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Abstract

Glioblastoma (GBM) is an incurable and aggressive form of brain cancer that
predominantly affects adults and is the cause of the majority of primary brain
tumour related deaths. The prognosis is poor with median survival time of only
12-15 months following diagnosis despite aggressive standardised treatment of
debulking surgery and chemoradiotherapy. Almost 100% of GBM tumours recur.
This is likely due to inherently treatment resistant cells within the primary tumour

that survive and dominate tumour recurrence.

SLC6A6 was deemed a potential for conferring treatment resistance in GBM due
to its significantly upregulated expression in recurrent tumours, and previous
associations to other cancers. SLC6A6 encodes a taurine transporter, TauT, that
has an important role in embryonic brain development and neurogenesis in the

adult brain.

The role of SLC6AG6 in the impact of standard treatment was investigated using
shRNA knockdown and TauT inhibitors. This work was performed in vitro using
3D spheroid models imaged using a bespoke imaging and analysis platform that
| led the development of. Both established and patient derived cell lines cultured

in serum free media were used to represent different aspects of GBM biology.

Results showed that TauT inhibitors significantly alter treatment response in
different directions in the cell lines. Furthermore the size of the effect implicated
an off-target effect: y-aminobutyric acid (GABA) signalling modulation. RNA
sequencing indicated that cells were being transcriptionally reprogrammed in
response to standard treatment in different ways, in keeping with a parallel finding
from analysis of primary and recurrent patient tissues. The latter suggests that
there are two responder subtypes in GBM, with different treatment resistance

mechanisms underpinning them.

A possible explanation for my results is, then, that the cell lines fall into different
categories of GBM responder subtypes. The varying responses seen after GABA
modulation indicate that stratifying treatment based on the response subtype

would be beneficial.
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Chapter 1

Introduction
1.1 Glioblastoma

1.1.1 Diagnosis, classification, and prognosis

Glioblastoma (GBM) is an incurable and aggressive form of brain cancer that
predominantly affects adults and results in the majority of primary brain tumour
related deaths (1). GBM is a glioma; a tumour of glial cell origin, found mainly in
the brain and can occur anywhere in the central nervous system (CNS). The
World Health Organisation (WHO) classifies gliomas from grades | to IV
according to increased aggressiveness, with GBM assigned grade IV: the most
aggressive (2). GBM falls into the category of diffuse glioma that can extensively
infiltrate the CNS parenchyma (3). Diffuse gliomas are classified based on the
histological and morphological features they share with the glial cells of origin
such as astrocytes, oligodendrocytes and mixtures of the two that give rise to
astrocytoma, oligodendroglioma and oligoastrocytoma respectively (4).
Histologically, GBM is a tumour with neoplastic cells that have astrocytic
characteristics and either necrosis and/or endothelial proliferation (5). GBM
accounts for 54% of all gliomas and 16% of primary brain tumours making it the
most common type of primary brain tumour. It has a median survival rate of 15
months post diagnosis and a five-year survival rate of only 5% (6, 7). The
incidence in GBM is 1.6 higher in males than females and has an incidence rate
of 5 in 100,000 people, increasing with advanced age at diagnosis. There are
around 2,100 new diagnoses in England annually and this appears to be
increasing, though annual new diagnoses numbers remain the same in other
areas of the world such as the US and Canada (1, 6, 8). The median age of
diagnosis for a GBM patient is 65 years and a large majority of all GBM patients

have no family history of cancer (9).

Diagnosis of GBM usually follows symptomatic presentation due to the tumour
displacing and destroying brain structure and functions through rapid expansion
(1). Common clinical presentation includes headaches, seizures, new onset
epilepsy, blurred vision, nausea and alterations in mental ability (10). In 21.4% of
cases, three or more appointments with a GP were required before patients were

referred to a specialist, which slows time to initial treatment and ultimately
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contributes to the low median survival time following diagnosis (11). Diagnosis of
GBM is typically performed via contrast enhanced magnetic resource imaging
(MRI) and confirmed by histological examination and genetic testing following
surgical resection (12). This confirms diagnosis as GBM and determines if itis a

primary or secondary GBM.

1.1.2 Primary and secondary GBM

The main differences between primary and secondary GBM are summarised in
Table 1.1 and described below. Primary GBM develop rapidly de novo, without
evidence of development from a lower grade tumour, and usually have a worse
prognosis. This is in contrast to secondary GBM where the tumour has developed
from a lower grade Il or Il tumour (13). Primary tumours are most commonly
found in older patients (mean age of 62) whereas secondary tumours are more

often seen in younger patients (mean age of 45) (14).

Histologically, primary and secondary GBMs are indistinguishable, but their
genetic profiles differ. Primary GBM most commonly (90% of cases) do not
harbour mutations in the isocitrate dehydrogenase enzyme genes (IDH1 and
IDH2). These are called IDH-WT. However, the majority of secondary GBM are
IDH-mutant. Furthermore, loss of heterozygosity (LOH) on chromosome 10q is
seen in 69% of primary GBM cases. Similarly, secondary GBM also has LOH 10q
in around 63% of patients however secondary GBM 65% have tumour protein
(TP53) mutations, which is only seen in 24-34% of primary GBM (15).

Upon diagnosis of both primary and recurrent GBM, patients have a surgical
resection and standard treatment as described in section 1.4. However, due to
the highly infiltrative nature of GBM, tumour cells inevitably remain after surgical

resection of the tumour and these dominate formation of a recurrent tumour (16).
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Table 1.1. Summary of the main differences between primary and

secondary GBM.

Primary GBM Secondary GBM

Development Developed de novo Developed from a lower

grade tumour

Mean age of diaghosis | 62 years 45 years

IDH status Usually IDH-WT Usually IDH-mutant
LOH on chromosome | In 69% of patients In 63% of patients
10q

Tumour protein (TP53) | In 24-34% of patients In 65% of patients
mutations

1.1.3 Recurrent GBM

Recurrent tumours are a major challenge in GBM as recurrence is inevitable and
tumours typically recur after a median interval of around 7 months (17). Recurrent
GBM is highly treatment resistant and highly aggressive so patients are
encouraged to join clinical trials in the hope of prolonging life whilst finding out
which, if any, treatment will extend life expectancy (1, 18). Recurrent GBM can
recur at the same site as the original lesion, which is the case in around 80% of
patients, or in a different location within the brain (19). However, less than 50%
of patients with a GBM recurrence are eligible for a repeated surgery and life

expectancy following repeat surgery is only extended by 5-11 months (20-24).

1.2 Heterogeneity within GBM

The challenge with treating GBM tumours comes from their highly heterogeneous
nature. This complexity of GBM, including the number of mutations and
abnormalities allows treatment resistance and escape, and ultimately tumour cell
survival and out-growth (25). GBMs are highly heterogeneous tumours both
between patients and also within the same tumour referred to as inter- and intra-
tumour heterogeneity respectively. Intratumor heterogeneity (ITH) is the
presence of genotypically and/or phenotypically distinct cell populations within a

single tumour (26). ITH means that within an individual tumour, there can be cells
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with varying phenotypes for example small or large anaplastic cells and of
different cell types such as tumour cells, immune cells or cells from blood vessels
(25). Furthermore, GBM tumours possess both differentiated tumour cells and
stem cells, and individual cancer cells in the tumour may harbour different
molecular characteristics to those elsewhere in the tumour. Cancer cells in close
proximity to one another tend to share more characteristics than those that are
more distant and can give rise to populations of cells within a tumour, referred to
as subclones, each harbouring unique mutations (26). Upon treatment, certain
subclones can survive and dominate the formation of a recurrent tumour. ITH
makes treating GBM challenging as it can be difficult to determine the key driver
events responsible for disease progression and recurrence as different drivers
and mutations are often seen in different physical areas of the same GBM tumour
(27). The high degree of inter-tumour heterogeneity further adds to the problem

of finding effective treatments.

GBM tumours can be stratified according to molecular features presentin a single
section, however this may not be representative of all the subclones present,
which may have driven tumour formation or will drive the response to treatment
(28).

1.2.1 Molecular markers

GBM has several associated molecular markers specified by the WHO that are

used to determine classification.

1.2.1.1 IDH

Over 90% of de novo GBM cases are IDH-WT. These are more aggressive than
IDH-mutant tumours, which make up around 70% of secondary GBM cases. IDH
status is often used to indicate what is likely a de novo tumour or a secondary
tumour (29). In GBM, patient with mutations in IDH genes have an increase in
overall survival of around 16 months compared with those with IDH-WT tumours
(30). IDH enzymes play vital roles in the metabolic processes such as the Krebs
cycle and homeostasis. In lower grade gliomas, mutations in IDH are considered
to be driving tumorigenesis, which is in contrast to in GBM where IDH mutations
are favourable (30, 31). IDH mutation in GBM leads to cells to growing slower
which is thought to be due to changes in metabolic events and reduction in ATP
synthesis (32).



1.2.1.2 EGFR

Mutations in the epidermal growth factor receptor (EGFR) are another common
molecular aberration in GBM. EGFR is a receptor tyrosine kinase (RTK) that acts
as a receptor for epidermal growth factor (EGF) members (33). Amplification of
EGFR is associated with an aggressive phenotype, with amplification in 50% of
primary GBM and recognition as a molecular marker of GBM by the WHO (2, 34,
35). Furthermore, EGFR is typically stable over the course of the disease as
around 80% of GBM patients still have amplification on recurrence (36). In
contrast, only 8% of secondary GBMs have EGFR amplification (37). In around
50% of these cases, there is a specific EGFR mutation observed that is caused
by the deletion of exons 2 and 7 from the EGFR gene resulting in a 267 amino
acids loss from the EGFR protein. This specific mutation is known as EGFRVIII
and prevents EGFR from binding its associated ligands, inducing constitutive
signalling (38). EGFRVIII has been shown to be tumorigenic in GBM and is linked
to increasing tumour survival through increased proliferation and invasion that

contributes to GBM progression (38).

EGFR amplification is also recognised as tumorigenic in multiple cancers such
as lung and breast cancer, and EGFR inhibitors have had therapeutic success in
these tumour types (39, 40). In contrast, in GBM, despite having promising effects
in preclinical research, EGFR inhibitors have failed to have a clinical impact to
patients (41-43). There are many reasons thought to contribute to this including
heterogeneity in EGFR mutations and compensatory signalling pathways, so a
better understanding of its pathways and signalling network is essential to be able
to target EGFR successfully in GBM (44).

1.2.1.3 TERT promoter

Mutations in the promoter region of the telomerase reverse transcriptase (TERT)
gene are seen in around 80% of GBM tumours and are recognised by the WHO
as a molecular marker of GBM (2, 45). The TERT gene is one subunit of
telomerase and is involved in the maintenance of telomeres protecting
chromosome ends from degradation by filling the gaps left at the end of the
chromosome following DNA replication (46-48). Telomerase is not active in
differentiated cells, and therefore the telomeres of these cells will gradually
shorten over time, leading to cell death (49). In GBM, mutations in the promoter

region of the TERT gene have been shown to result in an upregulation of TERT
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expression that leads to a significant increase in telomerase activity (50). This
gives cancerous cells the ability to extend and stabilise their telomere length

allowing them to continually divide and survive (51).

The debate on whether the presence of TERT promoter mutations in glioblastoma
can independently predict a better or worse prognosis has been debated over the
years. Many studies claim that TERT promoter mutations can predict a worse
survival for patients (52-54). In contrast, numerous studies have claimed that
TERT promoter mutations is not an independent prognostic factor and instead is
correlated to other factors such as IDH mutation and age at diagnosis (55, 56).
Regardless, it is clear that its dysregulation is implicated in GBM. Therefore,
numerous studies have attempted to target telomerase with inhibitors as a
therapeutic strategy. However, to date there has only been one telomerase
inhibitor that has entered clinical trials, and this was shown to cause toxicity to
solid tumours (57, 58).

1.2.1.4 Chromosome 7/10 translocation

The final WHO defined molecular characteristic used to determine a GBM
tumour, in combination with the other markers, is chromosome 7 gain and
chromosome 10 loss (7+/10-) (2). This is commonly seen in GBM and loss of
chromosome 10g has been linked to a worse prognosis in high grade gliomas
(59). The role of gain of chromosome 7 on survival in GBM patients is unclear but
patients do exhibit shorter survival (60). One reason for this is thought to be that
the EGFR gene is located on chromosome 7, and EGFR increase is related to
worse prognosis in GBM (61). Due to the nature of this characteristic, it is used

solely as a diagnostic marker and not for therapeutic targeting.

EGFR amplification, IDH-WT status, TERT promoter mutation and 7+/10-
signature are commonly associated with GBM. However, having one of these
molecular characteristics alone does not automatically indicate GBM as some of
these characteristics are seen in other gliomas; for example EGFR amplifications
in diffuse midline glioma and TERT promoter mutations in oligodendroglioma (2).
However, a combination of two of EGFR amplification, TERT promoter mutation
and 7+/10- signature is highly indicative of IDH-WT GBM and having all three of
these characterises is exclusively seen in GBM (62). However, mutation profiles
are not the only way to subclassify GBM. Work has been done to show that

tumours can also be grouped based on their transcriptional profile.



7
1.2.2 GBM transcriptional subtypes

The Cancer Genome Atlas (TCGA) has been used to define three unique GBM
subtypes based upon gene expression. These are termed proneural, classical
and mesenchymal based on the expression of signature genes. These subtypes
were identified using bulk sequencing of GBM tumours. Analysing the patterns of
DNA copy number changes and somatic mutations revealed that genetic
aberrations were more commonly associated with some transcriptional subtypes
than others. The key mutations for each subtype as determined by Verhaak et
al., are described below (63-65). Originally a fourth subtype was identified, neural,

but this was deemed to be non-tumour specific upon further analysis (66, 67).

1.2.2.1 Classical

In 100% of classical tumours, the chromosome 7 gain and chromosome 10 loss
is seen. Subsequently, in almost all classical tumours EGFR was significantly
amplified in comparison to the other subtypes (4-fold higher in classical tumours).
There are low levels of mutation of TP53 gene even though it is the most highly
mutated gene in GBM. Furthermore, deletion CDKNZ2, a gene that is responsible
for encoding several tumour suppressor genes was also seen in 94% of classical
tumours. Finally, there are high expression levels of Nestin a neural precursor
and stem cell marker as well as genes that are part of the Notch and Sonic

hedgehog signalling pathways.

1.2.2.2 Mesenchymal

Deletion of the gene NF1 occurred most often in the mesenchymal subtype and
53% of the samples containing NF1 abnormalities fell into the mesenchymal
subtype. Markers previously associated with mesenchymal phenotype for
example MET, and CHI3L1 were also expressed. Other genes that are highly
expressed are those in the in the NF- kB pathway and tumour necrosis factor

super family pathway including RELB and TRADD.

1.2.2.3 Proneural

The proneural subtype was associated with IDH1 point mutations and
amplification of the PDGFRA gene. Both mutations in TP53 and LOH were also
seen frequently in this subtype. Chromosome 7 loss and chromosome 10 gain
was seen in the proneural subtype but a lot less frequently than in the classical

subtype (54%). High levels of oligodendrocytic developmental genes including
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OLIG2 and NKX-2 were seen as well as several proneural development genes
including SOX and ASCL1.

1.2.2.4 Intratumoral heterogeneity of subtypes

Although a GBM tumour can be assigned a subtype based on the above, single
cell RNA sequencing (scRNAseq) showed that individual cells within a GBM
tumour variably express the tumour subtype signatures, and that patients with
tumours that showed a higher level of heterogeneity had decreased survival (68).
Furthermore, the sequencing of multiple areas of a tumour showed evidence that
each tumour harboured a mix of different subtypes (67, 69). In addition, the GBM
subtype frequently changes going from primary to recurrent tumour (70).

1.2.3 Cellular states heterogeneity

As well as being caused by genetic mutations, ITH in GBM is also thought to
result from variation in epigenetic and transcriptional profiles independent of
genomic subclone. A study by Neftel et al., determined that each GBM cell in
IDH-WT tumours exists in one of four main cellular states and these reflect unique
brain cell types, show plasticity and can interconvert (71). These states are based
on expression signatures of around 39-50 key genes discovered from scRNAseq
of GBM cells from IDH-WT tumours. This study found that there were high levels
of ITH across the samples tested but despite this, the gene signature patterns
pulled out often share fundamental biological process signatures. The four
neoplastic cell states are termed Neural-progenitor-like (NPC-like),
Oligodendrocyte-progenitor-like  (OPC-like), Astrocyte-like (AC-like) and
Mesenchymal-like (MES-like). As the names suggest, each gene signature is
related to a brain cell type and the signatures were most highly expressed in each
of these corresponding cell types. For example, astrocytes-like cancer cells most

highly expressed genes associated with normal astrocytes.

NPC-like is associated with stem and progenitor markers such as SOX11 and
SOX4. It is subdivided into two further categories termed NPC1 which included
genes related to oligodendrocyte progenitor cells and NPC2 which included
genes related to neuronal lineage genes. OPC-like is correlated with
oligodendroglia lineage markers for example OLIGO1, OMG and TNR. AC-like is
corelated with astrocyte markers such as GLAST, GFAP and SLC1A3. MES-like

is further subdivided into two categories. Those signatures that are strongly
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associated with hypoxia response genes (for example HILPDA and DDIT3) and

those that are not associated with hypoxia.

Each of the states contained proliferating cells however these were higher in NPC
and OPC-like states. The majority of the cells tested correlated to one of these
four main cell states however there was around 15% of cells that were correlated
to more than one cell state and were considered as ‘hybrid’. Each tumour tested
was seen to have cells in at least two but typically all four of the cellular states,
further demonstrating the levels of heterogeneity within a tumour. The cellular
states seen within a tumour are reflective of their bulk tumour subgroup
assignment; classical subtype had a higher abundance of AC-like cell state,
mesenchymal subtype had a higher abundance of MES-like cell type and
proneural subtype had a higher amount of both NPC and OPC-like states.

There are genetic drivers that predispose the cell states. For example, point
mutations in the NF1 gene were more associated with the MES-like state, and
tumours with a higher proportion of cells in the AC-like state are also seen to have

high-levels of genetic amplifications of the EGFR gene.

The plasticity of the cell states was also assessed in this study. Populations of
cells from different cell states were isolated and implanted in vivo orthotopic
patient derived xenograft models and all were seen to have tumour initiating
properties. The tumours were analysed and found to contain equal distribution of
cells belonging to all the cell types, suggesting that they have the potential to
switch cell type. How the implication of these findings will reflect upon GBM
patient treatment is yet to be discovered butitis clear that one standard treatment
will not provide effective therapy for all GBM patients given the high level of

heterogeneity at a genetic subtype and cellular state level.

1.3 Cancer stem cells

Cancer stem cells (CSCs) are so called because they possess the intrinsic
properties of stem cells i.e. they are able to differentiate or self-renew, giving them
the capability to drive tumour formation (72, 73). CSCs have been identified in
multiple cancer types including breast, leukaemia, colorectal and brain cancer
(74-77). Like stem cells, CSCs have the ability to remain dormant for prolonged
periods of time or begin rapidly dividing to populate areas of the body. For CSCs,

these features mean they can resist cytotoxic chemotherapies by remaining
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guiescent, but many studies have also found that many CSCs have the ability to
proliferate rapidly to dominate tumour formation when circumstances allow (78).
CSCs have been linked to the recurrence of many cancers long after apparently
successful treatment (79). Therefore, many studies aimed to target CSCs

specifically to prevent tumour recurrence (80).

1.3.1 Glioma stem cells

Glioma stem cells (GSCs) is the term given to CSCs found in glioma. GSCs have
been shown to drive tumour growth and recurrence, in part through their ability to
resist chemoradiotherapy (72). GSCs exhibit a high level of invasiveness, and
therefore are able persist after debulking surgery to seed tumour recurrence (81).
GSCs were first identified in GBM by Singh et al., who discovered a population
of cells that had the ability to initiate tumour growth in vivo (76). Furthermore,
these GSCs were shown to express the marker CD133+, and were able to
differentiate in culture into tumour cells. GSCs can be further identified by the
expression of CD15, SOX2 and Nanog; markers of normal neural stem cells (82-
84). GSCs have been shown to initiate formation of recurrent tumour as well as
recapitulating tumour heterogeneity in vivo after injection into mice (85). Due to
their contribution to disease progression and treatment resistance in gliomas,
GSCs have been deemed as a promising therapeutic target but, to date, targeting

them has not been completed successfully (86).

1.4 Current treatment for GBM

To effectively treat GBM, mechanisms that confer resistance to standard
treatment must be identified and therapies targeted to these. Despite GBM
biology being increasingly understood, there has been no advancement of
treatments in recent years. Multiple clinical trials look at the effects of new
treatment of GBM each year, but these typically show no significant findings at
phase Ill (87). This can be attributed to, but not limited to, a lack of translation
from current in vitro and in vivo models into the clinic, the heterogeneity of GBM
and the design of the clinical trials (88). Therefore, the same standard of care

treatment protocol developed in 2005 is still used today as described below.

Following diagnosis, standard treatment for GBM includes a harsh treatment
regimen of debulking surgery followed by combination treatments of

chemotherapy with temozolomide (TMZ) and radiation (89). Debulking surgery is
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performed on average around 13 days post diagnosis (90). The aim is to remove
as much of the tumour as feasibly possible without damaging normal neuronal
functions as preventing further neurological damage is prioritised over extending
the resection margin (1). Methods to enable a higher extent of surgical resection
include performing awake craniotomy, or performing fluorescence guided surgery
using 5-aminolvulinic acid (5-ALA) (91, 92). 5-ALA is an orally consumed
substance that results in accumulation of fluorescent porphyrins in GBM tissue,
allowing for more of the tumour to be identified and removed during surgery (93).
Following this, patients receive radio and chemotherapy. Radiation is used to
target the tumour in 2Gy fractions per day, for 5 days a week up to a total of 60Gy.
Alongside this, patients receive daily TMZ until the last day of radiation
(75mg/m?). Patients then receive a four week break before continuing with TMZ

treatment for five days, repeating every 4 weeks for up to six cycles (17).

Inevitably due to the highly infiltrative nature of GBM, there will be cells left behind
from surgery and some of these cells are able to evade the chemo and
radiotherapy and form a recurrent tumour (94). There have been no major
advances in GBM treatment since the development of TMZ and all targeted drugs
have failed to give a clinical impact (95). However, other chemotherapeutic
agents including etoposide and procarbazine are sometimes used for patients

with recurrent GBM despite no data suggesting they are beneficial (1).

1.4.1 Temozolomide

TMZ is an alkylating agent that was first discovered to have anti-tumour
properties in 1987 and was routinely used in clinics to treat GBM in 2005 after
the establishment of the Stupp protocol. Stupp et al., discovered that the
combination of TMZ and irradiation significantly increased overall survival in GBM
patients to 14.6 months, an increase of 2.4 months compared to radiotherapy
alone (17). Since then, TMZ has been given to patients alongside radiation
therapy as part of the standard treatment for GBM. TMZ metabolism is dependent
on pH. At a neutral or alkaline pH, TMZ is broken down non-enzymatically to 5-
(3-methyltriazen-1-yl)imidazole-4-carboxamide (MTIC) and MITC is broken down
to 5-aminoimidazole-4-carboxamide (AIC) and a methyl-diazonium cation (96).
The methyl-diazonium cation alkylates the DNA. This is a rapid process and the
half-life of TMZ is only 1.9 hours (97).
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TMZ induces a number of harmful DNA damaging lesions and of these is the
cytotoxic O8-methylguanine (O%-MeG) that is created by the addition of a methyl
group to the OF position of guanine (98). During DNA replication, O%-MeG pairs
with thymine instead of cytosine. The mismatch repair (MMR) machinery within
the cell then recognises the mis-paired O%-MeG and thymine pair and excises the
incorrect base from the strand that was just synthesised. Thymine is therefore
excised and the Of-MeG in the original strand remains present. This process
repeats with another thymine being added and the ongoing excision and incision
of thymine ultimately stalls DNA replication and leads to cell arrest and apoptosis
(99, 100) (Figure 1.1).

O%-methylguanine-DNA-methyltransferase (MGMT) is an enzyme that acts to
remove alkyl groups from O8-MeG. In cells expressing MGMT the alkyl group is
removed from guanine and transferred to an internal cysteine in MGMT allowing
the cell to replicate its DNA as usual and no longer be forced into apoptosis. This
enables a cell to survive the effects of TMZ. MGMT is degraded in this process
(101, 102). Promoter methylation of MGMT silences its expression, inducing
susceptibility to TMZ, as alkyl groups remain on DNA and disrupt DNA replication
(103). Therefore, GBM patients expressing MGMT respond less well to TMZ
chemotherapy and have a shorter overall survival post-diagnosis (104). MGMT
promoter methylation is therefore one of the main predictors of response to TMZ
and is correlated with an increase in overall survival in GBM patients (102, 105).
Currently GBM patients receive TMZ regardless of their MGMT status as in some
cases patients with unmethylated MGMT see a benefit to TMZ, and some with a
methylated MGMT have no benefit. This is likely due to the fact that some patients
who are tested for MGMT status fall into a category where MGMT status cannot
be fully determined (106).
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Figure 1.1. TMZ induces the harmful lesion O%-methylyguanine (O%-MeG) to
DNA. a) MGMT (O8-methylguanine-DNA-methyltransferase) removes the alkyl
group from the DNA meaning the cell survives DNA replication. MGMT is lost in
this process b) Thymine (T) pairs with O8-MeG. Mismatch repair (MMR)
machinery recognises and attempts to repair the O8-MeG lesion. It continually
excises the thymine leaving the O%-MeG present and the repair process is

repeated. This eventually leads to DNA strand breaks and apoptosis.

1.5 RNA sequencing

Since its development, RNA-sequencing (RNA-seq) has become a powerful tool
in molecular biology, in helping to shape the understanding of the transcriptome
in a wide range of systems from examining microbial communities to
understanding cancer genomics. RNA-seq has enabled insights into many
aspects of biology, for example demonstrating the regulation of gene expression
via non-coding RNAs and revealing the vast amount of mMRNA splicing (107, 108).
RNA is often highly dysregulated in human cancers, which can enable initiation
and progression of the disease (109). RNA-seq provides biological information
on ITH and helps to establish the molecular basis of formation of many cancers

(110). Furthermore, it has been used in many aspects of cancer research
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including biomarker discovery and identification of drug resistance mechanisms
(110).

To date, there are over 100 unique methodologies stemming from the standard
RNA-seq protocol (111). Many of these are based on short-read sequencing from
the lllumina SBS (“sequencing-by-synthesis”) methodology. However, the more
recent developments in long-read sequencing have enabled further advances in
the field (111). Two well established categories of RNA-seq are bulk RNA-seq
and single cell RNA-seq. Bulk RNA-seq refers to sequencing approaches that
take the average gene expression from a cell population and therefore are used
to identify differences between different conditions and allows insights into the
representation of highly regulated pathways (112). There are two main categories
of bulk RNA-seq: creating mRNA only libraries; and creating whole transcriptome
libraries to look at all RNA species excluding ribosomal RNA (109). The most
commonly used method of bulk RNA-seq is the use of short read sequencing.
This enables the user to understand the molecular mechanisms involved at
different stages of tumour progression by looking at differentially expressed
genes. Long read sequencing is less commonly used but can provide insights
into alternative splicing, point mutations and long non-coding RNAs (109).
ScRNA-seq allows an insight into the transcriptome at a single cell resolution and
was first published in 2009 (113). scRNA-seq allows for a more comprehensive
understanding into the changes inside a cell. However, the data from scRNA-seq
is often noisier both in a technical sense from RNA capture efficiency and in a
biological sense from cell cycle states and stochastic gene expression (113). One
of the most common analysis methods following RNA sequencing is to perform

differential gene expression analysis (114).

1.5.1 Differential gene expression analysis

Analysis of paired primary and recurrent GBM samples aims to allow the
identification of features, present in primary tumours, that have become more
dominant in recurrent samples and are, therefore, potentially involved in
mechanisms of treatment resistance (115). Differential gene expression (DGE)
analysis is a way of looking at this. DGE analysis is a method of analysing RNA-
seq data that allows the discovery of the most differentially expressed (DE) genes
across two or more conditions (114). Tools allow DGE to be performed based on

count data i.e. the number of raw RNA-seq reads that aligned to a gene per
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experimental condition. DGE analysis determines what genes have their
expression changed, e.g. through treatment, and the extent of this change (114).
There are multiple tools and packages available to perform DGE analysis and
there is no consensus of the correct way in which this analysis should be
performed (116). Broadly speaking, the steps involved in DGE analysis are
quality control, alignment, gene expression quantification, and finally the
differential gene expression analysis itself (117). DE can enable genes that are
dysregulated following treatment to be identified which can help identify

candidates for conferring resistance to therapy.

1.6 SLC6AG6 as a gene of interest in GBM

Work in the Glioma Genomics group at Leeds included RNA expression analysis
on 17 pairs of IDH-WT primary and matched recurrent GBM samples. This
showed that SLC6A6 expression is significantly upregulated in recurrent versus
matched primary GBMs (Figure 1.2a) In addition, single-cell GBM experiments
were performed. This involved isolating cancer cells from a newly resected GBM,
which were then cultured as spheroids. Half of the spheroids were treated with
TMZ and irradiation and seven days later, RNA was sequenced from single cells
from untreated and treated groups. This showed that SLC6A6 was significantly
upregulated post-treatment (Figure 1.2b). Previous associations with SLC6A6
and treatment response in other cancers (118, 119) and the fact that high
SLC6A6 expression associates with poor prognosis in GBMs according to data
from The Cancer Genome Atlas (plotted using GlioVis (120) (Figure 1.2c), have

led us to investigate its potential role in treatment resistance in GBM.
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Figure 1.2. SLC6AG6 expression. a) Expression level from RNA-sequencing in
counts per million (CPM) of SLC6AG6 in seventeen pairs of primary and recurrent
GBM tumours. Letters indicate the subtype of the tumour. C = classical, M =
mesenchymal, P = proneural. b) SLC6A6 expression level (CPM) in single cells
from spheroids derived from a primary patient GBM. SLC6A6 is upregulated in
spheroids treated with TMZ and irradiation. c) GBM patients with increased
SLC6A6 expression have a significantly worse overall survival. Data from The
Cancer Genome Atlas and plotted using GlioVis (120).
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1.6.1 Solute Carrier Family 6 Member 6 (SLC6A6)

Solute Carrier Family 6 Member 6 (SLC6A6) is a gene located on Chromosome
3p25.1 and contains 19 exons. The main isoform encodes 620 amino acids but
alternative splicing results in multiple transcript variants including coding
transcripts and those subjected to nonsense mediated decay. Expression of
SLCG6AG is seen in many areas of the body including the heart, kidney, stomach,
ovary and brain (121, 122). SLC6A6 encodes an intracellular taurine transporter,

TauT, expressed in embryonic and adult neural progenitor cells (NPCs) (123).

TauT is a solute carrier transporter which belongs to a superfamily of around 400
membrane bound proteins that aid in transporting substrates across membranes
(124). Membrane transporters from the SLC superfamily typically have a role in
transporting small, hydrophilic molecules into cells and are required as these
molecules cannot easily diffuse across membranes and must be transported via
channels for cellular or organelle entry or exit (124, 125). Many transporters in
the SLC group can transport a broad range of molecules, however some have
only a narrow range such as the SLC6 group that are neurotransmitter
transporters (124). SLC transporters are often drug targets as targeting them can

block transport of endogenous substrates (126).

The SLC6 family are a group of sodium and chloride dependant transporters and
have been deemed responsible for fundamental roles, including in the central
nervous system where they provide crucial nutrients and osmolytes to glial cells
and neurons (127). They can be further divided into four groups based on
sequence similarity and substrate specificity. These are the monoamine
transporters, the y-aminobutyric acid (GABA) transporters, the amino acid
transporters group | and the amino acid transporters group Il. The GABA
transporter group also comprises the transporters of the osmolyte taurine, known
as SLC6AG6 (128).

SLC6A6 has been found to play a role in promoting the survival of colorectal
cancer cells (129). This study found that SLC6A6 was highly expressed in
colorectal cancer cells, and that knockdown reduced the cell numbers in the
cancer stem cell population. In vivo experiments with SLC6A6 knockdown cells
conferred significantly smaller tumours than wildtype cells. Furthermore, they

found that SLC6A6 correlated to multi-drug resistance in colorectal cancer
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demonstrated by the enhanced number of multi-drug resistance cells following

SLC6AG6 over expression.

SLC6A6 has been linked to various other disease phenotypes, briefly
summarised here. High levels of SLC6A6 have been correlated with gastric
cancer and associated with a worse prognosis (130). SLC6A6 has additionally
been identified as a potential biomarker in the early stages of colorectal
adenocarcinoma (131). Mutations in SLC6A6 have been linked to retinal
degeneration and SLC6A6 expression has been linked to cardiomyopathy (132).
Long term taurine supplementation in patients with both retinal degeneration and
cardiomyopathy because of a homozygous mutation in SLC6A6 have had their
disease phenotypes halted (retinal degeneration) or reversed (cardiomyopathy)
(133).

1.6.2 Taurine transporter (TauT)

In humans, TauT is a 70 kDa protein (134). Like most members of the SLC6
family, TauT is comprised of 12 hydrophobic membrane spanning domains with
intracellular N and C termini. TauT is an osmolyte transporter which is part of the
GABA transporter family. Its main function is to regulate taurine transport based
on factors such as temperature, pH and ionic environment (135). In hypertonic
and isotonic conditions TauT utilises a Na+ gradient to couple passive transport
of Na+ with active transport of taurine across the membrane (136). Taurine is the
primary molecule TauT transports. However, TauT also transports GABA, beta-
alanine and hypotaurine which is an intermediate molecule in taurine
biosynthesis (137-139). TauT is regulated post-translationally by phosphorylation
of serine 322 by Protein Kinase C (PKC) that results in a reduction of taurine
transport via TauT. PKC is activated by processes such as oxidative stress and
increased calcium levels, and upon its activation it phosphorylates serine 322

which subsequently decreases taurine transport (140).

1.6.3 Taurine

Taurine is an amino sulfonic acid, sometimes termed as a non-essential amino
acid as it is one of the few amino acids that is not involved in protein synthesis.
However, this name is contradictory due to the essential roles that taurine has in
the human body that includes neuroprotective functions (141). The chemical

formula of taurine is C2H7NO3S with a molecular weight of 123.15, and its
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chemical name is 2-aminoethanesulfonic as it is the 2-amino derivative to
ethanesulfonic acid (142). Taurine is found throughout the body, but levels are
highest in the heart, brain, retina and muscles (143). A normal part of a human
diet, taurine is found in many common foods such as chicken, turkey, white fish
and shellfish. Upon entering the body, taurine is absorbed by the small intestine
before being transported to the liver via the portal vein. Here it is released into
circulation and can be transported into cells via TauT (144). Taurine cannot be
transported via any other transporter (145). As well as entering the body via food,
taurine can also be biosynthesised within the cytoplasm in a process using
cysteine. In this reaction, which takes place in the liver, the sequential action of
two enzymes named cysteine dioxygenase (CDO) and cysteine sulfonic acid
decarboxylase (CSAD) catalyses cysteine to taurine. During this process CDO
catalyses the oxidation of cysteine to cysteinesulfonate which then undergoes
decarboxylation to hypotaurine catalysed by CSAD. Hypotaurine is the precursor
for taurine and is oxidised to taurine in a step thought to be independent of
enzymatic activity (146). As well as being synthesised in the liver, taurine has
also been reported to be synthesised in the brain, lungs and mammary glands
(147). However, only low amounts of taurine are synthesised this way due to the
low amounts of CSAD in the body, therefore the primary method of getting taurine
into a cell is through the diet (144).

The importance of taurine was first observed in 1975 when it was discovered that
taurine deficiency led to retinal degeneration in cats (148). Since then, many
beneficial and protective effects of taurine have been investigated such as
regulating calcium levels to prevent the progression of arteriosclerosis, reduction
in heart failure, providing protection to cells from neurotoxicity in mice and
reducing oxidative stress (149-151). Taurine is important in brain development
and has numerous fundamental roles in human brains, for example regulating
osmotic pressure with cytoprotective effects in various cell types (152). This
comes from the ability of taurine to increase membrane stability, eliminate
inflammation, and prevent calcium accumulation (153). Taurine has also been
shown to promote neural development in the embryonic brain, and regions of the
adult brain; glycine, GABA or alanine are not able to mimic this affect. The was
evidenced in mice brains, where it was shown that the olfactory bulb contains the
highest taurine. Furthermore, levels therein do not decline over brain maturation

unlike in other regions, suggesting a highly important role. Neural progenitor cells
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(NPCs) migrate from the subventricular zone to the olfactory bulb during
adulthood, wherein they differentiate into neurons. The unusually high levels of
taurine here is thought to play a role in this process (123). Due to its important
role in brain development, taurine deficiency can have serious consequences and
has been linked to a delay in cell differentiation and migration in multiple cell types
in cats and monkeys including in the cerebellum, pyramidal cells and visual cortex
(154-157).

Taurine association with glioma is understudied. One study found that taurine
levels have been linked to increased malignancy in glioma, and a higher
concentration of taurine is found within the tumour than the surrounding brain
(158). A recent study in 2021 investigated the effects of taurine and TMZ
combination on the survival of U251 cells. They demonstrated that taurine results
in a reduction in cell proliferation resulting in a decrease in viable cells after
treatment. Furthermore, they showed that the combined effect of taurine and TMZ
exhibited synergistic effects on glioblastoma cell lines and resulted in a reduction

in proliferation and an increase in apoptosis (159).

1.7 Current models in GBM research

1.7.1 Patient derived cell lines and established cell lines

Established cell lines have been extensively used in GBM research, thus they are
well characterised. However preference is now shifting towards the use of patient
derived cell lines cultured in serum-free media (160). Serum causes GBM cells
to differentiate, thereby reducing cells stem-like properties and diverting away
from the phenotype of patient tumours (161, 162). Patient derived lines cultured
in serum-free media are enriched for stem cells and are referred to as GSC lines.
These recapitulate the heterogeneity of patient samples and retain important
features such as the ability to self-renew, and undergo multi-lineage
differentiation, which established cell lines lack (163). Furthermore, both
histopathological and molecular differences are observed between established
and patient-derived cell lines (163). Included in this is differing gene expression
profiles seen between established and patient derived cell lines, with the patient
derived cell lines at lower passage number resembling that seen in patient
tumours. Furthermore GSCs are thought to contribute heavily to disease

pathology as described in section 1.3.1 (164).
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Despite the mounting evidence that patient derived GBM cell lines better
represent the biology of patient tumours, it is important to use both established
and patient-derived serum-free cell lines to inform on the different types of GBM
biology when investigating treatment resistance. This is because established cell
lines represent the differentiated population of cells in GBM therefore should not
be discounted (160).

1.7.2 3D cell culture

Over the years, 2D cell culture has been used as a major part of scientific
research. While 2D cell culture offers many advantages, there are issues with the
reproducibility upon progression to in vivo work, perhaps due to their over-
simplified nature (160). Despite not being a full representation of the tumour
microenvironment, 3D spheroid cultures contain many features that make them
more closely mimic in vivo than 2D models (165). For example, spheroids have
natural gradients for oxygen, metabolite, pH and drug penetration. Cell-to-cell
interactions with neighbouring cells affect gene expression and can only be
modelled in 3D culture (166). Furthermore, spheroids above around 400 um in
diameter begin to develop a hypoxic core. Hypoxia has been associated with
chemotherapy and radiotherapy resistance resulting in a worse patient prognosis
and this feature of spheroids is difficult to replicate in 2D models (167). Spheroid
models are therefore more physiologically relevant and allow a better platform for

the testing of drug delivery thus lead to more reproducible findings in vivo (168).

Organoids are another 3D culture method where miniature versions of organs are
grown from either pluripotent embryonic stem cells/induced pluripotent stem
cells, or organoid restricted adult stem cells (169). When these stem cells are
allowed to replicate in culture under the influence of certain growth factors, they
self-organise into structures that resemble that of organs (170). Organoids
possess all the main advantages that spheroid culture provides in terms of
physiologically relevant features such as oxygen and nutrient gradient, however
their differentiation allows them to be made of multiple different cell types which
differs from spheroids that are typically only made up of one cell type. Organoids
have been successfully created to model a range of organ types including liver,
kidney, lung and brain and organoids can be derived from both normal tissue and
malignant tissue (171-174).
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The drawback of organoid use is that maturation of organoids to a state that most
closely resemble the complexity of organs require a prolonged period of time in
culture, often around 2-3 months (175). Therefore, it is hard to perform high-

throughput assays using organoids.

1.7.3 Mouse models

In vivo models are valuable resources for studying human disease and over 95%
of in vivo work is performed in mice (176). There are two main categories of

mouse models, genetically modified mice and xenograft models.

Xenograft mouse models implant tumour cells from a human cancer into a
mouse. The mouse must be immunocompromised to avoid the mouse immune
system recognising and killing the implanted human tissue. There are two main
types of xenografts, cell-line based xenografts and the more biologically relevant
patient-derived xenografts (PDX). PDX are grown from primary tumour tissue and
when implanted are believed to recapitulate the features of the original tumour,
such as the cellular heterogeneity and gene expression profiles (176). Xenograft
models are often used to assess how a tumour will respond to a certain drug or
treatment regime (177). However, the absence of the immune system from the
mice is a disadvantage as they cannot be used to study any treatment involving
immunotherapies. Additionally, the importance of the immune system in GBM
biology is becoming increasingly studied, and therefore the PDX may not
represent the whole picture in terms of response to a drug and immune response,

as well as in tumour recurrence.

Genetically engineered mouse models (GEMMs) have been used in GBM to alter
the genetic of mice to mimic disease phenotypes and observe role of genetic
mutations in GBM tumorigenesis. GEMMs can model disease phenotypes in a
mouse model with a functioning immune system, a major advantage compared
to PDXs as they can be used to model the interactions between tumour cells and
the tumour microenvironment (178). Furthermore, they capture tumour formation
more accurately and the blood brain barrier is not disturbed as it is in PDX. The
disadvantages of GEMMSs for use in GBM research include the tumour formation
in any region of the brain, which contrasts with a PDX where tumours typically
form near the standardised injection site. Furthermore, GEMMs often lack ITH
(179). Different levels of genetic manipulation exist and are summarised in Figure

1.3. These include the manipulation of a small number of cells for example using
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viruses for delivery, targeting a group of tissue cells, for examples using
conditional and inducible promoters, and targeting the whole tissue for example

using knockout mice (180).
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Figure 1.3. Genetic manipulations in mice. Summary of the different genetic
manipulations, and the scale of these manipulations to create genetically

engineered mice. Taken from (180).

1.8 Aims and Objectives

Through its significant upregulation following treatment of GBM, it is clear that
SLC6AG6 is of interest however it is unclear what role SLC6A6 is playing in

treatment resistance in GBM.

My hypothesis is that SLC6A6 is impacting treatment resistance in

glioblastoma.
To investigate my hypothesis, | have three aims:

1. Optimise the experimental set up and parameters for the experiments to be
used in this study. This would ensure that all experiments could be run in a
consistent and standardised way. To achieve this, the following objectives

were set:



24

e Objective 1 - Determine suitable cell lines for use in the project.

e Objective 2 - Develop an automated imaging and analysis platform for
spheroid measurements.

e Objective 3 - Select an appropriate taurine concentration for use in
experiments.

e Objective 4 - Optimise treatment doses and timings of temozolomide and
irradiation in 2D culture.

e Objective 5 - Optimise treatment doses and timings of temozolomide and
irradiation in 3D culture (spheroids).

e Objective 6 - Determine appropriate end point assays to be used

. Investigate the association between SLC6A6 expression and sensitivity to

standard treatment in GBM in vitro.

e Objective 1 — Knockdown the expression of SLC6AG6 in three chosen cell
lines.

e Objective 2 — Assess differential treatment sensitivity in the chosen 3D
model using spheroid size measurements and CellTiter-Glo 3D assay.

e Objective 3 — Investigate the effect of TauT antagonists and GABAAa
receptor agonists on response to standard treatment.

. To define the effect of SLC6A6 inhibition on GBM cell transcriptomes in

response to standard treatment.

e Objective 1 - Analyse RNA-sequencing data from experiments looking at
the effect of TauT antagonists and GABAA receptor agonists on response

to standard treatment.
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Chapter 2

Materials and Methods

2.1 Preparation of stock solutions

Temozolomide (TMZ) was resuspended to 50 mM in dimethyl sulfoxide (DMSO)
and stored at -20°C. Gaboxadol hydrochloride (GAB) and Guanidinoethyl
sulfonate (GES) were both resuspended in high purity water to 100 mM and
stored at -20°C. New stocks of GAB and GES were made every 6 months.
epidermal growth factor (EGF) and fibroblast growth factor (FGF) were
suspended in Dulbecco’s phosphate buffered saline (PBS) to a final
concentration of 2000 ng/mL and stored at -20°C. Poly-L-ornithine was diluted to
10 mg/mL in tissue culture (TC) grade water and stored at -20°C. Laminin was
stored in aliquots of 1 mg/mL in TC at -20°C. Catalogue number of the reagents

are listed in Table 2.1.

Table 2.1. Reagents prepared for stock solutions. The reagents used, supplier

information, and catalogue of commonly used stock solutions.

(Gaboxadol)

Reagent Supplier Catalogue number
Temozolomide Merck T577-100MG
THIP Hydrochloride Merck T101-500MG

Guanidinoethyl sulfonate

Cayman Chemical

17572-500mg-CAY

Human FGF-basic R&D systems 100-18B-100
Recombinant Human EGF, | Peprotech Inc. USA 236-EG-200

CF

Poly-L-ornithine Sigma P3655-50MG
Laminin Sigma L2020-1MG
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2.2 Cell culture

2.2.1 Cell passage

Reagents used for cell culture are listed in Table 2.2. The A172 established GBM
cell line was acquired from American Type Culture Collection (ATCC, Manassas)
and authenticated using STR profiling (December 2018). A172 cells were
maintained in A172 medium (Table 2.3), maintained at 5% CO2 at 37°C and
passaged 1:5 twice a week. Two primary patient-derived cell lines (GBM58 and
GBM®63), cultured in Leeds, were maintained in Neurobasal (NB) media (Table
2.3), maintained at 5% CO: at 37°C and passaged when at 80% confluency at a
1:3 dilution. Primary patient derived cell lines were cultured in flasks coated with
10 pg/mL ornithine and 2 ug/mL laminin. On passage of the cells, they were
washed with 5mL PBS before addition of Trypsin-EDTA solution at 1 mL/75cm?
flask. Cells were placed in the incubator until detached before being collected in
the appropriate medium and centrifuged for 5 minutes at 300g before media being

removed. Cells were resuspended in medium and split at appropriate confluency.

Table 2.2. Reagents used in cell culture procedures. The catalogue number

and suppliers of all reagents used in cell culture protocols.

Reagent Supplier Catalogue No.

Foetal Calf Serum (FCS) ThermoFisher Scientific 10270106
(Life Technologies)

Dulbecco’s modified eagle Merck D6429
medium (DMEM), high glucose

Neurobasal (NB) medium ThermoFisher Scientific 10888022

(Life Technologies)

Human FGF-basic R&D systems 100-18B-100
Recombinant Human EGF, CF | Peprotech Inc. USA 236-EG-200
N-2 supplement ThermoFisher Scientific 17502048

(Life Technologies)

B27 serum free supplement ThermoFisher Scientific 17504044
(Life Technologies)
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Poly-L-ornithine Sigma P3655-50MG
Laminin Sigma L2020-1MG
Trypan Blue SLS T8154-20mL
10 x Trypsin-EDTA solution Sigma 59418C-100ML
DMSO Sigma D2650-100ML
Dulbecco’s Phosphate ThermoFisher Scientific D8537-500ML
Buffered Saline (Life Technologies)

Sterile double process cell Merck W3500

culture water

Table 2.3. Cell lines used and their required growth medium. Suppliers and
catalogue number (where appropriate) for cell lines are shown and the and the

basal media and required supplements for culturing.

Cell line | Supplier and Basal Media | Supplements

catalogue No.

Al72 ATCC. Cat. No. | DMEM high |e 10% FCS
CRL-1620 glucose
GBM58 LIMR Neurobasal |e 40 ng/mL recombinant human
EGF

e 40 ng/mL recombinant human
FGF

e 0.5xB27 serum free
supplement

e 0.5 x N2 supplement

GBM63 LIMR Neurobasal |e 40 ng/mL recombinant human
EGF

e 40 ng/mL recombinant human
FGF

e 1:200 dilution of B27 serum
free supplement

e 1:200 dilution x N2 supplement
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2.2.2 Cell freezing and thawing

Cells were frozen in their growth media (Table 2.3), supplemented with 10%
DMSO. 1 mL of cells were frozen per cryovial at a density of 1 x 108 cells/mL.
Cells were frozen at -80°C initially in a Mr Frosty then transferred to liquid
nitrogen. On thawing cells, cryovials were placed in a water bath at 37°C until
defrosted and added to 10 mL prewarmed media before being centrifuged at
300g for 5 minutes. Media was removed and replaced with 5 mL of fresh media
and then placed in a T25. Media was replaced after 24 hours. Once confluent,

cells were splitinto a T75 as described above.

2.2.3 Cell counting

To determine the number of cells in solution, 20 uL of cell suspension was diluted
with 20 uL of Trypan blue solution. 10 uL of this mixture was transferred to a
haemocytometer and the cells in each four quadrants counted to calculate and
the concentration calculated as below:

Cell count

> ) x 10* cells/mL

Concentration = (

The dilution factor was then calculated to determine the dilution needed for

experiments using:

Current concentration

Dilution factor = - -
f Desired concentration

The dilution factor was used to calculate the volume if cell suspension required

which was then made up to the total volume required using fresh media.

Required volume

Volume of cell suspension =
/ p Dilution factor
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2.2.4 Coating plates

Poly-L-ornithine stocks were diluted to 10 ug/mL in TC grade water. 10 mL
working solution was added to each T75 flask, 5 mL to each T25 flask, 1.5 mL
per well of a 6-well plate, and 100 uL per well in a 96-well plate. After one hour
at room temperature, the solution was removed and flasks rinsed with TC grade
water. Laminin stocks were diluted to 2 pg/mL in PBS (cat. no. D8537,
ThermoFisher Scientific). 10 mL working solution was added to each T75 flask,
5 mL to each T25 flask, 1.5 mL per well of a 6-well plate, and 100 pL per well in
a 96-well plate. Flasks and plates were wrapped in parafilm and left at room

temperature overnight before storing at -20°C.

2.3 MTT assay

MTT assays were used to determine the number of viable cells present in 2D
cultures. Cells were trypsinised and resuspended at 1.5x10* cells per mL in
normal culture medium and 200 puL plated into each well of a 96-Well Clear Flat
Bottom Microplate. Cells were left overnight before any treatment added
(described below). For each time point, cells were pre-incubated with 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (cat. no. 6494,
ThermoFisher) at a final concentration of 0.5 mg/mL for three hours before all

media and MTT was replaced with 100 uL DMSO. Viability was measured by
absorbance of MTT/100 uL DMSO at 540 nm (Thermo Scientific Multiskan EX).

2.4 Spheroid culture

For 3D culture, cells were trypsinised and resuspended at 1.5x10* cells per mL
in normal culture medium and 200 pL plated into each well of a 96-Well Clear
Round Bottom Ultra-Low-Attachment Microplate (Scientific Laboratories
Supplies, 7007). Any empty wells were filled with 200 uL PBS to avoid
evaporation. Spheroids were imaged every two to three days using the Confocal
Nikon AR1 and medium changed every three days by removing 100 uL of
medium and replacing this with 100 uL fresh medium. On most experimental set

ups 60 spheroids per condition were originally seeded.

2.5 Spheroid imaging and growth curves
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To measure spheroid growth, a bespoke automated plate-imaging and analysis
programme was developed using the Confocal Laser Scanning Microscope-
Nikon A1R as described in section 3.3.2.1. Using the confocal microscope and
the software currently available, it is not yet possible to obtain Z-stacks of an
entire spheroid in order to determine the volume. Therefore, it was decided that
area (um?) would be the measurement used to represent spheroid size. Data was
analysed using  SpheroidAnalyseR  described in  section 3.3.3
(http://spheroidanalyser.leeds.ac.uk/) which uses a pre-set threshold to remove
obvious outliers for example empty wells, and then removes further statistical

outliers using a robust z-score of +/- 1.96 (181).

2.5.1 CellTiter-Glo 3D cell viability assay

Spheroids to be analysed via CellTiter-Glo 3D cell viability assay were removed
from the spheroid plate in a total volume of 100 uL and transferred to 96-well
white opaque edged plates (Cat. No. 655098 — Grenier Bio-one Ltd) and left at
room temperature for 30 minutes. CellTiter-Glo reagent was left to come to room
temperature before 20 uL was added to each well. Plates were placed on a plate
shaker for 30 minutes at room temperature before the luminescence read on a

Cytation 5 Imaging Plate Reader (BioTek).
2.6 Treating with temozolomide and irradiation

2.6.1 In 2D cultures

GBM cells were seeded in 96-well plates at 3000 cells per well in 100 uL media
for 24-, 48- and 72-hour treatment time points and 1500 cells per well for 144-
hours post-treatment. Cells were left to attach for 24 hours before adding TMZ in
100 uL of media to reach concentrations of 0.1 uM, 0.3 uM, 1 uM, 3 uM, 10 uM,
30 uM, 100 uM, and 300 uM. Cells were irradiated using a RadSource RS-2000
irradiator with either 1Gy, 2Gy, 5Gy or 10Gy one-hour after treatment with TMZ.
MTT assays were performed at time points of 24, 48, 72 and 96 hours post

treatment.

2.6.2 In 3D cultures

Spheroids were seeded at 3000 cells per spheroid as descried above and were

treated at 5 days post-seeding. 100 uL of medium was removed from a total of
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200 uL and replaced with medium containing TMZ diluted from the 50 mM stock
solutions to concentrations of 6 uM, 20 uM, 60 uM, 200 uM and 600 uM giving
final concentrations when added to spheroids of 3 uM, 10 uM, 30 uM, 100 uM
and 300 uM. For irradiation treatments, cells were irradiated using a RadSource
RS-2000 X-ray irradiator with either 2Gy, 4Gy or 6Gy one hour after TMZ

treatment and imaged every two to three days thereafter.
2.7 Taurine supplementation

2.7.1 2D cultures

Cells were seeded in 96-well plates at 3000 cells per well in 100 uL media for 24,
48, 72 and 96-hour time points post-seeding. 100 uL of standard cell culture
media containing taurine at concentrations 10 mM, 20 mM and 40 mM was added

to the cells to give a final concentration of 5 mM, 10 mM and 20 mM respectively.

2.7.2 3D cultures

Cells were seeded at 3000 cells per well in 100 uL media. Immediately after, 100
uL of normal cell culture media containing taurine at concentrations 10 mM, 20
mM and 40 mM was added to the cells to a final concentration of 5 mM, 10 mM
and 20 mM respectively. Spheroids were imaged every two to three days and
media was changed every two to three days by removing 100 uL media and

replacing with 100 uL of 10 mM taurine media.

2.8 Combined treatment and taurine supplementation

Cells were seeded at 3000 cells per well and cultured as spheroids in media
containing 10 mM taurine. On day five post seeding, treated plates were treated
with 30 uM TMZ and 2Gy irradiation. Spheroids were imaged every two to three
days and media was changed every two to three days by removing 100 uL media

and replacing with 100 pL of 10 mM taurine media.
2.9 Inhibitor treatment on spheroids

2.9.1 Inhibitor dose response

Cells were seeded at 3000 cells per well and cultured as spheroids in media

containing 10 mM taurine. On day five post seeding, a 1:10 serial dilution was
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made of both GES and GAB from 100 mM stock solutions diluted into normal
culture medium ranging from 100 mM to 0.0001 mM. Following this, 120 uL of
media was removed from each spheroid and replaced with 100 uL fresh media
containing 10 mM taurine, and 20 uL of inhibitor so that spheroids were treated
with between 10 mM and 0.001 mM of GES or GAB. 20 uL dH20 was added to
vehicle control spheroids. Spheroids were imaged every two to three days.

CellTiter-Glo 3D assay was performed 7 days post treatment.

2.9.2 Inhibitor and standard treatment

Cells were seeded at 3000 cells per well and cultured as spheroids in media
containing 10 mM taurine. On day five post seeding, 120 uL of media was
removed from each spheroid. For vehicle control spheroids 20 uL dH20 and 100
pL fresh media containing 10 mM taurine was added. 20 uL of 100 mM GES or
GAB was added to remaining spheroids. Untreated spheroids received 100 pL of
media containing 10 mM taurine, and the spheroids to be treated with standard
treatment received 100 uL media containing 10 mM taurine and 60 uM TMZ to
give a final concentration of 30 uM TMZ. Treated plates were subjected to
irradiation treatment using a RadSource RS-2000 X-ray irradiator with 2Gy one
hour after TMZ treatment. Spheroids were imaged and media replaced every two
to three days thereafter. CellTiter-Glo 3D assay was performed 7 days post
treatment on 10 spheroids per condition, and the remaining 50 spheroids used to
extract RNA from section 2.10.1.2.

2.10 gPCR

2.10.1 RNA extraction

2.10.1.1 RNA from cells in 2D

Cells were cultured in T75cm? flasks until confluent. Cells were trypsinised,
collected, and spun at 300g for 5 minutes before being lysed in 600 pL of buffer
RLT. RNeasy mini kits (Cat. No. 74134 Qiagen) were used to extract RNA as per
the manufacturer's instructions. RNA was quantified using Nanodrop
spectrophotometer (ThermoFisher) assessment before being stored at -80°C.

2.10.1.2 RNA from spheroids for sequencing
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Around 50 spheroids per condition were collected in a 15 mL centrifuge tube and
centrifuged at 800 rpm for 5 minutes. Media was aspirated and spheroids washed
in PBS and centrifuged at 800 rpm for 5 minutes. PBS was removed and
spheroids washed in PBS and centrifuged at 800 rpm for 5 minutes. PBS was
removed and 600 uL of Qiazol added from Qiagen Lipid Tissue Mini Kit.
Spheroids in Qiazol were frozen at -80°C for 24 hours before being defrosted.
Once defrosted, Qiagen Lipid Tissue Mini Kit was used to extract RNA as per the
manufacturer's  instructions. RNA was quantified wusing Nanodrop

spectrophotometer (ThermoFisher) assessment before being stored at -80°C.

2.10.2 cDNA synthesis

500 ng of total RNA was reverse transcribed to cDNA using High-Capacity RNA-
to-cDNA Kit (Cat. No. 4387406, Applied Biosystems) following the manufactures
instructions. Samples were placed in a thermal cycler and incubated at 37°C for
one hour, heated to 95°C for 5 minutes, held at 4°C. 55 uL of RNase free water

was added to each sample before being stored at -20°C.

2.10.3 gPCR

TagMan gPCR (ThermoFisher) was performed using TagMan Gene Expression
Master Mix (Cat. No. 4369016, ThermoFisher) in triplicate for each sample. 7.5
uL Master Mix, 0.75 uL Tagman gene expression assay consisting of a pair of
primers and a TagMan probe (Table 3.4), 3.75 uL of RNase free water and 3 uL
of cDNA was used per sample. Plates were run on the QuantStudio 5 System
(Applied Biosystems) with a two-minute incubation at 50°C then 95°C for 20
seconds. Following this, 40 cycles at 95°C for 1 second then 60°C for 20 seconds
were performed. Relative gene expression was quantified using the ddCt method

using Beta Actin as the internal housekeeping gene.

Table 2.4. TagMan probes. TagMan human gene expression assays used in

gPCR. All probes were specific to the human gene of interest.

Gene TagMan genbe expression assay
reference
ACTB Hs01060665_ g1

SLC6A6 Hs00161778_m1
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2.11 Western blotting

2.11.1 Protein extraction

Cells for western blotting were lysed using Radioimmunoprecipitation (RIPA)
buffer (50 mM Tris-HCI pH 7.4, 1% NP40 (Igepal), 0.25% Na-deoxycholate 150
mM NaCl, 1 mM EDTA), supplemented with protease inhibitor cocktail (cat. no.
539134, Merck) and centrifuged for 20 minutes at 4°C. The supernatant was
collected and quantified in triplicate using the Pierce BCA assay (ThermoFisher

Scientific), as per the manufacturer’s instructions.

2.11.2 Western blotting

Equal amounts of protein (minimum of 5 ug) were combined with 7.5 uL of 4x
Laemmli buffer (Bio-Rad), made up to a final volume of 30 upL with
Tris/Glycine/SDS running buffer (Bio-Rad), then heated at 100°C for 5 minutes
before being placed on ice. Samples were run on 4-15% Mini-
PROTEAN® TGX™ Precast Protein Gels (Bio-Rad) and transferred using
NuPage transfer buffer onto Polyvinylidene Fluoride (PVDF) membranes (both
ThermoFisher Scientific). Membranes were blocked in TBST (TBS with 0.1%
Tween-20) with 5% added milk powder (Oxoid) for an hour at room temperature.
Membranes were incubated overnight at 4°C with primary SLC6A6 antibody
(Abcam, ab196821 or 26898) at a dilution of 1:1000 in blocking solution or
GAPDH (Cell Signalling Technology, 2118S) for one hour at a dilution of 1:10000
in blocking solution. Membranes were washed three times in TBST before
incubation with secondary antibody at a dilution of 1:2000 in blocking solution
(Cell Signalling Technology, Anti-Rabbit IgG, HRP-linked Antibody, 7074S) for an
hour at room temperature. Membranes were washed four times in TBST and
developed using SuperSignal™ West Femto Maximum Sensitivity Substrate
(ThermoFisher Scientific) and imaged using the ChemiDoc MP Imaging System.
Bands were analysed in ImageJ, signals were normalised to GAPDH.

2.12 SLC6A6 knockdown using siRNA

A172, GBM63 and GBM58 cells were plated at a density of 25 x 104 cells per well
in a total of 2 mL per well, in a 6-well plate. Cells were plated in normal media
supplemented with 10 mM taurine. Cells were left to attach for 5 hours in an
incubator before transfection with SLC6A6 siRNA (cat. no. 4392420,
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ThermoFisher Scientific) or a negative control (cat. no. 4390846, ThermoFisher
Scientific). For each well to be transfected, a transfection solution containing 1.2
mL of opti-MEM (cat. no. 51985026, Gibco), 7 uL of Lipofectamine RNAIMAX
transfection Reagent (cat. no. 13778030, ThermoFisher Scientific) and siRNA to
a final concentration of 50 nM) was combined and incubated for 20 minutes at
room temperature. Following this, media was removed from the cells and
replaced with the incubated transfection solution. 24 hours later, cells were
trypsinised and resuspended at 9000 cells per 100 pL in their normal cell culture
medium, supplemented with 10 mM taurine and plated into 6 wells of a 96-well
plate per condition. The remaining cells were collected, and spun at 300g for 5
minutes before being lysed in 600 uL of buffer RLT. RNeasy mini kits (Cat. No.
74134 Qiagen) were used to extract RNA as per the manufacturer’s instructions.
Cells in 96-well plates were left for two hours to attach. Following this, cells were
treated with 30 uM of TMZ and irradiated with 2Gy radiation one hour later. 48

hours later, cells were subjected to MTT assay as descried above (2.3).

2.13 SLC6A6 knockdown using GIPZ Lentiviral shRNA

Glycerol stocks of 4 GIPZ lentiviral Human SLC6A6 shRNA constructs were used
(V2LHS_153000, V3LHS_348816, V2LHS 121007, V3LHS_406826, all Horizon
Discovery). Agar plates were made using 12 grams of agar dissolved in distilled
water and autoclaved at 121°C (cat. no. 22700025). Glycerol stocks of shRNA
constructs and lentiviral components (psPAX2 vector pMD2.G vector) and were
streaked onto the agar and placed in an incubator at 37°C overnight. A single
colony was picked from the agar using an inoculation loop and placed into 6 mL
LB broth (cat. no. 12780052). this was placed in a shaking incubator at 37°C
overnight. Plasmid DNA was harvested using a Qiagen Plasmid Mini Kit (cat. no.

12323) (as per the Manufacturers’ instructions).

HEK293 cells were cultured in DMEM high glucose with 10% FCS, and
maintained at 37°C at 5% CO2. One day before transfection, 10 cm dishes were
coated with 10 ug/mL fibronectin (cat. no. 33016015, ThermoFisher Scientific)
and 4x10° HEK293 cells seeded into each. A transfection mixture consisting of
10 ug of one of four construct plasmids, 7 ug of psPAX2 vector, 3 ng pMD2.G
vector, 500 uL of Opti-MEM and 40 L of Lipofectamine 2000 (cat. no. 11668030,
ThermoFisher Scientific) was added dropwise to the HEK293 cells. After 24
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hours, the media was completely removed and replaced with fresh medium. After
24 hours, media from each well was collected and filtered through a 0.45 uM
Millex HV filter and the media replaced with fresh media, which was collected 24
hours later. 2 mL of lentivirus was added to 1x10° of A172, GBM58 or GBM63
cells seeded in 6-well plates. Once confluent, cells were transferred to a T25 and
then a T75 flask in normal culture medium supplemented with 2.5 pg/uL
puromycin. Cells were then lysed using RIPA buffer to extract protein or with RLT

buffer to extract RNA for subsequent western blot and gPCR analysis.

2.14 SLC6A6 knockout using CRISPR

2.14.1 Cloning

Oligos to generate single guide RNAs (sgRNAs) were designed using Benchling

(https://Iwww.benchling.com) based on the exon 5 sequence, shared between all

known splice variants of SLC6A6 (NCBI). Oligos were resuspended to 100 uM in
dH20 and 1 uL of each oligo added to 8 uL dH20. To anneal, oligos were heated
to 95°C for 5 minutes, and then cooled at a rate of 0.1°C/sec to 50°C, held for 10
minutes, then further reduced to 4°C at a rate of 1°C/sec. In parallel, Crispr/Cas9
vectors (px461(Green Fluorescent Protein - GFP) or px462 (Puro) (Figure 2.1)
were digested at 37°C in a mastermix consisting of 2 uL of 10x CutSmart buffer
(cat. no. B7204, New England BioLabs), 16 uL of dH20, 250 ng plasmid and 1
uL of Bbsl enzyme (cat. no. R0539S, New England BioLabs). After 1 hour, 1 uL
of annealed oligos, 1.5 uL of T4 DNA ligase (cat. no. EL0014, ThermoFisher
Scientific) and 2.5 uL of T4 ligation buffer (cat. no. B69, ThermoFisher Scientific)
was added to the digested vectors and incubated for an hour at room

temperature.

For transformation, 2 uL of ligation product was added to 25 uL of competent
DH5a cells (cat. no. 12297016, ThermoFisher Scientific) and placed on ice for 20
minutes, heat shocked at 42°C for 30 seconds, and incubated on ice for 2
minutes. 475 uL SOC medium (cat. no. S1797, Sigma) was added and cells
placed in a shaking incubator at 37°C for one hour. Cells were spread onto
prewarmed agar plates containing LB and ampicillin and grown overnight at 37°C.
The following day, individual colonies were isolated and grown overnight in a

shaking incubator at 37°C in 5 mL of LB and ampicillin. Plasmid DNA was


https://www.benchling.com/
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extracted and purified using a QlAprep Spin Miniprep kit (cat. no. 27104, Qiagen)
following the manufacturer’s instructions and quantified using Nanodrop

spectrophotometer (ThermoFisher).
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Figure 2.1 Plasmid maps. Plasmid maps for both plasmid vectors used in
CRISPR/Cas9 knockout of SLC6A6. Maps for plasmid PX461 and PX462 are

shown.

2.14.2 Sanger Sequencing to confirm insertion of oligo into plasmid

A sequencing mastermix was made up of 14 uL of BigDye v3.1 (cat. no. 4337454,
ThermoFisher), 22 uL BigDye sequencing buffer (cat. no. 4336701,
ThermoFisher, 14 uL of 16 uM U6-F primer (sequence -
ATAATTTCTTGGGTAGTTTGCAG) and 77 pL nuclease free H20. 9 L of
mastermix and 1 uL DNA was added per well and run on a thermocycler (Biorad)
using the conditions in Table 2. DNA was subsequently precipitated using 60 uL
of 100% ethanol and 5 uL125 mM EDTA and centrifuged for 30 minutes at 22°C

and 4000 rpm. Excess liquid was removed and allowed to dry before pellets were
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resuspended in 10 uL of HIiDi formamide (cat. no. 17899, ThermoFisher).

Sequencing was performed on a Genetic Analyzer 3130x! (Applied Biosystems).

Table 2.5. Sequencing reaction thermocycler conditions.

Temperature (°C) | Ramp Time

96 1°C/sec 1 minute

96 1°Cl/sec 10 seconds X25
50 1°C/sec 5 seconds

60 1°Cl/sec 4 minutes

4 1°C/sec 00

2.14.3 Transfection of CRISPR plasmids

Each cell line was seeded at 70% confluency into 2 wells of a 6-well plate and
one well per cell line was transfected with 1 pug of each plasmid and 6 pL
Lipofectamine 2000 (cat. no. 11668030, ThermoFisher Scientific) or
Lipofectamine Stem (cat. no. 15783605, ThermoFisher Scientific). After 24 hours,
the media was supplemented with puromycin, to a final concentration of 2.5
ug/uL, and cells incubated overnight. Media was replaced (without puromycin)
and one GFP-positive cell was sorted per well into 96-well plates, and incubated
for 2-3 weeks. Any propagating colonies were grown to confluency and
transferred into 6-well plates. Genomic DNA was extracted from positive colonies
using a DNeasy Blood and Tissue Kit (cat. no. 69504, Qiagen) as per the

manufacturer’s instructions before Sanger sequencing described as above.
2.15 Immunofluorescence

2.15.1 Sample preparation — OCT embedded spheroids

10 spheroids per condition were collected in falcon tube and centrifuged at 800
rpm for 5 minutes. The pellet was reconstituted with 1 mL PBS and centrifuged
for 30 minutes at 4°C. PBS was removed and spheroids fixed with
Paraformaldehyde (PFA) (4% (w/v)) for 30 minutes at 4°C. Spheroids were

washed three times with PBS before being resuspended in sucrose solution (30%
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(w/v)) and left at 4 °C overnight. Spheroids were removed from the falcon with a
1000 uL pipette tip and placed into cryo-moulds containing Optimum Cutting
Temperature (OCT) solution (cat. no. 36160E, VWR). Spheroids were sectioned
on a cryostat at 20 mm thickness. Slides containing spheroids sections were
placed at -20°C until staining.

2.15.2 Immunofluorescent Staining

Before staining, slides were left at room temperature for 20 minutes then washed
in PBS twice. Each individual spheroid was drawn around using an ImmEdge
hydrophobic pen (cat. no. H-4000, 2B Scientific) before a single drop of Bloxall
(cat. no. SP-6000, 2B Scientific) was added using a 200 uL pipette and left for 20
minutes. Slides were placed in TBST for 5 minutes before casein (cat. no. SP-
5020, 2B Scientific) was diluted 1:20 in antibody dilutant (cat. no. 003218,
ThermoFisher Scientific) and placed on the slides for 20 minutes. Ki-67 primary
antibody (cat. no. 151210, Biolegend) was diluted 1:150 and left at 4°C overnight.
Slides were washed in TBST, three times before secondary antibody added for
two hours at room temperature in the dark. Slides were washed in TBST three
times then incubated with Hoescht (diluted 1:10,000 in PBS) for 10 minutes.
Slides were washed once in TBST before a drop of Prolong Gold Antifade
(P36930) added and coverslips mounted. Fluorescence signal was detected
using an EVOS digital inverted fluorescence microscope (Life Technologies) and

quantified using ImageJ.

2.16 RNA sequencing

RNA for sequencing was extracted using the method in section 1.10.1.2. Strand
directional whole transcriptome paired end RNA-sequencing libraries were
created and sequenced by Novogene. FASTQ data were trimmed of low-quality
bases, phred threshold=20, and adapters via Trim Galore v0.4.3, wrapping
Cutadapt v1.8.3 (182). Trimmed reads were quality checked using FASTQC and
then aligned to human reference genome GRCh38.13 using STAR v020201.
Gene and transcript count and gene expression was quantified via
CuffQuantv2.2.1 taking directional specifics of the library as input, using
probabilistic weighting of multireads and quantifying against the GENCODEv27
human genome annotation with haplotypes and scaffolds included. Differential

gene expression analysis was performed using Deseq2 using a paired design
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(183). An adjusted p-value of < 0.05 was used as the significance threshold. Gene
Ontology analysis was performed using ShinyGo v0.75 (184). Over-
representation analysis (ORA) using WebGestalt (WEB-based Gene SeT
AnalLysis Toolkit) using the molecular signature database gene set named “the
hallmark of cancer” (185, 186).

2.17 Statistical analysis

Shapiro-Wilk and Kolmogorov-Smirnov tests were used to check for normal
distribution using Prism version 8.0.2. Unpaired Student t-tests were used to
analyse significance levels with a confidence limit of 95% on a minimum of three
biological replicates for each experimental assay unless stated otherwise. On
figures, * means p-value < 0.05, **<0.005, ***<0.0005, and ****<0.0001. Error
bars denote the standard error of the mean (SEM) or standard deviation (SD) as

stated.
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Chapter 3

Optimisation of models

3.1 Introduction

The first requirement for my PhD research project was to establish the details of
the preclinical models | would use and determine the appropriate treatment
regime and other relevant experimental parameters. This chapter describes the
work completed to determine the experimental setup that would be used routinely
throughout in order to provide consistency between results, including selection of
cell lines most suited to the project, treatment schedules, treatment doses, taurine

supplementation and end point assays.

3.1.1 Use of cell line models in GBM

It is important that different aspects of GBM biology are accounted for when
choosing appropriate models for use in this project. Different types of cell lines
are available for use which include commonly used established cell lines and less
commonly used patient-derived cell lines, the differences of which are described
in more detail in section 1.7.1. Established cell lines typically come from a clonal
origin meaning they are homogeneous in nature and have phenotypically similar
cells (187). This means they undergo similar cell cycle durations so have distinct
doubling times when cultured in 2D (188). They also require standard cell culture
plastics and are usually grown in media supplemented with foetal calf serum
(FCS). Due to their ease of use and commercial availability, they are used
commonly throughout cancer research. There are a multitude of established
GBM cell lines that can be bought commercially with several commonly used
models, including A172, MO59K and U87. U87 have however been shown to be
insufficient for use in GBM research due to the lack of similarity to human GBM
(189).

Similar to a GBM tumour, patient-derived cell lines are heterogeneous in nature
and contain many glioma stem cells (GSCs) that are often regarded as the cells
responsible for disease recurrence (190). They commonly have spontaneous and
unpredictable growth patterns in culture and are grown without FCS. The lack of
FCS maintains the stem-like properties of the cells which often need special
growth requirements including flasks coated in ornithine and laminin to allow their

attachment and growth in 2D. The expression profiles of patient derived cell lines
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are more similar to that of patient tumours than established cell lines so they are
arguably a more relevant model to study GBM (190). Leeds Institute of Medical
Research has molecularly characterised 13 GBM cell lines derived from patient
materials using serum-free media for experimental analysis. These were

available for use in this project.

There are fundamental differences in established and patient-derived cell lines
and each are thought to represent a different part of tumour biology. GBM cells
cultured in serum are thought to be enriched for the differentiated components of
the tumour. By contrast, patient-derived cell lines, typically cultured with no
serum, are enriched for the stem cell component of GBM biology (162, 191). It
was therefore important that | used both types of GBM cell lines to represent

important but unique parts of GBM biology.

3.1.2 3D cell culture and assays

As referenced in section 1.7.2, the use of three-dimensional (3D) models such as
spheroids has become an intermediate step between two-dimensional (2D) cell
culture and in vivo models. This is especially true in cancer research, with 3D
models providing a more physiologically relevant environment for cancer cells in
comparison to being grown as 2D monolayers. This results in a more clinically
relevant recapitulation of the biology or therapeutic response observed in vivo
(168). The genomic profile of glioblastoma is more highly preserved in spheroids
in comparison to cells grown in 2D (192). One important aspect of 3D cellular
interactions that is relevant to this project is the expression of the membrane
protein TauT, encoded by the SLC6A6 gene. Simulations performed by Xie et al.,
showed that the membrane proteins CD2 and CD58 had 100-fold lower protein
dissociation in 2D than when in 3D (193). However there are no records of

experiments looking at taurine transport via TauT in 2D vs 3D.

Additionally, cells in 3D are exposed to different levels of nutrients from the
culture medium than cells in 2D (194). TauT transports the amino acid taurine
from the extracellular environment so we might expect that this will differ between
cells in 2D and those grown as a spheroid. Furthermore, GBM spheroids often
have a hypoxic core when they reach 300 um and have an outer layer of
proliferating cells (168). Hypoxia is a common and important feature of GBM,
especially in relation to SLC6A6 as variants in this gene has been associated with

a GBM hypoxia-dependent subtype (71). Thus, it is important that the spheroids
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used in this project reach this diameter so that they possess this physiologically-

relevant feature.

3.1.2.1 Methods of spheroids culture

There are multiple methods available for growing spheroids. U-bottomed-low-
adherence plates provide an easy way of culturing spheroids. Cells resuspended
in media are aliquoted into each well and the low adherence properties of the
plate allow cells to aggregate together to form spheroids with typically just one
spheroid forming per well. With this method it is easy to adjust spheroid size as
cell numbers can be adjusted to create smaller or larger spheroids. Additionally,
media can be easily replaced every few days with minimal disturbance to the
spheroid (195). The hanging drop method allows cells to form spheroids by
aggregating together in droplets that can be controlled via the amount of cell
suspension and which in turn controls spheroid size. The cell suspension is
pipetted into wells of a plate which are then turned upside down after the lid is
put on (196). The advantages of hanging drop methods are that they are
inexpensive and it is easy to make a lot of spheroids in a single experiment. It is
also easy to change the size of the spheroid depending on the number of cells in
the starting cell suspension. Despite this, however, spheroids in one set up often
vary in size from one another and this technique is technically challenging (197).
Using spinner flasks is another commonly used method of generating spheroids.
In this methodology, a cell suspension is placed into a spinner flask which
continually stirs the cells to aggregate them together to form spheroids. The rate
of spinning is key and can result in spheroids that are either damaged (if spun
too fast) or that sink to the bottom (if spun too slow). Spheroids generated in the
same spinner flask can also vary dramatically in size that can serve as both an
advantage and disadvantage depending on the experiment (196). However, once

purchased, spinner flasks are cheap to run and require minimal maintenance.

Despite the numerous advantages and many ways to culture spheroids, they are
not widely used in biomedical research because they are unsuitable for high-
throughput assays and the lack of reliable analysis methods (198). Many spheroid
assays are endpoint only, meaning that changes occurring between initial set up
and the assay end point are not recorded. Evaluation of spheroid measurement
changes over time, including parameters such as area, diameter, and circularity,

could be a valuable tool for many biological studies. In many cases, obtaining
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these results involves manual imaging of each spheroid with subsequent manual
application of imaging tools to obtain quantification metrics that are individually
collated and then laboriously analysed. This is time-intensive, resulting in fewer
technical repeats per condition being studied, and introduces subjectivity and,

thus, human error.

At the start of this PhD, the method routinely used to quantify spheroid size was
via manual imaging of each well of a 96-well plate using the EVOS Cell Imaging
System; a fluorescent and transmitted light microscope capable of producing high
resolution images. ImageJ software, a Java-based image processing
programme, was then used to manually draw around each spheroid and
automatically quantify perimeter, diameter and area (199). To image and analyse

a full 96-well plate using this method took approximately two hours.

With all the methods to consider, it was important to determine and adapt the
approach used for generating 3D models to find a way that could be adapted to
for high throughput methods both in terms of culturing and subsequently imaging

the spheroids.

3.1.3 Taurine, temozolomide and irradiation doses to be used

Using physiologically relevant model parameters is important for this project to
study the conditions in which SLC6AG6 is upregulated in recurrent tumours. This
will allow me to investigate its importance in treatment resistance observed in

patient samples.

In my experimental setup it was important that | mimicked physiological taurine
levels found within the normal brain. Although taurine can be biosynthesised
within a cell from cysteine, the main source of taurine is through transport via
TauT. This is particularly important for glioma cells that rely heavily on taurine
transport into the cell due to biosynthesis defects and demand for cysteine in
other cellular processes. Therefore it is important that any cell media is
supplemented with taurine so that cells can transport this into the cell. Numerous
previous studies looking at various brain cell types used 10 mM taurine, based
on the levels of taurine found within the brain, which provided a starting point for
taurine supplementation experiments (123, 200-202).

Using a physiological treatment regime to treat the cells is also an important
consideration. Primary GBM patients are treated with temozolomide (TMZ) and
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irradiation. Irradiation is given in 2 Gy fractions to a total of 60 Gy and studies
have shown that the level of TMZ that reaches GBM tumour cells is around 30
uM (17). When deciding upon doses of radiation and TMZ to use, it is important
to consider that the aim is not to eradicate all GBM cells, as it would be when
treating a patient. Instead | needed to find a dose which causes a significant
cytotoxic effect, but with which we can still observe any changes in treatment

response following modification of cells, for example with a gene knockdown.

3.1.4 Dose response curves

Dose response curves are a way in which the response of an organism, in this
case cells, to a compound, can be measured after a certain amount of time. It is
important that dose responses are determined and optimised to work out the most
appropriate concentration a compound should be used at to answer the research
guestion. For this project, it was important that a response to a treatment is
observed, but not to a level where any further changes would cause no further
response. For example, | wanted to observe a significant reduction in survival or
spheroid size without Killing every cell in the spheroid, so that further

manipulations of the cell can be performed and changes still observed.

For a GBM patient, the size of the tumour is a very important factor. GBM patients
with smaller tumours have significantly longer survival times than patients with
larger tumours (203). If the size of the tumour could be reduced, this would impact
both the quality of life of the patient as well as their life expectancy. Therefore
one method to measure the response of spheroid models to treatment is to
measure the size of the spheroids. This is not a direct measure of cell survival as
other things could be causing the spheroid to be smaller other than cell death, for
example cell shrinkage or a change in the density. However, this metric would
directly affect a patient’s survival, so | used spheroid size as a valid
representation when optimising experimental conditions to be used in

subsequent experiments.

3.2 Aim and Objectives

The aim of the work described in this chapter was to optimise the experimental
set up and parameters for the experiments to be used in this study. This would
ensure that all experiments could be run in a consistent and standardised way.

To achieve this, the following objectives were set:
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Objective 1 - Determine suitable cell lines for use in the project.

Objective 2 - Develop an automated imaging and analysis platform for spheroid

measurements.
Objective 3 - Select an appropriate taurine concentration for use in experiments.

Objective 4 - Optimise treatment doses and timings of temozolomide and

irradiation in 2D culture.

Objective 5 - Optimise treatment doses and timings of temozolomide and

irradiation in 3D culture (spheroids).

Objective 6 - Determine appropriate end point assays to be used

3.3 Results

3.3.1 Determining suitable cell lines for use

It was important to include both established and patient-derived cell lines in this
project, with all suitable cell lines having promoter methylation, and therefore
consistent responses to TMZ (see section 1.4.1). TMZ is part of the standard
treatment for GBM patients, regardless of MGMT promoter methylation status,
and therefore | wanted to mimic this as closely as possible in my assays. MGMT
promoter methylation data for all available GBM patient derived cell lines was
determined by DNA extraction (by Ruth Morton) and DNA methylation profiling
using the lllumina Human Methylation EPIC array (DFKZ, Heidleberg, Germany).
This enabled GBM63 and GBM58 to be identified as both MGMT promoter
methylated. SLC6A6 RNA expression was confirmed in both these cell lines by
gPCR (Figure 3.1) making them suitable for use in this project. For established
GBM cell lines, MO59K has an unmethylated MGMT promoter sequence deeming
it unsuitable for use in this project, whereas A172 was confirmed to have a
methylated promoter sequence for MGMT and expressed SLC6A6 RNA (Figure
3.1) (204) (205).

Al72 is a fast growing cell line, making it an ideal candidate for developing the
automated imaging and analysis system and for treatment optimisation of TMZ
and irradiation. All optimised variables were subsequently verified for applicability
in the patient derived cell lines (GBM58 and GBMG63).
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Figure 3.1. Expression levels of SLC6A6. Expression levels represented by Ct
Values determined by qPCR of SLC6A6 in GBM58, GBM63 and A172. Ct values
are used as the measurement as the aim was to simply show if SLC6A6 was
expressed in the cell line or not, and not to show the relative changes in gene
expression. Individual values from each biological repeat plotted along with the

mean + SEM, n=3.

3.3.2 Developing an automated imaging and analysis platform for

spheroid measurements.

| chose low-adherence 96-well plates to culture GBM spheroids as they allowed
multiple plates to be cultured simultaneously. Additionally, a single spheroid can
be grown per well, meaning that spheroids are all a consistent size after seeding
with the same cell number and therefore each individual spheroid can be tracked
and monitored over time using imaging techniques. Historically, the drawback to
culture and analysis of spheroids using this method is the time taken to image
the spheroids. Traditionally, this was done manually which was time inefficient.
Therefore, | developed a more efficient method of imaging and analysis. In
collaboration with specialists from Nikon, we developed an automated plate-
imaging and analysis programme using the Confocal Laser Scanning
Microscope-Nikon A1R. This involved the creation of a bespoke JOB
(computationally scripted series of commands) that uses a threshold-based

method to automate the imaging and analysis of spheroids. This was a significant
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breakthrough in spheroid assay analysis for use in this project. The method is

described in more detail below (3.3.2.1).

The automated JOB reduced imaging and analysis to under two minutes per
plate, making measuring spheroid growth every two to three days over a period
of weeks achievable. This automated approach was used to measure spheroid
diameter, area, perimeter and circularity based on a 2D image of each spheroid
taken from above the spheroid at its widest point. Using the confocal microscope
and the software currently available, it is not yet possible to obtain Z-stacks of an
entire spheroid in order to determine the volume. Therefore, it was decided that
maximal cross-sectional area (um?) would be the measurement used to represent

spheroid size in the majority of experiments.

3.3.2.1 Bespoke method developed for using the confocal imaging

technique

Import the JOB file (Spheroid_Imaging_Single_Plane_with_Area.bin) into the
software by clicking import and then open the JOB by going to file, JOBS and
double clicking. The confocal should be set up as standard using the 10x lens
and focusing on a spheroid within a well. The fluorescence bulb does not need to
be switched on as the programme uses brightfield light only. In the tab ‘Use plate
with 96 wells’, select the plate type used. The ‘Align plate.wellplate’ tab is used
to align the plate in relation to where the spheroids sit within a well. If the
spheroids are in relatively the same place in each well, only one well will need to
be aligned. Focus on a spheroid in a well, use the align plate tab to click on the
well in focus, and move the yellow grid to show the position of the spheroid in the
well as seen in Figure 3.2. If necessary, multiple wells can be aligned per plate.
This will need to be redone for each plate imaged. On the ‘WellSelection’ tab,
select the wells containing spheroids that are to be imaged. If necessary, the
wells can be labelled in the ‘WellLabelling’ tab. The JOB works more effectively
if the confocal Perfect Focus is available to use. This is specified to turn on and
be in use on the ‘PFSON’ tab — this tab should not need to be altered. In order to
set the threshold for determining a spheroid, a still image of a spheroid in a well
needs to be taken. Following this, double click on the ‘Spheroid_Area on
Capture_Image’ tab to open a box, and adjust the arrows in the threshold, size
and circularity tabs as required as seen in Figure 3.3. Click OK when complete.
The play button at the bottom right-hand side of the JOB can now be pressed.
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This will open a dialogue box in which every tab will have to be viewed order to
press the next play button and continue on to the next step. Press play. A further
dialogue box will open to act as a reminder to set the focus on a spheroid. Once

complete press ‘OK’ and the imaging will begin.

Upon completion of imaging, a plate map showing an image of each spheroid in
the well will appear. Using this view it is easy to compare spheroids to look for
anything that will cause obvious outliers (e.g. empty wells as the result of losing
spheroids when media changing). In Figure 3.4, the outer wells of the plate

contain no spheroids.

Figure 3.5 shows an example of a heat map produced based on area (um?) from
imaging a plate of spheroids. These are also produced for other measurements
including perimeter, diameter, circularity. The highlighted square appears to have
a spheroid bigger than the rest — a quick click in this shows the corresponding
spheroid with a black line coming from it which has skewed the area of this
spheroid and can be removed from the analysis. The buttons circled show how
to view the plate as a heat map showing the area of each spheroid. These can
be copied to be pasted into another document using the copy button. The Grid
button shows all the data from the imaging in a grid format which can be exported
to an excel document to be used in the SpheroidAnalyseR pipeline (Section
3.3.3).
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Figure 3.2. The confocal JOB stages and plate spheroid alignment in a well.
The multiple stages of the JOB are shown on the left hand side. On the right hand
side, a spheroid is being aligned in a well. A spheroid should be located and the
corresponding well selected. The yellow grid should be aligned to the centre of
the spheroids and the ‘set’ button on the left had side pressed to align the

spheroid to this well.
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Figure 3.3. Determining the threshold level for a spheroid. The threshold by
which a spheroid should be determined can be adjusted using the pink and green
graph on the right hand side. The area which will be considered the spheroid is

highlighted in pink on the left hand side.

Figure 3.4. A plate of imaged spheroids. After imaging is complete, an image
of each spheroid will be shown as seen in the location for the well it corresponds

to.
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Figure 3.5. Heat map of spheroid measurements. A heat map showing the
area of each spheroid imaged in the location for the well it corresponds to. In the
blue oval are the buttons to click between this view and the view in figure 3.4.
Circled inred is the option to export the data to an excel spreadsheet. The colours
represent the size of the spheroid in a heat map method with red being the largest

area and purple being no measurement recorded.

3.3.3 Creation of SpheroidAnalyseR

This high-throughput method using the confocal microscope generated a lot of
data that was becoming increasingly harder to manually analyse. Therefore, in
collaboration with a visiting computer science researcher (Joseph Wilkinson) and
bioinformaticians from the University of Sheffield, | developed an R Shiny App
named SpheroidAnalyseR to analyse the data. | was responsible for driving and
directing the creation of the app; | led the project and directed the computational
scientists with regards to what was needed for the app to be fit for purpose for
use by a non-computational expert. | did the testing of the app to ensure it worked
and helped with the design and format. | wrote this method as a paper which is
available at (https://www.biorxiv.org/content/10.1101/2022.02.18.481039v1) to
enable the app to be adopted by the wider research community (181).

The R programming language is a highly regarded open-source platform for data
manipulation, visualisation and statistical analysis. Despite numerous training
initiatives, there is a still a steep learning curve for those without prior
programming experience to adopt the language in their daily work.
SpheroidAnalyseR takes advantage of the user-friendly ‘Shiny’ which allows R
developers to make their code and analyses accessible to the wider community

through a web interface.

SpheroidAnalyseR starting point is inputting size measurements from spheroids
grown in 96-well plates. This data can be acquired in multiple ways including
manual imaging and measuring for example using an EVOS fluorescent and
transmitted light microscope capable of producing high resolution images.
ImageJ, a Java-based image processing programme, can be used to manually
draw around each spheroid (199). Next, data can then be uploaded into the
template spreadsheet provided and analysed by SpheroidAnalyseR.
Alternatively, published methods such as SpheroidSizer provide a way to

calculate the area and other key spheroid measurements from images (206). In
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addition, the Excel file output from the confocal job as seen above can be inputted
straight into the app. Users can use SpheroidAnalyseR to preview the data,
remove outliers, merge result files and plot graphs. SpheroidAnalyseR identifies
and visualises outliers in spheroid data giving the user the option to remove some
or all of them. It does this by converting user-defined technical replicate data into
a statistical measure known as a robust z-score, which is a method of determining
outliers based on how many standard deviations they are away from the median
(207). The user can set a threshold score for the robust z-score, with the default
set as +1.96, which equates to a 95% confidence interval. The webpage, after
data input, includes graphical visualisation of spheroid measurements across
multiple predefined parametersi.e. time, cell-type and treatment(s). The workflow

for analysing the data is in five main steps as follows:
3.3.3.1 Method developed for the bespoke Shiny App SpheroidAnalyseR

1. Datainput

On the Data Input tab, three types of files are required to be uploaded to allow

processing. These are:

Raw data file - Files can be uploaded either directly from the output file from the
bespoke JOB on the confocal (raw data template 1) or, data can be manually
inputted into the second template file (raw data template 2). Several parameters
can be inputted including treatment date and time, cell line, passage number,
drugs used and their concentrations, and irradiation dose. Any columns in which
no data is present should have ‘0’ for each row. If the user is analysing multiple
plates of data with the same layout, then multiple raw data files can be uploaded

simultaneously to allow for faster processing.

Plate layout file - This file defines the layout of treatments on the 96-well plate for
each spheroid or organoid. Each plate can contain spheroids or organoids with
multiple different treatments. 1-12 represents columns 1-12 of the 96-well plate
and A-H represents rows A-H of a 96-well plate. A number corresponding to the
treatment index assigned in the treatment file should be in each cell that a
spheroid measurement was for. Only one plate layout can be uploaded at any
one time. If a raw data file has a different plate layout to the last file analysed,

then a new plate layout will need to be uploaded.
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Treatment file - This file defines the treatment index numbers corresponding to
the plate layout file. An index denotes a specific treatment, or combination
thereof, and cell line as detailed in the corresponding row of the treatment
template. If desired, users can input the time and date of treatment, the cell lines
used, the passage number, the dose of radiation used and multiple drugs and
subsequent concentrations. Multiple wells with the same index constitute
technical replicates. Multiple different combinations of treatments can be defined

as required.

Templates for these files are available to download on the Data Input tab of the
SpheroidAnalyseR web page. The column names of any input files must match
those given in the supplied templates, and the sheet name must match the

template's sheet name. Four template sheets are provided:

1. Raw data template 1 - This is the file created after running the bespoke
JOB on the Confocal Nikon AR1. It can be uploaded straight to
SpheroidAnalyseR.

2. Raw data template 2 — This template allows users to input their own
spheroid measurements obtained. Users must have the Well.Name
column completed and at least one of measurements from the other
columns which are: area, perimeter, circularity, count (number of
spheroids per well), diameter and volume. If any measurements are not
inputted, then a ‘0’ should be inputted in each cell. Optional: — the user can
input the time and date the spheroids were analysed, if not required then
‘0’ should be inputted in each cell.

3. Plate layout template.
4. Treatment template.
2. Previewing files in the Data Input tab

Raw data files can be previewed on the Data Input tab. A drop-down list enables
users to select each raw file if multiple files were uploaded simultaneously.
Treatment and layout information based on the templates uploaded can also be
reviewed here: the plate layout is shown, and a dropdown list allows the user to
colour the plate according to each parameter in the treatment file (i.e. cell line,
drug used, or time treated). An image of the plate layout along with its designated
treatment index is shown. It is recommended to review your uploaded data to

ensure that the plate layout and treatment index are correct before proceeding.
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3. Outlier removal

Once data has been inputted and reviewed, the user can move to the Outlier
Removal tab and determine if any of the data points are spurious and should be
removed as an outlier. On the Outlier Removal tab, choose the raw file to be
analysed from the ‘Chose a raw file’ drop-down list. A spheroid measurement
value (e.g. diameter, area, etc.) for which the outliers should be determined for
can be selected from the ‘Choose a value to plot the outliers’ drop-down list. In
the shaded beige/yellow box (Figure 3.7) users can adjust the robust z-score (if
required) and choose to apply pre-screen thresholds. These are automatically
applied with default settings but can be adjusted if necessary. The pre-screen
threshold removes spheroid measurements where the value falls outside the
upper or lower limits set by the user. This ensures any wells in which there is an
extreme outlier, for example due to an empty well, will be removed prior to outlier
analysis. After clicking the ‘Remove outliers’ button, outliers will be removed and
three images will be displayed. The top figure shows the plate layout after wells
with spheroids that are determined to be outliers have been removed based on
the pre-screen thresholds and robust z-score limits. Below that, Plot 1 and Plot 2
can be viewed with the selected measurement (e.g. diameter, area, etc.). These
plots show the columns of the plate and the measurement each spheroid in these
columns has (for example diameter). Plot 2 shows spheroids grouped by
technical replicates, i.e., with the same treatment index as defined on the
previously inputted treatment file. It is advised to apply pre-screen threshold to
remove any values that are obvious outliers before running the robust z-score.
This could include measurements that have been taken of empty wells or when
the imaging technique failed to recognise and measure a spheroid. Using the
‘Toggle Cell Status normal/outliers’ drop-down list, users can manually override
individual results of the outlier process. The user must select a cell or multiple
cells and choose the ‘apply manual adjustment’ button. At this point, if the
spheroid in that well was determined to be an outlier, it will now be classed as a
normal result, and vice-versa. This is to give the user full control over the data
and inclusion in subsequent analysis. The report of the selected file with outliers
removed can be downloaded by clicking the Download button. This will
automatically be downloaded and be titled <the file name of the raw file>. The file
contains multiple tabs each showing a different measurement (area, diameter

etc.) with two plots per tab showing the data for each treatment index with and
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without outliers. The main dataset tab shows all the data uploaded with new
columns added with the outliers removed (OR) (Area_OR etc). This data can be
used by the user to create their own graphs and perform statistical analysis in
their preferred method. The downloaded files can also be re-uploaded at a later
date on the Merging tab by selecting ‘Use previous reports’ checkbox and using

the file selection tool to upload the previously processed files.
4. Merging

The Merging tab allows multiple files to be merged into one master file to create
plots in the Plotting tab. If the user is only analysing one file, then the ‘Merge’
button should be chosen and then progress straight to the next tab. On the main
panel on the Merging tab, a table of raw files that have been uploaded on the
Data Input tab will be shown. The third column (column name: Processed) shows
whether the file has been processed through the outlier removal step on the
Outlier Removal tab. The rest of the columns show the configuration (e.g. robust
z-score value or Pre-screen thresholds) used in outlier removal so that the user
has a record of the parameters should they need to re-analyse a file, or analyse
future files in the same way at a later date. Files that have been previously
analysed on the Outlier Removal tab can also be uploaded directly to the Merging
tab. To do this, select the ‘Use previous reports’ checkbox and browse for the
correct files. The merged file is only available when selected raw files have been
processed. Once all the raw files have been processed on the Outlier Removal
tab, press the Merge button. This will allow plots to be created using the data
from multiple files on the Plotting tab. The user can rename (using the ‘Merged
file name’ textbox) and download (using ‘Download the merged file’ button) the

merged file if required.
5. Plotting

Plots of the merged data can be created and viewed on the Plotting tab.
SpheroidAnalyseR supports bar plots, point plots, dot plots and box plots. The
user must select a plot type (bar plot by default) followed by a spheroid/organoid
measurement type for the Y-axis (Area by default) and a grouping parameter for
the X-axis (Treatment.Label by default) from the drop-down lists. If required, up
to two grouping parameters can be specified to be distinguished by different
colouring. The plot can be named and there is an option to colour the plot in black

and white if desired. Press the ‘Plot’ button to view the plot on the tab, and the
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‘Add to the report’ button to add it to the report which can be downloaded using
the ‘Download the report of plots’ button. Multiple plots can be added to the report
before downloading.

3.3.3.2 Example work through

A series of screenshots taken from SpheroidAnalyseR highlighting the process
of uploading data, data analysis and data presentation is given in Figures 3.6 —
3.9. Key steps are described in the associated figure legends. The example data
files are available at provided in the supplementary materials (raw data is in
Supplementaryfilel, plate layout is supplied in Supplementaryfile2 and treatment

definitions within Supplementaryfile3).

m SpheroidAnalyseR Datalnput Outlier Removal ~ Merging  Plotting  Help
UNIVERSITY OF LEEDS

Choase Raw Data Preview the data

Browse | Su
Supplementaryfle ! xisx Choosa a raw file to preview

Supplomentaryfia! xksx - —

Show (5 %) entries Search:

Choosa Plate Layout

Browse | Supplementarniie csv

. . Sobrun
:M' °° " 'I:; st l.n‘ :‘ ;ﬁ’.’;" Finish Jobrun Fakder Job
Choose Treatment Definitions o Nama ame ration Time
Browse | Supplementaryled.csv Spheroid
Rhannon Ahannan Imaging
. 1899-12- 201903- .
N 1 Sohirokd Z 808 yoorosz osTindscoy  SPPEgag Binle Flane wih AmaZDI0N0R 04557 840
1 Dowrload the raw data templaie 1 0 Downdoad the raw data temglate 2 “ N N
win Area
O Downioad the plats layout template | 01 Download the ieatment template
Spharoid
Fnannon . Franaan Imagng  1a95.12. 201903 \ R § -
2 Spherod Spheroid 2 Singe gt ci0nr  oaTinascoz  SPSEid_Imaging Single_Fane_wih Areai20190308 104857 640
Tests. Tests Plane
with Area
Spheroid
3 mm:d‘ 1 :N z ‘;’gw e i oid_ Single_Plane_with_Areal20190308_104857_840
Spher pheroid ghe IITO00103Z  0BTiDAgppz  SPhereid_imaging Single Plane,
Tests Tesis Prane
wilh Area
Spheroid
Rnannon Rhannon e J—— P
& Spheroid 1 Spheruid 2 Sng o 0% OaTinamopz SPharoid imaging Single Plane_wih AreaiZ0190308_104657_ 640
Tests Tosts ane
with Area
Spherod
Rhamnon Riwewon 1m0 yag9.12. 2018.03-
5 Spherod 1 Spheroid 2 Singls Spharcid_imaging_Single_Plane_with_Arsal20190308_104657_640
JITOO0103Z  0ST10:48:002
Tests. Tosts Plane
with Area
Showing 110 5 of 60 entries Provious (112 3 4 8 12 Next

Show the treatment groups on the plate

Choose the value to view the layout

e R —




59
Figure 3.6. The Data Input tab. The view of the Data Input tab once raw data
has been uploaded. Template files are available to download (see red rectangle).
A raw file (Supplementaryfilel), plate layout (Supplementaryfile2) and treatment
file (Supplementaryfile3) have been uploaded. A preview of the raw data is shown
in the main panel, and a map of the plate coloured by treatment index is displayed
underneath. Red arrows show the dropdown menus to select a different file to

view, and to choose a value to view the layout for.
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Figure 3.7. The Outlier Removal tab. Inside the beige box are the adjustable
outlier settings of Pre-screen-thresholds and robust z-score. After pressing the
‘Remove outliers’ button, the outliers have been identified on the plate layout
seen at the top of the panel. Orange shows outliers removed via pre-screen
thresholds and red shows outliers removed after robust z-score. The results of
either of these can be modified using the ‘Toggle cell status, normal/outlier’ drop
down menu. The user should select the wells to adjust and press ‘Apply manual
adjustment’. The data can be downloaded as an excel spreadsheet via the

Download button.
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Figure 3.9. The Plotting tab. The default plot type is a bar plot, but different plot
types can be selected in the ‘Choose plot type’ drop-down list. Values to plot on
the Y-axis and X-axis can be selected from the drop-down lists. The plot can be
displayed in black and white if desired. Plots can be added to the report via the

‘Add to report’ button and then a file of the plots can be downloaded.

The combined result of the confocal imaging and SpheroidAnalyseR allowed
imaging and subsequent analysis to be reduced from hours per plate to minutes.

This was then used in any spheroid experiments going forward.

3.3.4 Determining seeding densities for spheroid models

In order to determine the number of cells per spheroid to seed for future
experiments, the size of A172 spheroids seeded with different starting numbers
was recorded at days 2 and 5 post seeding. Studies show that 400 um diameter
spheroids are known to develop a hypoxic core which is a common feature of
GBM tumours (168). In a hypoxic environment, cells can undergo certain
adaptations that enable them to have a more aggressive tumour phenotype,
including a decrease in proliferation and a reduction in pro-apoptotic signalling,
due to activation of DNA damage repair signalling pathways (167).
Chemotherapy and irradiation are often less effective on tumours containing a
hypoxic core (208). It was important that we seek ways in which our model could
more physiologically represent a GBM tumour, therefore, a diameter of at least
400 pum must be observed at the start point of the experiment. On day 2,
spheroids were not yet compact or circular. By day 5, spheroids were compact
and spherical and their diameter appeared to be reduced from that measured at
day 2 (Figure 3.10). Therefore, day 5 was chosen as an appropriate experimental
time point following seeding in subsequent experiments. The diameter of
spheroids at day 5 was around 360 um for 2000 cells and around 420 um for
4000 cells. Therefore a mid-point of 3000 cells was chosen to be the start point
for experiments. This was consistent with previous spheroid work done in the lab
using different cell lines that meant these results could be comparable to previous
data collected if required. GBM63 and GBM58 both reached at least 400 um in
diameter at day 5. Therefore, this cell number and start time of any treatments

following seeding was also appropriate for these cell lines.
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Figure 3.10. Diameter of A172 spheroids. Diameter measured in um of A172
spheroids with different starting numbers of cells on day 2 and days 5 post-
seeding. The mean spheroid diameter (um) + SEM is plotted, n>6 for each data

point.
3.3.5 Optimising treatment doses and timings of TMZ and irradiation

To determine whether inhibiting SLC6A6 alters the response of GBM cells to
standard TMZ and irradiation treatment administered following surgery, doses
and timepoints had to be identified whereby cell death was observed but not so
much that no cells were available for analysis following treatment. Furthermore,
to make these studies clinically relevant, treatment combinations needed to be
comparable to those administered to patients: around 3-30 uM TMZ and
fractionated irradiation of 2Gy doses to a total of 60Gy (17). Initially, treatments
were optimised in 2D culture in case future work would benefit from assays only

available in this format (Figure 3.11).
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Treatment of A172 cell spheroids with irradiation or TMZ alone shows a clear
separation in growth curves at 30 uM TMZ (Figure 3.12a) and at 4Gy radiation
(Figure 3.12b). In combination, there is no significant difference in treatment
response between 2Gy + 30 uM TMZ and 4Gy + 30 uM TMZ (unpaired t-test,
p=0.322)(Figure 3.13). Therefore, 30 um TMZ and 2Gy irradiation were chosen
as this most closely aligns with the treatment doses given to patients (17, 209).
Spheroid area was measured up to day 37. However, from day 22 the variability
in spheroid growth in both untreated and treated spheroids increased significantly
and confounded results (Figure 3.14), and therefore an end point of 22 days was

used.

A combination treatment of 30 um TMZ and 2Gy irradiation elicits a significant
response compared to untreated spheroids from day 14 (p<0.05)(Figure 3.12) so
this timepoint was selected as the experiment endpoint for future work. Further
testing showed a significant effect in GBM58 and GBM63 also resulted from
treatment with 30 um TMZ and 2Gy irradiation at day 14 (p<0.05) meaning that
this treatment combination was sufficient for use in all three chosen cell lines
(Figure 3.15).
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Figure 3.12. Area of A172 spheroids with TMZ or irradiation. Area measured
in um? of A172 spheroids treated over a period of 22 days with a) TMZ alone
(from O um to 300 wm) and b) irradiation alone (from 0Gy to 6Gy). The mean

spheroid area (um?) + SEM is plotted, n>6 for each data point.
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Figure 3.13. Area of A172 spheroids with TMZ and irradiation combined.
Area measured in um? of A172 spheroids for untreated or treated with 30 um
TMZ and 2Gy irradiation and 30 um TMZ and 4Gy irradiation. The mean spheroid

area (um?) + SEM is plotted, n>6 for each data point.
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Figure 3.14. Area of A172 spheroids treated with TMZ and irradiation over a period of 37 days. Area measured in um? of
treated spheroids using treatment combinations of TMZ (30 um to 300 um) and irradiation (2Gy to 6Gy) measured on the Nikon

confocal A1R. Six time points post-treatment are shown. In each treatment for each time point, n>6.
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Figure 3.15. Area of GBM58 and GBM63 spheroids treated with the chosen
treatment. Area measured in um? of spheroids for untreated, or treated with 30
um TMZ and 2Gy irradiation in both GBM58 and GBM63. The mean spheroid
area (um?) = SEM is plotted, n>6. Statistical significance of pair-wise comparisons
are based on an unpaired Student’s t-test and shown as *(p< 0.05), **(p<0.005),
and ***(p<0.0005).

3.3.6 The effect of taurine on spheroid growth

SLC6A6 encodes a protein called TauT for which the primary function is to
transport taurine into the cell. It was therefore important to observe any effect that
taurine has on spheroid growth. To assess the effect of taurine on cell growth,
viability and determine optimal taurine concentrations for further work, cell culture
media was supplemented with increasing concentrations of taurine. The number
of viable cells present following addition of taurine was measured in 2D by MTT
assay at 24, 48, 72 and 96hrs after addition of taurine (Figure 3.16). Unpaired
Student’s t-tests were performed comparing no taurine control to each

concentration of taurine for each cell line. This is because the only information
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needed from this experiment was to observe the difference adding taurine has
compared to the no taurine control therefore comparing only two groups. Pair-
wise comparisons on the effect of each different concentration of taurine to one
another was not necessary. Increasing the level of taurine in culture media
resulted in significantly fewer viable cells, compared to 0 mM taurine, present in
all three cells lines at all time points, with the exception of A172 supplemented
with 5 mM taurine for 24 hours where there was a non-significant reduction. The
effect of taurine is more apparent in the primary patient derived cell lines (GBM58
and GBM63).

The effect of taurine on 3D spheroids was assessed by supplementing the media
with 0, 5,10 or 20 mM taurine and measuring spheroid size over 21 days (Figure
3.17). Significant differences in growth were observed upon taurine
supplementation but these were not extreme enough to indicate that the
treatment doses, or determined end point of 14 days, required re-optimising.
Interestingly, with 10 mM taurine, A172 spheroids show a trend toward increased
growth compared to no treatment controls whereas a significant reduction in
growth in GBM58 and GBM63 was observed (unpaired Student’s t-test, p<0.05)
(Figure 3.17). 10 mM taurine supplementation was chosen for subsequent
assays as this is a physiologically relevant concentration for brain tissue.
However, the differences in the effect of this concentration of taurine on the
established and (more differentiated) cell line and the patient-derived (more stem-
like) cell lines could be due to fundamental biological differences which also

become apparent in subsequent results chapters.
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Figure 3.16. MTT assay in 2D looking at response to taurine. MTT assay
results in 2D: mean percentage survival compared to 0 mM taurine £ SEM (n=3)
showing the effect of 5 mM, 10 mM and 20 mM taurine on GBM58 and GBM63
and Al172 at 24, 48, 72, and 96 hours. The information sought from this assay
was to determine the effect of each concentration of taurine compared to no
taurine control only. The difference between each concentration of taurine to
another was not required. Therefore, statistical significance of pair-wise
comparisons are based on an unpaired Student’s t-test and shown as *(p< 0.05),
**(p<0.005) and ***(p<0.0005).
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Figure 3.17. Spheroid size when supplemented with taurine. Percentage size
of spheroid area (um?) against 0 mM taurine in three GBM cell lines — A172,
GBM58 and GBM63. n>6 for each data point, mean percentage size of spheroid
area + SEM in every case. The information sought from this assay was to
determine the effect of each concentration of taurine compared to no taurine
control only. The difference between each concentration of taurine to another was
not required. Therefore, Statistical significance of pairwise comparisons are
shown in right hand bar graphs and based on an unpaired Student’s t-test and
shown as *(p< 0.05), **(p<0.005) and ***(p<0.0005).
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3.3.7 Assaying growth effects

To confirm that the combination of optimised treatments and taurine
supplementation were suitable, taurine-supplemented spheroids were treated
with irradiation and TMZ for all three cell lines to determine the combined effect
on spheroid growth. This is to ensure sufficient cell death is seen whilst allowing
alterations in treatment response to be observable (e.g. from SLC6A6 knockout
vs wildtype spheroids). Treated spheroids supplemented with taurine are
significantly smaller (p<0.05)(Figure 3.18) than those that were treated and had
no taurine supplementation. However, the spheroid sizes are not reduced enough
to indicate that the optimised treatments and taurine concentrations are not

suitable for downstream work.

This experiment additionally offers the chance to investigate the differential
treatment response, indicated by the difference in size of treated versus untreated
spheroids, of each GBM cell line when cultured with and without taurine. To
assess this, each treatment group (+/- taurine) was normalised to its untreated
control. Figure 3.19 shows that there is no significant difference in treatment
response in GBM58 and GBM®63 but that in A172, adding taurine to the media
reduced their response to treatment.
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Figure 3.19. The effect of taurine on treated spheroids. Spheroid size at day
14 post treatment. 30 um TMZ and 2Gy irradiation spheroid area expressed as a
percentage of untreated spheroid area (+ SEM is plotted, n>6). 30 um TMZ and
2Gy irradiation with 10 mM taurine spheroid area expressed as a percentage of
10 mM taurine spheroid area. Statistical significance of pair-wise comparisons

are based on an unpaired Student’s t-test and shown as *(p< 0.05).

3.3.8 Assessing proliferation

The addition of taurine to the media resulted in smaller spheroid sizes for GBM58
and GBM63 spheroids and larger spheroid sizes for A172 spheroids which was
an unexpected finding. To try and understand the mechanisms underlying these
differences, Ki67 immunofluorescence staining was performed as a marker of cell
proliferation to determine if this was different between the cell lines. Spheroids
grown in 0 mM and 10 mM taurine were embedded in OCT and 10 um sections
cut on a cryostat. Sections were stained with a Ki67 antibody (section 2.15) as a
marker of proliferation. No significant difference in Ki67 staining was observed
between 0 mM and 10 mM taurine in any of the cell lines (Figure 3.20) suggesting
that changes in proliferation were not causing the differences in spheroid size

upon taurine supplementation.
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Figure 3.20. Ki67 staining in spheroids supplemented with taurine. The
percentage of cells positive for Ki67 staining with no taurine or 10 mM taurine in
GBM58, GBM63 and Al172. No significant differences were observed from a

Student’s t-test. The mean percentage of +ve cells + SEM is plotted, n>6.
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3.4 Discussion

The aim of this chapter was to lay the foundations for future experiments by
ensuring the right experimental set up and parameters were established to allow
experiments to be run in a consistent and standardised way. To do this, several
decisions had to be made starting with the choice of cell lines to be used for the

duration of the project.

3.4.1 The use of cell lines in glioblastoma research

Established and patient-derived cell lines cover important but distinct parts of
GBM tumour biology, so it was important to include both when deciding on cell
lines of choice. Numerous studies have shown that established GBM cell lines
have often been shown to be very dissimilar to the original tumour in terms of
both gene expression and phenotype whereas patient-derived cell lines capture
a lot more of the biology of glioblastoma primary tumours (163). This poses the
question of “should we moving away from using established cell lines in GBM
research and focusing solely on patient derived cell lines?”. Despite their
differences from GBM tumours, established cell lines are still a valuable tool in
GBM research due to their ease of use in terms of cell culture and availability for
high-throughput assays. Therefore, they make an invaluable tool for optimisation
purposes. Additionally, they represent the differentiated components of the
tumour (162). Although this is not considered to be the most relevant aspect in
GBM biology, as it is not regarded as the cell type causing the tumour to recur, it

is nonetheless an important aspect that cannot be overlooked.

The decision to use both established and patient-derived cell lines allowed the
fundamental biological differences between the two to be observed when they

responded differently in experiments as discussed below.

3.4.2 Taurine effects on cells in 2D and 3D

There are two ways in which a cell gets taurine: through transport via TauT and
from biosynthesis from cysteine inside the cell. Glioma cells often have
biosynthesis defects which means they are more dependent on transport via
taurine. For this reason, it is important that when we are setting up experiments
looking at the effect of taurine in GBM cell lines we supplement the media with
taurine to allow cell transport. The concentration to which the media should be

supplemented had to be determined. Many previous studies looking at the effect
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if taurine used concentrations around 10 mM, therefore this was the starting point
used (123, 200-202). In addition, 5 mM and 20 mM were also investigated.
Taurine supplementation had interesting and rather unexpected effects. The
patient-derived cell lines GBM58 and GBM63 were both consistently and
significantly smaller when supplemented with taurine in 2D from 48 hours post-
taurine treatment onwards. The same findings were also observed for A172 cells
which is in accordance with other studies in the literature that have found that
taurine addition reduces the number of viable cells in GBM cell lines (159).
However, when assayed in 3D spheroids, a greater variability was observed
between cell lines. GBM58 was significantly smaller at all concentrations two
weeks after taurine supplementation in spheroids, but GBM63 was only
significantly smaller at 10 mM and 20 mM taurine. In contrast, for A172 there
were no significant changes two weeks after taurine supplementation at 5 mM
and 10 mM taurine but spheroids were significantly smaller when supplemented
with 20 mM taurine. In interpreting these results, there are a number of issues to
consider. Firstly, what is causing the general difference in size between patient
derived and established cell lines? Secondly, what is causing the A172 spheroids
to be larger when supplemented with 5 and 10 mM taurine and smaller with 20mM

taurine? Thirdly, why is there variability between the results in 2D and 3D?

To determine what may be causing differences in cell size, Ki67 was used as a
marker of proliferation to determine if addition of taurine affected cellular
proliferation. However no significant differences were observed between the
levels of Ki67 when taurine was added, suggesting that taurine was having no
effect on cell proliferation. This contrasts with other studies in the literature that
determined taurine resulted in a reduction of proliferation of cells in lung cancer
cells, colon cancer cells and GBM cells (159, 210, 211). It may be that taurine
was affecting the rate of cell death, cell density, or it was simply a change in the
pH of the media that was causing the cells to divide slower. While the differential
effect of taurine on cell growth was unexpected, it was not the main focus of this
project. Therefore, it was decided that no more time would be spent on
investigating exactly why taurine is causing a difference in spheroid size and,
instead, the study would focus on the effect of treatment on spheroids. 10 mM
taurine was decided to be the concentration of choice in subsequent experiments.
Treatment experiments using standard treatment of 30 um TMZ and 2Gy

irradiation were performed in the presence of 10 mM taurine. The difference
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between treated and untreated was still observable which means we could
continue adding 10 mM taurine for future experiments. In A172, spheroids
supplemented with 20 mM taurine were smaller than those supplemented with 10
mM taurine. This was an unexpected finding but was not an outcome that was
key to the investigation because 20 mM taurine would not be used in further

experiments.

The variability between results in 2D and 3D is the other main observable
difference. This difference could be due to the exposure to taurine, as cells
cultured in 2D are subject to equal exposure to growth media and supplements.
In 3D cell models, cells towards the centre of a spheroid will not be exposed to
the growth media to the same degree as cells on the surface of the spheroid
(196). This means that in 3D, not all cells may have been exposed to taurine
which may be the reason behind the higher variability. Furthermore, the variability
could be due to the cell-to-cell interaction differences in 2D and 3D and how cells
are responding differently when exposed to taurine but in communication with
other cells (194). Ultimately, the results are not as clear in 3D, but since 3D is
more physiologically- relevant to tumours as previously discussed, it was decided

| would use spheroids in subsequent experiments.

The effect of taurine and treatment combined was also investigated. Spheroids
supplemented with taurine were generally smaller than those without taurine.
When comparing spheroids treated with standard treatment vs untreated, to
spheroids treated with standard treatment vs untreated in the presence of taurine,
there was only one cell line (A172) with a small but significant difference between
the two groups. To account for the changes taurine alone seems to be having on
spheroid size, it was decided that taurine would be added to all spheroid assays

going forward.

3.4.3 Alternatives to spheroid models

Spheroid models are becoming an increasingly popular experimental method
especially in cancer research. Despite the numerous advantages previously
discussed about spheroids, they lack elements that make them completely
biologically relevant. For example, spheroids contain no tumour
microenvironment. Recent studies are continually pointing to the tumour
microenvironment in becoming an ever important aspect of GBM biology that is

able to increase the heterogeneity of a GBM tumour (212). The tumour
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microenvironment consists of many different cell types including fibroblasts, glial
cells, endothelial cells, blood cells and immune cells such as tumour associated
macrophages (213). The exact role that the tumour microenvironment has in
GBM is unknown, but it is known that it can contribute to the evasion of GBM cells
from the immune system (214). Therefore it is possible that drugs appearing to
be successful in spheroids would not actually be successful in a model where
more aspects of tumour microenvironment were present; for example in vivo.
Obviously, we cannot recreate the tumour microenvironment perfectly outside of
the human brain but there are other models that can help us with understanding

the tumour microenvironment.

Organoids are small organ-like tissues that are most commonly derived from
pluripotent stem cells and are therefore mimicking the process of organ formation
in vitro (215). These model systems can be used to recreate the components of
a human brain and therefore can be a more advanced model for studying GBM.
Although these could be a more appropriate model for GBM treatment
experiments, organoids are not without their own issues. They are grown from
stem cells which is limited by access to patient tissue and there are ethical
implications to consider. In addition, they are notoriously difficult to culture and
need feeding daily. Furthermore, one major disadvantage is the absence of inter-
organ communication meaning that they do not fully reiterate the tumour

microenvironment (215).

In vivo Patient-Derived Tumour Xenograft (PDTX) models are another way in
which GBM biology can be studied and overcomes the issue of interorgan
communication. Commonly, immunocompromised mice are used so that
tumours are more likely to form after the injection of tumour cells. However the
lack of immune system is a drawback because the immune system itself is
thought to play an important role in immune evasion in GBM (216). PDTX
mouse models have been shown to represent many features of the original
tumour including increased angiogenesis, necrosis and an increased level of
invasiveness (217). However there are many ethical issues surrounding the use
of mice and experiments, meaning they are not always accessible. Additionally,
experiments using animals are technically challenging, very expensive and
require extensive maintenance once set up making them inaccessible for many

researchers (215). Ultimately, there is no perfect method of studying GMB
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biology. However, due to their ease of use, cost-effectiveness and availability

for high throughout assays, spheroids were deemed an appropriate model for

these experiments and starting point into investigations into SLC6A6. The

disadvantages of 2D cell culture, spheroids, organoids and PDTX are

summarised in Table 3.1.

Table 3.1. Comparison of cell culture methods. The advantages and

disadvantages of 2D cell culture, spheroids, organoids and Patient Derived
Tumour Xenografts (PDTX). Table information adapted from (194, 218).

spheroids
Resemble an organ and

therefore begins to

Advantages Disadvantages
2D cell e Cultures are formed in a e Structure is not
culture matter of hours after seeding representative of the tumour
e High reproducibility between e Cell-to-cell interactions are
experimental repeats limited
e High throughput can be easily | ¢ No tumour microenvironment
achieved e Lack of tumour heterogeneity
e [Easy to maintain cultures
long-term
e Commercially and readily
available
Spheroids e Cell-to-cell interactions e Can take a few days for
present spheroids to form
¢ Oxygen and nutrient gradients | ¢ Costly in comparison to 2D
similar to that of a tumour cell culture but cheaper than
e Often develop a hypoxic core PDTX
over 400 uM in diameter ¢ No tumour microenvironment
which is also seen in GBM e Analysis tools are limited with
tumours common assays being end
e [Easy to set up and maintain point only.
o Difficult to do high throughput
screens
Organoids e Same advantages as seenin | e Can take a few days for

organoids to form
Expensive media required for
maintenance

No interorgan communication
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encapsulate some of the e Require access to tissue
tumour microenvironment e High maintenance
Patient e Encapsulates a more of the e Require an immune deficient
Derived tumour microenvironment host so not representative of
Tumour ¢ Interorgan communication the true tumour
Xenografts e Tumour heterogeneity is microenvironment
(PDTX) maintained e Expensive to set up and run
e Cells are interacting and e Extensive maintenance
communicating in the natural required
way e Ethical approval required

In recent years, tissue-on-a-chip technologies have been developed that use
microfluidic chips to hold a small section of tumour and culture it for up to 8 days
by keeping it at a constant temperature and feeding with a constant supply of
media whilst removing the effluent (219). In one study, the levels of lactate
dehydrogenase (LDH) excreted into cell culture supernatant were determined.
LDH is a cytosolic enzyme that is released into the media after plasma membrane
damage to a cell. The amounts of LDH in the media can then be quantified and
act as a reliable indicator of cellular toxicity (220). In addition, the tumour sample
can be examined itself, for example by RNA-sequencing. These chips can be
used in a similar way in which we perform treatment experiments with cell lines,
by adding drugs in the media to monitor the treatment response of the tumour
(219). The advantage of this is it uses real tumour tissue allowing observations
into how the patient's tumour responds to a given treatment. The disadvantage is
that access to frequent tissue samples is required and therefore high-throughput
assays are not achievable. Despite being a more relevant model to GBM
tumours, the Tumour-on-a-Chip method is still in its infancy so not a viable option

for use in this project that requires a high-throughput method.

3.4.4 End point assays

In order to decide on the way in which treatment response will be measured, we
have to determine what would generally be considered a success for a patient.
While complete loss of all tumour cells would be the ideal scenario for any cancer
patient, with GBM this is an impossible task. GBM tumours are in the brain which

cannot be removed unlike a lung or kidney, so the best hope is resection of the
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tumour. Unfortunately, GBM is a highly infiltrative tumour so it is inevitable some
tumour cells are left behind (16). Making the margin of resection larger would
inevitably jeopardise brain function, so the remaining tumour cells left behind are
able, over time, to form a recurrent tumour. As GBM is so aggressive, resection
of a small tumour causes significantly less damage to the brain. For a GBM
patient, a smaller tumour generally equates to a better quality of life and a better
prognosis (203). During optimisation of assays in this chapter, spheroid size was
therefore used as a measure of response to treatment. A smaller spheroid upon
treatment does not necessarily equate to increased cell death; other reasons for
a reduction in size include cells becoming more tightly packed together or simply
a reduction in cell division resulting in fewer cells compared to the control.
Regardless of the underlying mechanism, the outcome of a smaller tumour, or in

this case a smaller spheroid, is still desirable.

With the development of the spheroid imaging and analysis software, imaging of
spheroids has been reduced from hours per plate to minutes, allowing an
opportunity for high throughput analysis that previously was not viable. In
addition, the development of SpheroidAnalyseR has allowed data to be analysed
quickly and in an automated way, leading to reduced bias and human error.
Altogether, this allowed multiple plates per experimental repeats to be setup and
imaged. As well as allowing more spheroids to be assayed, additional
downstream benefits were also identified. For example, to extract RNA from
patient-derived spheroids is a challenge, and frequently numerous spheroids are
required to obtain the required amounts of RNA. Previously, spheroids collected
for RNA would not be imaged due to the length of time required for visualisation
and analysis. Using the new method, spheroids can be assessed for any obvious

outliers before being grouped together to harvest for RNA.

The R programming language is a highly regarded platform for data manipulation
and statistical analysis but is often out of reach for those without previous
programming skills. The Shiny platform used in developing SpheroidAnalyseR is
a way of allowing users who are not knowledgeable about the R programming
language to use the benefits of R through the use of a web interphase.
Consequently, SpheroidAnalyseR can now be used by researchers from all

backgrounds.
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Although measuring the size of the spheroid helps to assess the effect of
treatment, without further analysis it is hard to understand why the spheroid size
is decreasing. For example, is this due to cell death or are there other
mechanisms causing this reduction. To further explore the effects of treatment on
spheroid size, cell viability assays can also be performed. Cell viability is
commonly described as the number of healthy cells in a sample, common
methods of measurements include Trypan Blue, MTT (3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide) and MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2- (4-sulphophenyl)-2H-tetrazolium) (221). However
these are not suitable for use in 3D as they cannot penetrate through the dense
layers of cells. In order for a cell viability assay to work in 3D, there must have a
strong lytic capability for the reagent (222). CellTiter-Glo 3D cell viability assay is
one such assay what measures the amount of ATP present as a measure of
viable cells. In this assay, ATP is used as a marker for the presence of
metabolically active cells. The reagent can be added straight to cells and the
luminescence signal read after 30 minutes though remains stable for around
three hours. In addition, it is suitable for use in 96-well plates making it the perfect

candidate for high throughput assays (223).

Cell viability assays such as CellTiter-Glo 3D use ATP as a measure of cell
viability. However, it could be argued that this is not an accurate measure as cells
may stop dividing and therefore produce less ATP but are nonetheless viable. An
alternative measure of viability would be to dissociate the spheroids and count
the ratio of alive: dead cells using Trypan Blue to stain the dead cells. However,
the process of dissociating spheroids back to a single cell suspension can in itself
kill the cell and therefore give a biased representation of cell viability. With this in
mind, it was decided for this project that the CellTiter-Glo 3D cell viability assay
would be used in parallel with the primary method of measuring the size of the
spheroid. This methodology would allow the assessment of responses to
treatment and whether these were due to cell death. In combination, these two
methods of treatment response should give a clearer picture of the role of
SLC6AG in treatment resistance in GBM.

With the models, timings and doses and end point assays decided upon,
investigations into the role of SLC6AG6 in treatment response are described in the

subsequent results chapter.
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Chapter 4
SLC6A6 knockdowns and TauT inhibitors

4.1 Introduction

Once the models had been established, (Chapter 3), the role of SLC6A6 in
treatment response could be investigated. To do this, | planned to knockdown
expression of SLC6A6 and monitor response to treatment in the presence of
taurine. There are multiple ways in which this could be achieved; siRNA, shRNA
and CRISPR were chosen to knockdown or knockout the expression of SLC6A6

and monitor its effect.

4.1.1 Gene knockdowns and knockouts

Gene knockdown involves reducing expression of a target gene either in a
transient or permanent way. The gene will still be expressed but at a significantly
lower level than the usual expression. Similar to this, gene knockouts aim to
completely stop expression of the target gene. Knockdowns often target the RNA
molecules produced by cells and do not affect the DNA. Knockout techniques
such as CRISPR-Cas9 gene editing alter the DNA to negate the transcription of
a functional RNA molecule or prevent translation of the protein, thereby creating
a null allele (224, 225). Both shRNA and CRISPR-Cas9 can be inducible to allow
for specific gene knockdown or knockout respectively both in vivo and in vitro
(226, 227).

Knockdowns and knockouts are used extensively in molecular biology to
determine the function of a given gene. Different methods are available,
depending on the experimental need. CRISPR-Cas9 gene-editing targets the
genomic DNA and therefore creates a stable, constitutive knockout of the gene.
Knockdowns can be stable or transient depending on the method used: stable
transduction or integration of shRNA constructs can create stable gene
knockdown whereas siRNAs are usually transient over a matter of days (228,
229).

4.1.2 Small interfering RNA (siRNA)

Gene knockdown by small interfering RNA (siRNA) uses a technique called RNA
interference (RNAI) to selectively induce a short-term reduction in translation of

a target gene. siRNA are made up of sense and antisense strands that are around
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21-25 nucleotides in length and are used for gene silencing in mammalian cells
(230). First discovered in plants in 1999 by Baulcombe et al., siRNA has been
used widely in research since Elbashir et al., first successfully used it for gene
silencing in 2001 (231, 232). It has the ability to silence almost any gene through
complementary binding to the RNA sequence selected for silencing. siRNA is
used in vitro and in vivo, and the ability of SiRNA to bind to and transiently silence
any mammalian gene including those that have been deemed as ‘undruggable’
makes it a promising therapeutic approach. However, for this to be successful,
an efficient method of delivering siRNA into the cells must be achieved (233).
Achieving the desired amounts of sSiRNA in the correct tissue has presented many
barriers including nuclease degradation of the siRNA reagents and immune
response (233, 234). Despite these challenges, two siRNA therapeutics are now
approved for clinical use: ONPATTRO® (patisiran) used to treat hereditary
amyloidogenic transthyretin amyloidosis with polyneuropathy in adults since
2018, and GIVLAARI™ (givosiran) used to treat adults with acute hepatic
porphyria (235, 236).

The process of siRNA-based gene knockdown is depicted in Figure 4.1. It
involves long double strand RNA (dsRNA) entering the cell cytoplasm where
Dicer, an RNAse llI-related endonuclease processes these dsRNAs into siRNA
molecules. Dicer binds to the 5’ phosphate of two nucleotide 3’ overhang before
cleaving the dsRNA. The siRNA associates with the RNA-Induced Silencing
Complex (RISC) that contains the protein Argonaute-2 (Argo-2). Argo-2 cleaves
the sense strand which leaves the antisense strand free to bind to mMRNA
complementary to its sequence. Once the siRNA is bound to the complementary
MRNA, the mRNA is degraded by Argo-2, which silences expression. This is
achieved through endonucleolytic cleavage at a specific point towards the 5’ end
of the antisense siRNA strand (233, 237, 238). This process is repeated multiple
times. As siRNA nucleic acids are not integrated into the genome of the host, they
become degraded by the cell and therefore only result in transient gene silencing
(239).
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Figure 4.1 siRNA process. Long dsRNA enters the cell cytoplasm where Dicer
processes these dsRNAs into siRNA molecules. The siRNA associates with the
RNA-Induced Silencing Complex (RISC) which contains the protein Argonaute-2
(Argo-2). Argo-2 cleaves the sense strand which leaves the antisense strand free
to bind to mMRNA complementary to its sequence. Once the siRNA is bound to
the complementary mRNA, the mRNA is degraded by Argo-2 which silences
expression. This is achieved through endonucleolytic cleavage at a specific point

towards the 5’ end of the antisense siRNA strand.

4.1.3 Short hairpin RNA (shRNA)

Short hairpin RNA (shRNA) is used for stable gene knockdown. This uses an
RNA interference pathway similar to that for siRNAs. The structure of ShRNA is
as a hairpin loop, hence its name. It has a stem region consisting of the sense
and antisense strands with a loop in between consisting of unpaired nucleotides
(240) (Figure 4.2). shRNA expression vectors are stably integrated into the
genome allowing long term knockdown of the target gene to be achieved. Other
advantages of shRNA are that they are thought to have fewer off-target effects
compared to siRNA and they can silence gene expression more effectively than

SIRNA (241, 242). shRNA are synthesised and processed inside the cell nucleus
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before being transported via Exportin-5 to the cytoplasm. Once in the cytoplasm,
shRNA molecules are processed by Dicer into 20-15 nucleotide siRNA molecules
before being loaded onto the RISC complex (228). This process activates the
RISC complex and facilitates binding to the complementary mRNA sequence,

followed by cleavage of this sequence as seen in siRNA processing.

shRNA transcription can be controlled using inducible promoter systems, the
most common of which is the tetracycline-inducible system. This allows
transcription to be turned on when tetracycline is not present, or off when the
antibiotic tetracycline is added, due to the interaction between tetracycline and
the tetracycline-controlled transactivator protein. This technique can be use in

vivo to provide higher control over the target gene (240).

Viral vectors are a common and effective method expressing shRNA constructs
in a cell. There are many different viral vectors available including the RNA
viruses, lentivirus and retrovirus that are capable of integrating into the
chromosomes using a reverse transcriptase and allowing continual expression of
the shRNA inside the cell (243). Non-replicating viruses are commonly used for
this method, introduced as GAG, POL and ENV genes in different plasmid vectors
so that following one round of viral infection, the shRNA is stably integrated into
the host genome and no infectious virus produced. Vectors using RNA viruses
can also include selection markers to maintain selection pressure on the cell to
maintain the shRNA. These are usually antibiotic resistance genes, but
fluorescent protein markers are also commonly used for visualisation purposes
(229).
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Figure 4.2. shRNA process. shRNA expression vectors transduced into the cell
and stably integrate into the genome. shRNA are synthesised and processed
inside the cell nucleus before being transported via Exportin-5 to the cytoplasm.
Once in the cytoplasm, shRNA molecules are processed by Dicer into 20-15
nucleotide siRNA molecules before being loaded onto the RISC complex. This
process activates the RISC complex and facilitates binding to the complementary

MRNA sequence, followed by cleavage at this sequence.

4.1.4 Delivery of siRNA and shRNA into a cell

There are numerous ways in which siRNA or shRNA can be delivered into a cell.
These include transfection, electroporation, and viral-based delivery. The
advantages and disadvantages of each method are summarised in Table 4.1.
Physical methods of delivery include electroporation that uses a high voltage
electrical pulse to open pores in the cell membrane and allow siRNAs or shRNAs
to diffuse into the cell (244). The most common method of nucleic acid delivery
is via transfection using lipofection or lipid transfection using liposome patrticles.
The liposome encapsulates the nucleic acid, which are then endocytosed by the
cell or fuse directly with the cell membrane to release the nucleic acid into the cell
(245) . This method of transfection is easier to use than viral vectors but tends to

have a lower transfection efficiency (246). Cationic polymers are also used for
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nucleic acid delivery. These bind to the nucleic acid molecule and create an
overall positive charge under the correct conditions allowing attachment and
internalization via endocytosis or fusion with the cell membrane (246). Viral-
mediated delivery is commonly used to transfer shRNA molecules into the cell
and integrated into the genome as described in section 4.1.3. siRNA is usually
easier to transfect into a cell than shRNA due to shRNA acting in the nucleus
whereas siRNA acts in the cytosol and does not require transport to the nucleus.
Additionally siRNAs are significantly shorter making it easier for delivery into the
cell (247).

Table 4.1 Nucleic acid delivery into a cell. The advantages and disadvantages

of each method of nucleic acid delivery into a cell

Delivery mode Advantages Disadvantages
Transfection | e Cationic e Can be used e Transfection
polymers on the majority reagents can be
e Liposomes of cell types toxic to some
(248) (248) cell types
e Low efficiency
(249)
Physical e Electroporatio | e A higher e Decreases cell
methods n — uses frequency of viability by
electrical cells gain the around 60%
pulse (250) molecule (230)
o Effective on e Requires
cells that are expensive
notoriously equipment
hard to
transfect (251)
Viral e Lentivirus e Canbeusedin |e Requires BSL2
mediated e Retrovirus Vivo facilities (252)
Delivery e Can be used
for stable
knockdowns
(250)
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4.1.5 CRISPR-Cas9

CRISPR (clustered regularly interspaced short term repeats)-Cas9 (CRISPR
associated protein 9) is a genome editing tool that utilises the Cas9 nuclease to
cleave genomic DNA via small RNAs that target cleavage through
complementary base pairing (253). CRISPR sequences are short palindromic
repeats that were first identified in bacteria where they are an important immune
system component to prevent viral infection (254). Cas9 is an endonuclease that
cleaves DNA creating double strand breaks (DSB) after being guided to it by
guide sequences inside the CRISPR complex (255). Following the double strand
breaks, the cell attempts to mend the break by non-homologous end joining
(NHEJ). This type of repair often results in insertions, deletions, and frame shift
mutations that can result in nonsense mediated decay of the transcript, leading
to a null allele and therefore gene knockout (256) (Figure 4.3). So far, three
CRISPR-Cas systems have been identified, each of which comprises a set of
CRISPR-associated Cas genes, an array of unique repetitive elements and non-
coding RNAs (257). The unique repetitive repeats are interspaced by
protospacers that are short variable sequences derived when invading viral DNA
is cleaved into small fragments by the Cas nuclease and inserted into the
CRISPR locus. In combination, this is known as CRISPR RNA (crRNA). crRNA
are always associated with protospacer adjacent motifs (PAMs) (258). Cas9 from
different bacterial species have different PAM requirements, which means that
the site to be targeted must contain a specific sequence and precede a PAM site.
For example, in the system derived from Streptococcus pyogenes, the DNA
target must come directly before a 5-NGG PAM where N represents either A, C,
G or T (259).

CRIPSR-Cas9 (type Il) is the simplest and best-characterised CRISPR system
to date (260). This system only requires one Cas gene (Cas9) and in total three
components which are the Cas9 protein, the crRNA and transactivating crRNA
(tracrRNA). Each unit of crRNA contains a guide sequence of approximately 20
nucleotides which enables the binding to the correct complementary sequence
(254). The function of the CRISPR-Cas9 system can be recreated in mammalian
cells where the crRNA and the tracrRNA can be joined together to create one
single guide RNA (sgRNA). The 20 nucleotide sequence within this guide RNA

can be specified so that the Cas9 nuclease can be directed towards any gene of
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interest if it is adjacent to a PAM sequence. This base pairing makes it a highly
efficient method of gene editing (254, 261).

The dual nickase CRISPR-Cas9 approach uses two mutant nickase versions of
Cas9 (Cas9n) in combination with two sgRNAs. The guide sgRNAs are
complementary to opposite strands of the target sequence. The Cas9n only nicks
one strand of the DNA. When two nicks occur together the repair is usually carried
out by NHEJ which results in gene knockout as described above. However, when
just one nick is made the type of repair is usually a less error prone method such
as base excision repair (262). Both nicks are required to result in NHEJ and
subsequent gene knockout, which only happens when both nicks are made at
their target sites. Therefore, the dual nickase approach reduces the chances of
off-target effects (263).

CRISPR is used widely in molecular biology as a tool for gene knockout and
genetic manipulation to study gene function, in a similar way to siRNA and
ShRNA. The advantages of CRISPR compared to siRNA and shRNA is that a
complete gene knockout can be achieved. This is important as in some cases,
even the low amount of RNA remaining after gene knockdown can result in the
retention of protein function even at low levels of expression. It is hoped that gene
editing may one day be used as a therapeutic intervention to treat genetic
conditions such as Huntington disease and cystic fibrosis (264). Currently,
CRIPSR-Cas9 technology is being tested in in vivo mouse models. Non-Small
Cell Lung Cancer (NSCLC) cells were modified using CRISPR to lose resistance
to a drug called Osimertinib, a growth factor receptor tyrosine kinase inhibitor,
and injected into nude mice. These cells formed tumours in vivo and Osimertinib
inhibited the growth at the same rate as the control, showing that the CRISPR
modification had reduced the cells’ resistance to Osimertinib (265). So far, no
tests have been successfully completed that have modified cells in an in vivo
setting; this is due to the problem of delivering the CRISPR construct to the target

cells.
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Figure 4.3. CRISPR-Cas9 genome editing. Cas9 binds to the guide RNA and is
guided to the complementary DNA sequence immediately before a PAM
sequence. A double strand break is created by the Cas9 that results in Non-
Homologous End Joining (NHEJ) causing insertions, deletions or frameshift

mutations.
4.1.6 Validation of knockdowns

4.1.6.1 Quantitative Polymerase Chain Reaction (QPCR)

Upon gene knockdown or knockout, expression of the gene and often the
associated protein must be validated. One of the most common methods of gene

expression validation is via quantitative Polymerase Chain Reaction, more
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commonly referred to as qPCR (266). qPCR is a nucleic acid quantification
method used extensively in molecular biology. RNA can also be quantified via
gPCR but must first be transcribed to complementary DNA (cDNA) before
amplification (267). The term ‘quantitative’ is used because the amplification of
the DNA is monitored in real-time and allows the user to determine the exact

starting amounts of DNA present in the sample.

gPCR uses a thermostable DNA polymerase originally identified in the bacterium
Thermus aquaticus (268). At each cycle, the cDNA is denatured allowing the
primers to bind, and the polymerase to amplify a short part of the cDNA. After
each cycle the amount of DNA present is doubled so that total DNA is increased
exponentially over a number of cycles. In order to quantify the DNA, fluorescent
dyes that intercalate with any double stranded DNA present, or fluorescently
labelled sequence specific probes are also added to the reaction. The amount of
DNA present can therefore be monitored using the fluorescent signal seen when
the DNA is doubled. The gPCR process lasts around 35-40 cycles, and a
threshold for the fluorescence is set. The number of quantitation cycles (Cq) it
takes for the threshold fluorescent signal to be reached is proportionate to the
starting amount of DNA present. Therefore, a lower Cq value means there was
more DNA present to start with. By determining at the Cq value of a given gene
in a sample, and standardising this to a house-keeping gene across all samples,
the user can determine the relative starting amount of DNA present in each
sample (269). Therefore, gPCR can be used to determine if a sample has

reduced expression of a target of interest following knocked down.

One major advantage of qPCR is the ability to analyse data easily and without
the need for the user to develop complex bioinformatic scripts. A disadvantage is
only a limited number of target molecules can be assessed at one time. Other
more complex techniques might be favoured to look at multiple targets, such as
next generation sequencing (NGS) of cDNA. However, NGS and gPCR are
orthogonal methodologies that meaning that gPCR can be used to further validate
NGS findings (270).
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Figure 4.4 qPCR process. Double stranded cDNA is denatured allowing the
probe and primers to bind. Elongation of cDNA strand begins, and this reaches
and cleaves the reporter element of the probe which results in the release of a
fluorescent signal. The process repeats resulting in a linear increase in

fluorescence.

4.1.6.2 Western blotting

Western blotting is a method that can be used to validate the reduction in protein
expression levels following gene knockdown or knockout or to validate the size
of a given protein within a mixture of all the proteins that have come from a certain
cell type (271). The western blotting technique involves three main steps. The
first is to separate the proteins by size which is followed by transferring these

proteins to a membrane and finally the visualisation of the desired proteins using

YT Step 3 — Process repeats and
resulting in a linear increase
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primary and secondary antibodies and detection. The main steps of the process

are summarised in Figure 4.5.
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Figure 4.5. Western blot overview. Gel electrophoresis separates the proteins
by size. Following this, transfer allows the separated proteins to be transferred
from the gel to a membrane. binding Following transfer, blocking of the
membrane is performed to ensure no non-specific of the primary and secondary
antibodies to the membrane where there is no protein attached. Detection must

occur to be able to visualise where the band are for the desired protein.

4.1.7 Inhibitors

Inhibitors are widely used to investigate the role of proteins within a cell. By
reducing the function of a protein, the effect on molecular processes or
phenotypes, such as the ability to evade treatment, can be observed. Inhibitors
often have very potent effects across cells grown as a monolayer meaning so
that high scale experiments can be easily established, particularly those that vary
inhibitor concentrations resulting in inhibition of the protein at varying levels (272,
273). Furthermore, some inhibitors are reversible meaning subsequent re-

activation of the protein can be achieved (273).

However compared to direct gene-targeting methods, their use can be
problematic. For example, because inhibitors target the protein product of the
gene and not the gene directly, there may be non-canonical functions of the gene

that contribute to treatment resistance, which inhibition of the protein will not
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model. Therefore, if there is no difference seen upon inhibition of a protein, that
does not rule out that the gene of interest is important and could be acting in a
different unknown way. Furthermore, inhibitors are often not specific to one
protein and instead target a number of proteins with varying levels of potency

leading to either off-target or even pleiotropic effects (274).

4.1.7.1 TauT Inhibitors

There are many TauT inhibitors available and often these have effects on both
TauT and the y-aminobutyric acid type A (GABAAa) receptor. Guanidinoethyl
sulfonate (GES) and imidazole-4-acetic acid (IAA) and gaboxadol (GAB) (275-
278) are three examples of compounds that have been shown to interact with
both TauT and GABAA receptor. Each of these known TauT antagonists has an
inhibitory effect on both TauT and GABAA receptor, but to differing extents (Table
2). GES is a strong antagonist for TauT resulting in inhibition of taurine transport
via TauT but is also a weak GABAA receptor inhibitor (279). In experiments by
Suarez et al., the level of y-aminobutyric acid (GABA) in the brains of rats did not
decrease following treatment with of GES (275, 280). In addition, GES inhibits
both PAT1 and GAT1, both of which transport taurine and GABA into the cell.
Furthermore, GES is a competitive inhibitor of the glycine-receptor mediated
taurine response in mice but is not able to decrease the level of glycine or GABA
in the brains of rats or mice (275, 280). IAA is also a strong TauT antagonist and
was identified by Valembois et al., as a lead structure for interaction with the
taurine transporter TauT (275). In addition, IAA inhibits the GABAA receptor at a
medium to low level but there are no other known targets of this compound. In
contrast, GAB is a weak TauT antagonist with no significant difference on taurine
influx seen on the addition of 2 mM GAB in the ARPE-19 retinal pigment
epithelium cell line (275). Furthermore, GAB is a strong GABAA receptor agonist
that resulted in 78% agonist-induced response in a human embryonic kidney
(HEK293) cell line (276). So overall GAB is a GABAAa agonist, and a weak TauT
antagonist.

There are no recorded studies on the effect of pentylenetetrazol (PTZ) on TauT,
however PTZ is an antagonist of the GABAa receptor in a concentration-
dependent manner, making it a useful tool for investigating the effect of GABA

transport independent of TauT (281). Using combinations of agonists and
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antagonists can help dissect the mechanism of TauT that transports both taurine
and GABA into a cell.

Table 4.2. The inhibitory effect on TauT and GABAA receptor. The inhibitory

effect of four compounds on TauT and GABAA receptor.

Compound Effect on TauT Effect on GABAAa
Receptor

Guanidinoethyl sulfonate Strong antagonist Weak antagonist (280)

(GES) (276)

Imidazole-4-acetic acid (IAA) | Strong antagonist Medium to low inhibition
(275) (276)

Gaboxadol (GAB) Weak antagonist (275) | Strong agonist (276)

Pentylenetetrazol (PTZ) Unknown Strong antagonist (281)

4.2 Aims and objectives

The aim of this chapter was to investigate the association between SLC6A6

expression and sensitivity to standard treatment in GBM in vitro.

Objective 1 — knockdown the expression of SLC6AG in the three chosen cell lines;
Al72, GBM58 and GBM63.

Objective 2 — Assess differential treatment sensitivity in the chosen 3D model

using spheroid size measurements and CellTiter-Glo 3D assay.

4.3 Results

4.3.1 SLC6A6 siRNA knockdown does not result in differential

treatment response

To assess whether SLC6A6 contributes to treatment resistance in GBM cell lines,
SsiRNA knockdowns were performed, followed by treatment with temozolomide
(TMZ) and irradiation. This was to investigate two main points: the first was to
see the effect of knocking down SLC6A6 and the second was to assess the

impact of TauT on treatment response in in vitro experiments.
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siRNA knockdown was performed successfully in all three cell lines with over 90%
knockdown of SLC6A6 achieved at the RNA level at 24 hours post- transfection
validated via qPCR (Figure 4.6). 24 hours after transfection, cells were treated
with 30 um TMZ and 2Gy irradiation. MTT assays were performed 48 hours after
treatment to assess the effect of standard treatment on cell viability following
SLC6A6 knockdown. No significant differences in treatment response were seen
between the non-targeting (NT) control and the SLC6A6 knockdowns in GBM58,
GBM63 and A172 cell lines (Figure 4.7). For the GBM58 cell line only one
biological experiment was performed, and no differences were observed. To
investigate the effect of treatment resistance in a more stable spheroid model,

shRNA knockdown was used.
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Figure 4.6 siRNA knockdown of SLC6A6. qPCR validation of expression of
SLC6A6 compared to the NT control 24 hours post-transfection with siRNA. A172
= 9.1% (n=2), GBM63 = 7.5% (n=3) and GBM58 6.2% (n=1). Percentage

expression £ SEM is plotted.
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Figure 4.7 Treatment response following siRNA knockdown. The treatment
response to 30 uM TMZ and 2 Gy irradiation in A172 (n=2), GBM63 (n=3) and
GBM58 (n=1) following siRNA knockdown. Percentage survival of treated versus
untreated cells + SD is plotted. Statistical significance of pair-wise comparisons
based on an unpaired Student’s t-test showed no significant differences between
the NT control cells and matched SLC6A6 knockdown cells in any of the cell lines.

ns = non-significant.
4.3.2 shRNA knockdown of SLC6A6 in A172 and GBM63

4.3.2.1 Knockdown and validation

As SLC6A6 siRNA appeared to have no effect on treatment resistance in 2D
cultures | decided to use shRNA to permanently SLC6A6 knockdown allowing
longer term experiments in spheroids. The aim was to determine if TauT
expression can affect treatment resistance in GBM cell lines using a more
physiologically relevant model. Initially, | used four different shRNA constructs co-

expressing GFP and a puromycin resistance gene in the A172 cell line.

A puromycin response assay was performed to determine the optimal puromycin
concentration for selection of A172, GBM58 and GBM63 post transfection (Figure
4.8) and indicated an optimal dose of 2.5 ug/mL.

48 hours after transfection, cells expressed GFP indicating successful
transfection. Puromycin selected cells were subsequently analysed via gPCR
which revealed successful knockdown of SLC6A6 mMRNA in the A172 cell-line for
all four constructs (Figure 4.9). Construct 153000 had the most significant
reduction in SLC6A6 expression (65+5% reduction, p=0.0002). To determine
protein expression of TauT, western blotting was performed on each of three
biological repeats created for each of the four constructs and the NT control.
Protein knockdown could not be validated, with no band of the expected 70 kDa
size for SLC6A6, and furthermore of the protein bands that were visualised, none
decreased in the knockdown samples (Figure 4.10). It is important to note that

none of these antibodies had been previously validated for TauT expression.
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Figure 4.8. EVOS images of puromycin response. EVOS images of puromycin
response at different concentrations of puromycin ranging from 0 pg/mL to 5
ug/mL for untransfected A172, GBM58 and GBM63 cell lines after 24 hours
treatment. For all three cell lines, 2.5 pug/mL resulted in complete cell death and

was chosen as the optimal dose for selection.
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Figure 4.9. gPCR validation of four shRNA constructs each used to
knockdown the expression of SLC6A6 in Al172. The mean percentage
expression compared to the NT control £ SEM is plotted, n=3. Construct 153000
has the most significant reduction in SLC6A6 expression (65+3% reduction). The
information sought from this assay was to determine level of knockdown
compared to the NT control. The difference between the levels of knockdown for
each construct compared to another was not required. Therefore, Statistical
significance of pair-wise comparisons are based on an unpaired Student’s t-test
and shown as *(p< 0.05), **(p<0.005), ***(p<0.0005), and ****(p<0.0001).
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Figure 4.10 Decreased TauT protein levels were not observed by western
blot following shRNA transfection. An example of a Western blot analysis
using abcam antibody ab196821. A band a bit bigger than the 70 kDa expected
for TauT was seen. Smaller bands are also seen, assumed to be smaller protein

isoforms or non-specific bands are also observed.
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To investigate if there was an experimental error in the shRNA knockdowns,
gPCR probes were mapped onto the different SLC6A6 isoforms along with the
location of the shRNA targets and the location that the antibodies bind (Figure
4.11). From this analysis, the isoform detected by the antibody should be the
isoform determined by qPCR. The lack of evidence for protein loss may be
because the anti-TauT antibodies do not have validated specificity, or mRNA
knockdown was insufficient to give rise to a detectable decrease in protein levels.
Nonetheless, without creating a complete knockout, it cannot be determined if
cells stably expressing the shRNA constructs result in knockdown of TauT.
However, SLC6A6 knockdown is still of interest as it could be involved in

treatment resistance independently of the expression levels of TauT.

With this in mind, shRNA construct 153000 was used to create an SLC6A6
knockdown in GBM63 and GBM58. GBM58 shRNA was unsuccessful with
multiple attempts at knockdown each resulting in loss of GBM58 cells following
transfection. shRNA in GBM63 appeared successful with cells expressing GFP
and puromycin resistant. However, qPCR analysis showed that SLCG6A6
expression was not knocked down (Figure 4.12). Therefore, survival analysis if

shRNA cell lines culture as spheroids was only performed in A172.
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Figure 4.11. Map of SLC6AG6 isoforms. SLC6AG isoforms with the locations of the antibody, gPCR probes and shRNA constructs (153000,
406826, 121007, 348816) shown. shRNA constructs bind to the exons shown. Canonical Ensembl transcript is shown in red, all other

protein coding SLC6A6 isoforms are shown in black.
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Figure 4.12. gPCR validation of SLC6A6 shRNA knockdown in GBMG3.
gPCR validation of shRNA construct 153000 used to knockdown the expression
of SLC6A6 in GBM63. The mean percentage expression compared to the NT
control + SEM is plotted, n=3. P-values are based on an unpaired t-test and
shown as ns = non-significant, *(< 0.05), **(<0.005), ***(<0.0005), and
**x%(<0.0001).

4.3.2.2 Treatment experiments on shRNA spheroids show differential

treatment response

Experiments using spheroids and the chosen treatment were setup using A172
and GBM63 shRNA cell lines. The shRNA construct used for these experiments
was 153000 as this proved to mediate the most successful knockdown in A172
cells. As optimised in section 2.4 spheroids were set up for 5 days following
seeding, before being treated with 30 uM TMZ and 2Gy irradiation. 14-days post-
treatment, spheroid area (um?) was assessed using the bespoke confocal
imaging and analysis platform described in section 3.3.2.1 and 20 spheroids were
subject to the CellTiter-Glo 3D cell viability assay to measure ATP levels. For
Al172, a significant difference in treatment response (assessed as the change in
size of treated versus untreated spheroids) was observed in the SLC6A6
knockdown spheroids compared to the non-targeting (p<0.05) with knocked down
spheroids being more affected by treatment than the control (Figure 4.13).
CellTiter-Glo 3D cell viability assays showed that in SLC6A6 knockdown A172
cells there was a non-significant trend towards less metabolically active cells (as
denoted by the amount of ATP present) compared to their NT control (Figure
4.14). This result indicates that knocking down SLC6A6 causes A172 cells to be

more sensitive to standard treatment.
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The protein levels for TauT could not be validated due to the lack of antibodies.
In addition, GBM58 and GBM63 SLC6A6 shRNA was never achieved as the cells
repeatedly died upon transfection or did not show reduced SLC6AG6 levels after
transfection. Therefore, | attempted to use CRISPR-Cas9 gene editing as an

alternative knockdown method to validate the A172 results.
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Figure 4.13. Percentage area of spheroids compared to untreated. The
percentage size (mean area, um?) difference * SD between treated and
untreated spheroids is plotted, comparing A172 NT control and SLC6A6
knockdown (153000) spheroids. n=3, p<0.05 based on an unpaired t-test.
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Figure 4.14. Percentage luminescence of spheroids compared to untreated.
The mean luminescence of A172 NT control and 153000 spheroids shown as a
percentage = SD in comparison to their untreated counterparts. n=3, ns = non-

significant determined by an unpaired t-test.
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4.3.3 Knockout of SLC6A6 using CRISPR-Cas9 gene editing

CRISPR-Cas9 gene editing was attempted to knockout the expression of
SLCG6AG6 in all three cell lines. The dual nickase approach was chosen due to its
lower off target effects. | designed two pairs of sgRNA that would target SLC6A6
exon 5 of the canonical transcript. The guides were cloned into the px461(GFP)
or px462 (puromycin resistance) plasmid vectors (Figure 4.15) and their insertion
verified by Sanger sequencing (not shown). Transfection of the plasmids into the
cells has been attempted multiple times with varying ratios of lipofectamine to
DNA and a range of lipofectamine reagents. This included Lipofectamine 2000,
Lipofectamine 3000, and Lipofectamine Stem, but unfortunately each attempt
proved unsuccessful with complete loss of cells following transfection. To
determine if these cells were not transfectable with plasmids or if these constructs
were cytotoxic, each cell line was transfected with an empty px461 construct
containing no guide RNA. Cells were successfully transfected and showed GFP

expression (Figure 4.16) showing that these cell lines were capable of being

transfected.
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Figure 4.15. Plasmid maps of px461 and px462. Plasmid maps for both
plasmid vectors used in CRISPR/Cas9 knockout of SLC6A6. Maps for plasmid

PX461(GFP expression) and PX462 (puromycin resistance) are shown.
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Figure 4.16. Cells expressing GFP. A172, GBM63 and GBM58 cells expressing
GFP after transfection with an empty px461 construct containing no guide RNA
using Lipofectamine 2000 demonstrating that these cells have the capability to

be transfected. |Scale bar is 400 um.

To test the efficiency of the CRISPR guides, SLC6A6 knockout was attempted in
HEK293T cells which are easier to transfect. Following transfection, cells were
cultured in puromycin to confirm the uptake of plasmid PX462, and it was
confirmed by EVOS microscopy that surviving cells were also positive for GFP.
Individual GFP positive cells were FACs sorted into wells in 96-well plates and
left to form clones. All clones that formed were cultured further and cells were
pelleted prior to extraction of protein and RNA harvesting. Sanger sequencing
was used to confirm the presence of a DNA mutation in the 6 clones that formed.
Sanger sequencing showed that the targeted region was still present, meaning
SLC6A6 was not knocked down.

The results so far showed that CRISPR was unsuccessful. This in combination
with the impact of the COVID-19 pandemic and the potential short term closing
of the lab meant the decision was made to move onto experiments that could be
performed on a shorter time scale. This meant that work to optimise CRISPR was
halted and instead experiments focusing on antagonists and agonists used

instead.
4.3.4 The use of inhibitor to target TauT

4.3.4.1 The effect of TauT inhibitors on cell lines

Previously, efforts have focused on knocking down or knocking out SLC6A6 and
assessing the response to treatment. As the protein levels following knockdown
could not be validated, it was not possible to determine if treatment effects are
due to the decrease in levels of SLC6A6 protein, an unknown non-coding function
of the SLC6AG transcript or an off-target effect. Using inhibitors that directly target
TauT will provide key insight into its role in treatment response. Two inhibitors,

guanidinoethyl sulfonate (GES) and gaboxadol (GAB), were chosen for use.

A range of concentrations of GES and GAB were used and added onto day 5
A172 spheroids and incubated for 7 days. | aimed to identify a concentration for
both inhibitors that resulted in a large difference in spheroid size compared to the

control, providing a high enough dose to have an effect and allow any differences
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in treatment response to be seen in later experiments. The information sought
from these assays was to determine the effect each concentration of drug
compared to the solvent. The effect of each concentration of drug compared to
another was not important. Therefore to compare the two groups, unpaired
Student’s T-tests were used (unless stated otherwise) between solvent controls

and each dose of the inhibitor.

For A172, concentrations of 1 and 10 mM of both GAB and GES significantly
increased the size of spheroids, compared to vehicle control (p<0.005 and 1 mM
and p<0.0005 for 10 mM). For GBM58, only 10mM GES or GAB showed any
significant differences (p<0.05 and p<0.0001 respectively), however these
changes were in the opposite direction to those observed in the A172 cell-line
resulting in a reduction in spheroid size compared to the control. No significant
differences were seen in GBM63 at any concentration of GES. Similarly to
GBM58, the addition of 10 mM of GAB resulted in significantly smaller spheroids
in GBM63 (p<0.0001) (Figure 4.17). To ensure consistency between treatment
experiments with the inhibitor, 10 mM concentration of each inhibitor was used

for all three cell lines.

The effect of GES and GAB and the vehicle control on spheroid size was
performed with a higher number of technical repeats (Figure A.1). When
observing the effect of GES alone on spheroid size, in all three replicates the
addition of GES resulted in significantly larger spheroids derived from the A172
cell-line (p<0.0001). In GBM58, GES resulted in significantly smaller spheroids in
two of the repeats (p<0.0001) with no significant differences seen in the third
repeat. This is also the case in GBM63. When observing the effect of GAB alone
on spheroid size, in A172 GAB results in an increase in spheroid size in two out
of three repeats (p<0.0001) and no significant differences in the third repeat. For
GBM58, GAB results in significantly smaller spheroids in two of the repeats
(p<0.0001) with no significant changes seen in the third repeat whereas GAB
results in significantly smaller spheroids across all three repeats in GBM63
(p<0.0001).
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Figure 4.17. Effect of guanidinoethyl sulfonate and gaboxadol on cell lines.
The mean spheroid area (um?) + SD of A172, GBM58 and GBM63 one week post
treatment with 10 mM, 1 mM, 0.1 mM, 0.01 mM, 0.001 mM of guanidinoethyl
sulfonate (GES) and gaboxadol (GAB) and a vehicle control of water. One
biological repeat performed with n=4 technical repeats (one experimental repeat
with 4 spheroids treated per dose). The information sought from this assay was
to determine the effect each concentration of drug compared to the solvent
control to determine a single suitable does for future assays. The effect of each
concentration of drug compared to another was not important. P-values are
based on an unpaired t-test and shown as *(< 0.05), **(<0.005), ***(<0.0005), and
**r%(<0.0001).

4.3.4.2 Effect of guanidinoethyl sulfonate (GES) and of gaboxadol (GAB)

on standard treatment

The effect of GES, GAB or vehicle control on response to standard treatment of
30 uM TMZ and 2 Gy irradiation was measured. The main aim of these
experiments is to observe the effect of standard treatment on spheroid size in the
presence of GES or GAB, and to determine if this was significantly different to
the effect of vehicle control. This is to see what effect, if any, GES and GAB have

on standard treatment.

In order to determine the effect that GES or GAB had on the treatment (30 uM
TMZ and 2 Gy irradiation), the size of treated spheroids were each expressed as
a percentage size against untreated controls, resulting in a value referred to as

normalised percentage spheroid size.

For A172, normalised percentage spheroid size was significantly reduced in the
presence of GES or GAB compared to the vehicle control. This shows there is a
significant difference in treatment response in the presence of either GES or GAB
in A172 (p<0.05) (Figure 4.18). These results are confirmed by the CellTiter-Glo
3D cell viability assay for GAB but were non-significant for GES (Figure 4.19).

For both GBM58 and GBMG63, the normalised percentage size significantly
increased in the presence GAB, compared to vehicle control (p<0.005) (Figure
4.18). These results are also confirmed by the CellTiter-Glo 3D assay (p<0.05)
(Figure 4.19). For GBMG63 spheroids, the normalised percentage size significantly

increased in the presence GES compared to vehicle control (p<0.05) but this
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increase was not significant in the CellTiter-Glo 3D assay (Figure 4.19). For
GBM58 there was no significant difference on spheroid size in the presence of

GES. These results are mirrored in the CellTiter-Glo 3D assay (Figure 4.19).

There are two main findings from these results. The first is that the effect that
GES and GAB have on treatment response is different in the established cell-line
A172 compared to the patient-derived cell lines. Secondly, the magnitude of this
effect is usually larger in the presence of GAB than GES. This is unexpected
because, if TauT was conferring an effect, then there should be a larger
magnitude of change in the presence of GES since this is a strong TauT
antagonist. However, the inhibitors have an opposite effect on the GABAa
receptor. As well as transporting taurine, TauT also transports GABA but at a
lower affinity, and inhibitory effects on GABA signalling may therefore contribute

to the treatment response phenotypes.
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Figure 4.18. Standardised effect of Guanidinoethyl sulfonate and
Gaboxadol and standard treatment on cell lines. The mean spheroid area
(um?) + SEM of A172, GBM58 and GBM63 spheroid lines one week post
treatment with 10 mM of guanidinoethyl sulfonate (GES) or gaboxadol (GAB) in
addition to standard treatment of 30 uM TMZ and 2Gy irradiation. Results are
expressed as a percentage of the size untreated spheroid with the same inhibitor.
n=3. P-values are based on a paired t-test and shown as *(< 0.05), **(<0.005),

***(<0.0005). The direct comparison between GES and GAB was not necessary.
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Figure 4.19. Standardised effect of Guanidinoethyl sulfonate and
Gaboxadol and standard treatment on cell lines. The mean luminescence
from CellTiter-Glo 3D assay = SEM of A172, GBM58 and GBM63 spheroid lines
one week post treatment with 10mM of guanidinoethyl sulfonate (GES) or
gaboxadol (GAB) in addition to standard treatment of 30 uM TMZ and 2 Gy
irradiation. Results are expressed as a percentage of the size untreated spheroid
with the same inhibitor, and standardised as a percentage of the solvent control.
n=3. P-values are based on a paired t-test and shown as ns = non-significant, *(<
0.05), **(<0.005), ***(<0.0005), ****(<0.0001). The direct comparison between
GES and GAB was not necessary.

4.4 Discussion

In order to fulfil the aim of investigating the association between SLC6A6
expression and sensitivity to standard treatment in vitro, | attempted to knock
down SLC6A6 in GBM cell lines and used these as cellular models to assess

treatment response to TMZ and irradiation in relation to SLC6AG6 levels.

4.4.1 siRNA showed no difference in treatment response

The logical first step in looking at the effect of SLC6A6 was to perform an siRNA
knockdown to demonstrate if SLC6A6 was a gene that could successfully be
knocked down. siRNA transfections were therefore performed, and the
knockdowns validated via gPCR proving that SLC6A6 mRNA levels could be

significantly reduced in all three cell lines.



114

Treatment response experiments performed after knocking down SLC6A6 using
SsiRNA showed no difference when compared to the control. This is contrary to
what would be expected if SLC6A6 was contributing to treatment resistance.
Recently, SLC6A6 has been associated with a hypoxic phenotype in multiple
types of cancer including GBM. Neftel et al., observed gene signatures
associated with single cells in GBM tumours and was able to assign these to one
of six main cellular states (71). Each GBM tumour will be made up of a
combination of the different cellular states, but one cell type is usually more
dominant than the others. Neftel et al., characterised malignant cells within GBM
tumours and used this to identify expression signatures of individual cells referred
to as ‘meta-modules’ that varied across different tumours. These expression
signatures were highly consistent over cells from different tumours and
overlapped the signatures of multiple other tumours. This indicates that although
there are these distinct signatures, there is a lot of intra-tumour heterogeneity
which suggests that many biological processes in GBM biology are shared across
tumours. Their analysis identified six meta-modules, two of which showed high
expression of mesenchymal-associated genes. Out of these, one was associated
with hypoxia response genes, and one was not, which led these to be named
hypoxia-dependant and hypoxia-independent signatures. SLC6A6 was a key
gene in the hypoxia-dependant signature. The hypoxia-dependant subtype
harboured high expression of multiple genes associated with hypoxia, indicating
that SLC6A6 could be closely related or even involved in the hypoxia response
within GBM.

Another study looking at hypoxia-related differentially expressed genes in
hepatocellular carcinoma identified SLC6A6 as one of 12 key hypoxia-related
genes that could be used a prognostic predictor for hepatocellular carcinoma
(282). This could therefore be a reason why SLC6A6 knockdown in 2D siRNA
experiments is showing no effect on treatment resistance as perhaps its role in
treatment resistance can only be observed or become relevant in a hypoxic

environment.

There are other ways in which hypoxia could be mimicked in cell monolayers, for
example with the use of a hypoxia chamber which is a sealed air-tight chamber
that provides a hypoxic environment. However, hypoxia chambers can be

expensive and mean that access to cells cannot be possible during the time
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course of the experiment without exposing them to oxygen (283, 284). Given that
spheroids often contain a hypoxic core which is one of the ways making them
more physiologically relevant to GBM, and that a long-term knockdown of TauT
levels is preferable, it was decided that shRNA should be used to achieve stable

SLC6A6 knockdown to enable treatment experiments in spheroids.

4.4.2 shRNA showed a difference in treatment response

ShRNAs are a reagent that can be used in stable knockdown experiments. This
is preferable to sSiRNA because it enables longer-term knockdown in a 3D model
such as spheroids, whereas siRNAs typically only last around 3 days, so will be
ineffective by the time the spheroids have formed. SLC6A6 shRNA was
attempted on GBM58, GBM63 and Al172 cell-lines. This was successful in
GBM63 and A172 but could not be achieved in GBM58 because of cytotoxicity
following transfection. Due to the stem like nature of patient-derived cell lines
described in section 1.7.1 they are extremely heterogeneous in nature and each
cell line is entirely unpredictable, so it is common that they can act very differently

to one another.

Validation of the SLC6A6 mMRNA levels following shRNA knockdown showed that
SLC6AG6 transcript levels had been significantly reduced. A Western blot was
performed to show the knockdown at the protein level, however the results from
blotting with the SLC6A6 antibody were inconclusive due to the inability to

determine what the antibody was actually detecting.

Creating a SLC6A6 knockout using CRISPR-Cas9 would produce a null allele
and would rule out the possibility that any protein would be translated and be
detected on a western blot. Without being able to validate protein levels of TauT,
it is uncertain if SIRNA or shRNA knockdown has been successful at the protein
level. However, SLC6A6 gene expression is the main focus of the research
project, regardless of whether this is as a result of TauT, as the original
observation was of elevated SLC6AG6 levels determined by RNA-seq. Therefore,
any effect in my experiments can be measured at the RNA level rather than the
protein level to support the original findings. With this in mind, it was still crucial
that investigation into the effect of standard treatment on the knocked down

SLCG6AG cell lines was performed.
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In A172 spheroids, knockdown of SLC6A6 had a significant effect on treatment
response with the size of treated SLC6A6 knocked-down spheroids be
significantly smaller than the NT control in all three repeats. This trend is also
seen using CellTiter-Glo 3D assay as a measure of cell viability however is not
significant. This result is expected if SLC6A6 is contributing to treatment
resistance in GBM because, without expression of this gene, cells are less viable

than when subjected to standard treatment.

SLCG6AG6 appears to be correlated to treatment resistance in A172. Without further
investigations into the levels of TauT, it is impossible to say if SLC6A6 is acting
via increased TauT expression, or if SLC6A6 has a non-canonical function that

we are unaware of which does not involve TauT.

A172 and GBM63 show differences in their response to treatment when SLC6A6
is knocked down. This is expected because in previous experiments, such as the
investigation of taurine both in monolayers and 3D (Figure 3.16 and Figure 3.17),
these cell lines have different responses. This is likely due to the fundamental
biological differences between A172 and GBM63 and the differences in the
cellular makeup. A172 being an established cell line is highly homogeneous

whereas GBMG63 is highly heterogenous being a patient derived cell line.

4.4.3 Exploring CRISPR-cas9 attempt

Attempts to knockout the expression of SLC6AG6 in the cell lines was unsuccessful
because no viable cells remained following transfection with plasmids. Patient-
derived cell lines are often very sensitive to transfection, as seen with inability to
successfully transfect GBM58 cells with the shRNA construct. However,
transfection of Al72, the established cell line, with shRNA constructs was
successful on the first attempt so this should be able to be transfected with the
CRISPR-Cas9 plasmid construct. One possibility was that plasmid preparations
were cytotoxic because they contained bacterial endotoxin (285). Transfections
with an empty GFP plasmid were successful in the lines, indicating that they could
be transfected and therefore the cell death observed is likely due to the presence
of the Cas9/gRNA or something related to the plasmid preparation. Transfection
of the plasmids into a HEK293 cell-line however was successful, with transfected
cells conferring both resistance to puromycin and GFP expression. Therefore, we

can assume that the plasmids were not in themselves causing cell death. Despite
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taking up the plasmids, sanger sequencing confirmed that there was no SLC6A6

knockout present.

This still does not explain the cell death in the GBM cell lines upon transfection
with the plasmids. One possibility is that the cells, being more sensitive and less
amenable to transfection than HEK293T cells, were not cable of handling both
plasmids needed for a dual nickase CRISPR approach. Each plasmid was going
to be transfected into the cell without the other one to test this hypothesis,
however due to the pandemic lockdown this had to be abandoned. Following the
lockdown, the decision was made to move away from CRISPR due to time

constraints.

4.4.4 Inhibitors of TauT and GABAA Receptor showed differences in

response to standard treatment

Agonists and antagonists are important tools for investigating protein function in
molecular biology. However, one disadvantage of using these is that often they
are not specific to one protein and can therefore have off-target or pleiotropic
effects on other protein targets. Although the use of agonists and antagonists,
can begin to dissect the differences in treatment responses, the molecular

mechanisms that cause these effects remain unclear.

The inhibitors initially chosen for the investigation of TauT were guanidinoethyl
sulfonate (GES) and gaboxadol (GAB). GES is a strong TauT antagonist,
therefore if TauT is contributing to treatment resistance then in the presence of
GES, smaller spheroids would result after standard treatment of 30 uM TMZ and
2Gy irradiation, compared to controls. This was the case for A172, however the
opposite was seen in the patient-derived cell lines, resulting in spheroids that

were larger than the spheroids without GES.

As stated previously in chapter 1.7.1 the cellular homogeneity of the A172 line is
an obvious biological difference with the other more heterogenous lines, a
difference supported by gene expression profiles (163). Despite the
heterogeneity of the GBM58 and GBM®63 lines, the inhibitor results are consistent
which suggests that this is due to treatment response. GBM58 and GBM63 are
grown in media without FCS, which encourages the stem-like population to be
maintained whereas A172 is grown in media containing FCS which enriches for

the differentiated components of GBM (286). This enrichment of either stem cell
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or differentiated cells could be driving the differences in treatment response.
Adding FCS to the media of GBM58 and GBM63 would cause the cells to
differentiate (286). It would be interesting to do this and observe the response to
the inhibitors, with and without standard treatment, to see if the response
changes. A previous study found that the cell culture media is critical to the
treatment response of a cell line, and that culturing in different media can promote
different populations of cells growing which results in a differential treatment
response (286, 287).

Furthermore, the results from the inhibitor experiments reiterate those seen in
treatment experiments with SLC6A6 shRNA cell lines. Therefore, this would
indicate that the change in treatment result is due to the changes in TauT levels
or activity due to shRNA or inhibitors respectively, and not due to a non-canonical
function of SLC6AG.

In general, the effect of GAB is greater than GES in comparison to normalized
controls. GES is a strong TauT antagonist and a weak GABAa receptor
antagonist but has found to not affect the levels of GABA rats brains (275). GAB
is weak TauT antagonists and a strong GABAAa receptor agonist. As well as
transporting taurine, TauT also transports GABA but at a lower affinity (138). If
TauT was conferring the effect on treatment, then we would expect a larger
magnitude of change in the presence of GES as this is a strong TauT antagonist.
However, the opposite of this is true with respect to what effect these inhibitors
have on the GABAA receptor. Therefore, as the inhibitors GAB results in a higher
magnitude of change than GES, could this mean that the GABA signalling is
being affected and causing this change in phenotype? The direction of treatment
response is still different between A172 and the patient derived cell lines. GABA
is transported via TauT and via the GABAA receptor so this could still explain why
SLC6A6 expression is increased. Perhaps in GBM the focus of TauT shifts to
GABA instead of taurine transport resulting in increased GABA levels. A study
looking at the associations of different types of cancer including colon
adenocarcinoma and NSCLC showed that increased GABA levels are seen in
the higher stages of the cancer demonstrating that increase in GABA levels is
linked to higher morbidity levels (288). The association of GABA and cancer
progression has also been shown in pancreatic cancer and prostate cancer (289,
290).
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Determining the gene expression differences after RNA-sequencing might allow
us to see gene expression changes are linked to genes associated with GABA or
taurine. Would this help indicate which, if any, is predominantly contributing to

treatment resistance and if not then what treatment resistance mechanisms are

actually in play.
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Chapter 5

RNA-sequencing analysis

5.1 Introduction

In the previous chapter | found that functional modification of TauT, by genomic
or pharmaceutical means, does significantly alter the response of glioblastoma
(GBM) cells to chemoradiation. However, the direction of this altered response
i.e. whether it increases or decreases the efficacy of the treatment, was cell line
dependent. Furthermore, by using drugs with different strength of inhibition of
TauT, but that also act as agonists of y-aminobutyric acid type A (GABAa)
receptors, | determined that it may be GABA signalling through TauT that
impacted treatment response, rather than taurine transport. These are
confounding results. However, work performed in parallel in the Stead Group
raised a possible explanation based on the need to stratify patients into two
subclasses based on how they respond to standard of care treatment, and the
role of y-aminobutyric acid type A (GABA) signalling in the differential biology of
the two so-called ‘responder subtypes’. In this chapter | used RNA sequencing to

delve further into this hypothesis in the context of my own research findings.

5.1.1 GABA and GABAA receptor

Neurotransmitters are molecules secreted by nerves that have inhibitory or
excitatory neuronal functions upon binding to their receptors. Their chemical
structures allow them to be classed into one of three categories; these are amino
acids, biogenic amines and peptidergic neurotransmitters often termed
neuropeptides. GABA is primarily an inhibitory neurotransmitter that falls into the
first class of amino acids (291). Many neurotransmitters have medicinal
properties and are used to treat a variety of human diseases. This applies to
GABA, which is commonly used to treat anxiety and sleep deprivation related
disorders as well as being used to treat Attention Deficit Hyperactivity Disorder
(ADHD) (292). However, over the years, neurotransmitters have been
increasingly implicated in human cancers and can be produced by cancer cells
directly (291). Neurotransmitters are primarily synthesised inside neurons that
have a sophisticated ability to regulate production, release and degradation of

neurotransmitters (293). Furthermore, many neurotransmitters occur naturally in
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human food and GABA is no exception to this, naturally occurring in many foods

such as broccoli, sweet potato, and soya bean (294).

GABA was discovered in plants and bacteria long before the discovery in 1950
of high amounts of GABA in the mammalian CNS despite being almost
undetectable in other tissues (295). GABA is one of the earliest neurotransmitters
presentin the developing nervous system where it acts by depolarizing radial glial
cells and immature neurons. In the developing brain, GABA is the main excitatory
drive and is involved in the modulation of progenitor proliferation and neuronal
migration (296). In contrast, GABA adopts a different role and acts as the primary
inhibitory neurotransmitter in the adult central nervous system (CNS) (296, 297).
Here, GABA'’s physiological roles involve promoting neuronal development and
the modulation of synaptic transmission. GABA enters the cell either via
transporters such as those in the solute carrier 6 (SLC6) family for example GAT1
and TauT. GAT1, encoded by SLC6A1 and GAT2, encoded by SLC6A13 are the
most well characterised GABA transporters (145). Alternatively, it is synthesised
inside neuroblasts and mature GABAergic neurons from the excitatory
neurotransmitter glutamate in the brain, by the action of the glutamate
decarboxylase (145, 295).

GABA acts primarily by binding GABAA or GABAs receptors (296). GABAa or
GABAGs have distinct biochemical and pharmacological properties as GABAais a
GABA-gated chloride channel located on the post-synaptic membrane and
GABAs is located on both pre and post synaptic membranes and is a G protein
coupled receptor (292). The GABAa receptor is a CI channel, and GABA
activation causes CI influx and membrane hyperpolarization in the mature brain
due to low intracellular CI- concentrations at resting potential (296). This then
reduces the excitability of the cell, inhibiting the cell activity. In neural precursors,
GABAA receptor activation depolarises instead of hyperpolarises. This
depolarisation still works to cause an inhibitory effect by blocking excitatory
currents (295). The distinction between hyperpolarisation and depolarisation
partly depends on expression of Na-K-Cl transporter NKCC and the accumulation
of intracellular chloride ions. The activation of GABAAa receptors by GABA in
neural precursors leads to efflux of chloride ions and an influx of calcium ions

which acts to reduce the proliferation of neural stem cells (298). However, cancer
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cells have often been shown to use neurotransmitters to their advantage by

activating signalling pathways that lead to uncontrolled proliferation (291).

5.1.2 Up and Down responder subtypes in glioblastoma

RNA sequencing was performed on 168 longitudinally paired de novo IDH-WT
GBM tumours from patients who received standard treatment of temozolomide
(TMZ) and irradiation and had locally recurrent tumours. These data were
analysed within the Stead group. A validation cohort consisting of 23 further pairs
from samples matching the same criteria were collected and analysed via a
pipeline developed in the Glioma Longitudinal Analysis Consortium (GLASS)
(299). Analyses of these data led to the identification of two responder subtypes
in GBM based on the changes in gene expression of a subset of genes following
treatment. In two thirds of patients, gene expression of a subset of genes is
upregulated in recurrent tumours and, in one third, expression of this same subset
of genes is downregulated in recurrent tumours. These have been termed the Up
and the Down responders respectively. Different biological characteristics are
seen in Up or Down responders, which may give insight into the specific

mechanisms of treatment resistance occurring in these patients.

Up and Down responders were discovered via a bespoke analysis applied to all
primary and recurrent pairs. The genes differentially expressed between primary
and recurrent samples were first inspected and found to be enriched for normal
neurodevelopmental processes, which are regulated by transcription factors that
work together with chromatin remodelling complexes to open up DNA to allow
expression or inhibition of certain genes. Gene sets for DNA-binding factors were
created to determine whether certain regulators were involved in the gene
dysregulation seen between primary and recurrent tumours. This showed that
genes containing a JARID2 (Jumonji and AT-Rich Interacting domain) binding
site in the promoter were consistently altered across the patient tumour pairs.
There was a total of 5234 genes containing a JARID2 binding site (“JBSgenes”).
The leading edge (LE) 70 genes are those that consistently (in >70% of the
patients) have the highest logz fold-change (log2FC) in expression between
paired samples from the “JBSgenes” data-set. There are around 80 LE70 genes
and these are dysregulated in a consistent direction within a patient, but this

direction changes between patients, through treatment.
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The difference between the responder subtypes were further investigated. GBM
tumours are often characterised into different molecular subtypes known as
classical, mesenchymal and proneural as described in section 1.2.2. In Up and
Down responders, no differences were seen between the prevalence of these
molecular subtypes in the primary tumours. Furthermore, there were no
differences between the probability of subtype switching from primary to recurrent
between Up and Down responders. However, a significant difference was seen
in the molecular subtypes seen at recurrence between the Up and Down
responders. Up responders most commonly switched to be proneural however

Down responders display a therapy-driven switch to the mesenchymal subtype.

Furthermore, GBM biology specific gene sets were collated within the Stead
group, and joined with those from the molecular signature database, so that gene
set enrichment analysis could be investigated separately in Up and Down
responders. In Up responders there was an upregulation of developmental
glioma stem cell (GSC) states. Single cell transcriptional analysis of GBM tissues
performed by Wang et al. showed that there is a single axis of transcriptional
variation for neoplastic cells in GBM. Proneural GSCs reside at one end of this
axis, and mesenchymal GSCs at the other; differentiated malignant cells appear
more centrally. Through treatment, Up responders become enriched for
proneural GSCs signatures and Down responders become enriched for
mesenchymal GSC cell signatures. Genes associated with epithelial to
mesenchymal transition are also enriched in the Down responders which is more
accurately termed the proneural to mesenchymal transition in GBM, as GBM is a

non-epithelial cancer.

Down responders have an upregulation in cell cycle genes and of marker genes
associated with proliferation. On the other hand, Up responders have an
upregulation of stem cell quiescence markers along with differentiated

neuroblasts and oligo cell types.

In survival analysis, considering known prognostic markers such as MGMT
promoter methylation, there was no significant differences in the overall survival
between Up and Down responders. This evidence of Up and Down responders
summarised in Table 5.1 suggests differential mechanisms of treatment response
which may mean that Up and Down responders should be stratified and given

responder subtype specific treatments. To assess this, subtype-specific drug
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targets need to be identified. Up responder samples show an upregulation in
GABA neurotransmitter signalling components as well as an increase in gene
signatures for neurons and oligodendrocytes. The opposite is seen for Down
responders. This suggests an increase in interactions between cancerous cells
and normal brain cells in the Up responders and the opposite for Down
responders. Therefore, potentially GABA signalling pathways components could
be drug targets. This includes GABAAa receptor which might need targeting by
antagonists or agonists depending on the responder subtype. In GBM63 and
GBM58 a differential treatment response is seen to A172 when treated with the
GABAA receptor agonists GES and GAB. This suggests that GBM63 and GBM58
might be different responder subtypes to Al72. To investigate this, RNA
sequencing was performed to determine if A172 and GBM63 recapitulate Up and
Down responder subtypes by looking at changes in expression of key genes and

pathways in response to standard treatment.

Table 5.1. Biological characteristics of Up and Down Responders. Summary

of the Biological characterises of the Up and Down responder subtypes.

Biological Up responder subtype | Down responder

characteristic subtype

Prevalence of subtype | No difference in prevalence

in primary tumours

Prevalence of subtype | Most commonly Most commonly
in recurrent tumours | switched to proneural switched to
subtype mesenchymal subtype
Glioma Stem Cell Enriched for proneural | Enriched for
(GSC) signature type | GSC signatures mesenchymal GSC
signatures
Key marker gene Upregulation of stem Upregulation in cell
expression cell quiescence, cycle and proliferation
differentiated markers
neuroblasts and oligo
cell type markers

Survival No difference in survival
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5.1.2.1 Deciding on inhibitor experiments to be sequenced

| used RNA-sequencing (RNA-seq) to develop a better understanding of the
changes seen upon treatment, and upon treatment in combination with the TauT
antagonists Guanidinoethyl sulfonate (GES) and Gaboxadol (GAB). The RNA
from experiments on A172, GBM58 and GBM63 with 10 mM of GAB or GES or
solvent control, and with and without standard treatment was harvested at the
end point of each experiment. This meant it was available for RNA-seq if required,

as below.

| chose two cell lines for sequencing. As there were two apparent response
phenotypes to GES and GAB across the cell lines, one cell line from each of
these response phenotypes was chosen: A172 and GBM63. GBM63 was chosen
instead of GBM58 because it is more widely used within the group so further
characterisation could be beneficial to other projects. The inhibitor that had the
greatest effect on standard treatment across the cell lines was GAB and therefore
this was chosen to be sequenced along with the solvent control. 10 mM GES and

GAB, and the same end points at used in section 4.3.4.2. were used.

5.1.3 Differential gene expression

Following RNA-seq, | performed differential gene expression (DGE) on my
samples to understand the changes through treatment in each of the cell lines
and to see if these treatment specific gene expression effects in A172 and

GBMG63 reflected those seen in Up and Down responders.

5.2 Aims and Objectives

The aim of this chapter was to define the effect of SLC6AG6 inhibition on GBM cell
transcriptomes in response to standard treatment.
Objective 1 - Analyse RNA-sequencing data from experiments looking at the

effect of TauT inhibitors on response to standard treatment
5.3 Results

5.3.1 Establishing a differential gene expression analysis pipeline

To perform DGE analysis, a pipeline must be set up in order to process and
guantify the gene expression data. | designed a pipeline to achieve this, starting

with literature searching to find the best tools for each step of the analysis before
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integrating these tools into the pipeline. The main steps and tools used are shown
in Figure 5.1. The first step is performing quality control of the data and is typically
performed by the JAVA tool FastQC. FastQC performs quality control checks on
raw sequence data and gives outputs that help the user determine if their data is
satisfactory and without problems that may need to be factored into the further
analysis (300). The output is easy to interpret, with multiple graphs and figures
each with a green tick to indicate the test was passed and data looks as expected,

a yellow “I” if the test result shows slight abnormalities that need to be further
investigates, or a red cross if there is a significant issue. From performing FastQC

analysis | saw my data was without issues.

The next step is Trimming of reads to ensure that adaptor sequences and low-
guality bases are removed before downstream analysis. Each base is assighed
a Q-value which is a probability score that the base was scored incorrectly. The
Q-value tends to decrease towards the 3’ end of the sequence, meaning more
chance a base is scored incorrectly. It is important that lower quality regions
typically with a Q-value of below around 30, are removed to improve downstream
alignment to the genome. Cutadapt was developed to perform this role and was
chosen for use. Cutadapt uses the first 13bp of illumina standard adapters which
are suitable for both ends of a paired end fragment (301). | decided to use a
wrapper script called Trim Galore, which incorporates FastQC and Cudadapt

together in order to make this process more efficient (302).

The next step is alignment of the sequencing reads to a reference genome or
transcriptome. The choice between aligning to a genome or transcriptome
depends on the purpose of the analysis. For those wishing to identify new
transcripts then alignment to the genome would be preferred. However, for
simpler gene quantification purposes then aligning to the transcriptome is
generally used (303). Aligning to the genome is complicated in eukaryotes due to
the alignment being affected by splicing and poly-adenylation. Additionally,
aligning to the genome takes a lot longer as the total length of the genome far
exceeds the total length of all the transcripts (303). Bowtie2 is alignment tool for
aligning reads to the reference transcriptome. | decided this would be suitable for
my analysis as Bowtie2 is capable of aligning reads that vary in length from 50
base pairs (bp) to 1000s of bp and is ultrafast, and has a very low number of false

positives (304). RSEM (RNA-Seq by Expectation Maximization) is a transcript
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guantification tool that works without the use of a reference genome and is used
in conjunction with Bowtie2 (117). RSEM maps both isoform and gene level
abundance and is effective when aligning to the reference transcriptome (303).
The output of RSEM can be Transcript per million (TPM) or fragments per
kilobase of transcript per million mapped fragments (FPKM) and FPKM was
chosen (305). | decided to use RSEM alongside Bowtie2.

Once reads have been aligned to the genome and quantification performed, the
process of differential expression analysis can be carried out. DESeq2 was
chosen for this step due to its higher precision, sensitivity, and few false positive
than other commonly used differential expression platforms such as DESeq,
EBSeq and EdgeR (183). The output of interest for DESeq2 was the adjusted p-
value (adj.p). The adj.p is a stringent filtering method that assumes 5% of all the
significant tests will result in false positives, in contrast to a p-value which
assumes that 5% of the total tests will result in false positives. Where needed,

ggplot2 was used as a visualisation tool for the DGE results (306).

Figure 5.1. RNA-sequencing and Differential gene expression steps. The
main steps involved in RNA-sequencing and differential gene expression analysis

and the tools chosen for which step of the process.

5.3.2 Number of genes differentially expressed

The number of genes differentially expressed (DE) for each comparison was
calculated using DESeq2 and presented in Table 5.2. Upon running differential
gene expression analysis in DESeq2, | found that there were very few DE genes
in some of the comparisons (Table 5.2). To check these results were correct, |
decided to use a second tool for DGE comparisons that enabled paired analysis.
EdgeR was chosen for this. The results from this independent analysis method
(Table 5.2) correlated with DESeq2. Furthermore, using EdgeR | was able to
identify the Biological Coefficient of Variation (BCV) value (Table 5.2). The BCV

is the relative variability of expression between biological replicates so is a
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measure of how much biological variance there is within a condition (307). The
lower the BCV, the lower the variation and therefore the greater number of
differentially expressed genes can be detected. The BCV value shows that there
is a more noise in the GBM63 samples, which indicates that it is harder for genes
to be defined as being differentially expressed. Therefore, | decided to proceed
with my original DGE analysis using DESeq2, but for the comparisons with fewer
DE genes | reduced the stringency to identify the most significantly DE genes
even if they did not meet the original cut-off of adj.p<0.05. This would enable me
to search for pathways that are DE between one sample or another, even when
the BCV is high. This would result in more genes reported as DE being false
positives which would make pathway enrichment more difficult to detect.
Therefore, if a pathway is still seen to be enriched, | can be certain that it is not

due to false positives.

Table 5.2. Differentially expressed gene numbers. The number of genes
differentially expressed at an adjusted p-value (adj.p) of 0.01 or 0.05 using either

DESeq2 or EdgeR. The Biological coefficient of variation is displayed for each

comparison.
Comparison Number of genes Number of genes | Biological
DE in DESeq2. DE in EdgeR. coefficient
Adjusted p-value Adjusted p-value of
0.05 0.01 0.05 0.01 variation

A172 Solvent 2978 2038 4249 2912 0.082
untreated vs treated
A172 Gaboxadol 3577 2472 4289 2954 0.106
untreated vs treated
A172 untreated 547 320 864 482 0.133
Solvent vs Gaboxadol
GBM63 Solvent 511 307 485 255 0.193
untreated vs treated
GBM63 Gaboxadol 1 0 0 0 0.226
untreated vs treated
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5.3.3 Gene expression direction change between A172 and GBM63

upon standard treatment

Differential gene expression analysis tells us which genes are DE, but it is also
important to look at the direction of this expression change. A172 and GBM63
were both affected by standard treatment with spheroids becoming smaller when
treated (Figure 3.13 and Figure 3.15). To observe if the effect of standard
treatment is the result of the activation of the same mechanisms, the DE genes
between these two groups were compared. Figure 5.2 shows the direction of
gene expression changes between Al172 treated and untreated and GBM63
treated and untreated. Genes in red are those significantly differentially
expressed with an adjusted p-value of less than 0.05. The genes in the green
boxes are differentially expressed in opposite directions between the two cell
lines, and the ones in orange boxes are differentially expressed in the same
direction. There are 151 genes in the green boxes and only 38 genes in the
oranges boxes which means significantly more genes are differentially expressed
in opposite directions between A172 and GBM63 even though the same cytotoxic
effect was seen after both were subjected to the same standard treatment of 30
uM TMZ and 2Gy irradiation (P <0.0001, chi-squared).
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Figure 5.2. Gene expression direction of genes in A172 and GBM63 with
standard treatment. Direction of fold change multiplied by -logioadj.p for A172
(x) and GBM®63 (y) results from DEseq?2 for three biological replicates and looking
at genes DE between treated and untreated. Black = gene expression for a
particular gene. Red = genes with p-value<0.05 on both experiments. Green
boxes indicate genes expressed in opposite directions between A172 and
GBM63 and genes in the orange boxes represent those expressed in the same
direction between A172 and GBMG63.

5.3.4 The effect of standard treatment on A172 and GBM63

To further investigate the reason for the phenotypic effect of spheroids becoming
smaller when subjected to standard treatment in both the cell lines, Gene
Ontology (GO) enrichment analysis was performed using ShinyGO vO0.75 to look
for pathways that could explain the change in spheroid size. In A172, cell
population proliferation and programmed cell death were of particular interest as
both are mechanisms that could results in smaller spheroids (Figure 5.3). The
GO terms means that a significant number of genes relating to this category are
DE between treated and untreated, but this did not provide me with an indication
into if these genes were upregulated or downregulated through treatment. The
expression of some key genes commonly relating to proliferation decreased in
A172 following treatment i.e. causes treated spheroids to be smaller than the

untreated spheroids (Figure 5.4).
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Figure 5.3. Gene Ontology in A172. ShinyGO v0.75 gene ontology enrichment

analysis was performed for genes DE in A172 upon standard treatment.
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Figure 5.4. Normalised expression of genes related to proliferation in A172.
The normalised expression (FPKM) of three genes commonly associated with

proliferation, in three paired replicates of treated and untreated A172 spheroids.

The same ShinyGo GO analysis was performed for the genes differentially
expressed in GBM63 treated vs untreated. Interestingly, none of the exact same
GO terms were identified meaning that the same standard treatment of 30 uM
TMZ and 2Gy irradiation has a different transcriptional effect in both the cell lines
despite having the same phenotypic effect. However, in GBM63, several GO

terms did still relate to cell cycle, cell division and cell cycle process (

Figure 5.5). Inspecting the expression of key genes associated with the cell cycle
show these are upregulated in treated versus untreated (Figure 5.6), the reverse
of what we see in A172. As rapidly dividing cells are targeted by irradiation and
alkylating chemotherapy agents, such as TMZ, increased cytotoxicity could
explain the decrease in spheroid size despite the increase in dividing cells. The
results from A172 and GBM63 show that standard treatment causes different

distinctive effects on the transcriptome.
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Figure 5.5 Gene Ontology in GBM63. ShinyGO v0.75 gene ontology
enrichment analysis was performed for genes DE in GBM63 upon standard
treatment.
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Figure 5.6. Normalised expression of genes related to the cell cycle. The
normalised expression (FPKM) in treated vs untreated GBM63 spheroids of six

genes associated commonly associated with the with cell cycle.

5.3.5 A172 and GBM63 are Up and Down responder cell lines
respectively

The opposite direction of gene expression changes between A172 and GBM63
in response to standard treatment suggest that these may be different responder
subtypes. Dr Georgette Tanner, a post-doc within the group has developed a
pipeline to determine whether a patient is an Up or Down responder based on
the direction of genes expression change in a subset of key genes over the
course of treatment. We used this to determine if A172 and GBMG63 recapitulate
the therapy-driven transcriptional reprogramming that delineates Up and Down
responders. Figure 5.7 shows that A172 is an Up responder and GBMG63 is a

Down responder.
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Figure 5.7. Responder subtype scatter plot. Left: Scatter plot showing the
separation in Up and Down responders when plotted according to Principal
Component 1 (PC1) of PC analyses of samples based on the log2 fold-change of
all genes through treatment against the JARID2 normalised enrichment score
(NES). Right: The same metrics plotted for A172 and GBM®63 replicates indicating

that they are Up and Down responders, respectively.
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5.3.6 Biological similarities in the DEGs and enriched functions
through treatment with regards: A172 and U responder

patients; GBM63 and D responder patients

If A172 and GBM63 are different responder subtypes, | would expect them to
have different gene expression features unique to their responder subtype. Gene
lists of genes DE for A172 or GBM63 with and without standard treatment are
referred to as “A172_UnVsT” and “GBM63_UnVsT” from now on.

Down responders have been shown to upregulate cell cycle genes going from

primary to recurrent.

Figure 5.5 shows that in GBM63_UnVsT, the GO term with the greatest number
of genes is “cell cycle”. FPKM plots from some key genes associated with the cell
cycle are plotted in Figure 5.8. This shows that their expression is upregulated
through treatment, as seen in the Down responders. These genes are
downregulated in A172_UnVsT responders (Figure 5.8), as seen in the Up
responder subtype. Furthermore, Down responders have an upregulation of
marker genes of proliferation/progenitor (PPR) neoplastic GBM cells identified by
Garofano et al., who performed single cell sequencing on GBM cells to identify
marker genes of PPR neoplastic GBM cells (308). These PPR genes included
those associated with cell cycle progression, mitosis, DNA replication and DNA
damage repair (308). These are downregulated in the Up responders. Over-
representation analysis (ORA) using WebGestalt (WEB-based Gene SeT
AnaLysis Toolkit) was performed. ORA is a statistical method that determines if
genes from a pre-defined set of genes appear more than what would be expected
in the data. In GBM63_UnVsT, ORA showed that the Garofano PPR signature
had an enrichment ratio of 9.6366 and in A172_UnVsT there was an enrichment
ratio of 2.2751 for the same signature. The direction of gene expression change
for some of the genes in this signature was examined for both A172 and GBM63
(Figure 5.9). This showed that in A172 these genes were typically downregulated
after treatment, as observed in patient Up responders, and in GBM63 these

genes were typically upregulated after treatment, as for patient Down responders.
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Figure 5.9. Normalised expression of genes related to the proliferation/progenitor (PPR) neoplastic GBM cells signature. The

normalised expression (FPKM) of four genes associated with the PPR signature in A172 and GBM63 paired triplicates.
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Figure 5.3 shows that cell population proliferation is an identified GO term in
Al72 _UnVsT. To look at the direction of dysregulation in Al172_UnVsT,
expression of three genes commonly associated with proliferation were inspected
(Figure 5.10). This showed a downregulation of these genes through treatment
as seen in up responders. On the other hand, these same genes increased in
expression following treatment in GBM63_UnVsT as seen in down responders.
In A172_UnVsT, the gene that is the most highly DE is BTG2. BTG2 is known as
both B-cell Translocation Factor 2 and BTG Anti-Proliferation Factor 2, and is a
protein-coding gene that has an anti-proliferation effect. BTG2 has been
previously linked to Diffuse Large B-cell Lymphoma Activated B-Cell Type but is
often seen downregulated in many human cancers and acts as a tumour
suppressor gene (309). The expression of BTG2 significantly increases after
treatment in A172 (adj.p<0.0001) (Figure 5.11). In GBM63, there is a non-
significant trend in a reduction of BTG2 after treatment (adj.p=0.286).

Codega et al. extracted Neural Stem Cells (NSCs) from adult mouse brains, used
label retention approaches to separate those which were quiescent (QNSCs) from
those which were activated (aNSCs), and identified differentially expressed
genes which could then be used to identify GO terms of importance. Up
responders have a significant number of gNSC markers upregulated, with the
same genes downregulated in Down responders. The qNSCs were enriched for
GO terms such as cell adhesion and response to stimulus, which are both
identified in A172_UnVsT (Figure 5.3). The aNSCs were enriched for GO terms
relating to the cell cycle and DNA replication which are also seen in
GBM63_UnVsT (

Figure 5.5). Additionally, aNSCs were enriched for DNA repair genes. ORA for
the molecular signature database gene set named “the hallmark of cancer”, on
differentially expressed genes in GBM63 has an enrichment pathway for DNA
repair genes (1.6119 enrichment ratio from WebGestalt) (185). Additionally, in
GBM63_UnVsT, four out of the top five most DE genes in response to standard
treatment are involved in DNA damage repair pathways and in each one of these
is upregulated after treatment. These genes are FANCD2, XRCC2, POLQ and
MASTL suggesting that GBM63_UnVSsT has a higher ability to repair its DNA after

treatment, correlating with the increase in the PPR signature as seen above. In
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Al72, these four genes are downregulated after treatment, though not

significantly.

These results show significant similarities of GBM63_UnVsT with Down
responder subtype and A172_UnVsT with an Up responder subtype, which may
provide a reason for the difference in response to GES and GAB seen in chapter
2. Cumulatively, these results suggest two distinct mechanisms of treatment
evasions for A172 and GBM63. As seen for Up responders, Al72 evade
treatment by slowing their proliferation and moving towards a more quiescent
phenotype. This may enable them to evade chemotherapy treatment which
targets proliferating cells. Conversely, GBM63 responds similarly to Down
responders by moving towards a more aggressive mesenchymal phenotype and
increasing proliferation following treatment, relying on DNA damage repair
pathways to survive the cytotoxic effect of irradiation and TMZ, both of which rely

on DNA damage to kill the cell.
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Figure 5.10. Normalised expression of genes related to proliferation. The

normalised expression (FPKM) in treated and untreated samples of A172 and

GBMG63 of three key genes associated with cell proliferation.
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Figure 5.11. The normalised expression of BTG2 in A172. The normalised
expression (FPKM) of BTG2 in treated and untreated samples of A172. BTG2 is
the most differentially expressed gene between untreated and treated samples in
Al72.

5.3.7 Different responder subtypes for GBM63 and A172 suggest

stratified treatments are needed.

Differences in biological response to standard treatment might mean that
stratified treatment approaches are needed for different drug targets depending
on the responder subtype. GABA neurotransmitter signalling is one druggable
pathway that differs between Up and Down responders. Up responders are those
that significantly upregulate GABA neurotransmitter signalling components and
Down responders significantly downregulate these. In A172_UnVsT, GABA type
A receptor associated protein like 1 and 2 (GABARAPL2 and GABARAPL1) are
significantly upregulated in treated vs untreated samples (Figure 5.12a.)
reflecting the Up responders. These are not significantly DE in GBM63_UnVsT
(Figure 5.12b.). However, treatment experiments in Chapter 4 show that the
addition of GAB, a GABAa Receptor agonist that has an effect on GABA
signalling, has a differential effect in GBM63 to A172. This causes A172 to be
more affected by standard treatment when present, although GBM63 is less
affected by standard treatment. To get a better insight into the reasons for the
difference, the impact of GAB with and without standard treatment on the

transcriptome of A172 and GBM63 was investigated in section 5.4.
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Figure 5.12. GABA type A receptor associated protein like 1 and 2
(GABARAPL2 and GABARAPL1) normalised expression. a. GABARAPL2
and GABARAPL1 normalised expression (FPKM) in A172 untreated and treated.
b. GABARAPL2 and GABARAPL1 normalised counts in GBM63 untreated and

treated.

5.3.8 Differences between the DEGs/enriched functions through
treatment with regards: A172 and Up in patient; GBM63 and

Down in patients

Despite the many similarites A172 and GBM63 have with Up and Down
responders, respectively, these are cell lines rather than patient samples so,
undoubtedly, there are important biological differences. One key difference
between GBM63 and Down responders is that GBM63 does not significantly
downregulate GABAA receptor components in response to treatment. There is a
trend that GABA signalling components are downregulated post-treatment but

this is not significant (Figure 5.12).

In addition, upon analysis performed on WebGestalt looking at the genes

associated the molecular signature database gene set named “the hallmark of
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cancer” there is an enrichment for genes associated with an epithelial-to-
mesenchymal transition in A172 (enrichment ratio of 1.9929) (185). This is
something that is usually observed in Down, and not Up, responders.

5.4 GAB affects the transcriptional changes observed following
treatment

To determine if GAB is having an effect on GABA signalling components at the
transcriptome level, expression of genes involved in GABA signalling were
examined in comparison to the vehicle control. There was no differential
expression observed for genes associated with the GABA receptor upon the
addition of GAB in A172 or GBMG63 in either treated or untreated samples. GAB
is a small molecule inhibitor, that exerts its action by binding to protein complexes
(TauT and GABAAa receptor). My results indicate that its effect on associated
downstream pathways is not at the transcriptome level, so more likely affects the
protein level.

To determine the effect on the transcriptome of treatment in the presence of GAB,
differential expression analysis on the genes found to be significantly DE between
treated and untreated in the presence of GAB was performed. This was followed
by Gene ontology analysis using ShinyGo or ORA using WebGestalt with custom
gene sets. These comparisons are termed “A172 _UnVsT_GAB” or
‘GBM63_UnVsT_GAB”. In A172, many of the same GO terms identified as
dysregulated through standard treatment alone are also dysregulated upon
standard treatment in the presence of GAB. These include cell migration, cell
adhesion, angiogenesis and cell population proliferation (Figure 5.13) suggesting
the same mechanisms of action are responsible for spheroid size change. In
addition, three of the top five DE genes in A172_UnVsT are also in the top five
DE genesin A172_UnVsT_GAB. These are FAS, FDXR and BGT2. The direction
of gene expression change between untreated and treated remains the same for
these three genes in the presence of GAB and vehicle control (Figure 5.14).
However, for each of these genes the counts are higher in treated samples in the
presence of GAB. My interpretation of this data collectively suggests that for
Al172, GAB dysregulated the same genes that are already DE through treatment
but at higher fold changes, exacerbating the therapy-driven transcriptional

reprogramming. This aligns with the larger phenotypic response to the standard
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treatment in the presence of GAB. The number of DE genes, identified by

DESeq2 analysis and shown in

Table 5.2, further support this interpretation. In A172_UnVsT_GAB, the number
of DE genes is increased suggesting that the effects on the transcriptome have

been amplified in the presence of GAB.
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Figure 5.13. Gene ontology enrichment analysis in A172_UnVsT_GAB.
ShinyGO v0.75 gene ontology enrichment analysis was performed for genes DE

in A172 upon standard treatment in the presence of Gaboxadol.
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Figure 5.14. Normalised expression data for A172 genes. The normalised
expression (FPKM) data for 3 out of 5 of the top DE genes in both A172 untreated
vs treated in the presence of the solvent and A172 untreated vs treated in the

presence of GAB.

For GBM63_UnVsT_GAB there was only one gene that was differentially
expressed with an adjusted p-value of less than 0.05. The BCV is greater for
GBM63 than in A172, with the BCV being the second highest for GBM63
untreated vs treated in the presence of GAB. Therefore, | lowered the significance
threshold to 0.5. Using this threshold, there were still only 51 genes DE. The gene

pathways that were identified, despite the limited number of genes, are similar to
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those expressed in GBM63_UnVsT with many of the same GO terms such as
“cell division”. WebGestalt analysis identified that enriched gene-sets were
associated with cell cycle terms such as G2M checkpoint (enrichment ratio of
13.307 and mitotic spindle (enrichment ratio of 10.977). These results are similar
to those observed for GBM63_UnVsT and suggest that the opposite effect on the
transcriptome is occurring compared to A172. In GBM63, the treatment is causing
genes to be DE, but GAB appears to be blocking these gene expression changes
which results in far fewer genes DE. Therefore, GAB appears to be blocking the
transcriptional reprogramming of genes that usually would happen through
treatment. This correlates with what | observe for spheroid size because GAB
causes standard treatment to be less effective. This appears to be because the
pathways that normally are responsible for smaller spheroids after treatment are

being suppressed.
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Figure 5.15. Gene ontology enrichment analysis in GBM63_UnVsT_GAB.
ShinyGO v0.75 gene ontology enrichment analysis was performed for genes DE

in GBM63 upon standard treatment in the presence of Gaboxadol.
5.4.1 Transcriptional changes with GAB

5.4.1.1 A172

To further inspect the effect of GAB, the genes DE between GBM63_UnVsT and
GBM63_UnVsT_GAB were inspected to see how many genes were shared
between, or unique to either group. Between Al172 UnVsT and
Al172_UnVsT_GAB there are 2195 genes that are shared, 702 that are unique to
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Al172_UnVsT and 1247 that are unique to A172_UnVsT_GAB (Figure 5.16). In
those gene-sets shared between A172_UnVsT and A172_UnVsT_GAB, the GO
terms of interest include cell population proliferation and regulation of cell
proliferation, which are the same terms seen in Figure 5.3 when just looking at
Al172_UnVsT. As stated earlier, this is likely as the mechanisms resulting in a
treatment response in A172 are amplified in the presence of GAB so is no
surprise that these same pathways are identified in genes shared between the
vehicle control and GAB treatments. Interestingly, in the genes unique to
Al172_UnVsT_GAB, there are no GO terms that are enriched. This is unusual
because there are 1247 genes identified in this category, which implies that other
than amplifying the genes already DE following standard treatment, GAB is

having a random effect on the transcriptome in A172.

Control

GAB

Figure 5.16. Venn diagram of genes DE in A172. Venn diagram of the number
of genes shared between A172_UnVsT and A172_UnVsT_GAB. Made using

https://bioinformatics.psb.ugent.be/webtools/Venn/.

5.4.1.2 GBM63

To further inspect the effect of GAB, the genes DE between GBM63_UnVsT and
GBM63_UnVsT_GAB were analysed to identify the genes shared between, or
unique to either group. There are 31 genes that are shared, leaving 21 to be
unique to GAB and 462 to be unique to the solvent control (Figure 5.17). As
expected, both the genes unique to GBM63_UnVsT and the shared genes have

GO terms associated with cell division and the cell cycle, which is expected


https://bioinformatics.psb.ugent.be/webtools/Venn/
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because my earlier findings indicated that standard treatment affected both of
these pathways. Despite only including 21 genes, those that are unique to GAB
include shared terms such as “regulation of cell division”, but also unique terms
such as “engulfment of apoptotic cells” (Figure 5.18). This suggests that
gaboxadol has a novel mechanism in altering gene expression in spheroids which
is not normally present during standard treatment alone (Figure 5.5). However,
this has to be viewed with caution considering the 21 genes in this category were
identified using a less stringent filtering cut-off value (adj.p <0.5 instead of 0.05)

compared to other data-sets.

Control

GAB

Figure 5.17. Venn diagram of genes DE in GBM63. Venn diagram of the
number of genes shared between GBM63_UnVsT and GBM63_UnVsT_GAB.
Made using https://bioinformatics.psb.ugent.be/webtools/Venn/.
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Figure 5.18. Gene ontology enrichment analysis in GBM63. ShinyGO v0.75
gene ontology enrichment analysis was performed for the DE genes shared
between GBM63_UnVsT and GBM63_UnVsT_GAB.

5.5 Discussion

Through analysis of their transcriptomes, it is clear that A172 and GBM63 reflect
the transcriptome of Up and Down responders subtypes, respectively. Therefore,
these results show that, as observed for Up responders, A172 cells evade
treatment by decreasing their proliferation. This move them towards a more
guiescent phenotype which enables them to evade chemotherapy treatment that
targets proliferating cells. On the other hand, GBM63 responds in a similar way
to Down responders by increasing proliferation following treatment, and moving

towards a more aggressive mesenchymal phenotype.

5.5.1 Treatment evasion of Up and Down responders

In GBM, the mesenchymal phenotype is associated with an aggressive
phenotype and has the worst prognosis out of the GBM subtypes (310). One
reason for this is that it expresses neural stem cell markers, and NSCs are
associated with a high invasiveness and a resistance to chemoradiotherapy both
in vitro and in a clinical environment (311, 312). This resistance comes from their
ability to self-renew and proliferate extensively helping to form a heterogenous
recurrent tumour, and for their ability to repair DNA damage allowing for
continued division (86). Therefore, NSCs are often thought to be responsible for
the tumour progression of glioblastoma following standard chemotherapy (313).
A recent review by Tang et al., summarised the therapies currently aimed at
targeting NSCs in gliomas. This includes targeting signalling pathways commonly
found in NSCs and over expressed in GSCs such as the Notch, Wnt and Sonic
Hedgehog signalling pathways (86). The Notch pathway has been associated
with stem cell fate, proliferation and metastasis, all common features of treatment
resistance in GBM. It becomes highly activated in GSCs and maintains stem like
properties which inevitably leads to increased tumorigenesis (314). Blocking the
Notch signalling pathway would therefore contribute to a reduction in the

tumorigenic properties of NCSs.

Up responders reduce proliferation and move to a quiescent phenotype in order

to evade treatment. This is a common mechanism of treatment evasion in cancer
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which works by allowing the cells to exit the cell cycle and sit in the Go phase
indefinitely to evade chemotherapy treatment that targets rapidly dividing cells
(315). Cells can remain in a quiescent state for longer periods of time before
starting to divide again after treatment when conditions are favourable, leading to
tumour recurrence. This makes them different to senescent cells which are
unable to begin dividing again (316). These quiescent cancer cells (QCCs)
express reduced amounts of Ki67, which are also observed in Up responders and
in A172 (315). Approaches to specifically target QCSs have been trialled,
including blocking of QCCs from re-entering the cell cycle through using CDK4/6
inhibitors to halt the transition into G1 phase, or by therapeutically targeting cells

which are in the Go phase specifically (317-319).

These distinct mechanisms of treatment resistance observed in GBM63 and
Al72 require differential target treatment approaches, alongside standard
treatment in order target the chemo-resistant populations unique to them.
Targeting pathways that would result on a reduction of proliferation may therefore
help Up responder tumours to further evade treatment. By contrast, targeting
pathways that target cells in the Go phase would not provide any advantage to
Down responders in a mesenchymal phenotype. Therefore, more specific
treatments are needed to target characteristics unique to the responder subtype,
that can be given alongside standard chemotherapy to enable this to be more

effective.

However, Up and Down responders are currently identified based on the change
in gene expression from primary to recurrent tumours and recurrent GBM
tumours are resistant to standard treatment so targeting specific aspects of the
tumour is still unlikely to have a profound effect. Ideally, a patient’s responder
subtype needs to be identified based solely on the expression of the primary
tumours alone which would allow the primary tumours to be targeted more
specifically with treatment in the hopes of preventing a recurrent tumour. Work
within the group is aiming to look at this possibility and find ways of identifying Up

and Down responders based on the primary tumour alone.

5.5.2 Gaboxadol effect on the transcriptome

| have been able to show that the phenotypic effect of GAB, which differs between
the two cell lines, is likely because of transcriptional changes upon GAB addition.

In A172, gene expression of the DE genes through treatment is amplified which
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results in standard treatment being more effective. Many of the same GO analysis
terms that were identified between treated and untreated are still present but with
more significance and more genes in the categories showing the strengthening

of these same mechanisms in the presence of GAB.

In contrast, in GBM63 the number of DE genes between treated and untreated
under an adj.p <0.05 threshold drops from 511 to 1 in the presence of GAB
suggesting that gene expression changes are being halted by GAB and the
standard treatment therefore becomes less effective. This is evidence that
targeting Up and Down responders with the same treatment is not always the
best option to ensure maximum treatment response. Furthermore, by lowering
the significance threshold to 0.5, there is still only a total of 51 genes that are DE
between treated and untreated in the presence of GAB. Despite this change in
the threshold, meaning 50% of the genes identified could be false positives, the
GO analysis showed the same terms as those expressed in GBM63_UnVsT to
be identified such as terms related to cell division. This demonstrates the effects
of GAB on halting gene expression changes as the most significantly DE genes
are those DE in GBM63 _UnVsT, even though their levels of DE in
GBM63_UnVsT_GAB are very low. It is therefore no surprise that the phenotypic
effect of this means that having GAB present alongside standard treatment
results in spheroids increasing in size compared to the untreated counterparts

than seen in the presence of standard treatment alone.

In A172, upon the addition of GAB, the expression of the genes are DE upon
standard treatment are increased. This implies that GAB is working alongside
standard treatment to increase the effect of treatment, meaning that the spheroids
are smaller compared to the untreated than with standard treatment alone. The
genes that are DE uniquely to GAB, and not those that are also DE upon standard
treatment are not enriched for any GO terms. This implies that, other than
amplifying the effect of standard treatment, in A172 GAB is having a completely
random effect on the transcriptome. To date, there are no other studies that look
at the effect of GAB on the transcriptome to compare and determine if GAB has

a uniform or random effect on the transcriptome.

Again, as stated previously, it is important to remember that A172 and GBM63
are an established and a patient-derived cell line respectively, so maybe the

mechanisms by which they respond to treatment with and without GAB could be
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intrinsic differences in their biology. However, the data thus far does imply that
Al172 and GBM63 are Up and Down responders and therefore do require different
treatments and different targets alongside standard treatment. As this study only
used two cell lines, it would be beneficial to repeat these experiments in multiple
cell lines, both established and patient-derived to determine if Up and Down
responders can be identified, and if they respond in the same way as observed
for GBM63 and A172.

5.5.3 GABA modulation

GABA modulation is evidently worth further inspection given the differences in
phenotypic response to treatment in the presence of GAB between A172 and
GBM®63. There are many commercial GABA receptor agonists readily available,
and often these have an ability to go through the blood brain barrier, such as GAB
(320). This means that if GABA was of relevance then bespoke GABA targeting
drugs would not need to be developed, and instead clinical trials involving already

established drugs could begin.

Since GABA has been linked to multiple diseases in both a positive and negative
way, itis plausible to think that GABA may be in part contributing to the treatment
response seen in GBM. The impact of GABA in human disease has been widely
investigated and evidence suggests that GABA seems to have both beneficial
and disadvantageous impacts on varying diseases. GABA has been linked to
many beneficial roles including in acting as a protective agent against toxin-
induced damages in intestines, kidneys and livers, and having antioxidant, anti-

microbial, and anti-inflammatory properties (292).

Furthermore, GABA has been associated with tumorigenesis in both a positive
and negative outcome, although the mechanisms behind these associations are
poorly understood. GABA is associated with the inhibition of tumour cell migration
in colon carcinoma via the GABAD receptor agonist baclofen (321). Cell migration
is the starting point for metastasis and invasion in cancer, therefore inhibiting
migration would have a positive outcome. In mouse models, GABA levels are
seen to increase rapidly prior to tumour growth, allowing for a reduction in
proliferation of glioma cells, particularly those expressing stem and progenitor
markers. This is specifically a result of GABAareceptor expression (322). In A172
there is a reduction in proliferation following treatment, so this might suggest why

the addition of a GABAA receptor agonist to A172 amplifies the DE genes involved
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in these pathways. In addition, a study found that down regulation of GABAAa
receptor results in the loss of GABA and this results in an increase in proliferation
therefore promoting tumour growth in glioblastoma (323). This suggests that
GABA has anti-proliferative effects in glioblastoma, which is consistent with a
study by Labrakakis et al., who noted that a loss of GABA in glioma cells resulted
in uninhibited growth in malignant tumours, and for established glioblastoma cell
lines (324).

On the contrary, GABA has also been associated with tumorigenesis in multiple
tumour types including prostate cancer and gliomas and its inhibition has been
suggested as a therapeutic target in cancers (325-327). Increased GABA levels
have been linked to poor prognosis in a few types of solid tumours as breast,
gastric and colon. Additionally, a study by Huang et al., showed that increased
GABA levels were seen in the higher-grade samples of individuals with colon
adenocarcinoma (COAD), non-small cell lung cancer (NSCLC), and lung
squamous cell carcinoma. Kaplan-Meier survival curves suggested that low
GABA levels correlated with longer survival levels (288). Furthermore, Huang et
al., showed that GABA promoted proliferation in multiple NSCLC and COAD cell
lines tested through activating B-catenin signalling, which is known to be

oncogenic.

Although the mechanisms by which GABA and GABAA. receptors are involved in
cancer in both a positive and negative way are often not clearly understood, it is
clear GABA has the potential to be an interesting target and should be further
explored. The experiments in this chapter only looked at the effect of GABAA
receptor agonists in combination with standard treatment, it would be interesting
to observe the effect of a GABAAa receptor antagonist on response to standard
treatment in A172 and GBM63 to determine if the opposite effect is observed in

the presence of the agonists.
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Chapter 6

Conclusion and future work

6.1 Summary of key findings

This study aimed to investigate the contribution of SLC6A6 to treatment
resistance in glioblastoma (GBM). To do this, models and treatment schedules
were optimised, assays to determine treatment response chosen, gene

knockdown performed, and protein targets inhibited.

In chapter 3, an automated spheroid imaging and quantification platform was
developed in addition to a method of analysing this outputted imaging data via an
R shiny app named SpheroidAnalyseR. This enabled the high throughput use of
spheroids, which made it easier to set up experiments with multiple conditions
such as different inhibitor and treatment combinations whilst setting up enough
spheroids per experimental condition to be able to image spheroids, perform
viability assays, and have enough spheroids remaining to be able to extract RNA

from for sequencing.

In chapter 3 some experimental conditions that would be used in future
experiments were optimised. One of which was looking at the effect of taurine on
the chosen cell lines. MTT assays showed that taurine was found to decrease
cell viability in 2D in all three cell lines. However, in 3D, taurine decreased
spheroid size in GBM58 and GBM63 and increased it in A172. Ki67 staining in
spheroids was assessed but no changes in Ki67 levels were seen, suggesting
that changes in proliferation were not resulting in the change in spheroid sizes
seen. At this point in the study, CellTiter-Glo 3D cell viability assay was not used
therefore it is unknown if the changes in spheroid sizes on taurine addition were
due to changes in cell viability. The matter appears more complicated in 3D with
GBM58 and GBM63 showing a reduction in spheroid size as expected based on
the 2D results, but A172 showing an increase in spheroid size. The difference
seen in the effect of taurine on the cell lines is likely a result of the heterogeneity
that exists within GBM and is replicated within GBM cell lines. Without further
investigations to look at markers for biological process such as quiescence,
apoptosis or senescence it is impossible to say how taurine is causing these

differing effects.



154

Once models were established, SLC6A6 targeting could be performed. This was
described in chapter 4 where siRNA knockdown (KD) and 2D treatment assays
were performed. In all three cell lines siRNA KD resulted in no significant
difference in treatment response. Recent associations seen in the literature
between SLC6A6 and hypoxia in GBM suggest SLC6A6 role in treatment
response only causes an impact in hypoxic environments which was not reflected
in these short term knockdown experiments. To further support this, sShRNA KD
of SLC6A6 was successful in A172, and treatment assays in spheroids that more
reflect the hypoxic environment of a GBM tumour showed that SLC6A6
knockdown resulted in a significantly worse response to treatment, in fitting with
the hypothesis that SLC6A6 is contributing to treatment response. Unfortunately
shRNA KD of SLC6A6 was not successful in GBM58 and GBM63.

To try and understand if this difference in treatment response was because of
taurine transport via TauT, TauT inhibitors were chosen for use in treatment
response assays. Two inhibitors were used, one with a strong TauT inhibition and
one with a weak TauT inhibition. The magnitude of change was larger when using
the inhibitor that had a weak TauT inhibition. However, this TauT antagonist was
also a strong GABAA receptor agonist, which presented the possibility that
changes in GABA signalling as a result of GABAa receptor modulation were
responsible for the treatment response phenotypes seen. Furthermore, the
addition of these inhibitors had opposite effects on the impact of standard
treatment in different cell lines. This could be as A172 is an established cell line,
and GBMG63 is a patient derived cell line. However, a parallel discovery in the
group suggested there are two responder subtypes in GBM (the Up and Down
responders) and RNA-sequencing of A172 and GBM63 show they fall into the Up
and Down responder subtypes. This could help explain their differing responses
to treatment, and the differences seen when treated in the presence of the
inhibitors. These findings suggests that different adjuvant therapies alongside
standard treatment might be needed to effectively target the different GBM
responder subtypes. Targeting GABA alongside standard treatment appears to
be a strong starting point for this, although the direction of GABA targeting (using
agonists or antagonists) will need to be determined in a patient specific manner

in association with up and down responder subtypes of GBM.
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6.2 Discussion

6.2.1 Established vs patient derived cell lines

The difference between established and patient-derived cell lines has been an
important subject throughout this project. Both are widely used in GBM research,
and both have an important but distinct part to play. That being said, it is evident
based on the literature looking at key similarities and differences between patient
derived cell line, established cell lines, and GBM tumours, that patient derived

cell lines far better represent the biology of GBM tumours (163).

The decision to use both established and patient-derived cell lines in this project
allowed the fundamental biological differences between the two to be observed
when they responded differently in experiments as discussed below. However as
discussed previously, the glioma stem cells, represented by patient derived cell
lines, are thought to contribute heavily to treatment resistance and drive recurrent
tumour formation. Therefore, | believe they are a better model than established
cell lines, and the results from these should be of higher value. In future, I think

every effort should be made to use patient derived cell lines in GBM research.

There is debate as to whether cell lines themselves are good models for GBM
research as the literature shows the that the tumour immune environment plays
a very important role in GBM biology (328-330). Additionally, recent findings have
shown how GBM interacts with the surrounding normal brain tissue and uses
these interactions as a way of migrating further into the normal brain, adding to
the increased invasiveness of GBM (298). Using cell lines alone cannot
recapitulate this immune environment or replicate the interactions between GBM
and the surrounding brain. Recent advances in GBM models are helping to
overcome these fallbacks. One way this is being looked at is using microfluidic
devices, also known as tumour-on-chip devices (331-333). These are chambers
that can hold a small piece of tissue or tumour. Upon surgery, small sections of
brain tumour can be removed and inserted into the chip where it will be supplied
with constant running media to keep the tissue viable. Inside this tissue piece
there will be varying cell types found in a GBM tumour such as tumour cells,
normal brain cells, immune cells, and blood cells meaning that treatments can be
applied to these to see how actual brain tumour will respond when in a more

relevant tumour microenvironment. This methodology would allow experimental
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assays such inhibitor and treatment screening on the viability of the tumour to be

performed.

6.2.2 Linking back to SLC6A6 upregulation

SLC6AG levels were found to be significantly increased in GBM tumours which is
why it was of interest to us in the first place. As SLC6A6 encodes a taurine
transporter, it would be easy to assume that increased levels of SLC6A6 result in
an increase in taurine which could indicate taurine benefits tumour survival.
However, when the cell lines were grown as spheroids and treated with standard
treatment in combination with two TauT inhibitors, the inhibitor that resulted in the
largest effect was actually only a weak TauT inhibitor. However, this was also a
strong GABAA receptor agonist. This led to my hypothesis that GABA modulation
is contributing to treatment resistance in GBM. In gliomas, including GBM, GABA
signalling and GABAA receptor have been shown to be dysregulated (298).
Perhaps this also occurs in GBM, and TauT is dysregulated resulting in
increased levels of GABA, which would help to explain in part the results seen
when inhibiting TauT but also explain the significant upregulation of SLC6A6 in

GBM tumours following treatment.

6.3 Future work

The experiments indicate that GABAa receptor modulation by the TauT
antagonists result in differential treatment responses between Al172 and
GBM58/GBM63. To getter a better insight into the role of GABAAa receptor,
treatment experiments should be repeated using a GABAAa receptor antagonist.
If GABAA receptor is contributing to the treatment response in the cell lines, then
the opposite effect would be seen as when using GAB and GES. There are many
readily available GABAa receptor antagonists that could be used for this. An
example is Pentylenetetrazole which has no known effect on the levels of taurine
in so would help to distinguish the role of taurine and GABA (334). RNA from
these experiments should be sequenced and the pathways that are dysregulated

compared to those seen to be affected by GAB.

More recent studies have optimised ways to successfully perform CRISPR-Cas9
in patient derived cell lines using methods that are more successful on harder to
transfect cell lines such as electroporation. If CRISPR-Cas9 can be performed,

then the differences between TauT knockout and GABAa Receptor knockout can
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be compared. This should help define the contributions each of these two

transporters has on the treatment response in GBM.

Additionally, a mutant SLC6A6 knockout method is available that allows either
the inhibition of taurine transport via TauT or inhibits the transport of both taurine
and GABA via TauT. This could help see the impact of TauT on treatment
response and dissect if the impact is due to taurine or GABA transport. This
would be a more precise mechanism of assessing different response to treatment

in relation to GABA and Taurine transport than using inhibitors.

The response to TauT antagonists seems to be causing differential treatment
response in the cell lines. This is thought to be due to the Up and Down responder
subtypes. To validate this, more cell lines should be treated and their RNA
sequenced to validate if they fall into the Up or Down responder subtypes and if
their response to treatment mimics those seen in Up and Down responders. If
this is the case, the experiments using inhibitors should be repeated on these cell
lines to see if this reflects what was seen in A172 and GBMG63. This would help
get a better insight into these response subtypes, and whether TauT and/or
GABA is implicated in this. This will hopefully pave the way towards a more
stratified treatment regime in GBM whereby patients are treated based on their
responder subtype. Of course, currently a responder subtype is assigned based
on the gene expression changes after treatment. Therefore, to apply a stratified
treatment response, the responder subtype needs to be identified at initial
diagnosis. Work in the group is looking into if this is possible. Due to the
complexity of GBM, it is unlikely that a treatment will be found that is applicable
to all patients, however it is hoped that this work can be used towards improving
therapeutic strategies by beginning to work towards a more personalised

approach to GBM treatment based on each individual tumour profile.
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Abbreviations

7+/10- Chromosome 7 gain and chromosome 10 loss
AC-like Astrocyte-like

ADHD Attention deficit hyperactivity disorder
adj.p Adjusted p-value

AIC 5-aminoimidazole-4-carboxamide
aNSCs Activated neural stem cells

Argo-2 Argonaute-2

ATCC American Type Culture Collection
BCV Biological coefficient of variation

Bp Base pairs

BTG2 BTG anti-proliferation factor 2

Cas9n Mutant nickase versions of Cas9
cDNA Complementary DNA

CNS Central nervous system

COAD Colon adenocarcinoma

CPM Counts per million

CRISPR Clustered regularly interspaced short term repeats-Cas9
crRNA CRISPR RNA

CSCs Cancer cells

CSDA Cysteine sulfonic acid decarboxylase
DE Differentially expressed

DE Differentially expressed

DGE Differential gene expression

DGE Differential gene expression

DMEM Dulbecco’s modified eagle medium

DMSO Dimethyl sulfoxide



dsRNA
EGF
EGF
EGFR
FCS
FGF

FPKM

GAB

GAB

GABA
GABAa receptor
GABARAPL1
GABARAPL?2
GBM
GEMMs

GES

GFP

GLASS

GO

GSC

IDH
IRR
ITH
LDH

LE

159
Double strand RNA

Epidermal growth factor
Epidermal growth factor
Epidermal growth factor receptor
Foetal calf serum

Fibroblast growth factor

Fragments per kilobase of transcript per million mapped

fragments

Gaboxadol hydrochloride

Gaboxadol

y-aminobutyric acid

y-aminobutyric acid type A receptor

GABA type A receptor associated protein like 1
GABA type A receptor associated protein like 2
Glioblastoma

Genetically engineered mouse models
Guanidinoethyl sulfonate

Green fluorescent protein

Glioma Longitudinal Analysis Consortium
Gene ontology

Glioma stem cell

Imidazole-4-acetic acid

Isocitrate dehydrogenase

Irradiation

Intratumor heterogeneity

Lactate dehydrogenase

Leading edge
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LOH Loss of heterozygosity

MES-like Mesenchymal-like

MGMT O8-methylguanine-DNA-methyltransferase

MTIC 5-(3-methyltriazen-1-yl)imidazole-4-carboxamide

MMR Mismatch repair

MRI Magnetic resource imaging

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-

(4-sulphophenyl)-2H-tetrazolium

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NB Neurobasal

NES Normalised enrichment score
NGS Next generation sequencing
NHEJ Non-homologous end joining
NPC-like Neural-progenitor-like

NPCs Neural progenitor cells

NSCLC Non-small cell lung cancer
NSCs Neural stem cells

NT Non-targeting

08-MeG O%-methylyguanine

OPC-like Oligodendrocyte-progenitor-like
ORA Over-representation analysis
PAMs Protospacer adjacent motifs
PBS Phosphate buffered saline

PC Principle Component

PDTX Patient-derived tumour xenograft
PKC Protein kinase C

PPR Proliferation/progenitor


https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Methyl
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl

PTZ
QCCs
gNSCs
gPCR
RISC
RNA-seq
RNAI
RSEM
RTK
ScRNAseq
SD

SEM
sgRNA
shRNA
SiRNA
SLC6
SLC6A6
TauT

TC

TCGA
TERT
T™MZ

TP53

TPM
trancrRNA
WebGestalt

WHO
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Pentylenetetrazol
Quiescent cancer cells

Quiescent neural stem cells

Quantitative polymerase chain reaction

RNA-induced silencing complex
RNA-sequencing

RNA interference

RNA-Seq by expectation maximization

Receptor tyrosine kinase

Single cell RNA sequencing
Standard deviation

Standard error of the mean
Single guide RNA

Short hairpin RNA

Small interfering RNA

Solute carrier 6

Solute Carrier Family 6 Member 6
Taurine transporter

Tissue culture

The Cancer Genome Atlas
Telomerase reverse transcriptase
Temozolomide

Tumour protein

Transcript per million

Transactivating crRNA

WEB-based Gene SeT AnalLysis Toolkit

World health organisation
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