinhibitory (Ig-I) domain of the
receptors (Figure 1.11). This is controlled by the electrostatic interactions between
the negatively charged acid box with the highly basic heparin binding site in Ig-1l (Olsen
et al. 2004). This complex blocks heparin-FGF binding, thus minimising FGF
signalling. Its auto-inhibitory capacity is crucial for the modulation of the pathway as
the high amount of HSPGs from the cell surface and the ECM increases the
probabilities of FGF-heparin binding and the subsequent activation of the RTK
cascade (Mohammadi et al. 2005).

Other factors that regulate the FGFR pathway include the ligand affinity for the
receptor, as well as the ligand amount and availability. Extracellular FGFs are
protected and stored by HSPGs. Heparanases (HPSEs) are directly involved in FGF
signalling regulation as they cleave the HS chain, thus releasing FGFs in the vicinity
of cells. Depending on the cell type and the growth factor released, HPSEs are
therefore involved in cell growth, differentiation, and/or stemness maintenance (Kundu
et al. 2016). Likewise, sufficient amounts of ligand and heparin/HS proteoglycans are
necessary to stabilise FGFR dimerization. The necessary ligand concentration is
dependent on the ligand-binding affinity of FGFRs, which depends on the FGFR splice
isoforms (Beenken and Mohammadi 2009; Haugsten et al. 2010; Holzmann et al.
2012). For example, FGF2 activates both FGFR1 lllb and llic isoforms, while it has
higher affinity for the isoform llic in FGFR2 and FGFR3 (Holzmann et al. 2012).

Although these mechanisms are involved in fine-tuning the FGFR signalling pathway,
failure in any of them can alter the balance of vital functions of human biology affected
by its regulation (Mohammadi et al. 2005; Haugsten et al. 2010; Ohashi et al. 2014).

1.5.6 FGF-FGFR signalling in glioblastoma
1.56.6.1 FGF2 in glioblastoma

Considering the widespread involvement of FGF2 in neural development and adult
neurogenesis, its deregulation has been associated with multiple CNS disorders, such
as Alzheimer's and Parkinson’s diseases and brain tumours. Takahashi et al.
demonstrated by immunohistochemistry of human tissue sections that FGF2 is highly
expressed in high-grade gliomas, compared to low-grade gliomas and the healthy
brain (Takahashi et al. 1992). In addition, Peles et al. reported an increase in the levels
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of FGF2 in cerebrospinal fluid of patients with high-grade gliomas compared to low
grade gliomas (52 ng/mL and 26 ng/mL, respectively) (Peles et al. 2004). Other studies
have shown that high expression of cytoplasmic FGF2 carries a poorer prognosis in
patients with proneural GBM (Sooman et al. 2015). Moreover, its angiogenic
properties have linked FGF2 to tumour cells invasion into the healthy parenchyma and
glioma necrosis. Necrotic cells can liberate FGF2 to the tumour microenvironment

contributing to FGF2 paracrine function (Zagzag et al. 1990; Dienstmann et al. 2014).

1.5.6.2 FGF2 function in GSC propagation in vitro

Apart from its relevance to GBM progression in vivo, FGF2 is a crucial factor for the
propagation of GSCs in vitro. Serum-free medium supplemented with EGF and FGF2
has been broadly used to expand both NSCs and GSCs (Singh et al. 2003; Galli et al.
2004; Reynolds and Rietze 2005; Kelly et al. 2009). GSCs grown in these conditions
maintain the expression of NSC markers such as NESTIN, SOX2 and SSEA1 (Lee et
al. 2006), proliferate at a constant rate and maintain their ability to differentiate (Galli
et al. 2004; Lee et al. 2006). Moreover, these growth factors reduce apoptosis and

promote GSCs to enter the S phase of the cell cycle (Kelly et al. 2009).

Although EGF and FGF2 induce migration, FGF2 is more relevant for self-renewal
capacity, differentiation inhibition and proliferation of GSCs (Auguste et al. 2001).
Moreover, Podergajs et al. showed that FGF2, and not EGF, increased the expression
of stemness markers such as CD133 and NESTIN using western blot analyses of
patient-derived proneural-GBM cells (Podergajs et al. 2013). While these works
highlight the importance of exogenous FGF2 for maintaining GSCs, other studies have
shown that GSCs cultured without growth factors will still maintain their self-renewal
and proliferative capacities (Kelly et al. 2009; Takahashi et al. 2009). The latter can
be explained by the fact that GBM cells can secrete autocrine and paracrine factors
that promote tumour growth and angiogenesis, as well as maintaining GSC features
(Takahashi et al. 1992). Indeed, FGF2 is secreted from glioma cells and endothelial
cells to the tumour microenvironment (Baird and Ling 1987; Rogelj et al. 1988; Zagzag
et al. 1990; Vlodavsky et al. 2006). This has been proved by Morrison et al. as
inhibition of endogenous FGF2 in hGBM cell lines by FGF2-specific antisense
oligonucleotides decreased cell growth by 80% (Morrison et al. 1991). These findings
imply that glioma cells are capable of autocrine receptor stimulation, which can lead
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to tumour growth and progression (Saiki et al. 1999; Yamada et al. 1999). Whether
this autocrine/paracrine regulation is specific for GSCs is not yet known (Takahashi et
al. 1992; Hoelzinger et al. 2007). These studies suggest that FGF2 and the FGF2-
FGFR pathway are prognostic markers of high grade gliomas and crucial factors in
GBM cell proliferation (Morrison et al. 1990; Loilome et al. 2009).

1.5.6.3 FGFR alterations in carcinogenesis and glioblastoma

FGFR genomic alterations can occur through FGFR overexpression, amplification,
mutations, splicing isoforms variations and FGFR translocations (Tiong et al. 2013;
Costa et al. 2016). FGFR alterations have been found in many different malignancies
(lung cancer, bladder cancer, breast cancer etc.), but few FGFR aberrations have
been detected in GBM (Table 1.1) (Lasorella et al. 2017). Nonetheless, FGFR
expression changes in astrocytes can lead to malignant transformation and GBM
progression due to activation of mitogenic, migratory and antiapoptotic responses
(Morrison et al. 1994; Yamada et al. 1999; Dienstmann et al. 2014).

FGFR1 Breast, ovarian,  Majority of cancers. Stem cell leukaemia llic small cell lung
bladder and lung Example: Melanoma lymphoma (SCLL), carcinoma
cancer GBM
IB in breast cancer and
GBM
FGFR2 Breast, gastric, Majority of cancers. NS Illb breast, endometrial,
lung cancer Example: Endometrial cervical, lung, pancreatic
carcinoma and colorectal cancer

lllc prostate cancers

FGFR3 Bladder cancer Majority of cancers. GBM, T-cell Illc bladder
Example: bladder cancer lymphoma and
bladder
FGFR4 Colorectal Majority of cancers. NS NS
cancer Example: metastatic nature

and rhabdomyosarcoma

Table 1.1. Common FGFR genomic aberrations in solid tumours. FGF signalling deregulation is
involved in the development of many different human cancers. Four FGFR genomic alterations are
represented in this table: gene amplification, point mutations, chromosomal translocations and FGFR
splicing isoforms. Each FGFR alteration is linked with the most significant cancers that contain those
alterations. The role of the majority of the discovered point mutations in FGFR is unknown in cancer.
NS (not significant). Adapted from Tiong et al. 2013 and Dieci et al. 2013.
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Different studies have shown an important association between glioma progression
and FGF2-FGFR1 expression. FGFR1 mRNA levels are higher in GBM than in the
healthy adult brain (Rand et al. 2005). FGFR1 is known to induce GBM cell
proliferation in vitro and its expression is also associated with increased migration of
glioma cells and GBM growth, through RAC1/CDC42 and MAPK pathways,
respectively (Yamada et al. 1999; Fukai et al. 2008; Loilome et al. 2009; Irschick et al.
2013). This is supported by Saiki et al. who showed that adenoviral delivery of
truncated FGFR1 inhibited GBM growth both in vitro and in vivo (Saiki et al. 1999).
Moreover, Gouazé-Andersson et al. proved that FGFR1 induced GBM cell
radioresistance through PLC-y, which is also involved in the regulation of hypoxia and

apoptosis (Sooman et al. 2015; Gouazé-Andersson et al. 2016).

Although Rand et al. showed no genomic amplification of FGFR1 among 19 different
GBM samples, two point mutations (N546K and R576W) in the tyrosine kinase domain
of this receptor have been shown to alter its acidic/basic charge (Rand et al. 2005).
Consequently, impairment of the specific order by which tyrosine residues are
phosphorylated leads to an uncontrolled autophosphorylation of the tyrosine kinase
domain and hyperactivation of the pathway (Rand et al. 2005; Lew et al. 2009).
Mutations in similar positions of these tyrosine kinases were found in FGFR2 and
FGFR3, however they were not related to GBM (Rand et al. 2005). Indeed, less than
0.3% of the discovered mutations in these receptors are related to CNS cancers
(cancer.sanger.ac.uk) (Forbes et al. 2017). FGFR2 and FGFR3 have been reported
to be expressed in low levels in GBM (Yamaguchi et al. 1994; Parker et al. 2014).
Moreover, reduced FGFR2 expression is associated with higher tumour grade and
poorer survival in glioma patients (Ohashi et al. 2014). Nonetheless, the functional
relevance of FGFR2 signalling in GBM is not yet completely understood.

Although FGFRs do not show frequent mutations or amplifications in GBM, 3% of the
aberrations identified have been linked to transforming acidic coiled-coil (TACC) fusion
genes such as FGFR1-TACC1 and FGFR3-TACC3 fusion (Singh et al. 2012; Di
Stefano et al. 2015; Lasorella et al. 2017), which was first discovered in GBM (Singh
et al. 2012; Parker et al. 2013). FGFR-TACC fusion proteins have been detected in
low- and high-grade gliomas (Di Stefano et al. 2015; Lasorella et al. 2017). TACC
fusion can be produced by different aberrations, although chromosomal translocation
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of FGFR3-TACC3 is the most frequent in GBM (Di Stefano et al. 2015). These
aberrations are generated by the fusion of a small portion of TACC C-terminus protein
joined to the FGFR (Ig-llic) N-terminus. This induces ligand-independent activation of
the pathway and chromosomal instability (Singh et al. 2012). Glioma cells are able to
overcome the detrimental effects of these chromosomal alterations owing to their
growth advantage (Lasorella et al. 2017). Moreover, FGFR3-TACC3 fusion can be
overexpressed in GBM because the 3" UTR of the receptor is lost, blocking the
negative regulation of its expression by mir-99a (Parker et al. 2014).

Previous studies have shown that a switch towards the FGFR lllc isoform in cancer
promotes abnormal regulation of epithelial (Ig-1llb) and mesenchymal (lg-llic) tissue
homeostasis. This switch towards a more mesenchymal phenotype is linked to EMT
and to a more invasive and tumorigenic phenotype (Ahmad et al. 2012; Ranieri et al.
2016). For instance, in pancreatic cancer, FGFR1 llic is expressed in greater levels
than FGFR1 llIb and the exposure treatment of pancreatic cell lines with FGF1 and
FGF2 induces FGFR1 lllc, and reduces llIb expression (Kornmann et al. 2002; Chen
et al. 2008). This supports the notion that splice variants have different affinities for
the ligand. FGFR1 lllc is also upregulated in astrocytomas (Gong 2014) (Figure 1.12).
Meanwhile in colorectal cancer FGFR2 lllc is upregulated, although Ohasahi et al.
suggest a tumour suppressor function for both FGFR2 lllb and llic isoforms in GBM
(Ohashi et al. 2014). This is supported by Ricol et al. who have attributed a tumour
suppressor function to FGFR2 IlIb in bladder cancer (Ricol et al. 1999). Thus, more
research is needed to better understand the functions of individual FGFR splice

variants in different cancers.

llla llib
Ig-1 Ig-1l Ig-ll FGFR Ig-lllb
FGFR1 a isoform
Ig-1 Ig-1l ﬁ-lll FGFR Ig-lllc
isoform
llla llic Oncogenic
isoforms in GBM
FGFR1 B Ig-1I ﬁ-m. FGFR Ig-llic
Ma e isoform

Figure 1.12. FGFR1 splice isoforms in GBM. The splice variant FGFR1 Ig-llic is higher express in
astrocytoma. FGFR1 has another alternative splice variant produced by exclusion of Ig- domain
termed FGFR1pB isoform. FGFR isoform containing the three FGFR domains (extracellular,
transmembrane and intracellular) is termed FGFRa. Due to the auto-inhibitory function of the Ig-I
domain, FGFR1p isoform has considerably higher affinity for FGFs promoting its oncogenic role. Image
created with biorender.com.
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Although splice variants of FGFR Ig-lll are important in cancer, deletions or mutations
of the Ig-I domain have also been related to deregulation of the pathway. FGFR
containing Ig-l is termed Ig-lo. while the deletion of that isoform results in Ig-IB (Jin et
al. 1999). This mutation has been shown mainly in FGFR1 (Figure 1.12). The ratio of
alternatively spliced FGFR1 o/p isoforms changes with progression to more
aggressive brain cancers. While FGFR1 a is the predominant isoform in low-grade
gliomas, high-grade gliomas show a shift towards expression of FGFR1f (Yamaguchi
et al. 1994; Jin et al. 2000). FGFR1p increases the receptor-ligand affinity and lacks
the auto-inhibitory function of Ig- domain (Gong 2014). Thus, changes in alternative
splicing of the Ig-lI may contribute to GBM malignancy by increasing the sensitivity of
tumour cells to FGFs present in their environment (Ahmad et al. 2012; Ranieri et al.
2016).

1.5.6.4 Anti-FGFR therapies in glioblastoma

Oncogenic FGFR signalling promotes malignancy in many cancers. Thus,
pharmacological targeting of FGFRs may be therapeutically beneficial. Among the
different approaches used for anti-FGFR drug development, small molecules have
been the most clinically advanced. These compounds have been classified into two
groups: “multitarget TKIs” and “selective or FGFR-specific” drugs (Dieci et al. 2013).
The first group includes small molecules (e.g. Dovitinib, Nintedanib, Ponatinib,
Brivanib) targeting not only FGFRs but also other tyrosine kinase receptors such as
VEGFRs and PDGFRs. Although these inhibitors showed some beneficial effects in
phase | trials (e.g. modulation of ERK phosphorylation), the toxicity levels related to
VEGFR blockage are high. Similarly, FGFR-specific drugs (e.g. AZ4547, BGJ398,
LY287445), have also not yielded very promising results as blockage of FGF23
signalling generates patient hyperphosphatemia (Dieci et al. 2013). To date, no small-
molecule inhibitors targeting individual FGFR subtypes or isoforms exist.

Different selective FGFR drugs have been used to target the FGF-FGFR pathway in
GBM. The FGFR inhibitor BGJ398 has been tested in clinical phase Il trials
(NCT01975701) in malignant glioma patients with FGFR1-TACC1 or FGFR3-TACC3
fusion, and/or activating mutation in FGFR1-3. Although the trial was completed, no
results have been published yet.
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In addition, an oral pan-FGFR kinase inhibitor, JNJ-42756493, was used to treat
FGFR-altered solid tumours in a phase | trial NCT01703481); 4 out of 23 patients that
responded to the treatment had FGFR translocations and 2 of them (recurrent GBM)
had FGFR3-TACC3 fusion. This suggests a possible benefit in pharmacological
targeting FGFR-TACC fusion proteins in GBM patients (Brennan 2017).

The small molecule Tipifarnib, which is farnesyltransferase inhibitor, has been used in
combination with radiotherapy in phase Il clinical trials (NCT00209989) to treat newly
diagnosed GBM. This therapy aimed to target FGF2 radioresistance through the
inhibition of the farnesylated form of RhoB, that mediates hypoxia and radioresistance.
A benefit in overall survival of 4.5 months was observed compared to patients treated
with standard of care treatment for GBM. Moreover, the authors showed an inverse
correlation between FGFR1 expression and benefit in overall survival (Ducassou et
al. 2013).

In conclusion, despite the advances in drug design of multitarget TKls and pan-FGF
and FGFR-TACC fusion inhibitors, little or partial response has been seen in the
median and overall survival of GBM patients. The importance of FGFR signalling for
CNS cell survival and apparent intratumoral and intertumoral heterogeneity of FGFR
expression has been demonstrated through several studies discussed previously.
Therefore, in order to increase the clinical benefit of FGFR therapies in GBM, the
development of new inhibitors targeting individual FGFRs and/or their splice variants

may prove to be crucial for the treatment of GBM and other cancers.
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1.6 Thesis hypothesis and aims

ZEB1, SOX2 and OLIG2 have been described as key stemness-associated
transcription factors in GBM (Gangemi et al. 2009; Siebzehnrubl et al. 2013; Singh et
al. 2016). They are relevant for GBM progression, invasion and recurrence. Moreover,
FGF2, a growth factor highly prevalent in the human brain and widely used to maintain
NSCs and GSCs in vitro, has been recognized as a crucial oncogenic factor in glioma.
Due to the fact that EMT-regulators, such as ZEB1, are known to be induced by trophic
factors from the tumour microenvironment (Pollard et al. 2009; Haugsten et al. 2010)
and that ZEB1, SOX2 and OLIG2 expression is co-dependent, we hypothesise that
FGF2 may regulate GSC function by activating these stemness-associated
transcription factors. This thesis will therefore evaluate the role of FGF2 in GBM
tumorigenesis and the mechanism by which FGF2-FGFR may contribute to GSC

functions with the following aims:

1. Examine the role of FGF2 in the regulation of ZEB1, SOX2 and OLIG2 and its
function in sphere-forming capacity of patient-derived glioblastoma cell lines in

vitro.

2. Evaluate the expression of FGFR1-3 and their association with GSCs by using

knockdown approaches in functional in vitro and in vivo assays.
3. Investigate the effect of FGFR1 loss on ZEB1, SOX2, and OLIG2 expression,

and intracellular signalling pathways downstream of this receptor in hGBM

cells.
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2.1 Tissue culture

A Safe 2020 Class |l Biological Safety Cabinet (Thermo Fisher Scientific) was used
for cell culture experiments carried under required sterile techniques. Cells were kept
in a Galaxy 170R (Eppendorf) incubator at 37°C, 20% [v/v] O2and 5% [v/v] CO..

2.1.1 Human cell lines

2.1.1.1 Primary human glioblastoma cells

hGBM Line 0 (LO), Line 1 (L1) and Line 2 (L2) cells, were obtained from Dr Brent
Reynolds laboratory at the University of Florida McKnight Brain Institute. These cells
were surgically isolated from GBM patient biopsies and authenticated using STR
analysis (University of Arizona Genetics Core). They were approved by the Human
Tissue Authority (HTA) and have been previously described and used in vitro and in
vivo (Siebzehnrubl et al. 2013; Hoang-Minh et al. 2018). hGBM cells were grown as
floating spheres in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F12) containing GlutaMax and supplemented with 2% bovine serum albumin
(BSA; TermoFisher Scientific), Insulin (Merck), Transferrin-Putrescine-Sodium
Selenite (TPN; Merck), progesterone (Merck) and Antibiotic-Antimycotic 100x
(Thermo Fisher Scientific) (together, N2) (Table 2.1). N2 medium was sterilised with
a filter bottle (VWR) prior to being used. Cells were supplement with 20 ng/mL of EGF
(Peprotech) and heparin (Merck) twice/week and the formed tumour-spheres were

enzymatically disassociated after reaching approximately 150 um in diameter.

U3019 hGBM cells were characterised and obtained from Uppsala University Human
Glioma Cell Culture (HGCC) bio bank (Xie et al. 2015). This line was derived from an
86 year-old female tumour biopsy and classified as a proneural subtype of GBM. This
cell line was cultured in N2 medium supplemented with 10% [v/v] B-27 Plus
Supplement (Thermo Fisher Scientific). Although cells were initially grown in adherent
conditions for two passages, they were maintained as floating spheres and
supplemented with 20 ng/mL EGF, 20 ng/mL heparin and 10 ng/mL FGF2
(Peprotech). Details of stocks and final concentration of each medium component and
feeding solution are specified in Table 2.1 and Table 2.2 respectively.
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2.1.1.2 Human Embryonic Kidney 293T cell line

HEK 293T cell line was used to produce lentiviral particles. They contained the SV40
T-antigen, needed to replicate vectors carrying the SV40 region (DuBridge et al. 1987,
Pear et al. 1993) and were obtained from Dr Fernando Anjos-Afonso laboratory
(European Cancer Stem Cell Research Institute, (ECSCRI), Cardiff University). HEK
293T cells were maintained in Dulbecco's Modified Eagle Medium (DMEM) containing
L-glutamine, glucose (Thermo Fisher Scientific) and supplemented with 10% [v/v]
heat-inactivated Foetal Bovine Serum (FBS; Seralab) (Kafri et al. 1999). FBS heat-
inactivation was performed at 56°C during 30 min in an agitating water bath. Cells

were passaged every 2-3 days when they reached 70-80% confluency.

2.1.1.3 Cell propagation

hGBM spheres were passaged as previously described (Deleyrolle et al. 2011;
Siebzehnrubl et al. 2013; Hoang-Minh et al. 2018). Spheres were collected and
centrifuged for 5 min at 400 xg at room temperature (RT) in a Centrifuge 5810R
(Eppendorf). Supernatant was removed and cells were enzymatically dissociated for
10 min at 37°C in 500 uL of Accumax (Thermo Fisher Scientific). Cells were washed
in 10 mL of (1x) Phosphate Buffer Saline (PBS), centrifuged and cell pellet was
thoroughly resuspended 40 times in 200 uL of medium to break up the spheres into
single cells. A 200 uL pipette was required for a better dissociation. Cells were plated
at a density of 5x10* cells/mL in N2 medium. These spheres were serially passaged

every 5 days.

HEK 293T cells were grown in adherent conditions. Supernatant was removed and
cells were incubated in 5-10 mL of Accumax for 2-5 min at 37°C. The flask was gently
tapped to facilitate the detachment of the cells. Cell suspension was collected once
the flask was washed with 5-10 mL of (1x) PBS and centrifuged for 5 min at 400 xg at

RT. The cell pellet was briefly resuspended and 1:4 dilution was used for cell plating.
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PRODUCTS THAT REQUIRE STOCK PREPARATION

Product Final concentration Stock diluted in
Putrescine hydrochloride 16.2 mg/mL
Human Transferrin 100 mg/mL
Sodium Selenite (Initial stock:10.5 mg in 10 mL ddH20) 5.2 pg/mL ddH.O
Heparin 2 mg/mL
Progesterone (Initial stock: 6.3 mg in 10 mL EtOH) 6.3 pg/mL
Insulin 5 mg/mL 0.1M HCI
EGF 20 pg/mL

DMEM/F12

bFGF2 20 pg/mL /

Table 2.1. Stock concentrations. Required intermediate dilutions for the media additives and feeding
solution. Solutions were diluted in double-distilled water (ddH20), HCI or medium.

CELL CULTURE MEDIUM

Product VOIU";iIfJgL":tOCK Final concentration
DMEM/F12 494.5 mL 1:1
Bovine Serum Albumin (BSA) 1049 2% [wiv]
Antibiotic-Antimycotic 100x 5mL 1% [v/V]
Putrescine dlhydr.ochlorlde 500 L (includes the 16.2 pg/mL
Human Transferrin three products, TPN) 100 pg/mL
Sodium Selenite ’ 5.2 ng/mL
Progesterone 500 pL 6.3 ng/mL
Insulin 500 pL 5 pg/mL

FEEDING SOLUTION
Product Volume frctm stock Final concentration
solution

DMEM/F12 9.4 mL 11
EGF 200 pL 0.4 pg/mL
FGF2 200 pL 0.4 pg/mL
Heparin 200 pL 40 pg/mL

Table 2.2. Cell culture medium and feeding solution components. Cell culture medium reagents
required from each stock and final concentration in 500 mL of the culture medium. Volume used from
EGF, FGF2 and heparin stocks and the final concentration of each reagent in 10 mL of feeding solution.
hGBM LO, L1, L2 cells were maintained in FGF2 free conditions. In this case the feeding solution was
composed of the same additives excluding FGF2.

2.1.1.4 Differentiation of glioma stem cell progeny

To test differentiation, cells were plated in a density of 5x10* cells/mL in growth factor
free media supplemented with 10% [v/v] FBS (Singh et al. 2003) or 25 ng/mL of BMP4
(Peprotech) (Piccirillo et al. 2006; Xi et al. 2017). After 48 h of treatment, cells were
washed with (1x) PBS and collected to assess stemness factors and FGFRs

expression by western blotting.
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2.1.2 Cell storage, cryopreservation and freeze-thaw recovery

For cryopreservation, cell pellets were resuspended in fresh medium containing 10%
of Dimethyl sulfoxide (DMSO; Merck). A maximum of 1mL solution was quickly
transferred to each cryovial, which was previously labelled indicating the date, type,
passage and number of frozen cells. Cryovials were then immediately placed in a
freezing container (VWR) which was kept at -80°C overnight. After 24 h, the cryovials
were transferred into a K Series Cryostorage Freezer System (Worthington Industries)
with liquid nitrogen vapor phase for long-term storage. To facilitate cells recovery after
thawing, cell pellets were washed twice in (1x) PBS and plated in a 6-well plate. After
24 h the medium was changed to discard the remaining dead cells in the supernatant.

2.1.3 Coating plates with Geltrex

To grow hGBM cells in a monolayer, adherent substrates were required. For cell
transduction and transfection, cells were seeded onto plates coated with Geltrex
matrix (Thermo Fisher Scientific) using the thin gel method (non-gelling) for human
stem cell applications according to manufacturer instructions. Geltrex solution was
thawed on ice and diluted in pre-chilled (4°C) medium to a final concentration of 130-
150 ng/mL. Sufficient amount of diluted Geltrex was added to cover the entire surface
of the well. To promote gelling of the matrix, the plates were incubated for 1h at 37°C.
Once the basement membrane matrix was formed, medium was added and cells
immediately seeded in specific numbers according to application. Alternatively, the
wells were covered with (1x) PBS and the plate was kept at 4°C for up to 2 weeks or
at -20°C for longer storage.

2.1.4 Sphere-formation assay

To assess sphere formation capacity, hGBM cells were plated in serum-free medium
at low cell density (100 cells per 200 pL). In these conditions only GSCs and progenitor
cells will be able to form tumour-spheres (Reynolds and Rietze 2005; Deleyrolle et al.
2011). Dissociated hGBM cells were seeded at a concentration of 100 cells/well in a
black F-bottom 96-well microplate (Greiner Bio-One). These plates were required to
avoid light diffraction when imaging. Cells were cultured in 80 ulL/well of medium

supplemented with feeding solution and 30 ng/mL of FGF2 when specified. (1x) PBS
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was added to the wells at the edges of the plate to avoid medium evaporation. The
number of tumour-spheres with a diameter greater than 70 um were counted using a
GelCount analyser (Oxford Optronix) 5 days after seeding. The sphere-forming
frequency was calculated by dividing the number of tumour-spheres by the number of

plated cells.
2.1.5 Colony Forming Cell (CFC) assay

For clonal expansion analysis, 1x103 hGBM single cells were mixed with 400 uL of N2,
supplemented with feeding solution, 30 ng/mL of FGF2 (when required) and collagen
(Stemcell Technologies) at a 1:3 ratio (collagen/medium) (Bao et al. 2006; Louis et al.
2008). Collagen-cells mix was slowly pipetted up and down to avoid aggregation of
cells within the viscus solution and transferred to a well of a 24-well plate (Greiner Bio-
One). (1x) PBS was added to the plate empty spaces to avoid medium evaporation.
Cells were cultured at 37°C and supplemented with fresh growth factors twice/week.
Colonies greater than 200 um of diameter were counted using a GelCount analyser

two weeks after plating.

2.1.5.1 Limiting dilution CFC assay

Limiting dilution CFC analysis was carried out at described in 2.1.5 with the difference
that in this assay three concentrations of cells were plated per well of a 12-well plate
(Greiner Bio-One): 2.5x103,1.5x10% or 750 hGBM cells. Number of colonies per well

should be proportional to the number of plated cells.
2.1.6 Proliferation rate

To examine proliferative potential, single hGBM cells were seeded in a concentration
of 5x10* cells/mL and in serum-free medium supplemented with growth factors.
Tumour-spheres were disassociated 5 days after plating and the total number of cells
was quantified. Fold expansion rate was calculated by dividing the total number of

cells between the plated ones.
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2.1.7 FGF2 inhibitors

FGF2 inhibitors, NSC-47762, NSC-58057, NSC-65575 and NSC-65576 were
obtained from the Developmental Therapeutics Program (DTP), division of Cancer
Treatment and Diagnosis, NCI, NIH (USA). These small molecules block the
interaction between FGF2 and FGFRs (Pagano et al. 2012; Foglieni et al. 2016).
Compounds were dissolved in DMSO to a stock concentration of 25 mM (Table 2.3).
The solution was aliquoted after 3-6 h mixing in a shaker at RT and stored at -80°C.
For functional assays, cells were treated with four concentrations of each
compound:12.5 uM, 25 uM, 50 uM and 100 uM. Cells treated with DMSO were used

as control cells.

Small Mw DMSO (pL) for 25mM
Molecule stock
NSC-47762 816 245.2
NSC-58057 926 216
NSC-65575 940 213
NSC-65576 940 213

Table 2.3. FGF2 inhibitor stock concentration. Required DMSO volume for each compound to be
diluted to a stock concentration of 25 mM. Cells were treated with 0.49 pL/mL, 0.9 pL/mL, 1.9 puL/mL
and 3.9 uL/mL of the stock solution for a final concentration of 12.5 uM, 25 uM, 50 uM and 100 uM
respectively. The same volumes were used for each concentration DMSO/control.

2.1.8 MTT assay

For cell viability/proliferation assay, 3,000-5000 cells/well, cell line dependent, were
plated onto a 96-well plate coated with Geltrex (section 2.1.4) in a volume of 100
uL/well. The following day, the same volume of medium containing growth factors
and/or small molecules, was added to each well. An empty column (without cells)
containing 200 ulL/well of medium was used for blank correction. After 4-5 days, 25
uL/well of Thiazolyl Blue Tetrazolium Bromide (MTT; Merck) stock solution (5mg/mL
of MTT in (1x) PBS, used for up to a week when kept in the dark and at 4°C) were
added and cells were incubated at 37°C for 3 h. NAD(P)H-dependent cellular
oxidoreductase in the mitochondria of live cells, metabolizes MTT to dark blue
formazan crystals, which are visible inside treated cells. Medium containing MTT
substrate was removed, the reaction was stopped with 100 uL of DMSO and the
solution was pipetted up and down to break up residual crystals of water-insoluble
formazan. Colorimetric detection was used to quantify solubilised crystals and was
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measured at a wave length of 570 nm in a CLARIOstar (BMG Labtech), with a
reference wave length of > 650 nm. Optical density (OD) values were used to calculate
the relative cell viability and/or proliferation rate, after normalization to control (Holsken
et al. 2006; Siebzehnrubl et al. 2013).

2.1.9 ERK1/2 inhibitor

ERK1/2 inhibitor SCH772984 was purchased from Selleckchem and diluted to a stock
concentration of 1 mM in DMSO (5 mg into 8.5 mL DMSO as recommended) and
stored at -80°C (Kong et al. 2017; Soady et al. 2017). A second stock solution of 10
uM was prepared. 3x10° single cells were plated per well of a 6-well plate without
growth factors. The following day, cells were treated with 60 ng/mL of FGF2, 60 ng/mL
heparin and 10 nM, 20 nM and 40 nM ERK1/2 inhibitor at different time points (10 min,
30 min and 1 h). Cells were collected and proteins were isolated as described in

section 2.8.1.

2.2 Plasmids and DNA preparation
2.2.1 DNA vectors

Plasmids for knockdown of FGFR1, FGFR2, FGFR3 and ZEB1 were purchased from
Horizon Discovery (Table 2.4). All plasmids were encoded within a GFP-expressing
lentiviral vector (pGIPZ backbone) and contained an ampicillin resistance cassette.
100 pg/mL of ampicillin (Merck) was used for selection of clones. Different shRNA
were tested for each target gene by western blotting and the most efficient
knockdowns were selected to produce lentiviral particles. Short hairpin (sh) FGFRs
and shZEB1 plasmid details and sequences can be found in Figure 2.1 and Table
24.

Full length FGFR1 Gateway entry clone was a gift from Dominic Esposito (Addgene
plasmid #70367). This plasmid had spectinomycin resistance (50 pg/mL). FGFR1 was
cloned into an expression vector (pHIV-IRES-mRFP-GW) obtained from Dr Matt
Smalley (ECSCRI, Cardiff University), using the Gateway system as explained in
section 2.4 (Tornillo et al. 2018). Lentiviral particles were generated (section 2.6) with

second generation lentiviral packaging plasmid psPAX2 (encoding the Gag, Pol, Rev,
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and Tat genes) and envelop plasmids pMD2.G (encoding for VSV-G), which were also
a gift from Dr Matt Smalley.

Knockdown Clone ID Target sequence
V3LHS_634638 TGAACTTCACTGTCTTGGC
FGFR1 V3LHS 634641 TGTCTTTTTATAGTAGTCG
V3LHS 634644 CTGTCACCAGGACATTCCT
FGFR2 V2LHS_262926 ATATTGTTGATATCTCTGG
V3LHS_363910 CTACCAACTGCTTGAACGT
V2LHS_83489 ATATCTTCACTGGAATCAC
FGFR3 V2LHS 83493 AGGACCAGACGTCACTCTG
V3LHS 412937 AACAGTACAGAACGAACCA
ZEB1 V2LHS_226625 TAATTTGTAACGTTATTGC
shControl RHS4346 -

Table 2.4. FGFRs and ZEB1 Knockdown sequences. Different clones for each human shFGFR were
obtained from Horizon Discovery. Clone 1 for each receptor as specified in bold letters (shFGFR1
V3LHS_634638, shFGFR2 V2LHS 262926 and shFGFR3 V2LHS 83489), was the most efficient and
was selected for lentiviral production. shZEB1 clones were previously tested and published in
Siebzehnrubl et al. 2013.

w
%)
=
=
=

SV40 ori

Figure 2.1. pGIPZ shRNA lentiviral vector map. This vector map is a general representation of the
shRNA plasmids used (shFGFR1, shFGFR2, shFGFR3, shZEB1). hCMV is the human cytomegalovirus
promoter; tGFP is a turbo green fluorescence protein reporter used for visual isolation of cells expressing
the vector; PURO, puromycin resistance gene allows transduced cells to be resistant to puromycin
antibiotic; PURO and tGFP are expressed in single transcripts due to an internal ribosomal entry site
(IRES); shRNA for gene knockdown is a microRNA-adapted shRNA based on miR-30; woodchuck
hepatitis posttranscriptional regulatory element (WPRE) enhances plasmid expression in transduced
cells and increases virus titter by facilitating mRNA transcript maturation; there are two long termination
repeats (LTRs) in the integrated poliovirus that control gene expression: truncated HIV-1 5’LTR that acts
as a RNA polymerase Il promoter and packing of viral RNA into virus and 3’ self-inactivating LTR (3’SIN
LTR). The latter LTR induces transcription termination by polyadenylation signal during viral genome
integration preventing viral replication and reduces mutagenesis by limiting the interaction between the
transgene and the LTR enhancers; Simian virus 40 (SV40 ori) is essential for transgene maintenance in
mammalian cells during viral particles production; pUC ori of replication (pUC ori) is crucial for plasmid
replication in E. coli promoting high copy plasmid number; Ampicillin resistance gene (AmpR), confers
transformed E. coli with resistance to ampicillin antibiotic; HIV packaging signal (V) is essential for
transfer plasmid packaging; HIV-1 Rev response element (RRE) allows the transport of rev-dependent
viral particles from the nucleus to the cytoplasm. Image from Horizon Discovery.
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2.2.2 DNA isolation and purification

Plasmids were received as bacteria stabs or glycerol stocks. Bacteria were spread
onto pre-warmed (37°C) agar plates containing antibiotics depending on plasmid
selection. After 24 h, single bacteria colonies were picked and inoculated into 2 mL of
LB broth medium containing the desired antibiotic. The inoculant was incubated for 6-
8 h in a shaker at 225 rpm at 37°C, then transferred to a 50 mL volume of the same
media and incubated following the same conditions overnight. The next day, the
inoculant was centrifuged at 130 xg at 4°C and plasmid DNA isolated using a Qiagen
Plasmid Midi Kit (Qiagen) according to manufacturer instructions. The resulting DNA
pellet was diluted in 40 uL of Tris-EDTA (TE) Buffer (Qiagen) and quantified on a

NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific).

2.3 DNA transformation and ligation

One Shot Top 10 (Thermo Fisher Scientific) or Stbl3 (NEB) competent cells were used
for transformation. A vial of competent cells was thawed on ice and used for two
transformations/ligations (25 uL per reaction). 1-2 puL containing up to 100 ng of
plasmid DNA or ligation reaction were added to the competent cells and the mix
carefully flicked before being incubated on ice for 30 min. Cells were heat shocked for
30 sec at 42°C in the water bath and immediately placed on ice to stop the reaction.
The solution was mixed with 200 pL of S.0.C medium (Thermo Fisher Scientific) and
incubated for 1h at 225 rpm at 37°C in a shaking incubator. 100 pL of the ligation
reaction/transformation were spread onto a pre-warmed selecting agar plate and left
overnight at 37°C. DNA isolation and purification were performed as previously
described in section 2.2.1.

2.4 Gateway cloning system

2.4.1 LR recombinant reaction

Gateway Technology (Thermo Fisher Scientific) was used to clone full-length FGFR1
into a lentiviral expression vector (Figure 2.2). A LR recombinant reaction between an
entry vector containing FGFR1 and a destination vector with a lentiviral backbone was
performed using LR Clonase Il enzyme mix (Thermo Fisher Scientific). Negative and
positive controls were included along the process as specified in Table 2.5. LR

58



Chapter 2: Materials and Methods

reaction components were briefly vortexed and incubated at 25°C for 1 h. The mix was
incubated with 2 pL of Proteinase K (Thermo Fisher Scientific) at 37°C for 10 min and

transformed into One Shot Top 10 competent cells for selection of aftB-containing

expression vector.

Negative Positive

Components for LR reaction Sample Control Control
Entry clone (300 ng/reaction) 2 L - -

Destination vector (300 ng/reaction) 2L 2L 1L
pENTR-gus (50 ng/ uL) - - 1uL
5x LR Clonase Reaction Buffer 2 uL 2L 2 uL
TE Buffer 2 L 5L 3 L

Table 2.5. LR recombinant reaction set up. Three different reactions were produced: one containing
both destination and entry clones; a negative control containing only the destination vector; and a
positive control with the destination vector and a pENTR-gus plasmids provided by Thermo Fisher
Scientific. The latter produced an expression clone containing the B-glucuronidase (gus). These
controls were required to verify expected recombination and expression after LR reaction. After
transformation of the LR reaction mixture in E. coli strains, many colonies were formed in the reaction
containing the gene of interest and the p-ENTR-gus (positive control). However, none or very few
colonies were seen in the negative control as it did not contain the entry clone.

Gene of interest Gene of interest

PCR product with the gene of interest

or L4 ’{_}'G_

attBl attB2

Entry clone

LR clonase

BP clonase

Destination clone

pDONOR

Figure 2.2. Gateway cloning technology. This rapid, efficient and reversible cloning method has been
used to transfer DNA fragments into multiple vector systems. It is based on the site-specific recombination
properties of bacteriophage L. These sites are called affachment (aft) sites and have been modified to
increase the recombination efficiency. LR/BP clonases are recombination enzymes that recognise and
cleave att sites and ligate the DNA fragments into the new clone. Bacteriophage A induces recombination
through two types of reactions: BP reaction (lysogenic pathway) and LR reactions (lytic pathway). The
first reaction recombines DNA flanked by attB sites (PCR product or expression vector) with the one from
a Donor clone that contains attP sites. attB1 will specifically recombine with affP1 similarly atfB2 and
attP2. This reaction is catalysed by BP clonase and it produces an entry clone and an attR flanked product.
LR reaction is catalysed by a LR clonase enzyme and occurs between an entry clone containing aftL sites
flanking the gene of interest and a destination vector with attR sites between a ccdB gene. The result of
a LR reaction will be an expression vector and clones containing the ccdB gene or suicide gene which will
be negatively selected. Importantly, each clone has a different resistance gene: entry clones are resistant
to Kanamycin and destination vectors to chloramphenicol and ampicillin. Once the gene of interest is
recombined, the expression vector will have an ampicillin resistance (Image adapted from Thermo Fisher
Scientific gateway cloning technology protocol).
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2.4.2 Expression vector verification and amplification

Ampicillin resistant colonies were picked for DNA isolation using a Qiagen Plasmid
Mini Kit (Qiagen) according to manufacturer instructions. Restriction enzyme digestion
was performed to confirm that the selected clones contained the gene of interest.
Restriction enzymes Cla1 and Xho1 were mixed with CutSmart buffer (NEB), water
and DNA from the gateway cloned expression vector or the negative control

(destination vector alone) (Table 2.6). Reagents were incubated at 37°C for 45 min.

Components for FGFR1 enzyme Expression Destination
digestion Clone vector (- control)
Expression vector (500 ng/reaction) 2.5puL -
Destination vector (500 ng/reaction) - 3L

Xho1 enzyme 1L 1uL

Cla1 enzyme 1L 1uL
CutSmart Buffer 4 uL 4 uL
ddH20 (to 40ul) 31.5 L 31 L

Table 2.6. Restriction enzyme digestion. Expression vector refers to the DNA obtained from the
colonies picked after the LR reaction. Destination vector is the plasmid in which FGFR1 was
transferred. Xho1 and Cla1 enzymes cut the fragment of destination vector DNA contained between
the attR sites and the attB sites as explained in Figure 2.3.

6 uL of 5x DNA loading buffer blue (Bioline) were added to 25 plL of the digested DNA
and loaded into a 1.6% agarose gel containing 5 uL of SYBR safe (1:20 dilution;
Bioline). DNA was separated by agarose gel electrophoresis for 45 min at 100 V using
a Horizontal Electrophoresis System (Bio-Rad) and PowerPac (Bio-Rad) for power
supply. DNA bands were compared to a hyperladder 1Kb (Bioline) and visualised with
a ChemiDoc MP imaging system (Bio-Rad). Successfully cloned expression vectors
(Figure 2.3 and Figure 2.4) were expanded with Stbl3 cells and lentiviral particles
were produced (sections 2.3 and 2.6 respectively).
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Figure 2.3. Vector maps used for gateway cloning. Maps of the destination vector and final construct
(FGFR1 overexpression) were obtained and modified in SnapGene. Location of the enzymes used for
DNA digestion, Cla1 and Xho1 and sizes of the clones (FGFR1 overexpression = 10,708 bp and
destination vector = 9750 bp) are shown in the map. Vector information: hCMV promoter is used in
mammalian expression vector to promote gene expression; central polypurine tract (cPPT)/central
termination sequence (CTS) leads to the formation of three-stranded DNA structure, vector integration
and transduction efficiency; human elongation factor 1 alpha-encoding (EF-1a.) gene is a promoter that
induces high efficiency of gene expression of the cloned gene (the first intron is required for high activity
of the promoter); monomeric red fluorescence protein (MRFP) allows for the detection and isolation of
cells transduced with FGFR1 overexpression plasmid; chloramphenicol resistance gene (CmR) allows E.
coli to be resistant to this antibiotic. Other vector parts have been explained previously in Figure 1.1.

Size (bp) C #1 #2
10037-
Insert from: Ends Coordinates Length 8000.
(bp) i
control @;1 i 3592-7229 3637 (b) by
2000-
Final vector 101" 3592-8187 4595 (c) -y

1000-

Figure 2.4. Digestion analysis with Xho1 and Cla1 of a FGFR1 expression construct created by LR
reaction of an entry clone. (Left) Summary of the location of each enzyme and the size of the products
generated after enzyme digestion: (b) 4595 bp from the final vector and (c) 3637 bp from the final product.
(Right) Verification of the inserts: a) band of the 6113 bp fragment that contains the plasmid cassette
without the region of interest (this fragment will have the same length in all the samples); b) product from
the destination vector with the ccdB gene; c) product from the final vector containing FGFR1. Therefore
samples #1 contains the correct plasmid.
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2.5 Transfection

Lipofectamine LTX with Plus reagent (Thermo Fisher Scientific) was used for
transiently transfect hGBM cells. 24 h before transfection, 1x10° cells/well were
seeded in a six-well culture plate coated with Geltrex. 1-2 h before transfection, cells
were pre-incubated with 600 uL of Opti-MEM media (without antibiotics). 1 ng of
plasmid DNA and 2 uL of Plus reagent, were diluted in 400 uL of Opti-MEM media in
a 1.5 mL collection tube. After 5 min of incubation, 4 uL of Lipofectamine LTX reagent
was added in to the tube. The tube was flick every 10 min and the mix was incubated
for 30 min at RT. Solution was added to the cells and 8 h later the transfection medium
replaced by complete medium and growth factors according to cell type. Transfected

cells were selected with the required antibiotic.
2.6 Production of lentiviral particles

A second-generation lentiviral system was used to produce lentivirus from 2" and 3
generation lentiviral transfer plasmids. This system consists of three main
components: a plasmid coding for the gene of interest, a packing plasmid (psPAX2)
and an envelope plasmid (PMDG2). For the highest production of viral particles, 11.5
ug of transfer plasmid was mixed with 3.6 ug and 6 pg of PMDG2 and PsPax

respectively.
2.6.1 Transfection and ultracentrifugation

Lipofectamine 3000 reagent (Thermo Fisher Scientific) was used for production of
lentiviral particles. 5x108 HEK 293T cells were seeded into a T75 flask (70-80%
confluency) one day before transfection. Two different solutions were prepared: A)
Lipofectamine 3000 reagent was diluted in Opti-MEM medium (Thermo Fisher
Scientific) and vortexed for 2-3 sec and B) lentiviral packaging mix, transfer plasmid
and p3000 reagent (Thermo Fisher Scientific) were dissolved in Opti-MEM medium
and slowly mixed by pipetting up and down (Table 2.7). Solutions A and B were
incubated at RT for 5 min before mixing them in a 1:1 ratio. The DNA-lipid complex
mix was incubated for 15 min and then carefully added to the HEK 293T cells. After
24 h, the packing medium was replaced for fresh DMEM supplemented with 10% [v/v]
FBS. Medium containing lentiviral particles was collected at 48 h and 72 h after
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transfection. First and second collections of viral supernatant were combined and
filtered through a 0.45 um pore-size non-viral particle sticking filter and centrifuged for
2:30 h at 4°C and 23,000 rpm (90,000 xg) in an L8-70M Ultracentrifuge, SW32Ti rotor
(Beckman) (Kendrick et al. 2008; Tornillo et al. 2018). Supernatant was discarded and
the pelleted viral particles were diluted in 200 uL of medium. Concentrated viral

particles were aliquoted and stored at -80°C.

Components Solution A Solution B
Opti-MEM 875 uL 1750 pL
Lipofectamine 3000 reagent 35 uL -
P3000 reagent = 40 pL
Transfer plasmid: Ex pgipZ shFGFR1 (1.9 pg/ulL) = 6 uL
Packing plasmid Ex:PsPax (1.70 pg/uL) = 5.3 uL
Envelop plasmid: Ex:PMDG2 (1.30 pg/uL) = 2.76 uL

Table 2.7. Components required for lentiviral production. Transfer, packing and envelop plasmids
concentrations are examples of DNA used to produced shFGFR1 viral particles.

2.6.2 Titration of lentiviral vectors

Infectivity titer of the concentrated virus was required to quantify the amount of virus
produced. 5x10* HEK 293T cells per well were plated in a Geltrex-coated 12-well plate.
Cells were transduced the next day with different dilutions of the neat virus (1:1000,
1:500, 1:100 and 1:50) and replaced with fresh medium (DMEM/10% [v/v] FBS) after
18 h (Regan et al. 2012; Tornillo et al. 2018). Numbers of positively transduced cells
(expressing fluorescent proteins such as eGFP or DsRed) were analysed at day 4
after transduction by flow cytometry. Lentiviral titer (viral particles/mL) was calculated
by the number of plated cells (5x10%) multiplied by the percentage of positively infected
cells and divided by the volume (mL) of virus added to the supernatant per well. The
number of transduced units (TUs) was multiplied for the Multiplicity of Infection (MOI),
in this case MOI=5 (Bayin et al. 2014).

TUs/mL = (5x10*) x (% of GFP/DsRED cells)
(mL of virus added)
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2.7 Lentiviral transduction of hGBM cells

To knockdown and/or overexpress a gene of interest, hGBM cells were transduced
with previously produced lentiviral particles. 24 h before transduction,1x10° cells /well
were seeded in a six-well culture plate coated with Geltrex. 1-2 h before transduction,
cells were pre-incubated with Opti-MEM media (without antibiotics). 5x10° of viral
particles (MOI=5) were added and 18 h later the transduction medium replaced by
complete medium and growth factors according to cell type. Although transfer
plasmids were replication incompetent, a replication test was performed by collecting
the medium 48 h after transduction and adding it into cells that were previously seeded
in a Geltrex-coated plate. If no transduced cells were observed after 24 h, the
produced virus was deemed replication-incompetent (Kendrick et al. 2008).
Transduced cells were sorted for GFP and/or RFP fluorescence one week after
transduction on a BD FACS Aria Fusion (BD Bioscience) to obtain homogeneously
fluorescent cell populations (section 2.12.4).

2.8 Protein isolation and preparation of cell lysates

2.8.1 Protein isolation

Suspension hGBM sphere-derived cells were collected, pelleted by centrifugation at
4°C for 5 min at 400 xg and washed with cold (1x) PBS (Thermo Fisher Scientific).
Cell pellets (~1x10° cells) were transferred into a 1.5 mL collection tube and re-
suspended in 100 pL of lysis buffer (250 pL of (10x) RIPA buffer (Cell Signalling
Technology); 25 uL each of protease inhibitor cocktail (PIC) (Merck), phosphatase
inhibitor cocktail 2 (P1C2) (Merck), phosphatase inhibitor cocktail 3 (PIC3) (Merck) and
1.5 mM Phenyl methane sulfonyl fluoride (PMSF) (Merck); 2.25 mL of ddH20).
Samples were incubated on ice for 30 min (vortexed every 10 min to facilitate cell lysis)
and centrifuged at 4°C for 30 min full speed (16,000 xg). Proteins contained in the
supernatant were collected, aliquoted, quantified and/or stored at -80°C avoiding more

than two freeze and thaw cycles (Siebzehnrubl et al. 2009).
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2.8.2 Protein quantification

To accurately analyse proteins by Western blotting, the total amount of protein per
sample was quantified by Bradford protein assay. 5 uL each of pre-made protein
standard (Bio-Rad)/sample lysate dilution (1:5 and 1:40 in lysis buffer)/blank (lysis
buffer alone) were added into different wells of a pre-chilled 96-well plate together with
250 puL of Quick Start Bradford (1x) Dye Reagent (Bio-Rad) (50:1 Bradford
reagent/sample volume ratio) (Table 2.8). The mix was incubated at RT for 5 min in
the dark. Once the colorimetric reaction was produced, the absorbance of each
sample/standard was read at 595 nm using a CLARIOstar microplate reader (BMG
Labtech). Absorbance values of protein standards were used to create a standard

curve to calculate the final concentration of each sample.

Standard/ Bradford Reagent

sample Volume (L) volume(yL) Concentration (ug/mL)

Blank 5 250 0

Standard 1 5 250 125

Standard 2 5 250 250

Standard 3 5 250 500

Standard 4 5 250 750

Standard 5 5 250 1000

Standard 6 5 250 1500

Standard 7 5 250 2000

Sample 5 (of 1:5 and 1:40 dilution) 250 Depending on standard curve

Table 2.8. Standard concentrations used for Bradford assay. 5uL of each standard stock and 5uL
of each diluted sample were dissolved in 250 uL of Bradford reagent. Each sample and standard were
run in duplicates.

2.8.3 Protein separation and transfer to polyvinylidene difluoride (PVDF)

membrane

5 to 20 ug of sample (depending on primary antibody specificity) were mixed with an
equal volume of Laemmli (2x) sample buffer (Merck) containing 10% [v/v] 2-
mercaptoethanol, 4% [v/v] SDS, 0.004% [v/v] bromophenol blue, 20% [v/v] glycerol
and 0.125 M Tris-HCI. Samples were denatured at 95°C for 5 min and kept on ice for
2 min. A Mini-Protean TGX Precast Gels Bis-Tris 10% or 4-15% gradient gel (Bio-Rad)
was placed into a loading cassette after carefully removing the comb. The loading
cassette was placed into an electrophoresis tank and covered with (1x) Tris-Glycine

SDS running buffer (Bio-Rad). 5 uL of protein ladder was loaded into the first well of
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the gel and 10 pL of the denatured samples to the following wells. The SDS-PAGE gel
was run for 30 min at 200 V. Proteins were transferred using the semi-dry transfer
method using a Mini Trans-Blot Turbo Transfer System (Bio-Rad). A 0.2 um PVDF
membrane (Bio-Rad) was activated in methanol (Thermo Fisher Scientific) for 1 min
and then placed in trans-blot turbo (1x) transfer buffer (Bio-Rad) to stop the reaction.
Two stacks of filter paper were pre-soaked in trans-blot buffer (Bio-Rad). A membrane
sandwich was created by placing one of the pre-soaked stacks into the transfer
cassette in contact with the positive electrode of the plate, followed by the activated
membrane, then the gel and finally the other paper stack contacting the negative
electrode. The transfer was run for 7 min at 2.5 Aand 20 V.

2.8.4 Protein blotting and visualization

After protein transfer, the PVDF membrane was blocked for 1 h at RT in 5% skimmed
dry milk solution or 5% [w/v] BSA (5% milk/BSA powder and 0.1% [v/v] of Tween
(Merck) in (1x) Tris-Buffered Saline (TBS) pH 7.4 (Severn Biotech Ltd)) depending on
antibody. Blots were probed with primary antibody in blocking solution at 4°C
overnight. The membranes were washed three times with 0.1% [v/v] Tween-TBS
(TBS-T) for 5 min each, before being incubated for 1 h at RT with the secondary
antibody (Table 2.9). Membranes were washed again three times with TBS-T and
incubated for 5 min in the dark with Clarity Western enhanced chemiluminescence
(ECL) substrate (Bio-Rad). ECL allowed protein visualization by chemiluminescence
detection of the horseradish peroxide (HRP) conjugated to the secondary antibody.
Excess ECL was removed and the chemiluminescent signal was detected with a
ChemiDoc MP Imaging System (Bio-Rad). The obtained results were normalized to
GAPDH as housekeeping gene. Image Lab software (Bio-Rad) was used to analyse
the results and Image J was used to quantify differences in band intensity between
the blotted protein of interest and the housekeeping gene. For phospho-blots, every

step described previously was performed at 4°C.
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Primary antibodies for western blotting

Antigen Host CIO?SlAb Dilution PRSI e d.IIUted Supplier
Hg in
ZEB1 0|2-|7ZA24 1:2500 2 ug Merck
OLIG2 AB9610 1:500 159 | 25%milk EMD
Millipore
GAPDH 2572289 1:10000  1-20 pg EnCor
SOX2 D6D9 1:1000 20 g
FGFR1 , D8E4 1:1000 15 ug
FGFR2 rabbit g oy 1:1000
FGFR3 C51F2 1:500
p-ERK1/2 (Thr202/Try204) 4370 1:2000 Cell
Total ERK1/2 9102 1:1000 20 5% BSA Signalling
p-STAT3 (Tyr705) D347 1:500 H9 Technology
Total STAT3 D322G 1:500
p-AKT(Serd73) 9275 1:500
p-P38 (Thr180/Try182) 9211 1:1000
Total P38 mouse L53F8 1:1000
Secondary antibody for Western Blotting
Antigen Host Dilution G Ab diluted in Supplier
concentration
Anti-rabbit HRP-linked - 1:3000 1-20 g 5% milk C?” Signalling
echnology
Anti-mouse 1gG1 (HRP) goat 1:3000 1-20 pg 5% milk Abcam

Table 2.9. Western Blot antibody list. Description of the dilution of each antibody used for a specific
concentration of protein and the required percentage of the required buffer for blocking and/or antibody
dilution. All primary antibodies were incubated overnight excluding GAPDH which can also be incubated for 1h
at RT. Secondary antibodies were incubated for 1h at RT. p=phospho.

2.9 PathScan Intracellular Signalling Array Kit

PathScan Intracellular Signalling Array Kit (Cell Signalling Technology; reagents
described in this section are all from the same company) was used to study changes
in phosphorylation or cleavage of 18 well-characterised signalling molecules (Figure
5.5 in results). Antibodies targeting these molecules were spotted in duplicates onto a
glass slide coated with nitrocellulose (Chung et al. 2015; Cuyas et al. 2016).

2.9.1 Cell lysates

Cells were washed with ice-cold (1x) PBS, incubated on ice for 20 min with (1x) cell
lysis buffer containing 1 nM of PMSF and centrifuged at maximum speed at 4°C.
Supernatant was collected and Bradford assay performed as described in section 2.8.
Samples were diluted to a final concentration of 1 mg/mL and used immediately before
being stored at -80°C.
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2.9.2 Assay procedure

Glass slides containing the spotted antibodies and array blocking buffer were brought
to RT. The slide and multi-well gasket were affixed and 100 uL of blocking buffer added
to each well without touching the slide surface. Wells were covered with parafilm and
the slide/multi-well gasket transferred to a tip box containing a wet paper to avoid
evaporation. After 15 min of incubation on an orbital shaker, in the dark and at RT, the
solution was gently decanted and 75 uL of each lysate were added per well. All
incubation/washing steps of this protocol were performed on a Stuart Gyratory rocker,
SSL3 (Stuart supplied by Merck) at 70 rpm, unless otherwise specified. Wells were
again covered with sealing tape and samples were incubated overnight at 4°C. The
following day, the content of the wells were decanted and washed three times with
100 pL of (1x) array wash buffer (1:20 dilution of (20x) array wash buffer in deionized
water) for 5 min at RT. Solution was decanted and samples were incubated in 75 uL
of (1x) detection antibody cocktail (1:10 dilution of (10x) detection antibody cocktail
diluted in array diluent buffer) for 1 h at RT and protecting the slide with sealing tape.
Once wells were washed four times with 100 uL of wash buffer for 5 min, 75 uL of (1x)
HRP-linked Streptavidin (1:10 dilution of (10x) HRP-linked Streptavidin in array diluent
buffer) were added and incubated for 30 min at RT protecting slide from light and

evaporation. Wells were again washed four times with 100 uL of wash buffer for 5 min.

2.9.3 Bound antibody detection by chemiluminescence

Slide/multi-well gasket was disassembled, placed in a petri dish (Greiner Bio-One)
without touching the side of the slide containing the samples and washed with 10 mL
of wash buffer for 1 min. Solution was decanted and LumiGLO and peroxide reagents
were mixed (0.5 mL of (20x) LumiGLO, 0.5 mL of Peroxide and 9 mL of ddH20)
immediately before use and added onto the slide ensuring the entire surface was
covered with solution. A ChemiDoc MP imaging system was used to develop the slide-
based antibody array and images were taken every 30 sec to capture all required

exposure times.
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2.10 Orthotopic patient-derived glioblastoma xenografts

2.10.1Mouse strain and husbandry

Animal experiments were approved and authorised by the UK Home Office (project
licence 30/3331) under The Animal (Scientific Procedures) Act 1986 (ASPA). Animal
procedures were conducted in accordance to institutional guidelines and regulations
for animal care and handling. Young female (4-6 weeks old) immune-compromised
FOX Chase SCID (CB17/lcr-Prkdcs¢9/IcricoCrl) mice (Charles River Laboratories)

were used as hosts for xenografts of human tumour cells.

2.10.2 Preparation of cells for implantation

2.10.2.1 Genetically modified hGBM cells

Transduced hGBM spheres (shControl vs knockdown) were dissociated into single
cells, strained trough a sterile 70 um mesh EASYstrainer (Greiner Bio-One) and
purified by cell sorting. Sorted cells were diluted in N2 to a final concentration of 5x10*

cells per 5 pL.

2.10.2.2 Sorted cell populations

hGBM cells were stained with the required antibody and sorted as described in section
2.12.5. Sorted cells (‘negative’ vs ‘positive’ population) were immediately injected into
mice as limiting dilution assay (LDA) implants. For LDA implants, mice were
transplanted with 1x102,1x10* or 5x10* hGBM cells. Different stem cell frequencies
were expected among groups as explained in section 2.13.2 (Siebzehnrubl et al.
2013).

2.10.3 Intracranial implantation

Mice underwent induction of general anaesthesia using 3% [v/v] of Isoflurane (Teva)
in oxygen for 3-5 min and were then transferred and secured in a stereotaxic frame.
General anaesthesia was maintained during the procedure (2% Isoflurane/oxygen). A
dab of bland ophthalmic ointment (polyethylene glycol ointment, Lacri-Lube; Allergan)
was applied to both eyes. The surgery site was prepared for aseptic surgery with 70%
ethanol (VWR) and Videne antiseptic solutions (Escolab) according to Laboratory
Animal Science Association (LASA) guidelines. A frame-mounted Micro-Fine U-100
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insulin 30G microinjection syringe (BD Bioscience) was lowered into the prepared
surgery site and cells injected into the right hemisphere of the brain, in a depth of 3
mm (Figure 2.5). Cells were injected at a rate of 0.5 uL per minute and in a volume of
5 uL. After injection of the cells, the micropipette was left in place for an additional 2
min and carefully retracted to avoid back-flow. Mice were placed in a clean, quiet and

warm area (37°C) until completely recovered from the surgery and monitored for 24 h.
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Figure 2.5. Intracranial injection representation. Dorsal view (left) and coronal section (right) of the
mouse brain. The injection area is found between bregma point (zero coordinate) and lambda (-4.60mm
bregma) approximately at -0.94mm from bregma and in the right hemisphere (Image created with
biorender.com).

2.10.4 Tumour growth monitoring

Recipient mice bearing tumours were monitored twice per week during the first 5
weeks after surgery and every other day in the last 2-3 weeks before end point. Mice
were monitored and scored for the following criteria (Table 2.10): appearance, food
and water intake (or gain/loss of weight), natural behaviour, provoked behaviour and
movement. Monitoring each individual mouse was possible due to the ear code system
shown in Figure 2.6. When mice reached the defined end point criteria (Table 2.10),
they were culled according to schedule 1 using CO2 overdose. Death was confirmed
by toe-pinch response and cessation of breathing.
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Health Monitoring Score Chart

Animal ID PNPOL PIL Protocol 8: Intracranial Injection
No

Cage Sex Female Date of surgery:
Score Monitoring Date

Parameter Observation

Normal

General lack of grooming

Staring coat, ocular and nasal discharges
Piloerection, hunched up

Normal

5% -15 weight loss

Over 15% weight loss, but under 20%
Over 20% weight loss

Normal

Appearance

Food and water intake

Minor changes e.g. lack of nest

Less mobile and alert, isolated or restless
Vocalisation, reduction in grip reflex

Natural Behaviour

Normal

Minor depression or exaggerated response
Moderate change in expected behaviour
Reacts violently or very weak and pre-comatose
Normal

Partial paresis of any limbs

Paresis of any limbs

Paralysis or partial paralysis of any limbs

Provoked Behaviour

Movement

WIN| =2 [O[WIN[=O[W [N|—= O [WIN|[m[O[WwIN~ O

Total score

Table 2.10. Health monitoring score chart. Each individual mouse was monitored with a Health monitoring Score Chart containing the animal ID (ear notch)
and the cage number were the mouse was located. Each monitoring day mouse weight was measured and health parameters scored from 0-3. Action taken
was depending on the mouse total score: 0-3=Normal; 4-8=Monitor carefully; and 9-12=Provide relief, observe regularly (seek advice from Named Animal Care
& Welfare Officer (NACWO) and or Named Veterinary Surgeon (NVS) if needed). If total score was 12 or greater the mouse was culled by Schedule1.
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1L 2L 1R 2R

Figure 2.6. Mice ear code per cage. Ear notch was performed the day of the surgery with an ear notch
punch of 2 mm. Four different mouse IDs were identified per cage: one notch on the right ear (1R), 2
notches on the right ear (2R), one notch on the left ear (1L) and 2 notches on the left ear (2L) (Image
created with biorender.com).

2.10.5 Perfusion fixation and tissue harvesting

Perfusion fixation is a technique performed prior to tissue harvesting that makes use
of the vascular system of an animal to deliver fixatives to the tissue of interest. This
rapid and uniform fixation method allows tissue preservation before autolysis and
degradation of the sample begins (Figure 2.7).

Mice were immediately placed on a styrofoam perfusion stage and limbs pinned down
to facilitate access to the peritoneal cavity. An incision was made in the skin over the
xiphoid process, parallel to the spine and towards the collarbone with a pair of extra
fine scissors straight-sharp-blunt 8.5 cm (InterFocus). After removing the skin, the
breastbone was lifted with Adson forceps wide grips (InterFocus) and 5-6 lateral cuts
were performed through the dermis beneath the rib cage and through the integument
and abdominal wall. This procedure revealed the diaphragm which was laterally cut
while still holding the breastbone without affecting other organs. This incision was
carefully continued towards one side of the rib cage avoiding the contact of the
scissors with the lungs or heart. The same procedure was followed on the other side
of the rib cage, lifting the sternum away, the ribs were removed by a horizontal cut at
the level of the collarbone after carefully cutting the pericardium. Once the pleural
cavity was exposed, a 21G butterfly needle (Greiner Bio-One) was inserted into the
left ventricle of the mouse heart and to the ascending aorta without reaching the aortic
arch. A Westcott Spring Scissors Slightly Curved (Interfocus) was used to make a cut
on the animal’s right atrium to allow blood and perfusion solutions to drain from the
circulatory system. A 20 mL Luer lock IV syringe (Medicina) filled with 20 mL of ice-
cold (1x) PBS was attached to the tubing adaptor of the butterfly needle and the
solution slowly injected into the mouse vascular system. Once all the blood was
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drained and without removing the butterfly needle from the left ventricle, a new syringe
filled up with 20 mL of ice-cold solution of 2% [v/v] formalin in (1x) PBS was placed
into the tubing adaptor and perfusion fixation was performed. Perfusion quality was

confirmed by visual assessment of liver clearance.

Perfusion fixation was followed by mouse decapitation. Iris scissors were used to
remove the scalp and expose the skull. Small incisions were performed into the skull
bone from the interparietal to the frontal bone without damaging the brain tissue. Once
the brain was completely exposed, a spatula was used to release the brain from the
skull. The brain was immediately submerged into 4 mL ice-cold 2% formalin in a clean
20 mL scintillation vial (Thermo Fisher Scientific) for overnight post-fixation (Deleyrolle
et al. 2011; Hoang-Minh et al. 2016).

Right atrium cut

\ ' Butterfly needle into
' the mouse left
TS990 o ventricle

Skin incision

Figure 2.7. Representation of mouse transcardial perfusion fixation. (left) Area of incision made
to exposed first rib cage and then the pleural cavity. (Right) Perfusion fixation through the heart. (Image
created with biorender.com).
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2.10.6 Cryopreservation

After fixation, brains were kept in 4 mL of (1x) PBS at 4°C to remove the excess
fixative. After 24 h brains were submerged in 4 mL of 30% [w/v] sucrose solution
(Merck) until they sank to the bottom of the tube (usually within 2 days of incubation at
4°C). This step was required for tissue dehydration. The solution was replaced by 60%
[v/v] sucrose diluted 1:1 with Optimal Cutting Temperature (OCT) compound (Thermo
Fisher Scientific; final sucrose concentration 30%) and incubated overnight at 4°C.
After sucrose/OCT incubation, the tissue was placed on a petri dish, the cerebellum
was removed using a sterile scalpel (Swann-Morton) and the brain transferred to a
plastic embedding mould (Thermo Fisher Scientific). The brain was orientated with the
olfactory bulb facing up to facilitate coronal sectioning. The plastic mould was then
filled with OCT and the OCT submerged tissue was frozen in the liquid nitrogen vapour
phase. Once the OCT became solid and white in colour (= 5 min), the frozen block

was stored at -80°C.

2.11 Immunofluorescence of brain sections

2.11.1 Blocking and antibody incubation

30 um thick coronal sections were transferred into a 24-well plate (with a maximum of
4 sections per well) using a fine angle paintbrush containing 500 pL of PBS-T ((1x)
PBS, 0.1% Triton X-100; Merck) to wash the tissue, remove the residual
cryoprotectant and facilitate tissue permeabilization. The use of the paintbrush and
Pasteur pipettes was important to avoid tearing the sections. Each incubation/wash
step of this protocol was performed in a 24-well plate on a Rotamax 120 (Heidolph
Instruments) at 20 rotations/min and RT unless otherwise specified. To reduce non-
specific antibody binding the floating sections were pre-blocked for 1 h in 500 pL of
Fish Skin Gelatin buffer with 0.1% [v/v] Triton X-100 (FBS-T; (1x) PBS, 1% [w/v] BSA,
0.2% [v/v] teleostean gelatin (Merck), 0.1% [v/v] Triton X-100 (Merck), 0.02% [v/v]
sodium azide (Merck)). Primary antibodies were diluted in blocking solution as
specified in Table 2.11. The pre-blocked sections were incubated in 250 uL of the
diluted antibody at 4°C overnight. The sections were then washed 3 times with PBS-
T for 10 min each and incubated for 3 h with secondary antibody diluted 1:500 (Table
2.11) at RT in the dark to avoid photobleaching. The solution containing secondary
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antibody was removed and replaced with nuclear counterstain Hoechst (Merck) diluted
in PBS-T for 5 min at RT, followed by 2 additional washes of 10 min in PBS-T.

Primary antibodies for Inmunofluorescence

Antigen Host Clone/Ab ID Dilution Supplier
FGFR1 mouse M17D10 1:100 Novous biologicals
FGFR2 rabbit D4L2Vv 1:400 Cell Signalling Technology
NESTIN AB2737583 1:1000 EnCor

GFP chicken AB2572314 1:1000

Secondary antibodies

Antigen Host Fluorochrome Dilution Supplier
Anti-chicken Alexa 488
Anti-rabbit Alexa 488 . . C
Anti-mouse Donkey Alexa 594 1:500 Thermo Fisher Scientific
Anti-rabbit Alexa 594

Table 2.11. List of antibodies used for immunostaining. Antibodies were diluted in FBS-T blocking
buffer.

2.11.2 Mounting of immunofluorescence sections

Floating sections were transferred to a glass petri dish filled with PBS-T using a fine
angle paintbrush and carefully unrolled and mounted onto clear frosted microscope
slides (VWR) submerged in the solution. Each slide was carefully placed in a rack to
air-dry for 10 min. ProLong Diamond Antifade mountant (Thermo Fisher Scientific)
was thawed at RT and 100 pL of the mountant pipetted along the centre of the slide.
24 x 60 mm coverslips (Thermo Fisher Scientific) were mounted using forceps,
carefully avoiding trapping air bubbles. Slides were vertically propped onto tissue for
10 min to drain the excess of mountant. Mounted slides were stored at 4°C in slide
books (2B Scientific) (Siebzehnrubl et al. 2013).

2.12 Flow cytometry and cell sorting

2.12.1 Extracellular single cell staining

Single cells suspension was strained with a 70 um strainer (Greiner Bio-One), pelleted
and washed with cold HBSS (Thermo Fisher Scientific) containing 0.5 mM EDTA
(Meck) and 2% BSA. 2.5x10°- 5x10° cells were incubated for 30-45 min in the dark at
4°C with primary antibody in a volume of 50 pL per stain. Supernatant was removed
by centrifuging the cells for 5 min at 4°C 400 xg and the pellet was incubated with the
antibody for 15-20 min in the dark at 4°C. Table 2.12 describes the list of antibodies,
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dilutions, fluorochromes and companies used. Samples were again centrifuged using
the same parameters and washed in HBSS/0.5 mM EDTA/DAPI (Merck) to exclude
dead cells from the analysis before being transferred into 5 mL polystyrene round
bottom tubes (Greiner Bio-One). For all assays, IgG conjugated or unconjugated
control was used to detect the background fluorescence of each antibody. Flow
cytometry analyses were performed on a 4-laser BD LSR FortessaTM with FACS Diva
software. 10,000-100,000 events were recorded depending on
experiment/populations of FGFRs staining. FlowJo 8.7 was used for analysis and
gating strategy of each experiment.

2.12.2 Detection of apoptosis by annexin V

Apoptotic cells suffer structural changes in their membrane, exposing
phosphatidylserine (PS) residues on the membrane surface. Annexin V in the
presence of Ca?* binds to these PSs (Schutte et al. 1998; Shounan et al. 1998). For
quantification of apoptotic/annexin V-positive cells, single cells were plated into
Geltrex-coated 12-well plates and treated with DMSO/FGF2 inhibitor as specified in
section 2.1.8. 48 h later, the medium was removed and 200 puL of Accumax were
added in each well to detach the cells from the substrate. Cells were incubated in
annexin V binding buffer (BioLegend) containing annexin V FITC conjugated for 20
min at RT in the dark. Double volume of annexin V binding buffer was added to stop

the reaction and samples were analysed by flow cytometry (Figure 2.8).
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Figure 2.8. Detection of apoptosis using annexin-V. Example of FACS plots showing gate strategy
for annexin V staining and histogram representing live cells (annexin V+) and apoptotic cells (annexin
V-) populations. 10,000 events in single cell gate were acquired.
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2.12.3 Cell Sorting

Sorting experiments were carried out with a FACSAriaTM Fusion using an 85 um

nozzle (BD Bioscience). An un-conjugated control was always included to set up the
gating strategy for each experiment.

2.12.4 Purification of transduced cells

After viral transduction (section 2.6), transduced single cells were pelleted, strained
and washed with HBSS/0.5 mM EDTA/DAPI before sorting for GFP or/and RFP,
depending on the plasmid fluorescence reporter. The gating strategy for FACS

purification is shown in Figure 2.9. For selection of GFP+ cells, the gate was set in
the center of the peak to avoid cells containing multiple viral integration.
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Figure 2.9. Purification of transduced cell populations. A) Example of gating strategy to sort hGBM
cells transduced with two different constructs; a knockdown lentiviral construct expressing GFP and an
overexpression plasmid expression RFP. RFP+/GFP+ cells were isolated to select all positively

transduced cells with both plasmids. B) Only hGBM cells transduce with lentiviral constructs expressing
middle GFP fluorescence were isolated.
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2.12.5 FGFR1 + and FGFR1- sorting

1x10% hGBM control cells were stained for FGFR1 (Table 2.12) (Dumon et al. 2001)
and were sorted for FGFR1 high (+) and low (-) expression (gating strategy in Figure
4.1 of results). Sorted cells were used for CFC and limiting dilution implants (section

2.1.6 and section 2.10.2 respectively).

Primary antibody

Antigen Host Clonality Dilution Supplier
FGFR1 mouse monoclonal 1:50 Thermo Fisher Scientific
FGFR2 rabbit monoclonal 1:400 Cell Signalling Technology
FGFR3 IgG1 APC-conjugated | mouse monoclonal 1:50 R&D Systems

Secondary antibody

Antigen Host Fluorochrome Dilution Supplier
2:2:22;?: Donkey Alexa 647 1:400 R&D Systems
IgG1 Isotype control mouse APC 1:50 BD Bioscience

Table 2.12. List of antibodies used for flow cytometry and cell sorting.

2.13 Image acquisition

Immunofluorescence images of brain sections were acquired with a Zeiss Axio Scan
Z1 (Zeiss) slide scanner. This microscope acquires images of multiple sections within
a slide and/or multiple slides in an automated way. Zen blue software (Zeiss) was used
to select the sections to be imaged and adjust the required acquisition settings. For
high power and more detail, images were taken in a Zeiss LSM710 confocal

microscope (Zeiss) with Zeiss ZEN software (Zeiss).

2.14 Image data analysis

2.14.1 Quantification of KD percentage by immunofluorescence tissue staining

Control and FGFRs knockdown tumours were compared by immunofluorescence of
brain sections (section 2.10). Knockdown percentage was obtained by calculating the
average of the mean fluorescence intensity (MFI) of at least 5 sections per mouse with

Imaged.
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2.14.2 In vivo invasion index

To analyse tumour invasion, fluorescence images of whole brain sections were
imported to Imaged and converted to grey-scale. Black and white threshold levels were
adjusted to distinguish areas containing tumour (black) from background/parenchyma
(white) (Figure 2.10). The wand auto-measure tool was used for an unbiased selection
of positively stained areas (black) and the perimeter and area of the outlined tumour

were measured. To compare invasive characteristics among tumours, the ratio of the

squared perimeter distance over the area (PZ/A) was calculated. The result of this
formula is termed “invasion index”. A high invasion index equals a more dissociated
tumour while a low invasion index indicates a more spherical one (Siebzehnrubl et al.
2013). Extracerebral growing parts of the tumour, which can be produced by backflow
of cells from the injection site and tumour growth within the ventricles were not

included in quantification of invasive tumour areas (Figure 2.10).
2.14.3 Tumour-formation frequency analysis of hGBM LDA implants

To analyse tumour formation frequency of LDA implants, brains were kept in (1x) PBS
at 4°C after perfusion and overnight fixation. Each brain was placed in a petri dish and
hemisected in the coronal plane with a scalpel under visual control on an Olympus
SZX7 fluorescence stereomicroscope (Olympus). Tumour-formation was positively
identified by GFP expression as the implanted hGBM cells were previously transduced
with GFP lentiviral constructs. Only brains bearing tumours within the parenchyma
were considered as positive for ‘tumour formation and integration’. Absence of tumour
formation was confirmed by inspection of an additional cross-section of the brain after
a second coronal cut. Differences in stem cell frequencies between groups were
quantified with Extreme Limiting Dilution Analysis (ELDA) software (Hu and Smyth
2009).
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Figure 2.10. Representative image of an invasive tumour . Xenograft of hGBM L2 cells. Tumour cells
are represented by GFP staining. To facilitate tumour visualization and invasion quantification, single-
colour grey scale images (tumour in white) were inverted (tumour in black). Outline of an invasive tumour
(black) is highlighted by a red dashed line. Scale bar 1mm.

2.15 Bioinformatics

The online tool GlioVis (http://gliovis.bioinfo.cnio.es/) was used to analysed TCGA,

NCI, Gravendeel, Murat and Kamoun mRNA datasets. Further analysis of survival

correlations was performed using the Xena platform (https://xena.ucsc.edu/welcome-

to-ucsc-xena/). Methodology described in Jimenez-Pascual et al. 2019.

2.16 Hierarchical cluster analysis

Hierarchical clustering module (Kim et al. 2016) from GenePattern
(https://cloud.genepattern.org) (Reich et al. 2006) was used to cluster HGCC cell line
expression data (Xie et al. 2015) with Pearson correlation as distance measure, using
row centering and normalization. Z-Score values from the Glioblastoma Multiforme
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(TCGA, Provisional). Tumour Samples with mRNA data (U133 microarray only) (528
samples) data set was downloaded from cBioportal (Cerami et al. 2012) and clustered
with Pearson correlation as distance measure, using the same GenePattern module

as before. Methodology described in Jimenez-Pascual et al. 2019.
2.17 Statistical testing

Statistical analyses were performed in GraphPad Prizm 8.1.0 (GraphPad Software, La
Jolla, CA). All values reported are mean values + standard error of mean (SEM) and
statistical tests and number of replicates (n) per experiments are indicated in the text
and figure legends. In all analyses, a p-value < 0.05 was deemed significant (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001). Significant differences among groups were
calculated using one-way ANOVA and two-way ANOVA analyses, or unpaired t-test
(95% confidence intervals) to compare two groups. Statistical tests are indicated in
the figure legends. The Kaplan—Meier method was used to perform survival analyses
from day of surgery until death. Animals lost to follow-up were considered censored.
Statistical analysis was conducted using the Log-rank (Mantel-Cox) test.
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2.18 Products supplier list

Suppliers name and address of the product used in Material and methods are listed

in Table 2.13.

Supplier name

Addgene

BD Bioscience

Beckman Coulter
BioLegend UK Ltd.
BioLine Reagents Ltd.
Bio-Rad Laboratories
BioRender

BMG Labtech

Cell Signaling Technology
Charles River Laboratory
Horizon Discovery

Encor Biotechnology
Escolab

Eppendorf UK Ltd
GraphPad Software, Inc.
Greiner Bio-One GmbH
Heidolph Instruments
Image J

InterFocus

Leica Microsystems
Medicina Ltd.

Merck Chemicals Ltd
New England Biolabs (NEB)
Olympus

Oxford Optronix Ltd.
PeproTech Ltd

Qiagen

R&D Systems

Santa Cruz Biotechnology
Selleckchem

Seralab International Ltd.
Severn Biotech Ltd.
STEMCELL Technologies
Teva

Thermo Fisher Scientific
VWR International Ltd.
Worthington Industries
ZEISS

Office address

LGC Standards Teddington, UK

Edmund Halley Road - Oxford Science Park, OX4 4DQ Oxford, UK

Oakley Ct/Kingsmead Business Park/Frederick PIl, High Wycombe HP11 1JU, UK
Highgate Business Centre, 33 Greenwood Place, London, NW5 1LB, UK

Edge Business Centre, Humber Rd, London NW2 6EW, UK

The Junction, Station Rd, Watford WD17 1ET, UK

BioRender, 639 Queen Street West, Toronto, ON, M5V 2B7

8 Bell Business Park, Aylesbury HP19 8JR, UK

Hamilton House Mabledon Place London, WC1H 9BB UK

8 Finsbury Circus, Finsbury, London EC2M 7EA,UK

Cambridge Research Park, 8100 Beach Dr, Waterbeach, Cambridge CB25 9TL
SW 41st Blvd # 40, Gainesville, FL 32608, EE. UU.

Winnington Ave, Northwich CW8 4DX

Endurance House, Vision Park, Histon, Cambridge, CB24 9ZR, UK

7825 Fay Avenue, Suite 230, La Jolla, CA 92037 USA

Unit 5/Brunel Way, Stonehouse GL10 3SX, UK

Shire hill, Saffron Walden Essex CB11 3AZ, UK

NIH and the Laboratory for Optical and Computational Instrumentation, USA
Cambridge Rd, Linton, Cambridge CB21 4NN,UK

Davy Avenue Knowilhill, Milton Keynes, MK5 8LB, UK

Station Rd, Blackrod, Bolton BL6 5BN, UK

University Pkwy, Chilworth, Southampton SO16 7QD, UK

Knowl Piece, Wilbury Way, Hitchin, Herts SG4 0TY, UK

keymed house, Stock Rd, Southend-on-Sea SS2 5QH, UK

East Central, Milton Park, 127 Olympic Ave, Milton, Abingdon OX14 4SA, UK
PeproTech House, 29 Margravine Road, London, W6 8LL, UK

Fleming Way, Crawley, West Sussex, RH10 9NQ, UK

McKinley PI NE, Minneapolis, MN 55413, EE. UU.

Inc. Bergheimer Str. 89-2 69115 Heidelberg, Germany

Karl-Schmid-Str.14, 81829 Miinchen, Germany

Unit 44, Bolney Grange Business Park, HaywardsHeath, West Sussex RH17 5PB, UK
Park Lane Industrial Estate, Stourport Rd, Kidderminster DY11 6TJ, UK
Cambridge Research Park, Beach Drive, Waterbeach, Cambridge, UK, CB25 9TL, UK
Ridings Point, Whistler Dr, Castleford WF10 5HX, UK

Bishop Meadow Road, Loughborough, Leicestershire, LE 1 5RG, UK

Hunter Blvd, Lutterworth LE17 4XN, UK

Princesway CentralTeam Valley Trading Estate Gateshead Tyne & Wear NE11 OUT, UK
Coldhams Lane CB1 3JS Cambridge, UK
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3.1 Introduction

GSCs are multipotent cells with extensive proliferative and self-renewal capacity. They
give rise to progenitor cells that can differentiate into mature cancer cells. In contrast
to NSCs, GSCs have tumour initiation ability, and are the cause of therapeutic
resistance and tumour recurrence in GBM (Hemmati et al. 2003; Singh et al. 2003;
Vanner et al. 2014; Hoang-Minh et al. 2018). GSC homeostasis is regulated by
intrinsic factors such as genetic and epigenetic programs, alongside extrinsic signals
from the immune system and environmental elements (Lathia et al. 2015). Trophic
factors from the tumour microenvironment are essential for GBM development.
Specifically, FGF2 is a known oncogenic factor in GBM (Haley and Kim 2014) as it
promotes glioma growth (Bian et al. 2000), vascularization (Joy et al. 1997; Toyoda et
al. 2013) and GSC self-renewal (Pollard et al. 2009). Yet, the exact influence of FGF2
in GSC regulation is still unclear.

Cell intrinsic transcriptional programs have also been linked to GBM progression,
especially those driven by the stem-cell associated transcription factors ZEB1, SOX2
and OLIG2. These transcription factors are upregulated in GSCs and are expressed
in highly invasive areas of the tumour (Annovazzi et al. 2011; Siebzehnrubl et al. 2013;
Singh et al. 2016). Furthermore, they regulate genes related to hypoxic and stress
conditions and are related to GBM poor prognosis and tumour recurrence (Hoang-
Minh et al. 2018). Murine tumour-suppressor-deficient astrocytes transfected with one
of these transcriptions did not have tumorigenic capacity (Singh et al. 2017). However,
astrocytes transfected with the combination of the three, were transformed into GSC-
like cells and generated tumours in xenografts models. Those findings and other
studies (Siebzehnrubl et al. 2013; Singh et al. 2016), indicate that ZEB1, SOX2 and
OLIG2 form an autonomous transcriptional loop in GBM and can regulate their
expression reciprocally (Singh et al. 2017).

Cytokines (TNFa and IL6) and growth factors (EGF, TGFp and PDGF) have been
identified as molecules from the tumour microenvironment stimulating EMT-related
transcription factors like ZEB1 (Joseph et al. 2014; Colella et al. 2019). However, these
studies were only focused on the EMT-process per se and the regulation of other EMT-
effectors. Therefore, elucidating the upstream drivers that specifically regulate this
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triad of stem cell-associated genes (ZEB1, SOX2 and OLIG2) in a GSC-related

context, is crucial to target GBM progression and recurrence.

3.2 Aims and objectives:

1. To assess whether FGF2 induces the expression of key GSC transcription
factors.

2. To study the effect of this growth factor in GSC sphere-formation and
clonogenic capacity by pharmacological inhibition of its function.

3. To characterise the correlation between FGFRs, ZEB1, SOX2 and OLIG2 in
GBM.

4. To compare the expression profiles of these genes in GSCs and differentiated
populations of tumour cells.
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3.3 Results

3.3.1 FGF2 induces expression of stem cell-associated transcription factors

Although FGF2 has been reported to be highly expressed in GBM and to have a crucial
function in tumour growth, its role in stemness regulation has not been demonstrated.
We therefore sought to define how FGF2 acts on GSCs by firstly analysing the
correlation between FGF2 and the GSC-associated transcription factors ZEB1, SOX2
and OLIG2 (Singh et al. 2017). TCGA gene expression analysis demonstrates that
each of these transcription factors correlates with FGF2 (Figure 3.1A). To validate
this data, we performed Western blot analysis of primary patient-derived GBM cells
that have been cultured in EGF only and have been treated with different
concentrations of FGF2 for 48h (Figure 3.1B, left). Our results indicate that 30 ng/mL
of FGF2 induces the highest expression of ZEB1. Selecting this concentration as the
standard amount of FGF2 to activate GSC-associated transcription factors, our results
show that this growth factor also increases the expression of SOX2 and OLIG2
(Figure 3.1B, right).
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Figure 3.1. FGF2 is associated to stemness in GBM. A) Spearman correlation FGF2 and ZEB1
(left), SOX2 (middle) and OLIG2 (right) using the GBM (TCGA) tumour samples with mRNA data (U133
microarray only) dataset (n=528 samples), based on expression z-scores. Data shows a significant
positive correlation for FGF2 and each transcription factor (p<0.0001). Bioinformatic analysis performed
by Dr. Karl Holmberg Olausson (Uppsala University). B) Treatment of primary patient-derived GBM
cells with FGF2 after 48h increases ZEB1 expression in a dose-dependent manner (hGBM L0 n=3).
Treatment of hGBM LO and L1 with 30 ng/mL of FGF2 also increased the expression of SOX2 and
OLIG2 (hGBM L0 n=5, hGBM L1 n=3). The expression of ZEB, SOX2 and OLIG2 was assessed after
48h as this time point was used by other studies to analyse expression of stemness markers after FGF2
treatment (Podergajs et al. 2013).
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3.3.2 FGF2 induces sphere-formation capacity

The combination of EGF and FGF2 has been broadly used to maintain the stemness
characteristics of NSCs and GSCs in culture (Singh et al. 2003; Galli et al. 2004;
Reynolds and Rietze 2005; Kelly et al. 2009). To verify that FGF2 is capable of
inducing sphere-formation in vitro, we used patient-derived hGBM cells that have been
cultured in two different conditions: EGF only (hGBM L2/L1/L0) or EGF+FGF2 (hGBM
U3019) (Figure 3.2). Treatment with FGF2 increases sphere-formation capacity in
hGBM L2, hGBM LO and hGBM L1 cells (Figure 3.2A). By the contrary, withdrawal of
FGF2 in U3019 cultures abolishes the formation of spheres (Figure 3.2B). As 30
ng/mL of FGF2 was the most efficient concentration in inducing sphere-forming
frequency of GSCs and promoting the expression of ZEB1, SOX2 and OLIG2 (Figure
3.1B), we chose this as standard concentration in vitro, unless otherwise specified.
This is in-line with previous studies, which used 20-30 ng/mL of FGF2 for in vitro
assays (Bajetto et al. 2013; Podergajs et al. 2013).
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Figure 3.2. FGF2 induces sphere-formation capacity of GSCs. A) FGF2 treatment results in an
increase in sphere-forming frequency of GSCs in a dose-dependent manner (5 ng/mL, 30 ng/mL and
50ng/mL of FGF2) relative to control, EGF only treated cells (hnGBM L2 n=14, L1=14, LO n=10, one-way
ANOVA, Dunnett's multiple comparison test). B) Sphere-formation capacity is abolished when FGF2 is
withdrawn (hGBM U3019 n=4, two-tailed t-test) (left). Representative images of sphere-formation in
hGBM U3019 in EGF only and EGF+FGF2 conditions (right).“n” indicates the number of independent
experiments (biological replicates). Data are mean + SEM. Scale bar 1um.
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To further asses the function of FGF2 in stemness, we screened for FGF2 antagonists,
NSC47762, NSC5857, NSC65575 and NSC65576 for their ability to block sphere-
formation (Figure 3.3A). These small molecules block FGF2 activity by directly
inhibiting FGF2/HSPG binding and by allosterically affecting FGF2/FGFR interaction
(Pagano et al. 2012; Foglieni et al. 2016). Our results identify 2-Naphthalenesulfonic
acid (NSC65575) as a potential FGF2 antagonist in GBM, as this compound reduced
sphere- and colony-formation of patient-derived GBM cells in a dose-dependent
manner (Figure 3.3B and Figure 3.3C).
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Figure 3.3. Pharmacological inhibition of FGF2 reduces sphere/colony-formation capacity in
vitro. A) Sphere-forming assay using four compounds (NSC47762, NSC58057, NSC65575,
NSC65576) that have been shown to block binding of FGF2 to its receptors (hGBM L0 n=3, one-way
ANOVA, Dunnett’'s multiple comparison test). Bar graphs show sphere-forming frequency 5 days after
plating, relative to vehicle control (DMSO), represented by “0 compound concentration”. NSC 65575
was the most effective compound in this assay. B) This was tested in subsequent colony-forming
assays (hGBM LO and L1 n=5, one-way ANOVA, Dunnett's multiple comparison test) and (C) was
validated independently in the laboratory of our collaborator Prof Justin D. Lathia (Lerner Research
Institute, Cleveland) (hGBM T387 and hGBM T4121 n=5, one-way ANOVA, Dunnett's multiple
comparison test). “n” indicates the number of independent experiments (biological replicates). Data are
mean + SEM.

As previously describe, sphere and colony forming assays consist on different
approaches to measure the same hallmark which in this case is the capacity of the
cells to self-renew. While the sphere-forming assay can overestimate the number of

stem cells, the colony-forming assay is more robust as the cells are embedded in a
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semi-solid collagen matrix ensuring that a colony is derived from a single cell and not
from cell aggregates (see section 2.1.5 and 1.3.6.2 for more details). Using a variety
of approaches to assess stemness strongly validate our data and generates significant

results to implicate FGF2 in GSC regulation.

To exclude the possibility that the observed reduction in sphere-forming frequency is
due to toxicity of the compound, cell viability and cell apoptotic assays were performed
(Figure 3.4). MTT assay demonstrates NSC65575 does not reduce cell viability at any
concentration tested in previous assays (Figure 3.4A). Indeed there is a tendency to
increase cell proliferation under these conditions which will be discussed in section
3.4. Furthermore, flow cytometry analysis of annexin-V staining shows no increase in
cell apoptosis after treatment with 50 uM NSC65575 (Figure 3.4B).
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Figure 3.4. FGF2 inhibitor is not toxic to patient-derived hGBM cells. A) MTT cell viability assay of
hGBM cells treated with NSC65575 in 3 different concentrations. “0 FGF2 inhibitor concentration”
represents the control (DMSO at same concentration than 50 uM of the compound). Bar graphs show
cell viability relative to 10% DMSO treatment at 5 days. This concentration of DMSO is used as cell
viability control, due to its high cell toxicity. FGF2 inhibitor did not affect cell viability (hGBM LO n=7,
hGBM L1 n=5, one-way ANOVA, Dunnett’'s multiple comparison test). B) Representative FACS plots
showing annexin-V staining of hGBM cells after 48 h treatment with 50 uM NSC65575. Upper plots show
no difference in apoptosis between inhibitor and control (DMSO at same concentration). Lower plots
show a shift to the right in the X axis (higher annexin-V staining) of the population treated with 20% of
DMSO due to its high toxicity, compared to cells treated with the compound (hGBM L0 n=3, hGBM L1

n=3). “n” indicates the number of independent experiments (biological replicates). Data are mean +
SEM.
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3.3.3 Association of FGFRs with stem cell transcription factors using TCGA data

analysis

In order to determine whether any FGF2 receptor (FGFR1-4) may show a correlation
with stemness-associated transcription factors, we performed hierarchical cluster
analysis of TCGA data (Jimenez-Pascual et al. 2019). This bioinformatic approach
revealed the existence of three different clusters using FGF2, FGFR1-4, ZEB1, SOX2
and OLIGZ2 expression as determinant. These clusters are represented by cluster 1,
cluster 2 and cluster 3 in Figure 3.5A. The smallest cluster and the one with the lowest
expression of all examined genes, was cluster 2. On the other hand, a correlation
between FGF2, FGFR1-3 and stem cell transcription factors was observed in cluster
1 which was formed by approximately 30% of the samples. Finally, cluster 3 comprises
most of the analysed specimens (>50%) and only shows high expression of ZEB1 and
SOX2. Interestingly, the overall expression of FGFRs is low throughout the three

clusters.

Due to the TCGA data used could be affected by the presence of other cells (non-
tumour cells) in the patient samples analysed, we further validate our results using the
HGCC dataset. The latter provides information about GBM molecular subtypes
(classical, mesenchymal, proneural and neural) (Verhaak et al. 2010) and is derived
from GBM patient cell lines that are propagated in stem cell conditions (Xie et al.
2015). This dataset also revealed the existence of three main clusters (Figure 3.5B).
Despite cluster 2 and cluster 3 are represented by different molecular signatures,
cluster 1 is mainly enriched for mesenchymal subclass. Interestingly, this cluster
showed a high correlation with FGFR1 (Figure 3.5B). The latter was corroborated
using GlioVis data portal (Bowman et al. 2017). Similarly, expression of FGFR1 was
higher in mesenchymal and classical subtypes compared to proneural GBM (Figure
3.5C). Therefore, these results outline an association of FGF2 and stemness-related
transcription factors in an important fraction of GBM specimens and a possible link

between FGFRs and different molecular signatures.
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Figure 3.5. Hierarchical clustering of TCGA data. A) Supervised hierarchical clustering of TCGA
data (n=528) using FGF2, FGFR1-4, ZEB1, SOX2 and OLIG2 reveals three separate clusters. B)
These clusters could be validated in the HGCC dataset (www.hgcc.se). Bioinformatic analysis
performed by Dr Karl Holmberg Olausson (Uppsala University). C) Overview of FGFR1 expression in
TCGA GBM datasets (RNA-seq platform) using GlioVis data portal (Bowman et al. 2017). The
difference between classical/mesenchymal vs proneural subtype is significant (Tukey’s test).
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3.3.4 Expression analysis of FGFRs in patient-derived GBM cells

We performed western blot analysis to determine the protein levels of FGFR1-4 in the
patient-derived cells used in this study (Figure 3.6A). hGBM LO, L1 and L2 express
FGFR1-3 while FGFR4 is absent compared to a positive control (HEPG2 cells).
HEPG2 is an immortalised cell line derived from patients with hepatocellular
carcinoma (Knowles et al. 1980), reported to have high expression of FGFR4
(www.proteinatlas.org). TCGA cluster analysis (Figure 3.5) supports these results,
thus we did not further investigate the function of FGFR4 in GBM. Consequently, we
used flow cytometry to quantify FGFR1-3 expression on GBM cells (Figure 3.6B). We
found FGFR2 was expressed in a large fraction of cells (30-50%). Expression of
FGFR3 varies among samples, ranging from 20% of cells in hGBM LO and L1 to less
than 10% in L2, which is in-line with western blot data (Figure 3.6A). By contrast,
FGFR1 was expressed in a small subset of each cell line (1-5%). Importantly, FGFR1
and FGFR2 expression profiles where consistent between hGBM cells maintained in
EGF (hGBM LO, L1 and L2) or in EGF+FGF2 (hGBM U3019), indicating that these

conditions did not affect FGFR expression.
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Figure 3.6. FGFR expression and populations in patient-derived hGBM cells. A) FGFR
expression in hGBM L0, L1 and L2 by western blot. FGFR4 expression is compared to HEPG2 cells
as a positive control. FGFR1-3, but not FGFRA4, are expressed in the three cell lines. B) Flow cytometry
quantification of FGFR1-3 expression in patient-derived hGBM lines (n=3 independent
experiments/sample; FACS analysis was performed by Anja Kordowski, MSc student from our group).
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3.3.5 FGFR1 expression decreases in differentiated hGBM cells

We have assessed the expression of FGFRs and stem cell transcription factors (ZEB1,
SOX2 and OLIG2) under culture conditions conducive to GSC maintenance (sphere
cultures in defined medium supplemented with growth factors). We next determined
the expression of these genes in differentiated GBM cells (Figure 3.7A). GSCs have
been shown to differentiate upon removal of growth factors, adhesion to Matrigel and
addition of 10% serum in vitro (Singh et al. 2003; Gangemi et al. 2009). As Matrigel
contains high amounts of FGF2, we use Geltrex as the growth factor-depleted
adhesion substrate. Under these conditions, GSCs lose their self-renewal,
multipotency and tumorigenic capacity. We found that FGFR1 expression is enriched
in GSC cultures, whereas its levels decrease under differentiation conditions (Figure
3.7B). The expression of ZEB1, SOX2 and OLIG2 followed the same pattern while
FGFR2 and FGFR3 increased (Figure 3.7B). Since serum contains an undefined
mixture of growth factors and cytokines, we repeated the experiment in medium
supplemented with BMP4, a cytokine that elicits a pro-differentiation effect on GSCs
(Piccirillo et al. 2006). The same expression patterns were observed under BMP4 or
serum treatment. In addition, a clear change towards epithelial-like phenotypes was
seen in differentiated cells plated on Geltrex (Figure 3.7C). Under non-adherent
conditions, serum treated cells did not form spheres, instead, they grew in a monolayer
whose morphology resembled fibroblast-like cells, consistent with observations from
previous studies (Lee et al. 2006). Cells under BMP4 treatment formed spheres, but
of smaller diameter than those under stemness conditions. These findings may
indicate an important role of FGFR1 in maintaining the undifferentiated state of GSCs,
as FGFR1 expression patterns are associated with GSCs and stem cell transcription
factors. Nonetheless, this will be reviewed in future chapters.
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Figure 3.7. Differentiation of GSCs. A) Schematic representation of GSC characteristics
maintained under growth factor conditions or the induction of GSCs differentiation under serum or
BMP4 treatment (Image created with BioRender.com). B) Expression of FGFR1-3, ZEB1, SOX2 and
OLIG2 after 4 days of treatment with 10% serum or 25 ng/mL BMP4 relative to EGF treated cells. C)
Cell morphology was assessed in hGBM L2 cells transduced with a GFP-expression vector and
plated in adherent conditions on Geltrex substrate or in suspension. Only cells treated with growth
factors (GF) maintained their proliferative capacity and formed spheres of approximately 70 um in
diameters. Scale bar = 100pm.
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3.4 Discussion

In this study, we investigate the function of FGF2 as an inducer of stem cell-associated
transcription factors. We also explore its role in promoting self-renewal capacity in vitro
by pharmacologically blocking its activity with a small molecule inhibitor, NSC65575.
Finally, we examine the correlation among FGF2, FGFRs and the aforementioned

transcription factors using TCGA data analysis of GBM patient samples.

Our results identify FGF2 as an important mitogen for the maintenance of GSCs. This
has been suggested by others before as EGF and FGF2 are growth factors broadly
used to maintain NSC and GSC cultures (Reynolds and Weiss 1992; Haley and Kim
2014). However, the underlying molecular mechanism by which FGF2 regulates
stemness in GSCs is not completely understood. Our results indicate that FGF2
promotes the expression of ZEB1, SOX2 and OLIG2. These transcription factors are
known to mediate GSC maintenance and therapy resistance in GBM patients
(Siebzehnrubl et al. 2013; Singh et al. 2017). Consistent with our data, other studies
have demonstrated that FGF2 induces ZEB1 expression in corneal endothelium (Lee
et al. 2018) and in ovarian cancer (Lau et al. 2013). Importantly, we demonstrated
significant correlation of FGF2 with these transcription factors using TCGA data
analysis of GBM samples, which supports the association of FGF2 with stemness
phenotypes.

FGF2 has been reported to be crucial for GSC self-renewal capacity in vitro (Pollard
et al. 2009; Haley and Kim 2014). In support of this, we observed a dose-dependent
increase in sphere-forming frequency of hGBM cells after FGF2 treatment. Bajetto et
al. demonstrated that FGF2 was more relevant for extensive growth of GSCs in culture
than EGF (Bajetto et al. 2013). The authors showed that only a minor subpopulation
of patient-derived GBM cells were responsive to EGF, while the growth of the largest
population was induced by FGF2. In addition, FGF2 treated cells formed spheres in
limiting dilution sphere-formation assays while EGF treated did not. These findings
partly support our results that showed GSC self-renewal increased with FGF2.
However, spheres were also present under EGF only treatment, though smaller in size
and at a reduced frequency.
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Importantly, our data also showed a decrease in GSC clonogenicity when FGF2
function was pharmacologically inhibited. The FGF2 inhibitors used were previously
tested in endothelial cells, aiming to mimic the function of thrombospondin, a protein
that blocks angiogenesis by interfering with the FGF-FGFR complex (Pagano et al.
2012; Foglieni et al. 2016). The authors described a reduction in endothelial cell
proliferation and vessel sprouting from aortic rings embedded in Matrigel in the
presence of 30 ng/mL of FGF2 and 25-100 uM of NSC65575 (Foglieni et al. 2016). As
this compound blocked FGF/HSPG/FGFR interaction and showed no off-target effects
on other tyrosine kinase receptors, we attempted to assess the efficiency of this small
molecule inhibitor in GSCs. Our results indicate that 12.5 uM of NSC65575 was
sufficient to inhibit sphere- and colony-forming frequency of GSCs. Chemically the
FGF2 inhibitors used in this study differ in the presence or the absence of methyl
groups which constitute aromatic extensions that modulate dramatically the efficiency
in small-molecule drugs (Barreiro et al. 2011). This effect is called the “magic methyl
effect” and in this case it generates an hydrophobic pocket that docks into FGF2
stabilizing the ligand-compound binding and improving the affinity and potency of the
inhibitor in more than 100-fold (Schonherr and Cernak 2013; Foglieni et al. 2016). As
an example, compound NSC47762 lacks this aromatic extension (Foglieni et al. 2016)
and shows not effect in sphere-forming capacity (Figure 3.3A). In contrast, NSC65575
contains two methyl groups and its inhibitory effect is significant. This may explain the
difference between the compounds elucidating a response and those that did not in
GSC self-renewal capacity.

Foglieni et al. showed no toxicity of NSC65575 compound in endothelial cultures
(Foglieni et al. 2016). This finding is in-line with our apoptotic data. Conversely, Figure
3.4A shows an increase in cell viability after FGF2 inhibitor treatment. The latter could
be associated with a biphasic dose-response caused by a phenomenon called
‘hormesis”. This phenomenon is common in pharmacology and characterised by the
stimulation of tumour cell proliferation at low doses followed by its inhibition at high
doses (Calabrese 2008). Thus, in order to eliminate the duality in function of this drug,
a dose-response curve measuring cell-viability in vitro and BrdU in vivo experiments
of GBM xenografts under NSC65575 treatment will determine the correct/suitable
dosage of this drug.
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The levels of FGF2 are higher in GBM than in normal brain and correlate with poorer
prognosis and high-grade gliomas (Auguste et al. 2001; Peles et al. 2004). We showed
that FGF2 was highly expressed in 30% of the hGBM patient samples analysed by
TCGA. Similarly FGFR1 was reported to be high in GBM (Morrison et al. 1994; Rand
et al. 2005; Kowalski-Chauvel et al. 2019). By contrast, FGFR2 and FGFR3 were
downregulated (Yamaguchi et al. 1994; Parker et al. 2014). Although analysis of the
TCGA GBM dataset using GlioVis (Bowman et al. 2017) supported these studies, we
found overall low expression of the four receptors in our TCGA cluster analysis. In
addition, the HGCC gene expression data validated a correlation between FGFR1
expression and the mesenchymal and classical subtype of GBM samples enriched in
ZEB1 and SOX2 expression. In support of this, TCGA GBM data analysed using
GlioVis also showed a significant increase of FGFR1 in mesenchymal and classical
subtypes compared to proneural GBM. In contrast, FACS analysis of hGBM cells used
in this study showed FGFR2 to be the highest FGFR expressed while FGFR1 the
lowest. FGFR4 was not expressed in any of the cell lines used which was supported
by our TCGA cluster analysis. Variations in FGFR expression depending on hGBM
cell lines have been previously reported (Loilome et al. 2009; Gouazé-Andersson et
al. 2016), and can be explained by the high inter- and intratumoral heterogeneity
characteristic of GBM (Verhaak et al. 2010; Capper et al. 2018).

Finally, we attempted to describe the expression of these receptors and key stem cell
transcription factors in differentiated tumour cells. In other studies, a loss of NSC- and
GSC-related markers such as NESTIN and SOX2 was observed in differentiated
cancer cells (Gangemi et al. 2009; Garros-Regulez et al. 2016). These findings are
consistent with our results that showed a decrease in SOX2 expression when GSCs
were cultured in differentiation medium. In addition, we also reported a downregulation
of ZEB1 and OLIG2 which indicates that these three factors are co-expressed in stem-
cell like populations. These results are in-line with a previous study that reported a
cross-regulation interdependence between the three transcription factors in GBM
(Singh et al. 2017). Importantly, our results suggest that only FGFR1 is associated
with an undifferentiated state of cancer cells indicating that this receptor is functionally
relevant for the maintenance of GSCs, contrary to FGFR2 and FGFR3 that are
upregulated in mature cancer cells/non-GSCs. In support of this, Wang et al. used
TCGA and CGGA data analysis of patient samples and found a correlation between
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FGFR3 expression and differentiated cellular functions which was associated with less
malignant processes in GBM (Wang et al. 2016).

Taken together these findings identify FGF2 as an important upstream regulator of the
stem-cell associated transcription factors ZEB1, SOX2 and OLIG2, which outlines a
direct effect of FGF2 in GSC maintenance (Figure 3.8). Since our results
demonstrated that FGFR1 is the only receptor downregulated in differentiated GBM
cells and this receptor has been associated with GBM tumour progression (Yamada
et al. 1999; Fukai et al. 2008; Loilome et al. 2009; Irschick et al. 2013), we
hypothesized that FGF2 may regulate GSCs through FGFR1. However, in vitro

functional data and in vivo experiments would be required to test this hypothesis.

FGFR1/2/3?

Nucleus

GSC

Figure 3.8: Diagram depicting the role of FGF2 in GSCs. FGF2 binding to FGFRs activates
signalling transduction pathways that induce the expression of ZEB1, SOX2 and OLIG2 transcription
factors involved in stemness maintenance. We will explore in the next sections how FGF2 promotes
this function and which FGFR or FGFRs are involved in GSC regulation (Image created with
biorender.com).
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4.1 Introduction

FGF2-FGFR binding promotes the activation of cell proliferation, survival, tissue repair
and other crucial cellular processes (Eswarakumar et al. 2005; Guillemot and Zimmer
2011; Irschick et al. 2013). These receptors are type | transmembrane proteins
(Jennings 1989) and part of the receptor tyrosine kinase family. They consist of an
extracellular, transmembrane and intracellular domain (Harmer et al. 2004; Haugsten
et al. 2010; Ahmad et al. 2012; Touat et al. 2015). The extracellular domain is relevant
for the ligand-receptor binding, which is stabilised by HSPGs, proteoglycans present
on the cell surface and in the ECM (Roghani et al. 1994; Haugsten et al. 2010). FGF2-
mediated functions are translated from the transmembrane region to the intracellular
domain, which leads to the activation of a variety of signalling cascades upon ligand-
receptor binding and FGFR dimerization.

The FGF2-FGFR pathway has been described as a prognostic marker of high-grade
gliomas. Moreover, the activation of these receptors is associated with GBM outgrowth
(Morrison et al. 1990; Loilome et al. 2009). FGFR genomic alterations (e.g.
amplifications, mutations and translocations) are rare compared to other tyrosine
kinases receptors relevant for GBM, such as EGFR and PDGFRa. (Verhaak et al.
2010; Lasorella et al. 2017). FGFR alterations and functions have been broadly
studied in other cancers like bladder (Rhijn et al. 2002), gastric (Dutt et al. 2008),
breast (Chin et al. 2006) and prostrate (Murphy et al. 2010). However, the exact
function of each receptor in GBM is incompletely understood. FGFR1 has been linked
to GBM proliferation (Yamada et al. 1999; Loilome et al. 2009) and radioresistance
(Sooman et al. 2015; Gouazé-Andersson et al. 2016). FGFRS3 function in GBM is most
frequently associated with chromosomal translocations, known as the FGFR3-TACC
fusion (Di Stefano et al. 2015), while FGFRZ2 downregulation is described as a marker
of poor prognosis (Ohashi et al. 2014).

Over the last decade, studies of FGF2 and its receptors in GBM have mainly focused
on their growth-mediating capacities; however, less is known about the role of these
receptors in GSC regulation. Recently, two studies have outlined a possible link
between FGFR1 and stemness regulation (Gouazé-Andersson et al. 2018; Kowalski-
Chauvel et al. 2019). Both papers lack in vitro rescue experiments and in vivo models
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relevant for studying stemness in GBM, as will be discussed later on. As we previously
showed an association between FGF2 and GSCs and because, to our knowledge,
there are no studies that clearly defined the molecular mechanism of how FGFRs
regulate stemness in GBM, we next sought to investigate the role of each FGFR in

GSC maintenance.
4.2 Aims and objectives:

1. To determine the function of FGFR1-3 in hGBM cells employing shRNA-

mediated knockdown in vitro.

2. To analyse the effects of FGFR1-3 loss in GBM progression and invasion by
transplanting FGFR1-3 knockdown cells into immunocompromised mice.

3. To assess the association of FGFR171-3 with GBM patient outcome using TCGA

data.
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4.3 Results
4.3.1 FGFR1knockdown impairs hGBM cell proliferation and clonogenic capacity

To investigate the biological impact of these receptors in GBM, we transiently
transfected patient-derived GBM cells with shRNA-mediated knockdown constructs
against human FGFR1-3 (see Table 2.4). Control and knockdown lentiviral constructs
were encoded within a GFP-expressing lentiviral vector containing an ampicillin
resistance cassette (see section 2.2 for more details). The efficiency of each FGFR
knockdown was compared to control cells and validated by western blot analysis in
hGBM LO cells (Figure 4.1A). All shRNAs satisfactorily attenuated FGFR expression,
and construct #1 of each receptor was selected for production of lentiviral particles
and downstream experiments. GFP positive cells were FACS-purified and knockdown
specificity verified by western blot in hGBM L2 and hGBM U3019 cells (Figure 4.1B).
FGFR1 knockdown increased the expression of FGFR2 and decreased the levels of
FGFR3 in hGBM U3019 while shFGFR2 and shFGFR3 did not have effects on the
other receptors. This may either be an off-target effect of the shRNA used, or it could
indicate a co-regulation between FGFRs in GBM which will be discussion in section
4.4. We further corroborated knockdown efficiency by flow cytometry analysis (Figure
4.1C).
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Figure 4.1. Knockdown validation of human short hairpin constructs against FGFR1, FGFR2 and
FGFR3 (shFGFR1-3). A) Patient-derived GBM cells were transfected with plasmids encoding for shRNA
against human FGFR1-3 (or control). Three different constructs (represented by #1, #2 and #3) were used
for shFGFR1 and shFGFR3 and two for shFGFR2. FGFR knockdowns were measured by western blot
analysis. In all cases construct #1 was selected. B) hGBM cells transduced with shFGFR1-3 clone #1
lentiviral particles. Western blot demonstrates specificity of FGFR knockdown constructs. C) FGFR1-3
knockdowns clone #1 were verified by extracellular FACS (FACS analysis was performed by Anja
Kordowski, MSc student from our group). Shown are histograms for staining intensity (x-axis) versus event
counts (y-axis) for isotype control, FGFR1-3 stained samples, and FGFR1-3 knockdown samples (hGBM

LO, n=3). “n” indicates the number of independent experiments (biological replicates).
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To functionally test the relation between these receptors and GSCs, we performed
sphere-formation assays of shFGFR1-3 hGBM cells. FGFR1 loss consistently
reduced sphere-forming capacity in all hGBM cells (Figure 4.2A), while shFGFR2 had
no effect. However, FGFR3 function was cell line specific (Figure 4.2A). Due to FGF2
being more relevant for sphere-formation than EGF as we and others have shown
(Bajetto et al. 2013), we attempted to examine sphere-forming frequency of shFGFR1-
3 in hGBM cells after FGF2 treatment. FGF2 stimulation rescued sphere-forming
capacity after knockdown of FGFR2 or FGFR3, but not FGFR1 (Figure 4.2B). These
results are consistent among the three cell lines and indicate that FGFR1 is essential
to mediate the effect of FGF2 on hGBM cell self-renewal.
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Figure 4.2. FGFR1 knockdown reduces sphere-forming capacity. A) shCo and shFGFR1-3 hGBM
cells were treated with EGF+FGF2. Knockdown of FGFR1, but not FGFR2 results in decreased sphere-
forming frequency compared to control cells. By the contrary, the effect of shFGFR3 varies among cell
lines (hGBM L2 n=6, U3019 n=9, hGBM L1 n=6, hGBM L0 n=5, one-way ANOVA, Dunnett's multiple
comparison test). B) Sphere-forming assays with EGF or EGF+FGF2 reveal that knockdown of FGFR1
consistently blocks self-renewal in three patient-derived GBM cell lines. On the other hand, loss of
FGFR2 and FGFR3 increased self-renewal in response to FGF2 stimulation (hGBM LO n=6, hGBM L1
n=6, hGBM L2 n=6, two-way ANOVA, Sidak’s multiple comparisons test). Number of spheres were
quantified 5 days (hGBM L0-L2) and 7 days (hGBM U3019) after plating. “n” indicates the number of
independent experiments (biological replicates). Data are mean + SEM.
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To exclude possible off-target effects of the shFGFR1 construct used (shFGFR1#1),
we assessed sphere-forming capacity of hGBM cells transduced with three
aforementioned shFGFR1 plasmids. In support of previous results, shFGFR1 clones
#1, #2, #3 reduced the number of spheres formed, although clone #1 was the most
efficient (Figure 4.3A). These results were also confirmed by colony-forming assay
(Figure 4.3B and Figure 4.3C). Colonies with a 200-600 um diameter were quantified
2 weeks after plating. Finally, the reduction in spheres and colonies after FGFR1 loss
was also accompanied by a decrease in proliferation (Figure 4.3D). Taken together,
these results identify FGFR1 as a key receptor for transducing FGF2 signal to GSC
maintenance and proliferation in vitro.
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Figure 4.3. FGFR1 knockdown decreases clonogenic capacity and proliferation. A) Bar graphs
show a decrease in sphere-forming frequency of hGBM cells transduced with shFGFR1 clone #1, #2,
#3. Cells were treated with EGF+FGF2 and number of spheres quantified 5 days after plating (hGBM
LO n=7, hGBM L2 n=4, one-way ANOVA, Dunnett’'s multiple comparison test). B) shFGFR1#1 was
selected for subsequent CFC assay. Colonies were fed with growth factors twice a week and number
of colonies quantified after 14 days (hGBM LO, L1, L2 n=2). Despite this assay shows a reduction in
colony formation, at least one more biological replicate will be needed to asses statistical significance.
C) Representative image of shCo vs shFGFR1 colonies. Scale bar = 5 mm. D) Fold expansion rate
significantly decreased after FGFR1 loss in hGBM L1 and hGBM U3019 cells (hGBM L1 n=8, hGBM
U3019 n=7, one-way ANOVA, Dunnett's multiple comparison test). “n” indicates the number of
independent experiments (biological replicates). Data are mean + SEM.
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4.3.2 Functional rescue of shFGFR1 by targeted expression of this receptor

In view of the fact that FGFR1 knockdown decreases sphere-formation in all hGBM
cell lines tested, we next investigated whether this effect can be rescued by FGFR1
overexpression. We first produced FGFR1-overexpressing constructs by cloning full-
length FGFR1 into a lentiviral expression vector using gateway technology (section
2.4). This construct contained a RFP reporter (while shFGFR1/shCo cells express
GFP), enabling FACS purification of shFGFR1/shCo cells transduced with FGFR1
overexpression lentiviral particles (thus, GFP+/RFP+ cells) (Figure 4.4A). Western
blot analysis for FGFR1 expression showed that the cloned overexpression plasmid
successfully rescued FGFR1 expression protein levels in shFGFR1 cells (Figure
4.4B). In addition, full-length FGFR1 expression increased sphere-forming frequency
in control cells and rescued the number of spheres in FGFR1 knockdown cells to
control levels (Figure 4.4C).
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Figure 4.4. FGFR1 overexpression increases sphere-formation in control and FGFR1
knockdown cells. A) Schematic of experimental procedure. shFGFR1 and shCo cells were transduced
with FGFR1 overexpression lentiviral particles. Cells positive for both reporters GFP and RFP were
sorted by FACS (Image created with biorender.com). B) Western blot analysis shows an increase in
FGFR1 expression upon FGFR1 overexpression in shCo and shFGFR1 hGBM L0 and hGBM L1 cells.
C) FGFR1 significantly increases sphere-formation in both shCo (black bars) and shFGFR1 cells (blue
bars). Number of spheres were quantified 5 days after plating (hGBM L0 n=9, hGBM L1 n=9, two-way
ANOVA, Sidak’s multiple comparisons test). “n” indicates the number of independent experiments
(biological replicates). Data are mean + SEM.
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4.3.3 Endogenous FGFR1 promotes clonogenic capacity

To further substantiate the pivotal role of FGFR1 in GSCs, we investigated the ability
of FGFR1-expressing cells to form colonies. hGBM LO cells were stained for FGFR1
and sorted by FACS into FGFR1+ and FGFR1- cells (Figure 4.5A and Figure 4.5B).
The histogram in Figure 4.5B shows positive FGFR1 staining in hGBM LO cells
compared to an isotype control. Immediately after sorting, cells were plated in serial
dilutions in collagen matrix to test for colony-formation. Limiting dilution assay shows

FGFR1+ cells have greater colony-forming potential than the FGFR1- population
(Figure 4.5C and Figure 4.5D).
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Figure 4.5. FGFR1+ cells induce colony-formation. A) Schematic representation of the experimental
procedure. hGBM LO stained with FGFR1 antibody are isolated by FACS, into FGFR1+ and FGFR1-
cells and immediately plated for CFC assay (Image created with biorender.com). B) Histogram
representing the gating strategy to sort FGFR1+, FGFR1- and the isotype control. C) FGFR1+/- were
plated in collagen matrix in three different concentrations: 2,500/1,250 and 750 cells per well. Cells were
fed twice a week with growth factors and the number of colonies per well quantified 14 days after plating.
FGFR1+ have greater clonogenicity (hGBM L0 n=7, two-way ANOVA, Sidak’s multiple comparisons
test). Data are mean + SEM. D) Representative image of hGBM L0 CFC in both populations and in the

three different plating densities. Scale bar = 2 mm. “n” indicates the number of independent experiments
(biological replicates).
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4.3.4 FGFR1 knockdown increases survival of tumour-bearing mice

To our knowledge, currently there are no studies that specifically describe and
compare the tumorigenic function of FGFR1-3 in vivo. Therefore, to assess the
biological impact of these receptors in tumour progression and survival, we used GBM
xenograft mouse models. Primary patient-derived GBM cells were transduced with
FGFR1-3 knockdown (or shControl) lentiviral particles. GFP positive cells were
purified and intracranially implanted into immune-compromised Fox-Chase SCID
mice. Mice reaching the defined endpoint criteria were culled (see section 2.10 for
more details), and tissue harvested for histological analysis. Percent survival of mice
bearing tumours derived from shFGFR1-3 hGBM cells was examined, and mouse
brain tissue sections analysed by immunofluorescence staining (Figure 4.6A).

We initially compared survival time of mice transplanted with hGBM LO, L1 and L2
cells. Our results identified hGBM L1 as the most aggressive cell line as mice bearing
hGBM L1 tumours died 30 - 35 days post transplantation (Figure 4.6B). Mice
implanted with hGBM L2 cells had the longest survival ranging from 50 - 70 days
(Figure 4.6B). These cell lines were previously used in xenograft models by
Siebzehnrubl et al. who demonstrated that hGBM L2 was an invasive cell line
(Siebzehnrubl et al. 2013). As we aimed to investigate invasion index of shFGFR1-3
tumours, we selected the most invasive hGBM cell line, hGBM L2, for our xenograft
models.

Mean fluorescence intensity (MFI) was quantified in shFGFR1/shControl tumour
sections to assess FGFR1 knockdown efficiency. FGFR1 MFI was 61% lower in
patient-derived GBM shFGFR1 cells than in the control (Figure 4.6C and Figure
4.6D). Our results demonstrate a significant increase in survival of mice implanted with
shFGFR1#1 and shFGFR1#2 hGBM cells compared to control mice (Figure 4.6E).
Mice implanted with shFGFR1#1 hGBM survived longer than those implanted with
shFGFR1#2, which is consistent with our previous sphere and colony-forming data
where we already demonstrated a higher knockdown efficiency of this clone. In line
with these results, hGBM LO shFGFR1#1 also showed a significant improvement in
survival compared to controls (Figure 4.6F). Together, these data identify FGFR1 as

a crucial receptor regulating tumour progression.
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Figure 4.6. FGFR1 knockdown increases survival of tumour-bearing mice. A) Schematic
representation of intracranial transplantation of hGBM cells transduced with shFGFR1-3 (or shCo)
constructs. 50,000 cells were transplanted in a volume of 5 ulL per mouse. Mice started showing
neurological symptoms 40-60 days after transplantation depending on cell line. Brain tissue sections
were analysed by immunostaining and survival was examined by Kaplan-Meier analysis (Image
created with biorender.com). B) Kaplan-Meier curves of mice bearing tumours derived from hGBM L0
(n=3, median survival 46 days), hGBM L1 (n=4, median survival 29.5 days) and hGBM L2 (n=4, median
survival 55.5 days) were compared. C) Immunofluorescence shows FGFR1 is absent in FGFR1
knockdown tumours (lower panels) compared to control sections (upper panels). D) Knockdown of
FGFR1 (61%) was quantified by measuring the MFI of shCo and shFGFR1 stained sections (n=3,
unpaired t-test). Scale bar = 100 um (Immunofluorescence analysis performed by Nawal Alshahrany,
MSc Student from the lab). E) Orthotopic implantation of shFGFR1#1-hGBM L2 (n=7, median
survival=54.5 days) and shFGFR1#2-hGBM L2 (n=8, median survival 49 days) cells increased survival
time of tumour-bearing mice compared to controls (n=7, median survival 43 days). F) Orthotopic
implantation of shFGFR1#1-hGBM L0 (n=4, median survival 43.5 days) also showed significant survival
benefits compared to controls (n=4, median survival 31 days). “n” indicates the number of independent
experiments (biological replicates). Statistical analysis for survival data: Long-rank test.
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On the other hand, immunofluorescence of shFGFR2 hGBM L2 tumour sections,
showed a FGFRZ2 knockdown efficiency of 55% (Figure 4.7A and Figure 4.7B). An
evaluation of FGFR3 staining in shFGFR3 tumour sections was not possible as we did
not have a suitable anti-FGFR3 antibody for immunostaining analysis. Our results
indicate that FGFR2 knockdown increased median survival time in mice (Figure
4.6C). No survival benefit was seen after FGFR3 knockdown compared to the control
group (Figure 4.7D). Finally, to verify that the transplantation technique was
successful, we transplanted shZEB1 hGBM cells. In line with the data from
Siebzehnrubl et al., our results showed a significant increase in survival after ZEB1
loss (Figure 4.7E) (Siebzehnrubl et al. 2013).
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Figure 4.7. FGFR2 and FGFR3 knockdown effects on survival of tumour-bearing mice. A)
Immunofluorescence shows FGFR2 is absent in FGFR2 knockdown tumours (lower panels) compared
to control sections (upper panels). Scale bar 100 um (Immunofluorescence analysis performed by
Nawal Alshahrany MSc Student from the lab). B) Knockdown of FGFR2 (55%) was quantified by
measuring the MFI of shCo and shFGFR2 sections (n=3, unpaired t-test). C) Orthotopic implantation
of shFGFR2-hGBM L2 cells increased survival of tumour-bearing mice (n=7, median survival 50 days,
shCo n=7, median survival 43 days), while D) shFGFR3-hGBM L2 cells transplantation had no effect
on mice survival (n=4, median survival 46.5 days). E) Significant results were also obtained from
shZEB1 transplantations (n=4, median survival 54 days). “n” indicates the number of independent
experiments (biological replicates). Statistical analysis for survival data: Long-rank test.
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4.3.5 Limiting dilution orthotopic xenografts indicate FGFR1 is enriched in GSCs

Our previous in vivo results identified FGFR1 as a marker of tumour progression and
survival in GBM. To investigate whether this receptor is also functionally associated
with GSC self-renewal and tumour-formation capacity, we performed in vivo limiting
dilution cell transplantation assays (LDA) using shFGFR1 hGBM cells. LDA is an
experimental technique used to determine the proportion of GSCs, or GSC frequency,
in the total population of cancer cells (Richichi et al. 2016). To calculate GSC
frequency, different cell numbers are implanted into immunocompromise mice,
expecting a correlation between the number of implanted cells and the number of mice
bearing tumours (Al-Hajj et al. 2003). One of the first studies using this approach in
brain cancer xenografts was Singh et al. (Singh et al. 2004). Subsequent studies have
used LDA to identify GSCs in vivo (Deleyrolle et al. 2011; Siebzehnrubl et al. 2013;
Richichi et al. 2016).

We performed orthotopic implantations of FGFR1 knockdown and control cells in three
different groups of mice: a first group implanted with 50,000 cells, a second one with
10,000 cells and the last one with 1,000 cells (Figure 4.8A). hGBM LO cells were
selected for this experiment because this cell line shows greater expression of FGFR1
compared to hGBM L1 and hGBM L2 (FACS plots Figure 3.6). Numbers of mice
bearing tumours were quantified, and stem cell frequency was analysed by extreme
limiting dilution analysis (ELDA) (Hu and Smyth 2009) (Figure 4.8A). Our results
demonstrate an approximate 6-fold decrease in GSC frequency after FGFR1
knockdown. To complement this data, we also used limiting dilution orthotopic
xenografts to determine the stem cell frequency of FGFR1+ and FGFR1- cell
populations. hGBM LO cells were stained for FGFR1, FACS-purified and immediately
transplanted into mice as described in Figure 4.8C. ELDA of tumour-formation
demonstrated an approximate 5-fold enrichment of GSCs in FGFR1+ cells (Figure
4.8D). Together, these data strongly support that FGFR1 induces GSC self-renewal

and tumour initiation capacity.
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Figure 4.8. Limiting dilution orthotopic xenografts. A) Schematic representation of LDA xenografts of
shFGFR1 (green cells) and shCo (light green cells) hGBM LO cells. Immunocompromised mice were
implanted with three different concentrations of shFGFR1 (or shCo) cells: 50,000/10,000/1000 cells (n=4,
n=6 and n=6 respectively). Cells were intracranially implanted in a volume of 5 uL. Number of mice bearing
tumours was quantified. Estimated stem cell frequency (number of GSCs per number of non-GSCs) and
lower and upper stem cell frequency confidence intervals (in brackets) are indicated in B) and D) right panel.
B) GSC frequency was significantly higher in shCo (~ 1 GSC per 2,485 cancer cells) compared to shFGFR1
(~ 1 GSC per 14,611 cancer cells). C) Schematic representation of LDA xenografts of hGBM LO cells sorted
for FGFR1+ (blue cells) and FGFR1- (red cells). D) GSC frequency of FGFR1+ cells (~ 1 GSC per 4,479
cancer cells) was significantly higher than in the FGFR1- population (~ 1 GSC per 26,227 cancer cells).
Stem cell frequency was calculated using ELDA. Chi square test was used to assess the differences in
stem cell frequencies between groups. “n” indicates the number of independent experiments (biological
replicates). A) and C) were created with biorender.com.
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4.3.6 FGFR1 expression correlates with poor patient outcome in GBM

We next used Kaplan-Meier analysis of the TCGA Glioblastoma Multiforme
(provisional) dataset to further investigate which FGFR may be most relevant for
patient outcome. This analysis confirmed that high expression of FGFR1 is associated
with poor outcome (Figure 4.9A), while for FGFRZ2 the relationship was inverse with
augmented FGFR2 expression correlating to a better prognosis (Figure 4.9B). No
significant correlation was apparent for FGFR3 and patient survival (Figure 4.9C).
Although we excluded FGFR4 from our analysis, we assessed its impact in patient
outcome. In line with FGFR3 data, FGFR4 had no significant effect (Figure 4.9D).
These findings support our in vivo data, where mice implanted with FGFR1 knockdown
cells showed longer survival than the controls and further highlight the crucial role of
this receptor in patient outcome.

A Overall survival of FGFR1 B Overall survival of FGFR2
100 1 100+ )
2 80 — FGFR1 low 2 807
5 2
»w 604 % 60
€ €
g 401 8 40
[} [
o 204 o 50
*hkk kkkk
0 T T 1 0 T T 1
0 2000 4000 6000 0 2000 4000 6000
Time (days) Time (days)
c Overall survival of FGFR3 D Overall survival of FGFR4
100 ~ 100+
FGFR3 high .
® 804 — w 804 - FGFR4 high
3 FGFRS3 low 3 — FGFR4 low
> >
2 60+ 2 60-
[ ]
s 40 S 40
o o
S 20+ & 204
n.s n.s
0 T T 1 C T T 1
0 2000 4000 6000 0 2000 4000 6000
Time (days) Time (days)

Figure 4.9. Correlation of FGFR expression with patient survival. Kaplan-Meier analysis of
TCGA GBM data (n=260), stratified for above-median (high) or below-median (low) gene expression
shows a significantly poorer survival in A) FGFR1 high tumours, but B) increased survival of FGFR2
high tumours. C) FGFR3 and D) FGFR4 expression has no effect on survival. Median survival per
group in days: FGFR1 high=375; FGFR1 low=771 d; FGFR2 high=648 d; FGFR2 low=448 d; FGFR3
high=506 d; FGFR3 low=535 d; FGFR4 high=492 d; FGFR4 low=532 d. Statistical analysis: Log
Rank Test. Bioinformatic analysis performed by Dr Daniel J. Silver (Cleveland Clinic). “n” indicates
the number of independent experiments (biological replicates).
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4.3.7 FGFR1 knockdown reduces invasion in GBM xenografts

Factors regulating cell adhesion molecules, ECM and cytoskeletal remodelling are
crucial for glioma invasion (Brabletz and Brabletz 2010). ZEB1 is one of the key
determinants regulating invasion and it is highly expressed in the invasion front of the
tumour (Siebzehnrubl et al. 2013). In addition, SOX2 and OLIG2 are also important
factors associated with GSC migration (DeCarvalho et al. 2010; Singh et al. 2016). As
we have previously showed that FGF2 promotes the expression of ZEB1, SOX2 and
OLIG2 and regulates stemness through FGFR1, we hypothesised that FGFR1 may
also be associated with invasive phenotypes in GBM. Immunostaining of shFGFR1,
shFGFR2, shFGFR3 and control tumours was performed to assess tumour
morphology and invasion. To facilitate tumour visualization and invasion
quantification, grayscale fluorescence images were inverted into black (tumour mass)
on white. Figure 4.10A shows representative images of mouse brain sections
containing FGFR1-3 knockdown tumours compared to control. A clear tumour mass
integrated in the brain parenchyma was appreciated in shFGFR2, shFGFR3 and
control tumours. However, shFGFR1 hGBM cells only formed small tumours in the
vicinities of the ventricular area and close to the implantation site. To compare invasive
characteristics among tumours, the ratio of the squared perimeter distance over the
area (P?/A) per section was calculated. This formula produces a dimensionless
number (‘Invasion Index’) that has been previously used to quantify GBM invasion and
dispersal in xenografts (Siebzehnrubl et al. 2013; Hoang-Minh et al. 2018). Only
tumours growing within the brain parenchyma were quantified as “invasive and
integrated tumour” areas as described in section 2.14. Figure 4.10B shows individual
values for each of the sections stained per brain. Our data demonstrated that FGFR1
knockdown significantly reduced GBM invasion compared to shFGFR2, shFGFR3 and
control xenografts (Figure 4.10C). Taken together these finding suggests that FGFR1
may confer GSCs with invasive characteristics.
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Figure 4.10. FGFR1 knockdown reduces tumour invasion. A) Representative images of shFGFR1
(upper-right), shFGFR2 (lower-left), shFGFR3 (lower-right), shControl (upper-left) tumours stained with
GFP to boost the fluorescence signal of the GFP-expressing implanted cancer cells. Fluorescence images
were inverted to single-colour black on white. Outline of a tumour mass (black) highlighted by dashed red
lines. Representative scale bar 1mm applies to all images. B) Graph showing individual invasion indices
of all stained sections (y axis) per group (x axis represents the brain/mouse ID): shCo (black), shFGFR1
(blue), shFGFR2 (green), shFGFR3 (orange). Dots correspond to individual stained sections per brain.
Only invasive sections per brain were analysed. Solid line represents confidence interval and mean. C)
Average invasion index across all quantified sections demonstrates that only FGFR7 knockdown
significantly reduces invasion. shCo n=4, shFGFR1 n=6, shFGFR2 n=7, shFGFR3 n=5. Statistical
analysis: Data are mean + SEM, one-way ANOVA, Dunnett’'s multiple comparisons test. “n” indicates the
number of independent experiments (biological replicates).
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4.4 Discussion

In this chapter, we perform a comprehensive analysis of the biological impact of
FGFR1, FGFR2 and FGFR3 knockdowns in GBM. We examine the sphere-forming
and clonogenicity capacity of these cells in vitro and their invasive, tumour-formation
and tumour progression characteristics in vivo. We also study these features in
FGFR1+ and FGFR1- sorted cells and use TCGA dataset analysis to examine the
association of each FGFR with patient survival.

The FGF2-FGFR pathway is involved in the activation of mitogenic, anti-apoptotic and
invasive cell responses crucial for GBM progression (Yamada et al. 1999; Dienstmann
et al. 2014). However, less is known about the specific mechanisms involved in FGF2-
FGFR-mediated GSC regulation. Our data demonstrate that FGFR2 knockdown does
not affect GSC sphere-forming capacity, while the effect of FGFR3 loss is cell line
dependent. The latter could be the result of heterogeneous expression of FGFRS3,
differences in FGFR3 splicing variants and/or possible mutations of this receptor
among cell lines which would be interesting to investigate further. Importantly, FGFR1
knockdown reduced sphere-forming capacity in every hGBM cell line tested. This data
was corroborated by a recent study from Kowalski-Chauvel et al. who showed that
both a6 integrin and FGFR1 knockdown reduced sphere numbers in two primary
patient-derived GBM lines (Kowalski-Chauvel et al. 2019). Nonetheless, this study
lacks a combination of experimental approaches such as; colony forming assay,
rescue experiments and in vivo models required to validate its results. We therefore
showed that FGFR1 knockdown not only decreases sphere-forming capacity, but also
colony-forming features of hGBM cells. In addition, to further substantiate the pivotal
role of FGFR1 in GSC regulation we rescued this phenotype by overexpressing
FGFR1. Finally, we demonstrated that FGF2 treatment induced sphere-forming
capacity of shFGFR2 and shFGFR3 but not shFGFR1 hGBM cells, which

corroborated FGF2-FGFR1-mediated sphere-formation response.

On the other hand, inhibition of FGFR signalling has been linked to an anti-proliferative
function in cancer (Brooks et al. 2012). In GBM, FGFR1 expression was associated
with an increase in cell proliferation (Stachowiak et al. 1997; Loilome et al. 2009;
Kowalski-Chauvel et al. 2019), but whether other FGFRs also contributed to this
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function was not directly tested by these studies. Our results identified FGFR1 as a
potential translator of FGF2 cues in hGBM cell proliferation, while FGFR2 and FGFR3
did not have a significant impact. Ohashi et al. suggested a link between tumours with
higher expression of FGFR2 and significantly less proliferation as identified by Ki-67
staining (Ohashi et al. 2014). Nevertheless, a direct link with FGFR2 signalling was
not clearly described. Another study analysing glioma TCGA data identified a negative
correlation between FGFR3 expression and genes associated with mitosis and cell
cycle (Wang et al. 2016). Therefore, further work (e.g. BrdU in vivo experiments)
needs to be performed to understand the role of FGFR2 and FGFR3 in GBM growth
and proliferation.

In addition, FGFR1 signalling has been associated with higher glioma grade,
malignancy and radioresistance (Yamaguchi et al. 1994; Gouazé-Andersson et al.
2016). Using GBM xenografts from FGFR1 knockdown hGBM cells, we demonstrated
that loss of FGFR1 reduces tumour growth and increases mice survival. Furthermore,
our results from Kaplan-Meier analysis of the TCGA GBM data indicate that FGFR1 is
related with poorer patient survival. These findings are consistent with previous
studies that identified FGFR1 as a prognostic factor for overall survival and
progression duration in GBM patients (Ducassou et al. 2013). On the other hand, an
inverse correlation between FGFR2 expression and glioma grade has been described
(Ohashi et al. 2014). Renu et al. demonstrated FGFRZ2 was depleted in at least a third
of the GBM samples in the TCGA dataset which also coincided with PTEN deletion
(Renu et al. 2015). These deletions are associated with loss of Chr. 10q which is
described as unfavourable prognosis factor (Daido et al. 2004). Similarly, our TCGA
data analysis demonstrated a link between high levels of FGFR2 and improved patient
survival. By the contrary, our FGFR2 knockdown xenografts resulted in increased
survival compared to control mice. Therefore, further work is required to understand
the role of FGFR2 signalling in GBM tumorigenesis. In contrast, we showed no change
in the survival of immunocompromised mice transplanted with FGFR3 knockdown.
This is in line with our analysis of TCGA GBM data, which demonstrated that FGFR3

had no impact on overall survival in glioma patients.

Functionally, FGFR1 expression in malignant glioma has been associated with
increased migration of cancer cells (Fukai et al. 2008; Gouazé-Andersson et al. 2018).
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In addition, we demonstrated that FGFR1 loss also results in reduced tumour invasion
in vivo. Despite FGFR2 promoting migration and invasion in other cancers (Nomura
et al. 2008; Stehbens et al. 2018; Kim et al. 2019), to our knowledge no studies ascribe
this function to FGFR2 in GBM as yet. Our results demonstrate that FGFR2 signalling
is not associated with GBM invasion in vivo. On the other hand, a recent study
investigating gene expression using single-cell RNA-Seq in GBM patient samples
found that FGFR3 levels were five-fold higher in infiltrative GBM cells compared to the
tumour core (Darmanis et al. 2017). While this may suggest an association of FGFR3
with tumour invasion, it is not known if this receptor functionally promotes this function
in GBM. Complementary to our FGFR2 data, our results showed no effect in invasion
of FGFR3 knockdown tumours. Nonetheless, it remains to be tested whether this lack

of effect is cell line specific.

As the findings described in this section outline a crucial role of FGFR1 in GBM
progression and since to our knowledge no current studies investigate cell surface
expression of FGFR1 as possible GSC marker, we further examined whether this
receptor could be used to enrich GSCs. We employed limiting dilution assays of
FGFR1+ and FGFR1- sorted cell populations in vitro and in vivo. Our results
demonstrated FGFR1+ cells showed higher colony-forming capacity in vitro and
increased tumour-formation capacity in vivo compared to cells negative for FGFR1.
These findings are consistent with an enrichment of GSCs in FGFR1+ cells, which is
confirmed by the higher stem cell frequency in this population analysed by ELDA

software.

On the other hand, our western blot data analysis indicates that FGFR1 knockdown
increased FGFR2 levels which suggests that FGFR1 may promote the growth of more
aggressive tumours by inhibiting FGFR2 expression. Crosstalk between different
tyrosine kinase receptors has been described in GBM and other cancers (Huang et al.
2007; Ware et al. 2013; Tiash and Chowdhury 2015). Nonetheless, to our knowledge
crosstalk between FGFR subtypes has not been identified in gliomas. To assess
whether FGFR1 actually regulates FGFR2, overexpression and rescue experiments
will be needed. As an example, a reduction in FGFR2 levels in FGFR1 overexpressing
cells and in shFGFR1 cells transduced with FGFR1 expression constructs would be
expected. Moreover analysis of the cell surface FGFR expression patterns in FGFR1-
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3 sorted populations and FGFR1-3 knockdown cells by flow cytometry would help to
understand the complex interaction between FGFRs in GBM.

In conclusion, we performed a comprehensive analysis of the functions of FGFR1-3
in GBM and outlined FGFR1 as important regulator of tumour progression,
proliferation, invasion and tumour-formation in GBM (Figure 4.11). Whether this
receptor is associated with key GSC/stemness-related transcription factors will be

tested in the next chapter.

Clonogenicity
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Figure 4.11. Diagram depicting the role of FGFR1-3 in GSCs. FGFR1 promotes the activation
(represented by a blue arrow) of downstream targets and genes associated with stemness, invasion,
tumour progression and formation. FGFR2 and FGFR3 are not involved (represented by red crosses)
in the regulation of these cell responses. Image created with biorender.com
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5.1 Introduction

Extracellular stimuli are received at the cell surface, and transduced into specific
cellular responses through the activation of an extensive network of signalling
pathways (Lake et al. 2016). Tyrosine kinase receptors act as mediators and
translators of these cues by the phosphorylation of their cytoplasmatic tyrosine kinase
domain. For this to happen, the hydroxyl group of the tyrosine residues receives a y-
phospho group from ATP, which triggers subsequent phosphorylation events on
downstream targets (Lew et al. 2009; Touat et al. 2015). Among the tyrosine receptor
kinase family, FGFRs orchestrate the activation of multi-protein complexes associated
with cell proliferation, survival, cytoskeletal regulation and receptor degradation (Tiong
et al. 2013). FGFR-mediated cell survival is mainly promoted by the activation of
PIBK/AKT and STATs signalling (Porebska et al. 2018), while RAC/JNK/p38 and
RAS/MEK/MAPK signalling pathways are relevant for cell proliferation (Beenken and
Mohammadi 2009; Porebska et al. 2018).

Tyrosine kinase receptor aberrations lead to the constitutive activation of these
pathways resulting in abnormal cellular responses associated with tumorigenesis
(Soni et al. 2005). The RAS signal-regulated kinases, ERK1/2 and PI3K/AKT, are two
of the main hyperactivated pathways in GBM (Holland et al. 2000; Hannen et al. 2017).
Holland et al. demonstrated that constitutive activation of Ras/Akt (using lentiviral
vectors encoding for the mutant form of K-Ras, RCAS-Kras) induced malignant
transformation of neural progenitors into high-grade gliomas (Holland et al. 2000). On
the other hand, the ERK1/2-dependent RAF/MEK pathway, is associated with
mesenchymal subtypes in GBM (Brennan et al. 2013), with its inhibition being linked
to differentiation of GSCs and a decrease in MGMT expression (Yang et al. 2008;
Soeda et al. 2009; Sato et al. 2011). Importantly, dual inhibition of ERK1/2 and
PISK/AKT reduces sphere-formation in vitro and tumour-formation in vivo (Sunayama
et al. 2010).

STAT3 is also associated with maintenance of GSCs (Chang et al. 2017), as its
knockout reduces clonogenicity capacity (Xie et al. 2019). Furthermore, STAT3 is a
marker of poor prognosis in GBM as it promotes invasion, anti-apoptosis and GBM
progression (Gong et al. 2015; Chang et al. 2017). The role of p38 in GSC regulation
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is more controversial. Some studies describe p38 as a tumour suppressor (Frey et al.
2006; Han and Sun 2007), while others associate p38 inhibition with a decrease of
GSC proliferation and a regulation of their transient amplifying state (Soeda et al.
2017).

Due to these signalling pathways being crucial for GSC maintenance, along with our
previous demonstration that FGFR1 is the only FGFR associated with stemness in
GBM, we sought to assess how FGFR1 regulates stemness-associated transcription
factors and identify the downstream signalling pathway(s) involved in FGFR1-
mediated GSC control.

5.2 Aims and objectives:

1. To investigate whether FGFR1 regulates ZEB1, SOX2 and OLIG2 expression
in hGBM cells.

2. To examine which intracellular signalling pathways are activated after FGF2

treatment

3. To study FGFR1-mediated signalling pathways by performing phospho-
western blot analysis in FGFR1 knockdown cells.
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5.3 Results
5.3.1 FGFR1 regulates stem cell transcription factors in GBM.

Previous chapters demonstrated that FGF2-FGFR1 regulates GSCs and that FGF2
induces the expression of ZEB1, SOX2 and OLIG2. We next investigated whether
expression of this triad of stemness-associated transcription factors is mediated by
FGFR1. Western blot analysis of FGFR1 knockdown cell lysates shows a decrease in
the protein levels of ZEB1, SOX2 and OLIG2 compared to control cells (Figure 5.1A
and Figure 5.1C). We further demonstrated that hGBM cells transduced with a full-
length FGFR1 overexpression construct exhibit increased levels of these transcription
factors compared to cells transduced with an empty vector (Figure 5.1B and Figure
5.1C).
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Figure 5.1. FGFR1 knockdown decreases ZEB1,SOX2 and OLIG2 expression while the inverse
effect is seen after FGFR1 overexpression. A) Knockdown FGFR1 hGBM L2 and hGBM LO cells
were treated with 30 ng/mL FGF2 (+EGF/heparin) for 48 h. Cell lysates of these cells were subjected
to immunoblot analysis with ZEB1, SOX2 and OLIG2 antibodies. GAPDH was used as loading control.
B) hGBM L0 and hGBM L1 cells were transduced with full-length FGFR1 expression or control lentiviral
particles and subsequently treated with 30 ng/mL FGF2 (+EGF/Heparin) for 48h. Cell lysates of these
cells were subjected to immunoblot analysis with the indicated antibodies from A) including FGFR1. C)
Schematic representation of the conclusion from A) and B) (Image created with biorender.com).
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To verify that ZEB1, SOX2 and OLIG2 are downstream targets of FGFR1, we
performed rescue experiments with FGFR1 knockdown and ZEB1 knockdown hGBM
cells. Considering that Singh et al. demonstrated a cross-regulation interdependency
between these transcription factors in GSCs (Singh et al. 2017), we selected ZEB1
knockdown for our rescue experiments hypothesising that shSOX2 and shOLIG2
would have similar effects. We find that FGFR1 overexpression rescues ZEB1, SOX2
and OLIG2 protein levels in FGFR1 knockdown cells (Figure 5.2A). Importantly,
FGFR1 overexpression is not sufficient to fully rescue the expression of these
transcription factors in cells carrying a ZEB1 knockdown (Figure 5.2A). In view of the
fact that ZEB1, SOX2 and OLIG2 are associated with self-renewal and stemness we
also performed sphere-forming assay experiments. Similarly, our data indicates an
increase in sphere-forming capacity in control cells transduced with FGFR1
overexpression, while this phenotype could not be rescued after ZEB1 loss (Figure
5.2B and Figure 5.2C). This indicates that ZEB1 is downstream of FGFR1.
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Figure 5.2. ZEB1, SOX2 and OLIG2 expression in FGFR1 knockdown cells is rescued after FGFR1
overexpression. A) shFGFR1 and shZEB1 hGBM L0 and hGBM L1 cells were transduced with an empty
vector (control) or and FGFR1 overexpression construct. Cell lysates were subjected to immunoblot
analysis with the indicated antibodies. GAPDH was used as loading control. The expression of these
transcription factor is rescued after FGFR1 expression in shFGFR1 cells but not after ZEB1 loss. B)
control (black bars) and shZEB1 (green bars) hGBM LO and hGBM L1 cells were transduced with an
empty vector (control) or and FGFR1 overexpression construct. Sphere-formation could not be rescued
in ZEB1 knockdown cells. Number of spheres was quantified 5 days after plating (hGBM L0 n=9, hGBM
L1 n=9, two-way ANOVA). Data are mean + SEM. C) Schematic representation of conclusions from A)
and B) (Image created with biorender.com).
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Finally, we investigated the expression of these transcription factors in FGFR1+ and
FGFR1- cell populations. Our results indicate that FGFR1+ cells show greater
enrichment for ZEB1, SOX2 and OLIG2 at the protein level compared to the FGFR1-
population (Figure 5.3A and Figure 5.3B). Together, this data strongly supports that
ZEB1, SOX2 and OLIG2 are downstream targets of FGF2/FGFR1 signalling.
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Figure 5.3. FGFR1 is endogenously associated with a stem cell population. A) Extracellular
FGFR1 staining was performed in hGBM LO cells. FGFR1+ and FGFR1- cells were lysed immediately
after cell sorting and lysates were subjected to immunoblot analysis with the indicated antibodies.
GAPDH was used as loading control. FGFR1+ cells express higher levels of FGFR1, ZEB1, SOX2
and OLIG2. B) Schematic representation of experimental procedure and results (Image created with
biorender.com).

5.3.2 ERK1/2, STAT3 and p38 phosphorylation increases after FGF2 stimulation

We next sought to investigate which intracellular signalling pathways are activated
through the FGF2-FGFR1 axis in hGBM cells. In order to simultaneously analyse
different pathways, we use a PathScan Intracellular Signalling Array. This kit allows
for the detection of 18 well-characterised signalling molecules that are phosphorylated
or cleaved by a wide range of extracellular signals (e.g. growth factors, cytokines,
hormones). The PathScan is a slide-based antibody array and follows the same
principle as a dot blot assay (Figure 5.4A). Each slide contains 8 different squares
coated with nitrocellulose where 18 phospho-antibodies are spotted in duplicates.
Figure 5.4A, shows a graph with the 18 signalling pathways targeted in this array, with
numbers indicating the position of each targeted molecule on the slide. Number 1 and
2 represent positive and negative controls, respectively.
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Number Target Phosphorylation
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2 Negative control N/A
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Figure 5.4. PathScan intracellular signalling-array map. Target map of the PathScan intracellular
signalling array kit (chemiluminescent readout). Representation of a pad-slide (left). Targets 1 and 2
represent positive and negative controls respectively, and targets 3-20 correspond to 18 signalling
molecules detected when phosphorylated (targets 1-17 and 20) or cleaved (targets 18 and 19).
Phosphorylation/cleaved sites on each targeted molecule are provided in the table. Image from Cell
Signalling Technology protocols.

hGBM LO cells were deprived of growth factors that could promote the activation of
intracellular signalling cascades for 48h. Cells were treated with 60 ng/mL of FGF2
and heparin for 10 min (Figure 5.5A, right panel), and untreated cells were used as
control (Figure 5.5A, left panel). Proteins were isolated and immediately used for the
array without going through freeze and thaw cycles. To visually examine
phosphorylation/cleavage of targeted molecules it is necessary to compare Figure
5.5A with Figure 5.4 as the latter represents the target map. To accurately identify
differences in phosphorylation among targets we quantified the dot/target intensity of
treated and untreated cells using Image J (Figure 5.5B). STAT3, ERK1/2, p38 and
HSP27 showed the highest increase in phosphorylation levels (Figure 5.5B). These
results are only an estimate as the signalling-array was performed once and therefore
all targets would need to be validated. Nonetheless, as the three pathways with the
highest phosphorylation levels after FGF2 treatment were also the most relevant
kinases for GBM progression, we chose to further examine STAT3, ERK1/2 and p38

phosphorylation by western blot analysis. Despite HSP27 was also upregulated
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(Figure 5.5B), it was excluded from follow up experiments as this kinase is mainly
involved in the regulation of cell stress and apoptosis (Belkacemi and Hebb 2014),
and its link with stemness markers has not been demonstrated in GBM.
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Figure 5.5. Intracellular signalling array of hGBM LO cells. A) Pad-slide shows activation of different
signalling pathways in hGBM LO treated with 60 ng/mL of FGF2 and heparin (right panel), compared to
untreated cells (left panel). ERK1/2 (red circle), STAT3 (green circle) and p38 (blue circle) were selected
for follow up experiments. B) Quantification of pad-slide dot intensities (kinases phosphorylation levels)
using Image J. Bar graphs represent fold-change between untreated and treated cells (n=1). Arrows
indicate the targets with highest phosphorylation levels after FGF2 treatment: HSP27 (dark grey bar),
STAT3 (green bar), ERK1/2 (red bar) and p38 (blue bar).

5.3.3 FGFR1 regulates ERK1/2 phosphorylation

In order to validate the targets selected from the PathScan array, we performed
western blot analysis of p-STAT3, p-ERK1/2, and p-p38. Despite AKT not being
highlighted in the PathScan (Figure 5.5), we arbitrarily chose to further examine it as
it has a major function in GBM. We used antibodies that specifically identify the
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phosphorylation sites described in Figure 5.4: STAT3 Tyr705, ERK1/2 Thr202/Tyr204
and p38 Thr180/Tyr182, AKT Ser473. Moreover, antibodies targeting total STATS3,
total ERK1/2 and total p38 corroborated that changes in phosphorylation were not
associated with a change in total protein levels. FGFR1 knockdown and control cells
were treated with 60 ng/mL of FGF2 and heparin for 10 min, 30 min or 60 min (Figure
5.6A). Our data clearly shows an increase in ERK1/2 phosphorylation after FGF2
treatment. Phosphorylation of p38 also increased, but not as strongly as p-ERK1/2.
Importantly, FGFR1 knockdown decreased ERK1/2 phosphorylation, whereas STAT3
phosphorylation increased. No changes were observed in p38 or AKT phosphorylation
(Figure 5.6B). We further validated the decrease of p-ERK1/2 in shFGFR1 hGBM LO
cells (Figure 5.6C). Taken together, these results indicate ERK1/2 is crucial for
translation of FGF2-FGFR1 signals in hGBM cells.
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Figure 5.6. FGFR1 knockdown decreases ERK1/2 phosphorylation. A) Experiment schematics.
3x10° shCo and shFGFR1 cells were plated and treated with 60 ng/mL of FGF2 and heparin for 10 min,
30 min and 60 min. Proteins were isolated at the same time and conditions to avoid differences between
shCo and shFGFR1 phosphorylation patterns (Image created with biorender.com). B) Western blot
analysis of p-ERK1/2, total ERK1/2, p-p38, total p38, p-STAT3, total STAT3 and p-AKT compared to
GAPDH. Knockdown of FGFR1 in hGBM L1 decreases p-ERK1/2 and increases STAT3. C) FGFR1
knockdown also decreases p-ERK1/2 in hGBM LO cells. NT= non-treated, p=phosphorylated.
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5.3.4 ZEB1 is regulated by ERK1/2 signalling

As FGFR1 regulates ERK1/2 phosphorylation and ZEB1, SOX2 and OLIG2
expression, we next examined whether ERK1/2 is an intermediary to these stemness-
related transcription factors. To test this, we pharmacologically blocked ERK1/2
signalling using a specific inhibitor (SCH772984). This compound inhibits the intrinsic
kinase activity of ERK as well as the phosphorylation of ERK by MEK (Morris et al.
2013). We first optimised the concentration of SCH772984 required to attenuate
ERK1/2 signalling (Figure 5.7A). DMSO treatment was used as control, and
DMSO/SCH772984 were added simultaneously with 60 ng/mL of FGF2 and heparin.
Our results demonstrate that 10 nM of SCH772984 are sufficient to block ERK1/2
signalling. Secondly, a treatment time course indicates that ERK1/2 function is blocked
within 10 min (Figure 5.7B). Finally, blocking of ERK1/2 signalling for 30 min with 10
nM of SCH772984 results in a clear decrease in ZEB1 expression (Figure 5.7C).
Taken together, these findings demonstrate FGF2-FGFR1 regulates ZEB1 expression
through ERK1/2 signalling, outlining a molecular mechanism by which FGFR1
regulates GSCs.
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Figure 5.7. ERK1/2 inhibitor, SCH772984, reduces ZEB1 expression. A) Optimization of ERK1/2
inhibitor concentration. 3x10° hGBM LO cells were treated with DMSO (control) or ERK1/2 inhibitor in
three concentrations: 10 nM, 20 nM and 40 nM. 60 ng/mL of FGF2 and heparin were added
simultaneously with the inhibitor or DMSO. 10 nM are sufficient to block ERK1/2 phosphorylation. B)
3x10° cells were treated with DMSO or inhibitor (10 nM) and 60 ng/mL of FGF2 for 10 min or 30 min.
C) Western blot showing 10 nM of ERK1/2 inhibitor for 30 min reduces ZEB1 expression in hGBM L0
and hGBM L1 cells. NT= non-treated cells and p=phosphorylated. A) and B) (left) were created with
biorender.com.
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5.4 Discussion

In this study, we investigate the function of FGF2-FGFR1 axis as regulator of key
stemness-associated transcription factors. We assess the expression of ZEB1, SOX2
and OLIG2 through rescue experiments and in FGFR1+/- sorted populations. We
analyse an array of intracellular signalling pathways to examine the molecular
mechanism involved in FGFR1-mediated GSC regulation. Finally, we
pharmacologically inhibit MAPK signalling by using SCH772984 ERK1/2 inhibitor.

We previously described a decrease in FGFR1, ZEB1, SOX2 and OLIG2 expression
in differentiated cancer cells and a correlation between FGF2 and these transcription
factors. We now demonstrated that FGFR1 knockdown decreases expression of
ZEB1, SOX2 and OLIG2 in hGBM cells. These results are supported by two recent
studies that showed FGFR1 loss decreased EMT-related transcriptions factors
(Gouazé-Andersson et al. 2018) and OLIG2 (Kowalski-Chauvel et al. 2019) in GSCs.
While both studies assumed a link of FGFR1 with stemness markers, they lack rescue
experiments to validate this hypothesis. Our results not only demonstrated these
transcription factors are downregulated in FGFR1 knockdown cells, but also that their
expression could be rescued when these cells are transduced with full-length FGFR1
expression vectors. We further validated this mechanism by showing FGFR1+ cells
are enriched in this triad of transcription factors compared to the FGFR1- population.
As ZEB1, SOX2 and OLIG2 seem to be co-dependent in GBM (Singh et al. 2017), we
selected ZEB1 for follow-up rescue experiments. Our data indicate that FGFR1
overexpression cannot rescue ZEB1, SOX2, OLIG2 expression and sphere-forming
capacity in ZEB1 knockdown cells, which validates that these transcription factors are
downstream of FGF2-FGFR1. Similarly, studies in lung cancer cell lines have shown
that SOX2 knockdown was not rescued by FGFR1 overexpression (Wang et al. 2018).
In addition, Kowalski-Chauvel et al. showed ZEB1 can regulate FGFR1 (Kowalski-
Chauvel et al. 2019). Taken together, these findings indicate that not only FGFR1 is
an upstream regulator of ZEB1, SOX2 and OLIG2 as we have shown, but also outlines
the existence of a feedback-loop between ZEB1 and FGFR1.

These transcription factors can be regulated by a variety of intracellular signals
activated by a wide range of extracellular stimuli. In GBM, the most frequently
dysregulated kinase pathways are MEK/ERK and PI3K/AKT/mTOR, whose
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hyperactivation has been associated with tumorigenesis and GSC maintenance
(Sunayama et al. 2010; Hannen et al. 2017). While these signalling cascades have
been extensively studied, we chose an unbiased approach, utilising a phospho-kinase
array to examine FGF2 signalling in hGBM cells. Our results indicate p38, STAT3 and
ERK1/2 are highly responsive to FGF2 treatment. In support of these findings,
Tomlinson et al. also found p38, ERK1/2 and STAT3/5/6 to be activated in human
urothelial cancer after 30 min of FGF2 stimulation (Tomlinson et al. 2012). These
proteins are downstream effectors of the STAT and MAPK families of signalling
cascades and are relevant for GBM progression. STAT3 has been shown to activate
cell proliferation, anti-apoptosis, GSC maintenance and invasion (Chang et al. 2017).
P38 regulates proliferation and GSC quiescence (Soeda et al. 2017). On the other
hand, ERK1/2 is hyperactivated in GBM and is associated with poor prognosis
(Sunayama et al. 2010). Validation of the phosphorylated proteins identified in the
phospho-kinase array showed that FGF2 induced ERK1/2 and p38 activation, but not
STAT3. Wu et al. have demonstrated that FGF2 can induce STAT3 activation trough
JAK and PI3K/AKT pathways in hGBM cells (Wu et al. 2014). However, our western
blot data shows AKT is not activated by FGF2. Furthermore, we found FGFR1
knockdown results in a decrease of p-ERK1/2, while no effect was seen on p38
phosphorylation. This suggests p38 may be phosphorylated through other FGFR,
such as FGFR2, since both p38 and FGFR2 have been described as tumour
suppressors in GBM (Frey et al. 2006; Han and Sun 2007; Ohashi et al. 2014).
Interestingly, STAT3 phosphorylation increased in FGFR1 knockdown cells. ERK1/2
inhibition can promote the activation of other signalling pathways such as STAT3 and
AKT in GBM (Sunayama et al. 2010; Xie et al. 2019). This may explain the increased
of STAT3 in shFGFR1 cells. Nonetheless, to prove this hypothesis in the cell lines
used, an analysis of STAT3 phosphorylation upon ERK1/2 inhibition with either shRNA
or small molecule inhibitors would be required. Sunayama et al. showed that
simultaneous inhibition of AKT and ERK1/2 resulted in longer survival in GBM
xenografts, suggesting a cross-inhibitory function between both kinases in GBM
(Sunayama et al. 2010). Nonetheless, we found AKT was not affected by FGFR1 loss.
These findings indicate that FGFR1 regulates ERK1/2 independently of AKT in these
hGBM cells. In line with our results, Tomlinson et al. also described an axis between
FGF2-FGFR1 and ERK1/2 activation in bladder cancer cell lines (Tomlinson et al.
2012). Of interest, Kowalski-Chauvel et al. showed that ERK1/2 can also regulate
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FGFR1 expression in GBM (Kowalski-Chauvel et al. 2019). A similar effect was
previously described by Zakrzewska et al. who identified ERK1/2 as a negatively
regulator of FGF-FGFR1 signalling in human bone osteosarcoma epithelial cells
(Zakrzewska et al. 2013).

Considering that ERK1/2 hyperactivation plays a crucial role in GBM, ERK1/2
inhibitors have been broadly studied in preclinical experiments. We used a small-
molecule ERK1/2 inhibitor to examine the effect of a functional loss of ERK signalling
on the expression of stemness-associated transcription factors. SCH772984 was
identified as a high-affinity inhibitor of ERK1/2 (Morris et al. 2013) and has been shown
to successfully block FGF2-FGFR-mediated mammalian organoids branching in vitro
(Soady et al. 2017). Our results demonstrated SCH772984 efficiently inhibited ERK1/2
phosphorylation and ablated the effect of FGF2 on expression of the stem cell-
associated transcription factor, ZEB1. Using another ERK1/2 inhibitor, UO126, Chang
et al. showed that loss of ERK1/2 reduced FGF2-mediated NESTIN expression in C6
glioma cells (Chang et al. 2013). These cells were cultured in FBS and subsequently
deprived from it 24 h prior inhibitor/FGF2 treatment. As FBS contains an undefined
number of cytokines and growth factors, FGF2/ERK1/2/NESTIN axis cannot be
completely attributed to FGF2 signalling in this case (Chang et al. 2013). However,
Sunayama et al. demonstrated that ERK1/2 inhibition not only reduced NESTIN, but
also MSI1, BMI and SOX2 protein levels in hGBM cells, using the same inhibitor in
serum-free, defined medium (Sunayama et al. 2010). This data is in line with our
results and further corroborates the link between ERK1/2 and key stemness markers
in GBM.

Development of ERK1/2 inhibitors is important for the treatment of cancer, as targeting
this kinase directly supresses the MAPK pathway. Conversely, blocking other
molecules from the same family upstream of ERK has less efficiency and can promote
tumour resistance (Hannen et al. 2017). Of interest, the ERK1/2 inhibitor used in our
in vitro experiments (SCH772984) has been reported as one of the most promising
ERK inhibitors as it blocks ERK1/2 in melanoma cells resistant to BRAF and MEK
inhibitors (Morris et al. 2013). Furthermore, its clinical-grade analogue MK-
8353/SCH900353 has been tested in a phase | clinical trial of melanoma patients
(NCT01358331) where three out of fifteen patients with BRAFY6® -mutated
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melanomas, exhibited response to treatment (Moschos et al. 2018). Although
SCH772984 is not specific for GBM treatment, this compound can cross the blood-
brain barrier in in vivo models of ischemia-induced brain infarction (Chen et al. 2017).
Currently, patient response to treatments targeting single molecules of MAPK family
in GBM has been low, highlighting the need of combinatorial therapies. The
upregulation of tyrosine kinase receptors is one of the main problems related to this
therapy resistance (Sunayama et al. 2010). Of interest, Machado et al. showed that
combination of FGFR1 knockdown and MEK inhibitor (Trametinib), reduced tumour
growth and tumour progression in KRAS-mutant lung cancer models (Manchado et al.
2016). FGFR1 has been associated with radioresistance in GBM and we have
demonstrated its link to GSC regulation. As inhibition of ERK1/2 may promote the
upregulation of this receptor, a combination of FGFR1 and ERK1/2 inhibitors could be

a potential therapy for treating GBM.

In conclusion, in this chapter we have confirmed ZEB1, SOX2 and OLIG2 are
regulated by FGFR1 and that ERK1/2 is a downstream intermediary to FGF2-FGFR1
mediating expression of the stemness transcription factor ZEB1 in GBM (Figure 5.8)
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In this thesis, we have studied the role of FGF2-FGFR signalling in GSC regulation.
This has been assessed using different genetic and pharmacological approaches to
modify the levels of FGFR1-3 and inhibit the interaction between FGF2 and these
receptors. We have demonstrated a crucial role for FGFR1 in tumour-formation in
xenograft models and in the regulation of key stem cell transcription factors associated
with GSC invasion, progression and tumour recurrence. This work outlines a point of
fragility in current anti-FGFR therapies and highlights the importance of the
development of FGFR-specific drugs which may constitute a translational therapeutic
strategy to treat GBM.

6.1 FGF2 is associated with stemness-related transcription factors

Chapter 3 of this thesis assessed the effects of FGF2 treatment on patient derived
GBM cells. Despite the broadly studied function of FGF2 in GSC self-renewal in vitro
(Haley and Kim 2014), hGBM progression (Bian et al. 2000) and vascularization
(Toyoda et al. 2013), less was known about its direct role regulating GSCs. The data
presented here suggest that FGF2 has an important part in inducing clonogenicity and
expression of key stemness, invasion and therapy resistance regulators (ZEB1, SOX2
and OLIG2) in GBM (Siebzehnrubl et al. 2013; Singh et al. 2017). Whether this also
happens in NSCs remains to be tested. On the other hand, FGF2 can be secreted to
the tumour microenvironment from different cells such as microglia, astrocytes and
blood vessels. To assess if these cells release the same proportion of FGF2 in normal
and in malignant conditions ELISA analysis of conditioned medium from these cell
populations and co-staining of FGF2 and astrocytic, microglia or endothelial markers
would be required.

6.2 FGFR2 and FGFR3 do not regulate GSCs

Reduction in FGFRZ2 has been linked with higher glioma grade (Ohashi et al. 2014).
In addition, we and others have demonstrated a correlation between the expression
of this receptor and better prognosis in TCGA data analysis of GBM patient samples
(Ohashi et al. 2014). However, our results of cell-surface FGFR expression patterns
indicated FGFR2 was the most prevalent FGFR in hGBM cells. Furthermore, in vivo
implantation of FGFR2 knockdown hGBM cells showed an increase in survival of

tumour-bearing mice. In support of our data, Miraux et al. showed a decreased in
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tumour growth in vivo after inhibition of FGFR2 signalling (Miraux et al. 2004). On the
other hand, FGFR2 did not affect hGBM cell clonogenicity or proliferation in vitro.
These data, together with the fact that FGFR2 expression increased in differentiated
cancer cells, suggest that FGFR2 is not associated with GSC regulation.
Consequently, additional analysis assessing stemness and proliferation of FGFR2+
and FGFR2- populations in vitro and tumorigenicity in vivo performing limiting dilution
transplants, would clarify the function of this receptor in GBM.

Similarly, our data suggest that FGFR3 signalling is not associated with stemness in
hGBM cells. FGFR3 expression profiles and clonogenic capacity in FGFR3
knockdown cells were cell line dependent. Moreover, FGFR3 loss had no significant
effect on survival of shFGFR3 xenografts compared to controls. FGFR3 has an
oncogenic function when fused with TACC coiled-coil domain in GBM (Singh et al.
2012). Therefore, it would be interesting to examine whether the hGBM cell lines used
in this study contained FGFR3-TACC fusion and to assess if this may affect the
tumour-formation capacity of these cell lines in vivo. Finally, as this study has focused
particularly on the effects of FGF2 in GSC regulation, further work could assess
whether other FGFs are involved in the activation of stem cell transcription factors
through FGFR2 and FGFRS signalling pathways.

6.3 FGF2-FGFR1-ERK1/2 signalling as therapeutic target in GBM

FGF2-FGFR1 has been associated with GBM growth and radioresistance (Saiki et al.
1999; Gouazeé-Andersson et al. 2016). However, the relation between this receptor
and GSC maintenance remained incompletely understood. Chapter 4 describes for
first time, to our knowledge, a detailed assessment of FGFR1 knockdown in hGBM
cells in vitro and in vivo, demonstrates that FGFR1 is functionally relevant for self-
renewal capacity and tumour-formation in GBM and identifies FGFR1 as a potential
cell surface marker of GSCs. These results outline a new way of isolating GSCs and
offer a potential novel therapy to treat GBM. As we demonstrated that blocking FGFR1
expression increased the survival of mice bearing tumours and described FGFR1 as
a key regulator of tumorigenicity in GBM, pharmacological targeting of this receptor in
combination with standard of care therapy may help increasing patient survival.
Despite the development of small molecules (e.g. PD173074, BGJ398, AZ4547) that

show selectivity of FGFRs over other RTKs (see section 4.2), currently there are no
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specific drugs with selectivity for individual FGFRs (Dieci et al. 2013). As our results
indicate divergent functions of FGFR1-3 in GBM, the development of FGFR subtype-
specific inhibitors may be crucial for treating this disease, while at the same time
reducing unwanted effects on other systems. In addition, small molecules that
specifically block the binding of FGF2 with FGFR1 may be also beneficial as we
showed FGF2 function was translated through FGFR1 in a GSC context. Finally, the
latter would benefice from a significant increase in the number of patients that are

currently being recruited for clinical trials on drugs targeting FGFRs.

On the other hand, chapter 5 further investigated the molecular mechanism by which
FGF2 pathway controls stemness and revealed that this growth factor activates
FGFR1 on the GSC cell surface, which in turn induces expression of stem cell-
associated transcription factors trough the ERK1/2 signalling cascade (Figure 6.1).
Therefore, ERK1/2 could be also targeted with current ERK1/2 inhibitors that can cross
the blood-brain barrier, such as the one used in this study, SCH772984 (Chen et al.
2017). In conclusion, a combination of FGFR1-specific and ERK1/2 small molecule
inhibitors may provide new targeted approaches to block the FGF2-FGFR1 axis in

GSCs which may contribute to delay tumour recurrence and increase patient survival.
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Figure 6.1. Diagram depicting the FGF2-FGFR1-ZEB1 signalling pathway described in this
thesis. This image is an extension of Figures 3.8, Figure 4.11 and Figure 5.8. FGF2-FGFR1 regulates
ZEB1, SOX2 and OLIG2 and mediates GSC self-renewal and maintenance. Despite FGFR2 and
FGFR3 do not seem to be associated with a GSC population, additional work is needed to clarify their
function in GBM. Image created with biorender.com.

136



Chapter 6: Conclusions

6.4 FGFR1 controls the release of FGF2 through ADAMDEC1

Although this thesis has mainly focused on investigating the role of FGF2-FGFR
signalling, we have also examined a mechanism by which GSCs release FGF2 from
the tumour microenvironment (Jimenez-Pascual et al. 2019) in collaboration with Prof

Justin D. Lathia (Lerner Research Institute, Cleveland).

As described in chapter 1 (section 1.4), molecules from the ECM act as a reservoir of
FGF2 and other trophic factors (Eswarakumar et al. 2005; Ahmad et al. 2012; Touat
et al. 2015). However, matrix metalloproteinases induce the release of these growth
factors by promoting ECM degradation and enabling tumour invasion and
intravasation of cancer cells (Le et al. 2003). In addition, members of the A Disintegrin
and Metalloproteinase (ADAM) family of zinc-dependent proteinases, have been
described as relevant for tumour invasion, recurrence and GSC regulation (Dong et
al. 2015; Sarkar et al. 2015). Data from our collaborators showed that within this family
of metalloproteinases, ADAMDEC1 was the most prevalent in GBM. GBM TCGA data
analysis demonstrated a correlation between ADAMDEC1, glioma grade, and patient
survival. Moreover, immunohistochemistry on patient specimens indicated that this
protease was highly expressed in hGBM cells. Experimentally, its loss of function led
to a reduction of sphere formation, proliferation, SOX2 expression and increased
survival of tumour-bearing mice compared to controls. This data outlined a key role for
ADAMDEC1 on the regulation of GSCs. Interestingly, ELISA analysis of GSC
(CD133+) and non-tumour stem cells (CD133-) treated with ADAMDEC1 for 48 h,
showed that only GSC cultures released FGF2 in the media. These results together
with western blot analysis of phospho-FGFR1 demonstrated ADAMDEC1 regulated
FGFR signalling.

Furthermore, we showed that FGFR1 loss of function decreased ADAMDEC1
expression, while full-length FGFR1 expression led to the inverse effect. As we found
that FGFR1 regulates key stemness-associated transcription factors through ERK1/2
signalling, we next investigated whether this kinase was involved in the described
pathway. Our western blot data not only demonstrated that ERK1/2 inhibition
decreased ADAMDECH1, but also that ZEB1 was directly associated with the regulation
of this metalloproteinase. In conclusion, we found that ADAMDEC1 promotes FGF2-

FGFR1-mediated GSC self-renewal and maintenance by activating ZEB1, which at
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the same time controls the activation of ADAMDECH1, revealing a positive feed-back

loop that contributes to GSC maintenance in GBM.
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Figure 6.2. Diagram depicting the ADAMDEC1-FGFR1-ZEB1 feedback loop. In GSC, ADAMDEC1
releases FGF2 to the tumour microenvironment, which binds to FGFR1 and mediates the activation of
the stem cell associated transcription factor ZEB1 through ERK1/2 signalling. Simultaneously, ZEB1
regulates ADAMDEC1 expression, completing a positive feedback loop that contributed to GSC self-
renewal and maintenance. Image from Jimenez-Pascual et al. 2019 .

6.5 Future directions

FACS analysis of FGFR1-3 expression in chapter 3 demonstrated the existence of
different populations of hGBM cells based on their FGFR profiles. Considering that
these receptors seem to have divergent roles in GBM, FGFR expression may be used
to isolate GSCs from non-tumour cells. Our data already revealed the importance of
FGFR1 as a potential marker of GSCs. Nonetheless, the function of cell-surface
FGFR2 and FGFR3 is not yet understood. Therefore, isolation of hGBM cell
populations based on FGFR surface expression, and the subsequent assessment of
their functional characteristics would be required. In addition, examining whether these
populations co-express different FGFRs may contribute to the understanding of
whether the development of monotherapies targeting individual receptors is needed.
This could be assessed by flow cytometric analysis of hGBM cells co-stained for
FGFRs, by immunofluorescence of these receptors in GBM patient samples, or by
analysing cell-surface FGFRs upon FGFR1-3 knockdown. Finally, identifying
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downstream targets of FGFR-specific populations, particularly for FGFR2 and FGFR3,
would assess the link of cell-surface FGFRs with gene expression signatures involved
in GBM progression. In conclusion, this work would be relevant to understand whether
other FGFRs could be used to isolate cell populations based on their stemness
capacity and add additional markers for identifying GSCs.

On the other hand, chapter 1 described the importance of FGFR splice variants in
cancer (Beenken and Mohammadi 2009). The switch from FGFR-IlIb towards FGFR-
lllc is associated with tumour invasion and progression. Importantly, FGFR1 llic is
upregulated in astrocytomas while, FGFR2 IlIb and lllc seem to be downregulated in
GBM (Gong 2014; Ohashi et al. 2014). In addition, FGF2 has different affinities for
these splice variants depending on the FGFR subtype (Holzmann et al. 2012).
Therefore, analysing which FGFR isoform is involved in the regulation of key
GSC/stemness-related transcription factors and assessing their predominance in
FGFR1-3 cell sorted populations by RNA-seq analysis, would address the relevance

of these splice variants for GSC maintenance and GBM progression and recurrence.
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