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Abstract

Malignant brain tumours are highly lethal cancers that affect the adult and paediatric
populations. Glioblastoma (GBM), the common high-grade CNS tumour in adulthood is
highly lethal with median patient survival of only 14.6 months despite aggressive
treatment. Fatty acid oxidation (FAO) was previously established as a metabolic
dependency in GBM-stem like cells which can contribute to tumour progression.
Targeting this pathway in combination with standard therapy, may offer more effective
treatment strategy for GBM. In childhood, medulloblastoma (MB) is the common
primary malignant brain tumour and despite advances in its molecular sub-classification
and risk-stratification a subset remain difficult to treat. MBgrps patients represent around
25% of all medulloblastoma cases. Amplification and elevated expression of MYC is a
notable abnormality in this group and also correlates with poorer clinical outcomes. Since
direct targeting of MYC remains elusive, understanding and exploiting metabolic

dependencies in MYC-amplified MBgrps may reveal novel therapeutic opportunities.

For this project, in vivo and in vitro metabolic profiling using magnetic resonance imaging
and spectroscopy was utilised to evaluate metabolic alterations and associated with the
pathobiology of GBM and MB. Metabolic profiling in GBM focused on tumour
progression and treatment-induced changes following combination therapy using the
FAO inhibitor, etomoxir alongside temozolomide chemotherapy in a clinically relevant
model of GBM. To better understand the role of MYC in MB metabolism, we engineered
three independent MYC-amplified MBgres cell lines (D425, D283, HDMBO03), to each
harbour doxycycline-inducible anti-MYC shRNAs (two independent species) or a non-
silencing shRNA control. We utilised *H high resolution magic angle spectroscopy
(HRMAS) and stable isotope resolved metabolomics to assess changes in intracellular

metabolites and pathway dynamics when MY C expression was modulated.



Findings from the GBM study supported previous observations suggesting FAO
inhibition was a viable strategy for targeting GBM. For MB, MYC knockdown (KD)
resulted in a marked reduction in proliferation and cell cycle progression analogous to
MY C-dependent cancer phenotypes. Metabolic profiling revealed consistent MYC-
dependent changes in metabolites across the three MYC-amplified cell lines. Notably,
glycine was consistently found to be accumulated following MY C KD cells. **C-glucose
labelling showed a reduction in serine and glycine synthesis following MY C knockdown.
In human primary tumours, expression of PHGDH, the rate limiting enzyme in de novo
serine synthesis, was associated with MYC amplification and poorer survival outcomes.
Furthermore, MYC expressing cells showed greater sensitivity to pharmacological
inhibition of PHGDH compared to MYC KD (Group 3) and SHH subgroup cell lines.

Together, these findings provide insights into the metabolic vulnerabilities of the most
common malignant brain tumours arising in children and adults, and suggest novel
therapeutic opportunities. Combination therapy using etomoxir and temozolomide could
provide more effective therapy for GBM. Furthermore, metabolic profiling uncovered
MY C-dependent metabolic alterations and revealed the de novo serine/glycine synthesis
pathway as a novel and clinically relevant therapeutic target in Group 3 MYC-amplified
MB.
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Chapter 1 Introduction



1.1 Overview of altered metabolism in cancer

Cancer is a disease driven by the acquisition of specific traits that enable tumour
formation and these are commonly referred to as hallmarks of cancer. Hanahan and
Weinberg described these in their seminal paper, highlighting features of cancer which
distinguished them from normal untransformed cells (Figure 1.1). Specifically they
described traits which include sustaining proliferative signalling, acquiring replicative
immortality, evading growth suppressors, activation of angiogenesis, invasion and
metastasis as the defining characteristics of cancer cells (Hanahan and Weinberg, 2000).
Although altered metabolism had been previously described by Otto Warburg, even prior
to the description of oncogenes, the recognition of metabolic rewiring of cancer cells was
established much later (Hanahan and Weinberg, 2011). The principles of cancer
metabolism are grounded on the altered metabolic requirements of cancer cells compared
to normal cells which act to support the malignant phenotype associated with uncontrolled
division and maintenance of a hyper-proliferative state even under limiting conditions.
Much like the reporting of frequently deregulated oncogenes and tumour suppressors in
cancer, certain metabolic alterations are frequently observed in cancer. The best described
metabolic phenotype, the Warburg effect is determined by increased glycolytic flux and
excessive lactate production under normoxia and is frequently observed in many cancer
cells (Heiden et al., 2009).

The altered metabolic activities of cancer enables growth and proliferation during nutrient
abundancy, but more importantly it ensures survival during stress inducing conditions
and periods of nutrient insufficiency (DeBerardinis et al., 2008). These adaptations enable
plasticity and ensures selective advantage in a harsh tumour microenvironment
(DeBerardinis et al., 2008). Furthermore, metabolic reprogramming can facilitate the
dissemination of tumour cells to distant sites from primary tumours and support invasion
and metastasis (Lee et al., 2019, Lehuédé et al., 2016). Cancer cells must also ensure
redox homeostasis and avoid oxidative stress which could be detrimental. From these
various altered metabolic pathways and states, several opportunities arise for cancer
biomarker discovery, non-invasive imaging and therapeutic targeting. Cancers are highly
heterogeneous owing to a diverse range of genetic abnormalities in oncogenes and tumour
suppressors, although the metabolic pathways that drive bioenergetic, redox reactions and
support macromolecular synthesis are finite. Interestingly this leads to commonalities in

metabolic adaptions reported.
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Figure 1.1 The expanded hallmarks of cancer. Adapted from (Hanahan and Weinberg, 2011).

1.1.1 Glycolysis

Glycolysis is a multistep process which involves the breakdown of glucose into two
molecules of pyruvate for usage in downstream pathways (Figure 1.2). Glucose uptake
from the extracellular milieu is facilitated by plasma membrane proteins known as
glucose transporters (GLUT/SLC2A family) of which there are several isoforms with
tissue specific localisation. GLUTL1 (brain-specific) and GLUT4 (skeletal muscle) remain
the best characterised. The first initial step of glucose catabolism is catalysed by
hexokinase (HK) which phosphorylates glucose resulting in the formation of glucose 6-
phosphate (G6P). The addition of the phosphoryl moiety is an ATP consuming process
however, it crucially reduces glucose permeability and traps it within the cell (Bar-Even
et al., 2012). Isomerisation of G6P leads to the formation of fructose 6-phosphate (F6P)
facilitated by phospho-glucose isomerase (PGI). The activity of phospho-fructose kinase
1 (PFK1), forms the second phosphorylation and ATP consuming reaction of glycolysis
were F6P is converted to fructose 1, 6-bisphosphate (F 1, 6 BP). The activity of PFK1
regulates the glycolytic rate and is allosterically activated by the product of its isozyme

PFK2 which produces fructose 2, 6 bisphosphate (F 2, 6BP) balancing glycolysis and
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gluconeogenesis (Ros and Schulze, 2013). Aldol cleavage of F1, 6 BP by aldolase
generates glyceraldehyde 3-phosphate (GAP) and dihydroxyacetone phosphate (DHAP).
The early events of glycolysis are commonly described as the preparatory phase and
summarise the reactions involving six carbon units. DHAP can undergo isomerisation
catalysed by triosephosphate isomerase (TPI) forming a second molecule of GAP which
is subsequently utilised in a series of reactions termed the “pay off” phase (Bar-Even et
al., 2012, Tanner et al., 2018).

The oxidation of GAP is catalysed by GAP dehydrogenase (GAPDH) coupled to
reduction of nicotinamide adenine dinucleotide (NAD+) generating glycerate 1, 3
bisphosphate (1,3GBP). Substrate-level phosphorylation generated from 1,3GBP to form
3-phosphoglycerate (3PG) initiates the first ATP generating step of glycolysis by
phosphoglycerate kinase (PGK). 3PG is subsequently converted to 2-phosphoglycerate
(2PG) by phosphoglycerate mutase (PGM). The activity of enolase generates
phosphoenolpyruvate (PEP) from 2PG which can then be phosphorylated by pyruvate
kinase (PK) producing another molecule of ATP and ultimately forming pyruvate. The
net ATP gain from glycolysis is 2 ATP molecules since 2 ATP molecules are consumed
in the preparatory phase and a total of 4 ATP molecules are generated from the two
molecules of GAP produced(Bar-Even et al., 2012). The fate of pyruvate is numerous and
is dependent on physiological conditions that are highly regulated by energetic demand
and oxygen availability(Gray et al., 2014). Under normal physiological conditions,
undifferentiated cells will convert pyruvate to acetyl-CoA which is tightly regulated by
pyruvate dehydrogenase (PDH) for complete oxidation in the tricarboxylic cycle (TCA).
In periods of reduced oxygen concentrations, pyruvate can be reduced to lactate by lactate
dehydrogenase (LDH). Cancer cells function outside these physiological fate
determinations by continually undergoing glycolysis even when oxygen is abundant
(Warburg, 1956).
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Figure 1.2 Overview of glycolysis. Depending on oxygen availability, cells will catabolise

glucose to pyruvate and then pyruvate to acetyl-CoA which subsequently enters the TCA
cycle and generating substrates required to drive oxidative phosphorylation (OXPHOS). In
periods of oxygen scarcity, glucose is metabolised to lactate (fermentation). Cancer cells can

undergo ‘aerobic glycolysis’ producing lactate when oxygen is abundant.

1.1.1.1 Warburg effect

The Warburg effect describes a phenomenon where cancer cells under sufficient oxygen
concentrations preferentially undergo glycolysis instead of glucose oxidation in the
mitochondria (Heiden et al., 2009). Initial hypotheses suggested that cancer cells had
deficient mitochondria and thus utilised the less energy efficient pathway of aerobic
glycolysis to fulfil ATP demands. This theory has since been proven incorrect as several
studies have highlighted the retention of mitochondrial function and structural integrity
in several tumours. In fact, some tumours are more oxidative and do not exhibit this
glycolytic phenotype (Ashton et al., 2018, Viale et al., 2014) Nonetheless, this
upregulation of glucose uptake and catabolism led to the advent of FDG-PET usage to
monitor tumour progression, staging and treatment response in clinical settings

(Almuhaideb et al., 2011, Som et al., 1980)
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Constitutive uptake of glucose in not observed in untransformed cells due to a reliance
on growth factor stimulation and matrix attachment which bind them to these extracellular
cues (Palm and Thompson, 2017). Cancer cells can undergo anchorage independent
growth and are not regulated by typical growth factor signalling. Instead, oncogenic
alterations drive proliferation and eliminate dependence on extracellular stimuli (Yuan
and Cantley, 2008). Deregulation of the P13K/AKT/mTOR signalling axis is implicated
in the increased uptake and consumption of glucose in tumours (Menon and Manning,
2008, Wieman et al., 2007). Additionally, loss of inhibition resulting from loss of function
(LOF) mutations occurring in negative regulators such as PTEN further potentiate
aberrant glucose metabolism (Blouin et al., 2010, Morani et al., 2014). PI3K and its
downstream effector Akt promote expression of GLUT1 and increase activity of HK.
Furthermore, expression of PFK which catalyses the irreversible and committing step of
glycolysis is also upregulated (Menon and Manning, 2008). RAS-driven tumours have
reportedly high consumption of glucose owing to oncogenic activity of RAS which

promotes expression of glucose transporters (White, 2013, Ying et al., 2012).

The alterations in metabolic pathways are thought to provide a selective advantage for
growing cancer cells. Tumourigenic cells must meet the increased energetic demands
required to sustain rapid proliferation (Heiden et al., 2009). The phenotypic adaptation of
increased aerobic glycolysis at glance seems counterproductive and energy inefficient.
Comparatively, OXPHOS generates 36 molecules of ATP from the complete oxidation
of glucose however aerobic glycolysis provides a net gain of 2 ATP molecules. The
OXPHOS genes are highly conserved in eukaryotes and subject to tight regulation (Rolfe
and Brown, 1997). Glycolysis, however, is a much simpler pathway and has faster
turnover for ATP compared to OXPHOS. It is now increasingly recognised that ATP is
not a limiting factor for proliferating cancer cells but really it is the requirement for
biosynthetic precursor assimilation into biomass that is critical in sustaining the aberrant
growth observed (DeBerardinis and Chandel, 2016). The glycolytic pathway and its
several branches which shuttle glycolytic intermediates for generating nucleotides,
NADPH and other macromolecules, are what seemingly provides a growth advantage and

fuel tumourigenesis.

1.1.1.2 Fulfilling biosynthetic requirements

The metabolic requirements of proliferating cancer cells differ tremendously to quiescent
cells although it is noteworthy that the tumour bulk is defined by diverse populations,

such as slow cycling stem-like cells and actively proliferating cells which have varied
6



metabolic requirements. Proliferating cells convert metabolic fuels such as glucose and
glutamine, utilising carbon units from these sources to generate biomass to support
continued cell cycle progression and ultimately producing daughter cells (Lee and Finkel,
2013). Biosynthetic reactions not only require carbon backbones, but are also reductive
thus requiring large quantities of reducing species in the form of NADPH. The glycolytic
pathway shunts intermediates into various biosynthetic pathways and provides a

remarkable source of precursors for these reactions.

The intermediate G6P can be shunted into the oxidative branch of the PPP to generate
ribose 5-phosphate which forms the sugar backbone of nucleic acids. DHAP can be
utilised for the synthesis of glycerol 3-phosphate which contributes to phospholipid
biosynthesis which in turn can aid membrane turnover which is important for growing
tumour cells (Lin et al., 2015, Patra and Hay, 2014).

Remarkably, studies have shown that as much as 50% of glucose carbons enter the de
novo serine and glycine pathway through the activity of phosphoglycerate dehydrogenase
(PHGDH) which sequesters 3PG into this branch (Locasale et al., 2011). Focal
amplification and overexpression of PHGDH is reported in melanoma and ER-negative
breast cancers, leading to excessive production of non-essential AAs (NEAA) serine and
glycine (Locasale et al., 2011, Possemato et al., 2011). Serine is a major contributor to
one carbon metabolism and folate pools. The activity of two differentially localised serine
hydroxymethyltransferases (SHMT) generate 5, 10 methylene-tetrahydrofolate, which
undergoes a series of cyclical oxidation-reduction reactions, generating one-carbon THF
species (Garrow et al., 1993, Tedeschi et al., 2013). These in turn are utilised in purine
and thymidine biosynthesis in addition to S-adenosyl- methionine (SAM) which is the
major substrate of methylation reactions (Ducker and Rabinowitz, 2017, Appling, 1991).
Furthermore, the activity of the folate cycle generates a significant proportion of cellular
NADPH, supporting biosynthesis (Fan et al.,, 2014). The enzyme methylene
tetrahydrofolate dehydrogenase 2 (MTHFD2), involved in the mitochondrial branch of
folate cycle, is frequently overexpressed in cancer, underscoring the importance of this

pathway in tumourigenesis (Nilsson et al., 2014).

Additionally, glycolytic intermediates can also be utilised for post-translational
modifications (PTM) of proteins. For instance, F6P coupled with glutamine may be
utilised for hexosamine synthesis. The production of N-acetylglucosamine (GlcNac)
supports glycosylation of proteins like MYC and increases protein stability (Makwana et
al., 2019).



1.1.2 The tricarboxylic acid cycle

The TCA cycle is commonly referred to as the Krebs cycle, after the pioneering work of
Hans Kreb in discovering the cyclical oxidation-reduction reactions responsible for
oxidising acetyl groups (supplied by acetyl-CoA) to carbon dioxide in mitochondria
(Krebs, 1940). The TCA is a hub of cellular metabolism integrating and transforming
carbons supplied by metabolic fuels into ATP. It is also an important generator of
biosynthetic intermediates which form the building blocks for amino acids, nucleotides

and fatty acid synthesis (Berg et al., 2002).

Acetyl-CoA enters the TCA and is condensed with oxaloacetate generating citrate. Citrate
undergoes isomerisation to isocitrate which subsequently undergoes oxidative
decarboxylation yielding a-ketoglutarate. Further oxidative decarboxylation reactions
give rise to succinate which fuels the regeneration of oxaloacetate ensuring constant
cycling and functioning of TCA cycle (illustrated in Figure 1.3). The TCA itself does not
generate ATP but it accepts electrons from acetyl units and the hydrides (H") generated
from these reactions are transferred and form two molecules of reduced NAD (NADH)
and one molecule of reduced flavin adenine dinucleotide (FADH2) which are utilised by
the respiratory chain complexes to drive oxidative phosphorylation which generates a

significant proportion of ATP.

Amino acids contribute to a wide range of cellular processes and are huge sources of
carbon and nitrogen. The standard 20 amino acids (AA) provide building blocks for the
synthesis of proteins, nucleotides, lipids, glutathione (GSH), and importantly also support
TCA anaplerosis. The reliance on individual AAs is highly tissue-dependent and is driven
by micro-environmental cues and as such is highly flexible. For example, glutamine is
the most abundant AA in serum and plays a critical role in supporting TCA function. The
TCA cycle can supply intermediates for macromolecule synthesis. For instance, citrate is
shuttled into the cytoplasm where is can be utilised for FA synthesis (Rohrig and Schulze,
2016).



In order to prevent the TCA cycle functioning as a ‘carbon sink’, carbons removed must
be replenished to ensure continual cycling. Pyruvate carboxylation to oxaloacetate in the
mitochondria is the archetypical anaplerotic source. Glutamine also replenishes the TCA
cycle through its conversion to glutamate and subsequently to o-ketoglutarate by
glutaminase (GLS) and glutamate dehydrogenase (GLUD) respectively (Yang et al.,
2017). Excessive glutamine consumption from exogenous sources is associated with
rapidly proliferating cancer cells. Glutamine does not only support TCA anaplerosis, it
also supports protein synthesis by providing carbon backbones. Importantly, amide
nitrogen from glutamine can be utilised for purine and pyrimidine synthesis (Cory and
Cory, 2006). Glutamine also supports the generation of glutathione (GSH), a tripeptide
composed of glutamate, cysteine and glycine. The generation of glutamate from
glutamine supports AA synthesis. For instance, PSAT1 converts phospho-
hydroxypyruvate to phosphoserine and generates a-ketoglutarate (o-KG) from glutamate
as a by-product which can be supplied to the TCA cycle. The branched chain amino acids
(BCAAS) are essential AAs which can also be utilised in energy metabolism. Particularly
the catabolism of BCAAs into their equivalent ketoacids can undergo oxidative
decarboxylation generating acyl-CoA by-products which can also enter the TCA cycle
(Monirujjaman and Ferdouse 2014). Generally, AAs play an important physiological role
in providing proteinogenic and ketogenic substrates and supporting TCA functions in a
tissue-specific manner. In cancer cells, their importance is underscored by increased

expression of AA transporters and their consumption.
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Figure 1.3 The tricarboxylic acid cycle. Overview of cyclical reactions of TCA cycle

generating reducing agents NADH and FADH2 which are subsequently utilised by the

respiratory chain complexes. Metabolites highlighted in orange fulfill TCA anaplerosis.

1.1.3 Electron transport chain

The mammalian respiratory chain involves protein complexes situated on the inner
mitochondrial membrane which act as electron carriers. The movement of electrons from
one complex to the next generates proton motive force that drives FiFo ATPase (Figure
1.4). The transport of electrons has two entry ports. Firstly, via Complex | (NADH-
ubiquinone oxidoreductase) which is the entry point for electrons donated by NADH.
Coenzyme Q, also termed ubiquinone, carries electrons from complex | to complex IlI.
Complex I1 (succinate quinone oxidoreductase) can additionally receive electrons derived
from TCA intermediate, succinate, which acts as an electron donor to FAD. The transfer
of electron to coenzyme Q in this system does not amount to significant increases in free

energy so is not coupled to ATP synthesis at this stage. FADH: derived electrons only
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yield free energy at complex Ill and 1VV. Complex 11l and complex IV (cytochrome c
oxidase) use cytochrome c to reduce oxygen which is the final electron acceptor in
oxidative phosphorylation (OXPHQOS) (Lodish H, 2000). In contrast to glycolysis,
mitochondrial OXPHOS is an immense energetic source generating 36 ATP per mole of

glucose that is catabolised.

Whilst OXPHOS has an immense capacity for generating ATP, it also generates by-
products which could be detrimental to the expansion of rapidly proliferating cancer cells.
Cancer cells must have sufficient antioxidant capacity to avoid oxidative stress caused by
toxic by-products of metabolism. The main reactive oxygen species (ROS) by-products
are hydrogen peroxide (H20), superoxide (O2) and the hydroxyl radical (OH).
Superoxide accounts for the majority of ROS produced in the mitochondria through
activity of ETC complexes (Murphy, 2009). To ensure survival, cancer cells must
carefully balance generation of ROS, which in small quantities can induce positive
cellular alterations supporting growth, with ROS elimination which avoids catastrophic
build-up potentially leading to cell death (Martindale and Holbrook, 2002, Ranjan et al.,
2006). In fact, low level ROS promotes modification of PKM2, inhibiting its activity
which in turn causes a build-up of glycolytic intermediates upstream, which is shunted
into the PPP producing NADPH (Anastasiou et al., 2011). NADPH is utilised for the

reduction of GSH ensuring adequate antioxidant capacity (Moreno-Sanchez et al., 2018).

Overexpression of pathways generating GSH and other ROS scavengers such as
peroxiredoxins is observed in cancer. Additionally the increase of ROS scavengers
promotes resistance to DNA damage-inducing ionising radiation (Gorrini et al., 2013,
Diehn et al., 2009). Increasing antioxidant capacity circumvents ROS-induced damage
and maintains genomic integrity. It seems that ROS possess a significant risk to cellular
health even in cancers; effectively targeting reliance on ROS scavenging pathways could

provide opportunities for therapeutic targeting.
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1.1.4 Fatty acid p-oxidation

Fatty acids (FA) encompass a diverse range of metabolites with different chain lengths and
number/positioning of carbon double bonds. They have a diverse role contributing to substrates
required for membrane structure and dynamics and also playing a vital role in signal
transduction (Menendez and Lupu, 2007). They can be sequestered into cytoplasmic
organelles called lipid droplets which act as a reservoir of lipids which may be utilised to fulfil
cellular requirements for FAs (Cabodevilla et al., 2013, Rambold et al., 2015, Welte, 2015).
Furthermore, FAs can act as metabolic fuel substrates where their degradation through the fatty
acid B-oxidation (FAO) pathway provides a significant supply of ATP and cofactors (Houten
and Wanders, 2010).

Carnitine palmitoyl transferase shuttle

Acyl-CoAs within the cytoplasm are impermeable to the outer mitochondrial membrane. Entry
of acyl-CoAs commits them to lysis, hence entry into mitochondria is a critical regulatory
checkpoint and a major determinant of FAO. Carnitine palmitoyl transferase 1 (CPT1) sits on
the outer mitochondrial membrane facing the cytoplasm where it catalyses the reaction
converting acyl-CoAs into acylcarnitines. Inside the mitochondria, carnitine-acylcarnitine
translocase (CACT) exchanges acylcarnitines for carnitines, ensuring relatively stable levels
of carnitine in the cytosol to mitochondria. Carnitine palmitoyl transferase 2 (CPT2) sits on the
inner mitochondrial membrane and is responsible for the reconversion of acylcarntine to acyl-
CoA which can then be catabolised (Figure 1.5).

There exist three isoforms of the CPT1 enzyme, CPT1A, CPT1B and CPT1C, which show
tissue-specific expression. CPT1A is the more widely expressed isoform whereas CPT1C
expression is limited to the brain. The product of FA synthesis, malonyl-CoA, binds to CPT1
and acts a physiological inhibitor of FAO ensuring FA homeostasis (McGarry et al., 1978).
CPT1A has the highest binding affinity to malonyl-CoA making it the most prevalent isoform
and the target for inhibition of FAQO. Although CPT1C has sequence homology to the CPT1A
and CPT1B isoforms; binds malonyl-CoA, it however does not possess acyl-transferase
activity(Wolfgang et al., 2006). A metabolomics study found that there were only subtle
changes in FAO metabolites in CPT1C knockouts, however increased levels of glutathione

were observed (Lee and Wolfgang, 2012).



CPT1C is thought to contribute to the metabolic transformation of cancer cells. Its upregulation
results in strong activation of the mTOR pathway in primary murine lung tumour models and
contributes to rapamycin resistance (Zaugg et al., 2011). Additionally, its upregulation results
in increased FAO, ATP generation in response to glucose deprivation and hypoxia. CPT1C
knockdowns become more susceptible to metabolic stress as a result of decreased ATP
production (Reilly and Mak, 2012). The contribution of CPT1C to FAO is still unclear but it

may play a role in regulating response to metabolic stress.

Once inside the mitochondrial matrix, acyl-CoAs can be freely oxidised. FAO is a repeated
process where acyl-CoA chains are shortened. Each round results in the production of acetyl-
CoA released from the two carboxy-terminal carbons. FAO occurs in four principle steps-
Dehydration- The acyl-CoA-ester undergoes dehydration catalysed the by acyl-CoA-
dehydrogenases to trans-2-enoyl-coA. Hydration- Then hydration of the double bond to L-3-
hydroxy-acyl-coA. Dehydrogenation- followed by dehydrogenated to 3-Keto-acyl-
coA.Thiolytic cleavage- The final step involves a thiolytic cleavage producing acetyl-CoA and
an acyl-CoA chain that is two carbons shorter. The resulting shorter acyl-CoA undergoes the
process again until all carbons are liberated (Houten and Wanders, 2010). The production of
ATP from FAO is through cofactor production and acetyl-CoA. Acetyl-CoA and reducing
agents, NADH and FADH: generated by B-oxidation are destined for the TCA cycle and
electron transport chain respectively. The complete oxidation of palmitate (16 carbons)

generates 129 molecules of ATP.
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1.1.5 Regulation of metabolic reprogramming

It is well established that altered metabolism supports nutrient acquisition and synthesis
of biomolecules enabling tumourigenesis, growth and survival (Figure 1.6). Metabolic
pathways themselves actively facilitate modifications in gene regulatory networks
particularly through the alteration of the epigenetic landscape (Li et al., 2019). Excessive
generation of acetyl-CoA from glycolysis and uncoupling from mitochondrial respiration
can impact chromatin structure through acetylation of histones and other proteins. Histone
acetylation is associated with open chromatin and enables increased accessibility of
transcriptional complexes. These reactions are intricately responsive to nutritional status
and signalling events. Remarkably, Akt activation is correlated with global histone
acetylation in glioblastoma (Lee et al., 2014). The catabolism of serine also fuels the
generation of SAM. Disruption of serine catabolism leads to reduction of SAM and

consequently affects histone and DNA methylation (Maddocks et al., 2016).
P53

Although the aberrant activity of metabolic enzymes is tethered to oncogenesis, mutations
in oncogenes and loss of tumour suppressors can further alter the metabolic landscape of
cancer. Oncogenes and tumour suppressors can exert transcriptional regulation on genes
in a myriad of cellular processes; aberrant function of these regulators impacts metabolic
gene expression. Loss of function mutations in P53 are amongst the most frequently
observed genetic abnormalities in human cancers (Olivier et al., 2010). Normal activity
of P53 balances both glycolysis and mitochondrial respiration through the genes it
activates. For instance, P53 mediates the expression of GLUT1/4, facilitating glucose
uptake. Loss of P53 leads to upregulated glycolysis through loss of TIGAR (TP53-
induced glycolysis and apoptosis regulator) which normally depletes levels of F2, 6BP
and diverts glycolytic intermediates into the PPP, leading to reduction in glycolytic flux
(Zhang et al., 2013). In the absence of P53, glycolysis can proceed unchecked due to
unregulated PGAM function which rapidly increases flux in some cancers (Kondoh et al.,
2005). Additionally, P53 supports OXPHOS through the induction of cytochrome oxidase
¢ (SCO2) which modulates function of cytochrome C oxidase (COX). Mutant P53 cells
have a noticeable decrease in aerobic respiration and reduced dependence on oxygen due
to reduced activity of COX (Matoba et al., 2006).
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HIF1

The transcriptional regulator hypoxia inducible factor 1-alpha (HIF1), coordinates
cellular response to hypoxia by shifting metabolism from oxygen-dependent respiration
to glycolysis (Dengler et al., 2014). Decreased oxygen tension strongly induces HIF1 and
stabilises the protein by preventing inhibition exerted by prolyl-hydroxylases (PHD).
Interestingly, mutations in TCA cycle enzymes fumarate hydratase (FH) and succinate
dehydrogenase (SDH), which leads to build-up of fumarate and succinate respectively,
have been shown to inhibit the activity of prolyl-hydroxylation resulting in aberrant HIF
signalling. These consequences further highlight how metabolites themselves influence
metabolic pathways and cause alterations in regulatory networks. Aberrant signalling of
PI3K/Akt/mTOR have been shown to stabilise HIF1 even in the absence of hypoxia
(Zundel et al., 2000). The resultant effect is continual induction of glycolytic genes such
as HK2, LDHA, and monocarboxylate transporters (MCT) which leads to enhanced
glycolysis and expression of transporters which eliminate lactate and prevent build-up.
Furthermore in kidney cancer, loss of the von Hippel-Lindau (VHL) tumour suppressor
functions prevents ubiquitin-mediated proteosomal degradation of HIF1 (Maxwell et al.,
1999).

MYC

Focal amplification and overexpression of MYC is a frequently observed genetic
aberration in cancer (Meyer and Penn, 2008, Beroukhim et al., 2010). MYC is a
pleiotropic transcription factor which orchestrates transcriptional programmes which
support cellular processes such as proliferation, differentiation and cellular metabolism.
Alteration in metabolic pathways are frequently associated with MYC-driven
tumourigenesis which sustains rapid proliferation-associated malignant features by
inducing rewiring of cellular metabolism which contributes to aberrant growth (Dang,
2013b, Dang et al., 2006). The metabolic reprogramming governed by deregulated MYC

is covered in more detail in 1.5.5.3.
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1.2 Exploiting metabolic dependencies for cancer biomarkers and

therapy

1.2.1 Targeting altered metabolism

The alteration of metabolic networks in cancer offers opportunities for therapeutic
targeting (Table 1.1). The effort to develop effective metabolic therapies must consider
the effect of systemic administration of such drugs on the normal healthy cell population
since these enzymes are often ubiquitously expressed. Consideration is needed for cell
populations, that also exhibit similarities in metabolic phenotype i.e. stem cells or
immune cells. Furthermore, are there cancer specific isoforms that could be uniquely
targeted? Or is there a therapeutic window for the administration of metabolic therapies?
The concept of therapies targeting metabolic reprogramming of cancer is not novel. There
have been several successful antimetabolite therapies that are currently used in clinic. For
example methotrexate, an antagonist of folate metabolism remains a part of
chemotherapeutic regimens for certain cancers. In acute lymphoblastic leukaemia (ALL),
the administration of asparaginase, the enzyme catalysing the conversion of asparagine
to aspartate and ammonia is used to deplete plasma asparagine. Owing to the increased
rates of protein synthesis, de novo synthesis of asparagine is limited and inadequately
supplies leukaemic cells with this AA. This reliance on exogenous sources make them

uniquely sensitive to asparaginase treatment (Avramis and Tiwari, 2006).

Further deliberations should focus on models used. In vitro testing of therapies is an
important initial step identifying potential candidates. However nutrient availability in
growth culture medium differs from that of the tumour microenvironment. In vitro
conditions do not effectively mimic the spatiotemporal fluctuations in nutrients/oxygen
experienced by the bulk tumours (Vande Voorde et al., 2019). Thus, in vitro findings
must be confirmed in the preclinical setting using appropriate disease models. The use
of syngeneic models, orthotopic patient-derived xenografts (PDX) and genetically
engineered mouse models (GEMM) play an important role in deciphering metabolic
phenotypes of cancers but also for preclinical evaluation. Utilising models that are
immunocompetent, preserve blood brain barrier (BBB) and mimic tumour
microenvironment more closely will likely aid the development and/or identification of

more effective metabolic therapies.
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Table 1.1 List of metabolic inhibitors under clinical investigation.

Metabolic Target Agent(s) Phase of clinical investigations Trial identifier

Pathway (reference)

[-oxidation CPT1 Etomoxir Phase I/1I for type 2 diabetes (Ratheiser et al., 1991)
and heart failure (Holubarsch et al., 2007)

Glutamine GLS1 CBg&39 Phase /Il for NSCLC NCT03831932

metabolism

Glycolysis MCTI AZD3965 Phase I for NCTO01791595

Advanced solid tumours,
DLBCL, Burkitt’s lymphoma

Lipid/Cholesterol CKa TCD717 Phase I NCT01215864

biosynthesis Advanced solid tumours
HMGCR Statins Phase III for breast cancer NCT03971019

(FDA approved)
Mitochondrial IDH AGI20 Phase -1 AML NCT03013998
metabolism NCT03173248
ComplexI Metformin Phase I-III (multiple ongoing NCT03109847
(FDA approved) trials) NCT01750567
NCT03829020
Phenformin Phase I for BRAF-mutated NCT03026517
melanoma

1.2.1.1 Targeting upregulated glycolysis in cancer

Enhanced glycolysis is associated with numerous cancers and has been the focus of
therapeutic targeting with several tool compounds against various glycolytic components
(Table 1.2). Overexpression of HK2 is frequently observed in cancer and has been shown
to be required for the initiation and maintenance of tumour growth in breast and
pancreatic cancers (Jae et al., 2009, Patra et al., 2013). Furthermore, in KRAS-driven
PDAC (pancreatic ductal adenocarcinoma), genetic ablation and pharmacological
inhibition of HK2 is associated with reduced metastatic potential and induces tumour
regression (Anderson et al., 2017). Several compounds targeting various components of
glycolysis have been introduced. For example, the glucose analogue 2-deoxyglucose
(2DG), which has undergone phasel/2 clinical trials with limited success owing to
systemic toxicity (Raez et al., 2013, Stein et al., 2010). Although systemic toxicities of
targeting glycolytic enzymes impedes use of certain agents, targeting LDHA which is the
final catalytic step in aerobic glycolysis has been shown to be effective in non-small cell
lung cancers (NSCLC) without systemic toxicity in mouse models. Furthermore
inhibition of LDHA, impacted tumour initiating cells (TIC) of NSCLC (Xie et al., 2014).
Another mode of targeting glycolysis, would be to directly target transporters that are
overexpressed in cancer. For instance VHL-deficient renal cell carcinomas (RCC)
upregulate GLUT1 and pharmacological inhibition has been shown to slow tumour

progression (Chan et al., 2011). There is currently intense interest in the compound
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AZD3965, which is a selective inhibitor of MCTL1. Inhibition of MCT1 in diffuse large
cell B cell lymphoma (DLBCL) has been shown to slow progression of these tumours
(Noble et al., 2017). AZD3965 is now under clinical investigation for several lymphomas
(CRUKD/12/004). Dual inhibition of both MCT1 and MCT4 has been shown to be
synthetically lethal when combined with metformin treatment in cancer cells (Benjamin
et al., 2018).

Table 1.2 List of glycolytic targets and inhibitors.

Targets Inhibitors Mechanism of action

GLUT1 WZ7ZB117 Inhibits glucose transport

HK 2-Deoxyglucose Inhibits glucose phosphorylation

HK2 Lonidamide Inhibits glycolysis and dissociates HK
from mitochondria

HK 3-bromopyruvate Inhibits glycolysis by acting as an
alkylating agent

G6PD 6-AN Inhibits NADP+ dependent G6PD

PKM2 TILN-232 Inhibits the dimeric 1soform of PK

PDK Dichloroacetic acid Inhibits PDKs and promotes pyruvate
oxidation

LDHA FX11 Selective inhibitor

LDHA GSK 2837808A Selective inhibitor

MCT1 AZD3965 Inhibits lactate efflux

1.2.1.2 Targeting amino acid metabolism

Cancer cells consume a large range of AAs and are particularly reliant on biosynthetic
precursors to enact the growth and hyper-proliferative programmes that enable continual
growth (Lukey et al., 2017). Glutamine is the most abundant AA in plasma and is rapidly
consumed in certain cancer contexts. For instance oncogenic K-Ras and MY C have been
shown to drive glutamine addiction in NSCLC and gliomas respectively (Gaglio et al.,
2011, Wise et al., 2008). Glutaminolysis supports TCA anaplerosis and maintains redox
homeostasis through the overexpression of transaminases and reactions that generate
NADPH. These characteristics make certain cancers uniquely sensitive to genetic
ablation and pharmacological inhibition of enzymes involved in glutamine catabolism
(Son et al., 2013, Xiang et al., 2015). There are numerous small molecule inhibitors and
antimetabolites against glutaminase (GLS), the enzyme responsible for the conversion of

glutamine to glutamate. BPTES and CB839 are selective allosteric inhibitors of GLS1
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and have been shown to be effective against numerous glutamine-dependent cancers.
CB839 displays better pharmacokinetics/potency and has entered several phase 1/ 2
clinical trials as a single agent or in combination with other chemotherapeutic agents in
RCC and triple negative breast cancer (TNBC) (DeMichele et al., 2016, Meric-Bernstam
et al., 2019). Glutamine addiction is enabled by excessive uptake from exogenous
sources. Inhibition of SLC1A5 by the compound GNPA has been shown to decrease
growth of NSCLC xenografts (Hassanein et al., 2015).

Asparaginase has been successfully used against adult and paediatric ALL. This
therapeutic intervention relies on asparagine auxotrophy (inability to de novo synthesise)
to impede tumour growth. A similar strategy is currently being investigated in ASS1-
deficient tumours which are reliant on the availability of exogenous arginine (Riess et al.,
2018). The combination of ADI-PEG20 and recombinant human arginase 1 to deplete
plasma concentrations of arginine is being investigated in hepatocellular carcinoma
(HCC) (Yau et al., 2013).

Serine and glycine represent a large proportion of the amino acids consumed by cancer
cells. In fact a recent study identified that AA represent a large proportion of cancer cell
biomass (Hosios et al., 2016). Furthermore, glycine consumption is associated with rapid
proliferation and genetic disruption of SHMT2 in glycine dependent cancers have
reduced growth and proliferation (Jain et al., 2012). The identification of small molecule
inhibitors against PHGDH, has demonstrated the effectiveness of targeting this pathway
in PHGDH-dependent tumours and those exhibiting increased rates of de novo serine
synthesis (Mullarky et al., 2016, Pacold et al., 2016, Wang et al., 2017).

1.2.1.3 Mitochondrial metabolism

Targeting mitochondrial metabolism has emerged as a potential therapeutic intervention
for cancer. Cancer cells exhibit plasticity in metabolic networks so it be could speculated
that effective targeting of mitochondrial respiration could occur in conjunction with other
metabolic agents. Metformin is a clinically approved diabetic drug which has been shown
to be an effective anticancer agent (Kasznicki et al., 2014). It exerts its anticancer
properties by reversibly inhibiting Complex | of the ETC (Birsoy et al., 2014). Currently
there is an ongoing phase 3 clinical trial examining its efficacy as a single agent against
early stage breast cancer (NCT01101438). There is also exploration of whether
metformin could be used to mitigate the side effects of aggressive treatments, like in the

case of administration of radioactive iodine in thyroid cancers (NCT03109847).
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Furthermore, other studies have identified its potential use in cancer prevention. For
instance, retrospective analysis of metformin treatment in diabetic patients revealed
decreased cancer associated mortality (Bowker et al., 2010). Others have shown that
metformin reduced risk of pancreatic cancer in diabetic patients (Zhou et al., 2017). An
active phase 3 trial in this field is evaluating whether metformin can prevent the

development of breast cancer in patients with atypical hyperplasia (NCT01905046).

1.2.1.4 Fatty acid oxidation and opportunities for therapeutic targeting
CPT1 and ATP generation

Fatty acid oxidation (FAQ) as a bioenergetic pathway has an immense capacity to produce
large quantities of ATP to fulfil energy requirements of tumour cell growth. The
inhibition of CPT1 by etomoxir decreased ATP production in MYC-driven triple negative
breast cancer (TNBC) in vitro and additionally slowed tumour progression in PDX
models of TNBC (Camarda et al., 2016). FAO derived ATP may also support oncogenic
signalling pathways. The use of transmitochondrial cybrids of TNBC revealed the
phosphorylation and activation of Src was dependent on ATP generated from
mitochondrial oxidative phosphorylation (Park et al., 2016). Genetic knockdown of CPT1
and CPT2, abolished Src autophosphorylation and inhibited metastasis. In some cancers
(prostate, B cell lymphoma and high grade-gliomas etc.), FAO is the critical energy
pathway and its impairment leads to a reduction in proliferation and survival due to ATP
depletion (Liu et al., 2010, Lin et al., 2016, Caro et al., 2012). In ovarian cancer which
has a high propensity of metastasising to the omentum, it has been shown that adipocytes
provide lipids which can be utilised by ovarian cancer cells through B-oxidation

supporting tumour growth (Nieman et al., 2011).

The production of the reducing species NADH and FADH: is important in the production
of ATP. However, FAO also generates NADPH through the generation of acetyl-CoA.
Citrate which is a product of the TCA cycle is exported into the cytosol where it is
involved in NADPH producing reactions. GBM SF188 cells which are oxidative are
susceptible to etomoxir treatment. Inhibition of FAO in these cells causes ATP depletion
along with oxidative stress due to a reduction in NADPH and GSH content. Additionally,
the LKB1-AMPK axis is required to maintain redox balance. Cells with inactivated
AMPK exhibit NADPH depletion, oxidative stress which triggers apoptosis (Pike et al.,
2011).
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Prostate cancer, which is a slow growing tumour has been shown to be less reliant on
aerobic glycolysis and uses lipids as its primary fuel source. The combination of etomoxir
and orlistat (FAS inhibitor) produces a synergistic effect resulting in decreased expression
of the androgen receptor, mTOR signalling and caspase 3 activation (Schlaepfer et al.,
2014). The compound ST1326 which inhibits CPT1 results in growth arrest,
mitochondrial damage and induces apoptosis and accumulation of lipids in leukaemic
cells (Ricciardi et al., 2015). Inhibition of FAO by etomoxir also sensitises human
leukaemic cells to apoptosis induction by ABT-737, a molecule that causes the release of
pro-apoptotic BCL-2 proteins like BAK (Samudio et al., 2010). Furthermore, FAO
regulates the apoptotic response by directly impacting BAK-dependent mitochondrial

permeability transition.
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1.2.2 Imaging altered metabolism

1.2.2.1 Utilising MRI and MRS to probe altered metabolism of tumours

Magnetic resonance imaging (MRI) and spectroscopy (MRS) are powerful and non-
invasive tools used to obtain detailed anatomical information and biochemical signatures
in tissue. The combination of imaging and spectroscopy allows the investigation of
physiological processes and abnormalities associated with disease (Figure 1.7). *H MRS
is the most commonly used nuclei for in vivo investigations due to the natural abundance
of protons in tissue. MRS provides a steady state of tissue metabolite concentrations and
ratios which are informative. In particular, when focused on regions of interest like the
region of a tumour, it can inform on tumour metabolism and localised changes. In vivo
brain spectroscopy provides information about the three predominant tissue components;
water, metabolites and macromolecules. Metabolic profiles of normal tissue are relatively
steady, but alterations in metabolism may be characteristic of disease. The metabolites
frequently observed in brain spectra include N-acetyl aspartate (NAA), creatine (Cr),
choline (Cho), lactate and lipids (Figure 1.7 B). NAA is a neuronal marker and decreased
levels are often associated with disease state (Zhu and Barker, 2011). Cho is a marker
associated with increased membrane synthesis which is associated with neoplasms with
increased proliferation and expansion. Alterations in lipids have been detected using *H
MRS. It has previously been reported that *H MRS visible lipids are prevalent in apoptotic
and necrotic tumour regions (Hakumaki and Kauppinen, 2000, Liimatainen et al., 2006).
High levels of lipid and lactate has been reported as correlative with poor survival in
patients with GBM. High lactate is capable of inducing treatment resistance and also
correlates with advanced disease and worse survival (Saraswathy et al., 2009, Sattler et
al., 2010).
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Figure 1.7 Magnetic resonance imaging and spectroscopy. A) Axial MR imaging of normal
brain with varying contrast-weighted images B) Typical MR spectroscopy of brain
metabolites. Fluid attenuated inversion recovery (FLAIR). Adapted from (Saraswathy et al.,
2009)

Altered metabolism is a well-established feature of cancer (DeBerardinis and Chandel,
2016). Another feature not previously discussed are oncogenic metabolites
(Oncometabolites). Oncometabolites are defined as an abnormal accumulation of a
metabolite associated with genetic mutations in the corresponding enzyme. Importantly
accumulation of oncometabolites drive pathophysiology, promote changes in the
epigenome and can drive aggressiveness in cancers. The accumulation of
oncometabolites offers opportunities for cancer biomarker discovery, tumour detection,
monitoring progression and assessing effectiveness of treatment (Sciacovelli and Frezza,

2016). Mutations in TCA cycle enzymes are intricately linked with oncometabolites.
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Accumulation of fumarate and succinate resulting from mutations in FH and SDH
respectively are well characterised (Pollard et al., 2005). These mutations can occur from
spontaneous somatic mutations but are also associated with hereditary paragangliomas
and pheocytochromas (Astuti et al., 2001, Baysal et al., 2000). Single allelic mutations in
isocitrate dehydrogenase 1 and 2(IDH1/IDH2) are observed in some glioma subtypes
where they are associated with better prognosis. In acute myelogenous leukaemia (AML)
however, IDH1 mutations are associated with worse prognosis. Nonetheless, mutations
in IDH1 and IDH2 lead to the production of oncometabolite 2-hydroxyglutarate (2HG)
instead of aKG.

The altered activity of IDH results in aKG depletion and inhibits reactions dependent of
aKG which include activity of prolyl hydroxylase (PHD) which regulate HIF protein
stability and also aKG-dependent DNA and histone methylation (Selak et al., 2005). The
accumulation of 2HG is readily detected from serum sampling in IDH-mutant AML and
indeed a reduction in 2HG levels is observed following cytotoxic treatment. Conversely,
an increase in serum 2HG is observed in relapsing cases. In IDH-mutant gliomas
however, MRI and MRS provide an opportunity for monitoring this type of tumour.
Likewise, a reduction in tumour 2HG is observed following anticancer therapies
(Andronesi et al., 2016). Using 3D MRS imaging, a recent phase 1 trial assessed the
pharmacodynamics of recently developed IDH1 specific inhibitors in gliomas (Andronesi
et al., 2018). Furthermore, others have utilised MRS to evaluate differences in metabolite
profiles of IDH1 and IDH2 mutant gliomas (Shen et al., 2019).

1.2.2.2 Use of positron emission tomography for assessing changes in metabolism

of cancer

The coupling of positron emission tomography (PET) with radiotracers results in an
imaging modality capable of monitoring molecular and metabolic pathways and
interactions occurring in situ. ®FFluoro-deoxyglucose-PET (FDG-PET) has been
utilised in clinic to monitor alterations in glucose metabolism of normal brain and tumours
(Figure 1.8) (Almuhaideb et al., 2011). The Warburg effect is associated with a
concomitant rise in glucose uptake. FDG which is a glucose analogue is taken up via
similar mechanisms and used to detect presence of tumours and monitor treatment
response. The use of FDG-PET is limited for some cancers owing to high background in
highly glycolytic tissues such as the brain (Chen et al., 2005). Other radiotracers have
been developed to combat false positives arising from FDG use. Radiotracers such as *8F-

Fluoro-tyrosine (FLT) rely on increased proliferation of tumour cells. Phosphorylation of
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FLT by thymidine kinase (upregulated in S phase of cell cycle) leads to accumulation of
imaging signal. These tracers have shown improved performance compared to FDG in
recurrent high grade gliomas(Chen et al., 2005). Since abnormal glutamine catabolism is
also observed in cancer, glutamine based PET have been developed. ®F-Fluoro-
glutamine (FGIn) PET trials have been used to identify tumours displaying abnormal
glutamine metabolism, particularly those with genetic abnormalities linked to glutamine
addiction (Dunphy et al., 2018). Furthermore, FGIn delineates tumours with low avidity
for FDG in gliomas and has improved resolution from lower background (Venneti et al.,
2015). Other tracers including *C and *®F choline derivatives have shown limited success
in distinguishing prostate cancers from other pathologies occurring in that anatomical
location (Schwarzenbock et al., 2012). However, there is a lot of use of choline-based
PET in prostate cancer, where the main advantage of more specific tracers such as 68Ga-
PSMA based agents, is in distinguishing tumour metastases from normal bone (which
also shows choline uptake) (Han et al., 2018). Continual development of novel
radiotracers will enable the detection and monitoring of a wide range on tumours based

on their characteristic metabolic alterations.

Figure 1.8 Distribution of FDG-PET uptake in normal brain. Axial slices of PET images of
brain (Taken from (Scholl et al., 2014)). Key indicates uptake of FDG tracer.
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1.3 Epidemiology of central nervous system tumours

1.3.1 Overview of malignant brain in adults and children

Almost 12,000 people are diagnosed with brain and intracranial tumours in the UK every
year and paediatric brain tumours make up around 5% of these cases (Cancer Research
UK 2019). Whilst central nervous system (CNS) tumours account for 3% of overall
cancer incidence in the UK, paediatric brain tumours account for a quarter of childhood
cancers and are the most commonly occurring solid tumour in children (Figure 1.9). There
is a striking clinical difference between brain tumours in adults and children. In adults
the most common non-malignant tumours meningiomas make up a majority of cases. The
most common malignant tumours in adults are gliomas which are typically high-grade
tumours with dismal outcomes (Ostrom et al., 2018). Although gliomas frequently occur
in children, they are predominantly low-grade pilocytic tumours with differing biology
(Pollack et al., 2002).

Embryonal tumours, of which medulloblastoma accounts for the majority of cases are the
most common childhood brain malignancies (Ostrom et al., 2018). Five-year survival
rates for childhood brain tumours is more favourable at around 65% (Packer, 2008).
However, children are susceptible to late treatment effects resulting from therapeutic
interventions which includes formation of secondary tumours from radiation therapy,
developmental and hormonal abnormities, and cognitive impairment. The challenges that
arise when treating brain tumours include anatomical location; surgical intervention may
not always achieve total removal of tumour mass due to infiltration into normal
surrounding tissue. The brain is also enclosed by the BBB which tightly regulates
exposure to factors/nutrients in general circulation, creating its own unique
microenvironment and niche. This creates an obstacle for treatment with conventional
and targeted therapies which may have limited exposure to tumour site from systemic

drug administration (Aldape et al., 2019).
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Figure 1.9 Incidence of childhood cancers in the UK. Figure generated from Childhood
Cancer Great Britain & UK (CRUK 2019).

1.3.2 Spectrum of brain tumours

For brain tumours, age-associated tumour distribution and tumour location is frequently
observed (Figure 1.10). Additionally the relative proportions of malignant and non-
malignant brain tumours decrease with age (Figure 1.11 A). For instance, the incidence
of tumours arising in the posterior fossa of the cerebellum decreases with age with the
proportion of tumours involving this region being 17% in children/adolescents (0-19
years) compared to 6% (20-34 years) and 3% (35- 74 years) in adults (Merchant et al.,
2010). More in depth focus on malignant paediatric brain tumours reveals decreased
proportions of cases with increasing age particularly for medulloblastoma and pilocyctic
astrocytomas (Figure 1.11 B). Malignant brain tumours occurring in adults tend to be
high-grade tumours, with GBM accounting for 47.7% (Ostrom et al., 2018). There is also
a higher proportion of metastatic disease observed in adult brain tumours whereas this

feature is less common in the paediatric population.
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Figure 1.10 Distribution of CNS and intracranial tumours. A) Distribution of overall
population B) Distribution of paediatric cases. Not otherwise specified (NOS); Atypical
teratoid rhabdoid tumour (ATRT); Primitive neuroectodermal tumours (PNET). Data from
CBTRUS Louis et al., 2018.
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Figure 1.11 Age-associated malignancy of Brain tumours. A) Proportion of malignant and
non-malignant brain tumours across an age spectrum. B) Age-related associations between

malignant brain tumours. Data taken from Louis et al., 2018 (A) and Merchant et al., 2010

(B).
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1.3.2.1 Differences in aetiology and mutational burden

Although cancers occur in both adult and paediatric populations, the aetiological factors
contributing to disease differs. For cancer in adult, age is often a causal factor and
additionally direct links between environmental exposures drive oncogenesis. Studies
conducted by Genome-wide association (GWAS) of gliomas showed 25 common single
nucleotide polymorphisms (SNP), which include SNPs associated with TERT, EGFR,
RTEL1 and TP53 to be associated with increased risk in adult gliomas (Walsh et al., 2014,
Melin et al., 2017, Rajaraman et al., 2012). There are very few studies performed which
have conclusively associated genetic variants with childhood brain tumour risk since such
studies are limited by low sample numbers (Ostrom et al., 2019, Spector et al., 2015). The
causal factors in the paediatric setting remain unclear. However, it is thought that
intrauterine genetic and environmental exposures may play a part. Exposure to high dose
radiation and chemotherapy have been established as causal factors for some childhood
brain cancers (also increases risk in adults) (Ron et al., 1988, Spector et al., 2015).Some
studies have associated accelerated intrauterine growth, particularly a correlation between

head circumference and risk of CNS tumours (Samuelsen et al., 2006).

Familial syndromes resulting from germline mutations, although they account for a small
proportion of cases, are associated with increased cancer risk (Malkin, 2011). Beyond
these, errors in developmental programmes are likely to contribute to the pathogenesis of
childhood cancers. Interestingly, the mutation frequencies tend to be higher in adults
compared to children: adult cancers are often attributed to acquisition of several mutations
which drive cancer formation whereas childhood cancers are associated with putative
driver genes (Grobner et al., 2018). The analysis conducted by Grobner and colleagues
found that somatic mutational burden increased with patient age as did single nucleotide
variants (SNV) and insertion/deletions (indels). The majority of children (~ 57%) were
found to have only one mutated gene with 8% having a hereditary predisposition (Grobner
et al., 2018).Ultimately the biology and nature of CNS tumours in adults and children
population differ even when they are histologically similar (Sarkar et al., 2002).
Uncovering the underlying driving events of tumourigenesis in these populations broaden
our understanding but also may lead to opportunities for disease biomarkers and therapy

development.
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1.4 Malignant glioma

Gliomas are the most common primary adult-onset malignant intracranial tumours. The
World Health Organisation (WHO) classifies gliomas based on histological features
indicative of prognosis. Historical classification and tumour grading was based on
histological resemblance to glial lineages (astrocytic, oligodendrocytic, ependymal etc.)
and features indicative of disease aggressiveness (Weller et al., 2015). Low grade lesions
(e.g. Grade I pilocytic astrocytoma) have a low proliferative capacity and are likely to be
cured following tumour resection. Grade Il lesions, which include diffuse astrocytomas
and oligodendrogliomas, infiltrate normal brain parenchyma and have potential to
develop into higher grade malignancies, in spite of their low proliferative capacity. Grade
I11 are malignant lesions that are anaplastic and display mitotic activity (anaplastic
astrocytoma). Additionally, tumours displaying microvascular proliferation, with or
without necrosis are termed glioblastoma (grade 1V astrocytoma, or GBM) (Louis et al.,
2007). Malignant or high grade (grade I11-1V) gliomas represent a high proportion of
malignant brain tumour diagnoses. In particular, glioblastoma, the most lethal CNS
tumour, accounts for 47.7% of all glioma cases (Ostrom et al., 2018). Although global
incidence rates are low (5.3 in 100,000), the highly invasive nature of these tumours

results in high morbidity and mortality rates (Ostrom et al., 2018).

1.4.1 Aetiology and epidemiology

There are few established contributing risk factors to the development of gliomas.
Exposure to ionising radiation is the only conclusive risk factor that increases the
likelihood of glioma formation. Although familial patterns of glioma are rare, heritable
variants with higher risk are associated with rare genetic syndromes such as
neurofibromatosis types 1 and 2, the Li—Fraumeni syndrome (germ-line TP53 mutations
associated with an increased risk of several cancers including glioma), and Turcot’s
syndrome (intestinal polyposis and brain tumour (Malmer et al., 2007). Other genetic
features associated with predisposition for glioma include certain variants of the EGFR r,
TERT, CDKN2B in astrocytomas and CCDC26 in oligodendrogliomas. Malignant glioma
is more prevalent in males who are 1.6 times more likely to develop GBM than their
female counterparts. Malignant gliomas are also an age-associated disease. The
occurrence of anaplastic astrocytoma and GBM increase with age, and peaks at around
the 75-84 year group (Ostrom et al., 2018).
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1.4.2 Clinical presentation

Patients with glioma often suffer from neurological deficits associated with tumour mass,
increased intracranial pressure, surgical intervention and treatment response. Tumour
associated epilepsy is a common manifestation in glioma patients albeit more so in low
grade gliomas. Around 30% of patients present with epileptic seizures which require

further intervention with antiepileptic drugs (Rajneesh and Binder, 2009).

1.4.3 Treatment strategies in glioblastoma

Current therapeutic interventions against GBM include maximal surgical resection,
radiotherapy and/or temozolomide chemotherapy (Stupp et al., 2005). Tumour resection
is often limited by infiltration into normal surrounding tissue. Due to a lack of removal
of tumour bulk, disease progression and recurrence limits curative intervention (Wilson
et al., 2014). Numerous studies have shown extent of surgical resection correlates with
progression free and overall survival (Stummer et al., 2006, Mukherjee and Quinones-
Hinojosa, 2011). The post-treatment survival outcome, with standard-of-care therapy, is
12-16 months for glioblastoma and 2-5 years for anaplastic astrocytoma. The challenges
to the development of efficacious drugs is consequently affected by the heterogeneity of
GBMs. In fact, the effectiveness and survival benefit of temozolomide, a DNA alkylating
agent which is the primary chemotherapy drug used for glioma patients, is correlated with

tumour MGMT promoter methylation status (Hegi et al., 2005).
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1.4.4 Molecular classification and heterogeneity of glioblastoma

The advent of more genomic, epigenomic and molecular features of GBM have refined
the diagnosis and prognostication of GBM. Previous limitations of histological
classification presented challenges for prognostication particular when histologically
similar tumours displayed varied survival outcomes even when clinicopathological
features such as age and extent of tumour resection was accounted for (Perry and
Wesseling, 2016). Recent advances have led to revision of diagnostic criteria and
biomarkers for the disease (Louis et al., 2007, Louis et al., 2016a). The promoter
methylation of O6-methylguanine-DNA methyltransferase (MGMT) has been shown to
be a significant biomarker of temozolomide treatment response in GBM (Stupp et al.,
2005, Hegqi et al., 2005). MGMT is a suicide DNA repair enzyme which removes O6-
methylguanine adducts induced by alkylating agents such as TMZ. Around 40% of GBMs
have MGMT promoter methylation (Esteller et al., 2000) and where TMZ is used as part
of upfront therapy, these patients have improved survival outcomes (Stupp et al., 2009).
Surprisingly, MGMT promoter methylation is not a distinctive characteristic of a
particular GBM subtype but nonetheless serves as useful prognostic marker (Chen et al.,
2017).

Early gene expression and microarray studies identified distinct subgroups of GBM
(Phillips et al., 2006). More comprehensive genomic characterisation by The Cancer
Genome Atlas (TCGA) further unveiled the highly heterogeneous nature of GBMs
(Verhaak et al., 2010). There are three core pathways (Receptor tyrosine kinase
signalling, P53 and RB tumour suppressor pathways) forming an interconnected network
of genetic abnormalities which drive tumourigenesis. The patterns of genomic alterations
followed amplification of oncogenic signalling pathways and deletions in tumour
suppressor pathways (Brennan et al., 2014). The TCGA analysis revealed four subtypes
of GBM based on gene expression (Figure 1.12). The classical subtype was marked by
EGFR amplifications which were not frequently observed in the other subtypes. The
mesenchymal subtype was characterised by NF1 mutations and presence of mesenchymal
markers such as CHI3LI and MET. The proneural subtype strongly correlated with
PDGFRA amplifications and mutations in IDH1 which were almost exclusive to this
subtype. Furthermore patients with IDH1-mutant GBMs had better prognostic outcomes
and were associated with younger patients and secondary GBMs (Verhaak et al., 2010).
The neural subtype was not distinguished by exclusive genomic alterations but by the

expression of neural markers. The robustness of the neural subtype remains controversial,
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since early and more recent classification studies failed to identify this subtype (Phillips
et al., 2006, Sturm et al., 2012).

Using mutational status, DNA copy number alterations and gene expression signatures
Sturm and colleagues identified six distinct subgroups of GBM. Some of the identified
subgroups are supported by previous studies and the TCGA analysis with significant
overlap (Phillips et al., 2006, Verhaak et al., 2010). The newly identified subgroups were
termed RTK | (PDGFRA), RTK Il (Classic), Mesenchymal, IDH1 and newly identified
groups that correlated with K27 or G34 mutations of the H3F3A histone variant.
Interestingly mutations of H3F3A and IDH1 were mutually exclusive and also displayed
age-associated distribution with K27 present in children, G34 in adolescents and IDH in

young adults (Sturm et al., 2012).

The WHO have consolidated histological classification of gliomas with prognostic and
molecular features in an attempt to group tumours that are likely to respond similarly to
treatments (Table 1.3) (Louis et al., 2016a). The characterisation of differential molecular
patterns and deregulated oncogenic and tumour suppressive pathways within GBM is
informative of distinct tumour genotypes that may be of use in guiding development of

novel therapeutics.
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Table 1.3 The WHO classification of Glioblastoma and clinicopathological characteristics

IDH-wildtype GBM

IDH-mutant GBM

Synonym

Precursor lesion

Proportion of GBM

Median age at diagnosis

Male : Female

Mean length of clinical history

Median Overall survival
Treatment protocol

(Surgery and radiotherapy)

(Surgery, radiotherapy and
chemotherapy )

Anatomical location
Necrosis

TERT promoter mutations
TP53 mutations

ATRX mutations

EGFR amplification

PTEN mutations

Primary GBM,
IDH-wildtype

Develops de novo

~90 %
62 years
1.42:1

4 months

9.9 months

15 months

Supratentorial
Extensive

72 %

27 %
Exceptional
35%

24 %

Secondary GBM,
IDH-mutant

Diffuse astrocytoma

Anaplastic astrocytoma
~10 %

44 years

1.05:1

15 months

24 months

31 months

Frontal
Limited

26 %

81 %

71 %
Exceptional

Exceptional

1.4.5 Altered metabolism in glioma

1.4.5.1 Glycolysis and related pathways

Numerous studies have observed increased glycolysis as a feature of glioma (Zhou et al.,
2011, Oudard et al., 1996). The use of FDG-PET which is an imaging modality dependent

on the increased cancer cell uptake of glucose remains controversial for gliomas.

Although certain reports have shown correlation of FDG uptake and increasing grade,

there are still some limitations in distinguishing gliomas from normal brain tissue due to

high physiological uptake of glucose (Strauss, 1996). Furthermore approximately 30% of
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gliomas are FDG-PET negative and display low uptake for FDG-PET making tumour
detection by this method unsuitable (Chen et al., 2005). It is often speculated that the
increased glucose uptake is indicative of upregulation of glycolysis and ATP generation

through this pathway.

GBMs display highly diverse inter- and intra-tumoural heterogeneity which is likely to
impact on metabolic phenotypes. Studies have shown that distinct GBM cell populations
display different metabolic phenotypes. For instance, cancer stem cell populations in
GBM are often characterised by a higher oxidative capacity and are the most chemo- and
radio-resistant populations within a tumour (Vlashi et al., 2011). In both immortalised
and primary cultured cell lines, ATP production is not wholly accounted for by glycolysis
which suggests that other metabolic pathways contribute to energy production. Warburg’s
observation of increased aerobic glycolysis whilst still relevant, does not capture the
metabolic complexity of cancer cells. Several studies have observed the contribution
diverse metabolic substrates which fuel energy production in cancer cells (Guppy et al.,
2002, Bonnet et al., 2007, Michelakis et al., 2010). Although metabolic reprogramming
serves ATP production in cancer cells, it provides the requirements for biosynthetic
components. Cancer cells utilise a diverse range of substrates to supply fuel (ATP) and
synthesis of macromolecules (Nucleic acids and lipids) which sustains aberrant
proliferation and growth (DeBerardinis et al., 2008). While much of cancer cell
metabolism research has concentrated on glucose utilization, other substrates, such as
fatty acids, are increasingly being appreciated as major contributors to cancer cell
bioenergetics. In fact, glioma cells engage in the B-oxidation of fatty acids and de novo
fatty acid synthesis (Lin et al., 2016, Tao et al., 2013). This metabolic dependency may
be exploited for clinical neuro-oncology, particularly biomarker discovery and drug
development. Such novel approaches may give new promise to these patients, who

currently have few therapeutic options.

36



1.4.5.2 Fatty acid oxidation in glioma

The brain is a highly lipid rich environment and lipids account for half of total brain mass
(O'Brien and Sampson, 1965). Additionally, free fatty acids readily cross the BBB where
they can be taken up by astrocytes and neurones and utilised for lipid biosynthesis and
energy production. Whilst glucose is rapidly consumed in the brain, acetate is also widely
available (Belanger et al., 2011). Glioma cells express fatty acid synthase (FASN), and
indeed the expression of this enzyme increases with tumour malignancy (Tao et al., 2013).
Inhibition of FASN and other enzymes involved in FAS is sufficient to slow tumour
progression in GBM xenograft models (Guo et al., 2009, Gimple et al., 2019).
Additionally, pharmacological inhibition of FASN was associated with decreased
expression of stem cell markers nestin and Sox2 (Yasumoto et al., 2016). Additionally,
upregulation of FAO enzymes, namely the acyl-dehydrogenases, correlate with worse
patient outcomes (Strickland and Stoll, 2017). Although FAO is understudied in
comparison to glycolysis, glutaminolysis and even FAS in tumour cells, there is
increasing evidence of its importance in GBM. Previous results from Lin et al.,
demonstrated that primary GBM stem-like cells (GSC) preferentially consumed and
utilised fatty acids for ATP production (Lin et al., 2016). Specifically, human glioma cells
primary-cultured under serum-free conditions require fatty acid oxidation to maintain
both respiratory and proliferative activity. Several emerging lines of evidence directly or
indirectly validate these findings using independent methods. In vivo radiolabelling
studies conducted in orthotopic mouse models of malignant glioma using patient-derived
cells showed that acetate is rapidly consumed and oxidised in TCA cycle supporting
energetic and biosynthetic demands (Mashimo et al., 2014). Others have shown that acyl-
CoA binding proteins support tumour growth by delivery of acyl-CoAs to mitochondria
(Duman et al., 2019).
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1.5 Medulloblastoma

Medulloblastoma (MB) is the most common primary malignant brain tumour occurring
in children and incidence peaks around 4 to 7 years. It presents with 1.7: 1 male to female
ratio (Pizer and Clifford, 2009). MB cases are also reported during infancy and adulthood
but these cases are rarer and evidence suggests differences in pathogenesis especially in
adult MB (Louis et al., 2016a). MB accounts for over 60% of embryonal tumours, a
group encompassing histologically similar tumours which include atypical teratoid
rhabdoid tumours (ATRT) and primitive neuroectodermal tumours (PNET) (Louis et al.,
2016a). Molecular characteristics readily distinguish these embryonal tumours. MB arise
in the posterior fossa region of the cerebellum. Additionally, a third of patients present
with cerebrospinal fluid (CSF) infiltration and metastasis to other distal sites (Pizer and
Clifford, 2008).

Figure 1.13 Medulloblastoma tumour. MR image of sagittal section of an in situ
medulloblastoma in the posterior fossa. Case courtesy of Associate Prof Frank Gaillard,
Radiopaedia.org, riD: 6494
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1.5.1 Treatment of medulloblastoma

1.5.1.1 Clinical presentation of medulloblastoma

The symptoms manifested in patients with MB include increased intracranial pressure
with frequent headaches, persistent vomiting and ataxia from breakdown of the cerebellar
vermis (Bartlett et al., 2013). MB is diagnosed using both computed tomography (CT)
and MRI. On CT, medulloblastoma is visualised as a hyper-attenuated mass in the
cerebellum with oedema (Eran et al., 2010, Nelson et al., 1991). Using MR, it appears
as a hyper-intense mass in T1-weighted imaging in 80% of cases, obstruction of the fourth
lateral ventricles is also observed. Gadolinium enhancement is achieved in the majority
of tumours (Eran et al., 2010, Meyers et al., 1992). MRI is also extended to the
craniospinal region for the purposes of staging. Staging of MB is based on the modified
Chang system and is detailed in Table 1.4 (Chang et al., 1969).

Table 1.4 Staging of metastatic disease by Chang et al., 1969

Staging Characteristics

MO No metastases

M1 Presence of tumour cells in the CSF
M2 Intracranial metastases

M3 Spinal metastases

M4 Metastases outside of the CNS

1.5.1.2 Treatment regimen of Medulloblastoma

The current intervention against medulloblastoma includes maximal surgical resection
and radiotherapy with adjuvant chemotherapy(Pizer and Clifford, 2008). Surgical
removal of the tumour is the first line of treatment with the objective of achieving gross
total resection where possible. Additionally, surgery aims to relieve intracranial pressure
and re-establish normal CSF flow (Crawford et al., 2007, Pizer and Clifford, 2008).
Development of posterior fossa syndrome following surgery is experienced in 20- 25%
of MB cases. Symptoms includes ataxia, motor weakness, loss of speech and changes in
mood (Bartlett et al., 2013, Gerber et al., 2014). Radiation is the next phase of curative

treatment. Studies have shown that delay in receiving radiotherapy impacts survival
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outcomes (Taylor et al., 2004). Currently, radiotherapy is delivered within 50 days post-
surgery for average risk patients Radiotherapy regimens also include craniospinal
irradiation since over a third of MB patients present with metastasis to this site (Bartlett
et al., 2013). The side effects of radiation therapy are immense and include decline in
cognition, growth impediment, hearing loss, endocrine disorders and cardiomyopathy.
For this reason, radiotherapy is avoided in MB patients less than 3 years old. Studies
examining the benefits of hyper-fractionated radiotherapy found no survival benefits
when compared to conventional therapy. Furthermore, the impact of both therapies on
severe hearing loss were comparable (Lannering et al., 2012). However, hyper-
fractionated accelerated radiotherapy resulted in more favourable outcomes in patients

with metastatic disease (Gandola et al., 2009).

Adjuvant chemotherapy is included as a treatment strategy to further improve survival
outcomes in standard risk patients. In infants (< 3 years old), it is used to delay or avoid
radiotherapy (Bartlett et al., 2013, Grill et al., 2005). More recent studies have shown that
a short intensive burst of chemotherapy eliminated the requirement for craniospinal
irradiation in infants with non-metastatic disease (Dhall et al., 2008). The most frequently
used regimen in standard risk patients currently combines lomustine, vincristine and
cisplatin for up to 8 cycles. In high risk patients, it includes cisplatin, carboplatin,

cyclophosphamide and vincristine (Bartlett et al., 2013, Stucklin et al., 2018).

1.5.2 Histopathological features of medulloblastoma

The histological classification of medulloblastoma has been long established. Prior to the
advent of molecular classification, diagnosis of MB heavily relied on histological variants
and informed prognosis. However, ambiguity in histological classification in some cases
impacted diagnostic accuracy and prognostication. The classification of MB has evolved
in the last decade and in particular since the 2007 WHO classification of CNS which only
recognised MB entities resulting from histological analysis (Louis et al., 2007).
Increasing understanding of the molecular pathology of MB has expanded the way in
which MBs are diagnosed, and particularly since the 2012 consensus on molecular
features, the 2016 WHO CNS classification has incorporated the expansive field of

molecular pathology with histological variants (Louis et al., 2016b).

Four histological MB entities are recognised in the field and illustrated in Figure 1.14.
The classic variant accounts for a large proportion of MBs (70%). They display increased

cellularity with small round or oval cells that are undifferentiated, although neuronal
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differentiation may be observed and these are typically organised as rosettes. Rosettes are
characterised by tumour cells arranged circularly with fibrillary centre. Desmoplasmic
nodular (D/N) MB have nodular architecture or desmoplasia with permeation of reticulin
fibres. The nodules however are reticulin free. Although Desmoplastic reactions may
occur, without association with nodules they are not classified D/N. This histology is
frequently associated with infants and has better prognosis. Overall D/N accounts for
around 15% of MB with a small proportion classified further into histology subtype with
higher nodularity (Ellison, 2010, Louis et al., 2007). MB with extensive nodularity
(MBEN) have expansive nodularity with neurocytic differentiation. Patients with this
histological variant tend to be in infancy and have better prognosis. MB with large cell
anaplasia (LCA) have larger nuclei and are anaplastic with increased mitotic and
apoptotic activity. LCA histology is found in 15% of MB cases. In particular, LCA
histology is commonly associated with highly aggressive MB tumours and is associated

with poorer survival (Eberhart and Burger, 2003, Stucklin et al., 2018).

Figure 1.14 Histological variants of medulloblastoma. Haematoxylin and eosin staining of
MB with A) Classic B) Desmoplatic nodular C) Extensive nordularity D) Large
cell/anaplastic histology Scale bar = 300 uM (H&E staining and images by Dr Steve

Crosier).
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1.5.3 Risk stratification of medulloblastoma

The traditional methods of risk stratification are based on clinicopathological features
such as age at diagnosis, presence of metastatic disease, extent of surgical resection and
histology (Table 1.5). With growing understanding of MB biology, molecular features
are further contributing to MB risk stratification (Table 1.5) (Ramaswamy et al., 2016,
Schwalbe et al., 2017b, Taylor et al., 2012). The 2016 WHO classification of CNS
tumours has further incorporated genetic features in stratifying MB. These efforts were
to improve and streamline both molecular and clinicopathological features to aid

diagnosis and identification of patient risk (Table 1.6).

Table 1.5 Prognostic biomarkers and clinicopathological features of MB. Representation of

current and planned biomarkers and associated clinical trials. Metastasis (M+), Recurrence
(R+), Subgroup: Wingless (WNT) medulloblastoma (MBWNT), Sonic Hedgehog (SHH)
medulloblastoma (MBSHH)

Clinical trials

Risk Group Up to 2014 2014 2017
- SIOP-PNET5-MB SIOP-PNET5-MB and SIOP-HR-MB
High risk (HR) M+ M+ M+
R+ R+ R+
LCA pathology LCA pathology LCA pathology
MYC or MYCN MYC or MYCN amplification
amplification MBSHH/TP53 mutation
MBWNT with HR features (>16 years)
Standard risk (SR) Negative for all HR Non-MBWNT Non-MBWNT
factors Negative for all HR Negative for all HR factors
factors MBWNT without HR features (>16 years)
MBWNT with HR features (<16 years)
Favourable risk N/A MBWNT MBWNT (<16 years)
(FR) Negative for all HR Negative for all HR factors
factors
Excluded N/A N/A MBSHH with germline TP53, SUFU or

PTCHI mutations
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Table 1.6 The WHO classification of Medulloblastoma. Wingless (WNT), Sonic hedgehog
(SHH).

Genetic classification Histology Prognosis

MB, WNT activated Classic Low-risk tumour; Correlation of WNT activation

and classic morphology

LCA (very rare) Uncertain clinicopathological significance
MB, SHH activated, TP53-mutant Classic Uncommon high risk
LCA High risk (ages 7-17 years)
DN (very rare) Uncertain clinicopathological significance
MB, SHH activated, TP53- Classic Standard risk
wildtype LCA Uncertain clinicopathological significance
DN Low risk in infants (< 3 years)
MBEN Low risk in infants (< 3 years
MB, non-WNT/non-SHH. Classic Standard risk
Group 3 LCA High risk
MB, non-WNT/non-SHH. Classic Standard risk; classic morphology found in
Group 4 almost all tumours
LCA (rare) Uncertain clinicopathological significance
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1.5.4 Genetic abnormalities and subgroup classification of medulloblastoma

Familial predispositions associated with MB provided early insights and informed on
genetic alterations found in MB. Although familial predispositions account for a small
fraction of MBs (< 5%). Many of the genetic abnormalities found in familial syndromes
play a role in sporadic MBs (Pizer and Clifford, 2009). Li Fraumeni’s syndrome, which
is characterised by germline mutations in TP53, is the most commonly reported hereditary
association in MB (Pfister et al., 2010, Rausch et al., 2012).

Although less frequent, Gorlin’s syndrome which is associated with germline mutations
in transmembrane protein patched 1 (PTCH1), a tumour suppressor gene in the sonic
hedgehog (SHH) signalling pathway, is observed in a proportion of MB patients. Loss of
PTCH1 results in high activity of the SHH pathway due to increased activity of
smoothened (SMO). Interaction of SHH protein and PTCH1 causes release of SMO which
triggers release of glioma-associated oncogene homologue (GLI) activating the

transcription of several genes (Figure 1.15).

Turcot’s syndrome predisposes individuals to several cancers, although it is less common
in MB (Northcott et al., 2012b). The activity of transcriptional regulator adenomous
polyposis coli (APC) is lost due to germline mutations (Northcott et al., 2012b). The
wingless (WNT) pathway of which APC is a regulator, is also implicated in MB. The Wnt
pathway is a developmental pathway and in the brain, it is crucial for maturation of
neurones and body axis patterning (Rosso and Inestrosa, 2013). APC is a critical
component of WNT signalling cascade. WNT controls the intracellular localisation of 8-
catenin. Stimulation of the WNT pathway causes nuclear localisation of B-catenin which
trans-activates the LEF/TCF transcriptional complexes which in turn, induces a pro-
tumourigenesis programmes through the transcription of genes such as MYC (Figure
1.15). Missense mutations in CTNNB1 (encoding beta-catenin) results in increased
stability of protein which in turn leads to aberrant activity of the WNT pathway (Figure
1.15) (Clifford et al., 2006, Ellison et al., 2005, Northcott et al., 2019).
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Figure 1.15 Overview of Wingless (WNT) and Sonic Hedgehog (SHH) signalling cascades in Medulloblastoma. Activation of pathway component is indicated by
arrows and inhibition indicated by blunt arrows. Frequently observed mutations in WNT and SHH are indicated. Smoothened (SMO); patched (PTCH1);
dishevelled (DSH); adenomatous polyposis coli (APC); Glycogen synthase kinase 3 beta (GSK3p); lymphoid enhancer factor/ T cell factor (LEF/TCF1);
suppressor of fused (SUFU). Adapted from (Kool et al., 2014b)



The advancement of next generation sequencing (NGS) and genomic studies have
expanded knowledge of the genetic features of MB (Pomeroy et al., 2002, Thompson et
al., 2006, Kool et al., 2008, Northcott et al., 2011, Cho et al., 2011). It is now appreciated
that MB consists of genetically distinct subtypes with distinguishable molecular features
and survival outcomes (Taylor et al., 2012, Northcott et al., 2012a, Schwalbe et al., 201743,
Sharma et al., 2019). Genomic, transcriptomic and DNA methylation profiling has
revealed four consensus subgroups with variations in genetic alterations, demographics
and survival outcomes(Kool et al., 2008, Northcott et al., 2011, Schwalbe et al., 2017a,
Taylor et al., 2012, Thompson et al., 2006). The four consensus subgroups of MB defined
by DNA methylation profiling are termed MBwnt, MBsHH, MBgres, and MBgres Which
correlate with established molecular and clinic-pathological features (Figure 1.16 &
Figure 1.17). Recent studies have further classified subtypes and distinctions within
subgroups that even further delineates MB features and survival differences (Sharma et
al., 2019). Interestingly several studies utilising single cell transcriptomics have
highlighted that the separation of MB subgroups is influenced by the neuronal lineages
and cerebellar compartments in which they arise (Hovestadt et al., 2019, Zhang et al.,
2019).
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1.541 WNT

The WNT MB (MBwnt) subgroup accounts for 10% of MB cases. Favourable outcomes
are observed for this group of patients with 95% surviving from disease. MBwnt tumours
predominantly have classic histology and very low frequency of metastatic cases (Kool
et al., 2012). Activating mutations of CTNNB1 are observed in WNT tumours (Clifford
et al., 2006, Ellison et al., 2005). The main cytogenetic feature is frequent observation of
monosomy of chromosome 6. Cell of origin studies suggest that these tumours arise from

the progenitors of the lower rhombic lip (Gibson et al., 2010).

1.54.2 SHH

Several studies have pointed to the cell of origin of MB SHH (MBsnH) tumours as the
granule cell progenitors (Gibson et al., 2010, Hovestadt et al., 2019). Over-activation of
the SHH pathway leads to an increase in transcriptional regulator GLI2 which enacts a
programme that drives uncontrolled proliferation which ultimately leads to development
of cancer (Bai et al., 2002). Somatic or germline mutations of PTCH1 and SUFU
including missense mutations in SMO define the MBsnun subgroup (Northcott et al.,

2012b). Amplifications in MYCN and GLI2 frequently co-occur and is characterised as a
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high risk feature (Kool et al., 2014a). These additionally occur alongside inactivation of
TP53 and loss of tumour suppressor functions (Northcott et al., 2012b, Rausch et al.,
2012). Age is an important discriminator in this subgroup. For instance alterations in
SUFU are associated with infant MBsnun Whereas GLI12 amplifications are linked with
older children and adolescents (Northcott et al., 2011, Schwalbe et al., 2017b).

1.5.43 Group 3

The next MB subgroup is termed Group 3 (MBgrrs) Owing to the absence of a distinct
abnormality in a molecular pathway. MBgrps accounts for 25 — 30% of all MB cases
(Roussel and Robinson, 2013). There is a higher male to female frequency in this group.
This subgroup is frequently found in children or infants however it rarely occurs in adults
(Taylor et al., 2012). MBgres is normally observed to have classic or LCA histology. A
common genetic feature of group 3 MBs is MYC amplification and over-activation of the
MY C pathway (Taylor et al., 2012). Although bonafide MYC amplifications account for
around 15% of MBgrps tumours, transcriptomic analysis reveals a MYC signature in this
group (Northcott et al., 2012b, Taylor et al., 2012). Additionally PVT1-MYC fusions are
also found to stabilise MYC protein in this subgroup (Northcott et al., 2012b).
Amplifications in the transcription factor, OTX2, are also observed and are thought to be
a driver event in MBgrps pathogenesis (Boulay et al., 2017, Lu et al., 2017, Northcott et
al., 2017). Interestingly, OTX2 is a transcription factor involved in cell fate determination
and differentiation of progenitors (Nishida et al., 2003). Patients in this subgroup have
the worst survival outcome of all MB. Improved stratification of MBgrps has revealed
two distinct subtypes with survival outcomes primarily based on the presence of high risk

features which ultimately affect survival outcomes (Schwalbe et al., 2017b).

1544 Group4

Group 4 MB (MBgrr4) accounts for the majority of MB cases however its molecular
underpinnings remains very limited. MBgre4 have intermediate survival outcomes with
75% of patients surviving in this subgroup. Frequent somatic mutations in histone H3
lysine 27 demethylases 6 A (KDMG6A) are commonly reported. Amplifications in MYCN
and CDK®6 are amongst the genetic characteristics of this subgroup (Taylor et al., 2012).
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1.5.5 The role of MYC in cancer

1.5.5.1 MYC structure and function

The MYC family of transcription factors (MYC, MYCN, and MYCL) are basic helix-loop-
helix leucine zipper (bHLH-LZ) proteins (Figure 1.18). MYC forms heterodimers with
other bHLH-LZ proteins. Dimerisation is critical for its transcriptional function in
response to mitogenic, apoptotic or oncogenic signalling. MY C forms heterodimers with
its binding partner MAX, a small bHLH-LZ protein (Adhikary and Eilers, 2005, Cole and
Nikiforov, 2006). The MYC-MAX complex binds to specific DNA consensus sequences
CACGTG which are termed E-box sites (Blackwell et al., 1990). The binding of MYC-
MAX transcriptional complex is associated with gene activation. Transcriptional
repression by MYC is associated with binding to the bHLH-LZ proteins of the
MAD/MXI1 family. Mad proteins disrupt MYC dimerisation with Max thus disrupting
transcriptional activation by MYC-MAX heterodimers. Additionally, MAD (MXI1)
proteins also bind to MYC/MAX binding sites where they recruit transcriptional
repressors (Schreiber-Agus and DePinho, 1998). The resulting heterodimers bind to the
E-box regions enabling transcriptional repression instead of activation. MY C-dependent
transcriptional repression may occur through the interference of other transcription
factors such as MIZ1 in transformed cells (Wiese et al., 2013). MYC has been found to
bind around 15% of genomic loci supporting its activity in regulating numerous cellular

processes.
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Figure 1.18 Protein structure of MYC. N-terminus contains the transactivation domain and
three conserved elements referred to as MYC-boxes (MB). MBI can be targeted by the E3
ubiquitin ligases. MBII is required for all known MYC functions including the recruitment of
HATs. MBIII regulates MYC stability and transcriptional activities. The C-terminal domain
contains the BHLH/LZ motif responsible for DNA-protein interactions. In fuchsia, MYC

interacting partners and in yellow major E3 ubiquitin ligases responsible for MYC turnover.

The transcriptional activity of MYC has been shown to be associated with histone
modifications that control chromatin accessibility like ATP-dependent remodelling and
histone acetylation. Histone acetylation levels are determined by the activity of histone
acetyl-transferases (HAT) and HDACs. MYC was found to be associated with HATs
through its interaction with transactivation transcriptional associated protein (TRRAP)
and also GCN5 which are found in multi-subunit remodelling complexes. Other HATSs
known to interact with MY C include TIP60 and CBP/p300 (Vervoorts et al., 2003). MYC
was also found to bind to INI1, a subunit of the SWI/SNF remodelling complex (Amati
et al., 2001). The level of MYC binding at genomic loci has been shown to be correlated
with H3K4 methylation which are active marks but not with H3K27 repressive marks
(Guccione et al., 2006).
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1.5.5.2 Regulation of MYC

The mRNA and protein expression levels of MYC are under tight regulation by various
mechanisms. The mRNA half-life of MYC (~ 30 mins) reflects its high instability and
influences the rate of translation of MYC proteins. Similarly the protein is rapidly
degraded and has high turnover (15 — 20 mins). There are numerous transcription factors
that regulated the expression of MYC including CNBP, FUSE-binding protein (FBP) and
tubulin folding cofactor (TFC). The BET- domain containing transcription factor BRD4
has been shown to bind proximally to the MYC promoter and regulates its expression
(Delmore et al., 2011).

Other mechanisms of regulating MYC expression involves changes in DNA conformation
termed non-B DNA structures (Dang, 2012). Furthermore, PTMs of the MY C protein can
further regulate its transcriptional activity and also protein stability. Two conserved
phosphorylation sites found in the transactivation domain (TAD) of MYC exhibit this
function. Phosphorylation of MYC at Ser-62 occurs in response to signalling such as that
mediated by ERK or CDK (Bachireddy et al., 2005, Sears, 2004). Phosphorylation at Ser-
62 is associated with an activated state and promotes the activity of MYC. Conversely,
phosphorylation at Thr-58 has been shown to be a priming event for ubiquitin-mediated
degradation of MYC. Phospho-Thr58 has been shown to correspond with activity of
GSK3p, which lies downstream of the PI3K pathway (Thomas and Tansey, 2011). There
are numerous E3 ubiquitin ligases that are known to target MYC for proteosomal
degradation of which FBW?7 is the best characterised (Farrell and Sears, 2014). Other
modifications at the Thr-58 site such as acetylation or O-GIcNACYylation are thought to
compete with phosphorylation and promote stability of MYC (Farrell and Sears, 2014,
Makwana et al., 2019). MYC can be targeted for degradation by alternative pathways.
For instance calpain-dependent cleavage of MYC results in partial degradation which
results in “MYC-nick” which does not possess transcriptional activity (Conacci-Sorrell
et al., 2010).

52



1.5.5.3 Oncogenic functions of MYC

The discovery of MYC came from studies focused on oncogenic retroviruses which was
attributable to the expression of v-Myc (Duesberg and Vogt, 1979, Hu et al., 1979).
However, the human paralogue MYC (C-MYC) functions differently and is not
associated with oncogenic retroviral infections. Chromosomal translocations found in
Burkitt lymphoma led to the identification of the oncogenic function of MYC. Unlike
other oncogenes, mutations in MYC are limited. However its oncogenic functions are
derived from mechanisms that lead to overexpression of MYC protein and also escape
from normal regulatory controls. Genetic aberrations leading to increased MYC levels
include, small and large focal amplification and also double-minute chromosomes. It is
noteworthy that increased copy number does not always lead to MYC overexpression
(Tansey, 2014). Although not frequently reported, mutations in MYC gene also occur.
Around half of Burkitt lymphoma cases have reported altered coding sequence of MYC.
However, in other cancers, it appears to occur as a consequence of other genetic
rearrangements and does not drive tumourigenesis in these instances (Schaub et al., 2018,
Tansey, 2014). Nevertheless a comprehensive analysis of MYC deregulation in human
cancers found 50% of cancer to have deregulated MY C activity (Beroukhim et al., 2010).
Interestingly, alterations in MYC is associated with worse patient outcomes in cancers
such as ovarian, breast, gastric and some medulloblastoma subgroups (Vita and
Henriksson, 2006, Schwalbe et al., 2017a). It has since been recognised that MYC
amplifications occur in a variety of cancers and are one of the most frequently observed
genetic aberrations in cancer (Beroukhim et al., 2010, Schaub et al., 2018). Additionally
deregulated MYC activity can arise due to defects in other pathways such as the WNT-
APC, SHH and NOTCH signalling pathways (He et al., 1998, Palomero et al., 2006).
Remarkably, MYC in addition with Sox2, Oct4 and Klp4 can act in concert to reprogram
fibroblast towards a pluripotent state highlighting its ability in altering cellular
phenotypes (Kim et al., 2009, Takahashi and Yamanaka, 2006). Other experiments which
employed the use of transgenic mouse models have established the role of Myc in driving

tumour development (Dang, 2012).
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Cell cycle progression and proliferation

The deregulated activity of MYC drives cellular transformation by altering a wide range
of processes that contribute to tumourigenesis. Under normal physiological conditions,
MY C orchestrates a transcriptional programme enabling growth by coordinating events
in cellular metabolism, mitochondria and ribosome biogenesis which in concert increase
biomass (Dang, 2012). MYC itself is not a direct cell cycle regulator however, it majorly
influences the ability to enter the cell cycle and can impact the rate of progression through
cell cycle phases. MYC activation is associated with changes in cyclins, CDK and CDK
inhibitors (CDKI). It does so by tiltingthe balance towards increase in cyclin D1, CDK4
and CDKG6 whilst reducing the expression of negative regulators such as p21. Together,
cyclin Ds and CDKA4/6 drive quiescent cells to enter cell cycle. Oncogenic MY C enables
acceleration through G1 and G2 phase ensuring rapid cell cycle progression in a less
restricted manner. Enforced MYC expression is sufficient to drive cell cycle re-entry in
quiescent cells (Bretones et al., 2015, Shichiri et al., 1993).

Apoptosis

MY C paradoxically can also trigger apoptosis by regulating the expression or activity of
pro-survival BCL2 proteins or pro-apoptotic p53 pathway. Triggering of apoptosis
ultimately leads to perturbed mitochondrial function and release of apoptosis stimulating
factors such cytochrome c. Release of cytochrome ¢ and other pro-apoptotic proteins such
as second mitochondria-derived activator ofcaspase (SMAC), apoptosis-inducing factor
one (AIF1) engages the apoptotic machinery. The BCL2 proteins normally inhibit the
function of pro-apoptotic functions of other BCL family proteins including BAX and
BAK. MYC can also directly repress BCL2 expression thus enabling progression of
apoptosis. MYC can also stimulate the expression of PUMA by P53-dependent or
independent mechanisms and disrupting BCL2 function (Nilsson and Cleveland, 2003).
MYC and BLC2 are found to be co-amplified in some leukaemias and lymphomas. In
DLBCL, it is associated with higher frequency of CNS involvement and correlates with
poorer survival (Li et al., 2018, Zou et al., 2017). Co-amplification of MYC and BCL2
family member MCLL1 is implicated in drug resistance in TNBC. Overexpression of MYC
and MCL1 in cancer stem cell population (CSC) increased OXPHOS and ROS production

resulting in therapy resistance (Lee et al., 2017).

55



Differentiation

MYC plays a vital role in stem cell fate, deciding whether stem or progenitor cells expand
or undergo differentiation. Differentiation has been shown to require DNA binding and
transcriptional activity of MYC (Laverone and Losarella 2014). Myc is implicated in
neural development where loss of Myc can lead to premature neuronal differentiation
whereas Myc overexpression can ‘lock’ cells in an undifferentiated and hyper-
proliferative state (Zhao et al., 2008). More recent findings have suggested that in distinct
neuronal population such as radial glial precursors (RGP), Myc plays a varied role where
interplay between Myc expression and Notch signalling dictates cell fate. In RGPs, Myc
expression caused downregulation of Notch and induced differentiation. However,
constitutively active Notch prevented Myc -induced neurogenesis (Zinin et al., 2014). The
role Myc plays in differentiation is cell/tissue context specific. For instance in
proliferative keratinocytes which have unlimited self-renewal capacity, activation of Myc
stimulated terminal differentiation in these cells (Gandarillas and Watt, 1997).
Elimination of Myc function in the bone marrow causes significant accumulation of
haematopoietic stem cells (HSC). Here loss of Myc impairs differentiation in the bone

marrow niche (Wilson et al., 2004).
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Cellular metabolism

In its oncogenic function, MY C promotes cancer cell proliferation and induces changes
in intermediary metabolism to support uncontrolled growth (Figure 1.20). Notably, it
induces transcription of several enzymes in glycolysis such as HK2, PFKM, ENOL,
LDHA and GLUT1 (Dang et al., 2009). Interestingly, MY C supports alternative splicing
mechanisms of PKM generating PKM2 as the predominant isoform (Luan et al., 2015).
LDHA is frequently overexpressed in MYC-driven tumours. The activity of LDHA is
particularly important in regenerating NAD+ which sustains high glycolytic flux (Keith
Chenault and Whitesides, 1989, Allison et al., 2014). MYC also plays a role in shunting
glycolytic intermediates into anabolic pathways. To progress through cell cycle, cells
must grow and duplicate DNA. MYC regulates the expression of enzymes involved in
the oxidative and non-oxidative branch of the PPP. For example it promotes the
expression of G6P dehydrogenase (G6PDH) which supports the biosynthesis of ribose
sugars required for nucleotide synthesis (Morrish et al., 2009, Wang et al., 2011). Early
studies in rat fibroblasts showed Myc induced expression of SHMT1 and SHMT2
(Nikiforov et al., 2002). Since then, MYC has been shown to regulate the expression of
PHGDH, PSAT1 and PSPH in hepatocellular and liver cancer models (Sun et al., 2015,
Anderton et al., 2017). Apart from directly regulating expression of enzymatic
components of the glycolytic pathway, MYC impedes activity of transcriptional
regulators of glycolysis. For instance MYC blocks activity of MondoA which in turn
inhibits thioredoxin-interacting protein (TXNIP), a negative regulator of glycolysis
(Tanner et al., 2018). Glycolysis also generates substrates used in PTMs such as
GIcNACylation. MYC upregulation fuels these reactions of its target proteins.
Interestingly, MYC itself is a target of O-GIcNACylation on its Thr-38 site and promotes
stability of MYC protein. Introduction on GIctNAC moiety competes with phosphorylation

which normally prepares MY C protein for proteosomal degradation (Itkonen et al., 2013).
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Figure 1.21 MYC-driven transcriptional regulation of metabolism. MYC directly regulates
transcription of enzymes involved in bioenergetics and biosynthetic reactions (red). Indirectly

targeteted enzymes (orange). MYC also induces the expression of glucose, amino acid and
monocarboxylate transporters.

Additionally, MYC expression is correlated with increased expression of the membrane
transport proteins SLC1A5 (ASCT2) and SLC38A5 and increased glutamine
consumption (Wise et al., 2008, Yuneva et al., 2007). These transporters also support the
influx of amino acids serine and alanine which can be utilised in biosynthetic pathways.
MYC-driven glutamine catabolism has been attributed to GLS1 through direct
transcriptional regulation or indirectly by inhibiting micro-RNA 23 (miR-23) which
normally inhibits GLS1 translation (Yuneva et al., 2012).
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1.5.6 Role of MYC in medulloblastoma

The deregulated activity and oncogenic functions of MY C is well described for numerous
cancers. In medulloblastoma, overexpression and amplifications of MYC (C-MYC) and
its homologues MYCN and MYCL have been previously reported (Northcott et al., 2017,
Taylor et al., 2012). In fact MYC/MYCN amplifications are utilised in MB risk
stratification. Although deregulated activity of the MYC family members is reported
across MB subgroups, differences in the role of MYC emerges in these distinct MB
groups. For MB, the clinical and biological impact of MYC family

overexpression/amplification is highly context dependent.

1.5.6.1 MYCin WNT

Moderate expression of MYCN and MYCL1 can be observed in MBwnt subgroup.
However, high expression of MYC is observed in this subgroup and is comparable to
levels seen in MBgrprs tumours. Although MYC overexpression is linked to aggressive
disease, this is not observed in the WNT subgroup. Overexpression of MYC in this
subgroup is a consequence of over-activation of the WNT pathway. MYC is a downstream
effector of the WNT signalling axis and its expression is increased via high activity of
CTNBBL1 and its transcriptional interactions (He et al., 1998). Thus, MYC expression in
MBwnr is a marker of upregulated WNT signalling and not thought to be a primary driver
of tumourigenesis. Indeed enforced expression of MYC/MYCN in distinct cell populations
of the cerebellum does not recapitulate WNT tumours in mouse models (Zindy et al.,
2007, Swartling et al., 2010, Swartling et al., 2012).

1.5.6.2 MYCin SHH

High expression of MYCN and MYCLL1 is observed in MBsnwn tumours compared to the
other 3 MB subgroups. In this subgroup, overexpression of MYCN can occur through the
SHH signalling or copy number gains of MYCN (Northcott et al., 2017, Northcott et al.,
2011). These distinct mechanisms influences tumour biology and survival outcomes.
MYCN amplifications occur in 8% of SHH cases and are associated with worse outcomes
particularly when they occur in conjunction with LCA histology and TP53 mutations
(Rausch et al., 2012, Robinson et al., 2012). The development of SHH mouse models
have also shed light on these modes of MYCN upregulation. The activation of SHH
promotes MYCN protein stability in GEMM SHH model (Thomas et al., 2009).
Additionally, enforced expression of MYCN in conjunction with Ptchl and Cdnk2, or

Tp53 and Cdnk?2 genetic backgrounds accelerates formation of SHH tumours in mice and
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results in enhanced tumour aggression (Kawauchi et al., 2012, Zindy et al., 2007).
Although high expression of MYCN is characteristic of MBsnn, MYCN amplifications are
a strong prognostic feature in this subgroup only and is included in MB risk stratification

protocols (Roussel and Robinson, 2013).

1.5.6.3 MYCin Group 3

MYC is more closely linked with the MBgrpz than any other MB subgroup. It has been
shown to give rise to highly aggressive tumours and have the worst overall survival of
MB (Schwalbe et al., 2017a). Amplification of MYC is observed more frequently in this
subgroup (~20%). Typical expression of MYC exceeds all other subgroups with WNT
being a notable exception. MYC amplification is also associated with LCA histology, two
features which are established high risk features of MB and associated with much worse
survival outcomes (Stearns et al., 2006). MYCN amplifications also occur in MBgres but
are less frequent (2-4% of cases) (Northcott et al., 2012b). Orthotopic mouse models and
GEMMs of group 3 have previously been established. These models rely on loss of TP53
in conjunction with enforced expression of MYC/MYCN to model Group 3 MB:s.
Although loss of P53is not usually observed in human MBs, the resultant tumour from
these mouse models recapitulate MBgres tumours at the histological level and also model

disease aggression (Swartling et al., 2012).

1.5.6.4 MYCin Group 4

The levels of MYC and MYCN in MBgres is comparatively lower than the other MB
subgroups. MYCN expression exceeds levels in the adult cerebellum but remarkably
resembles expression levels observed in foetal cerebellum (Swartling et al., 2010). This
suggests that MYCN expression may play a role in tumour maintenance. MYCN
amplifications do not co-occur with epigenetic mutations in genes such as KDM6A and
histone deacetylases (HDAC) or other amplifications. Although low frequency of MYCN
amplifications is observed in group 4 tumours (~7%), it may exclusively drive
tumourigenesis in subsets of group 4 tumours (Roussel and Robinson, 2013, Roussel and
Stripay, 2018).
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1.5.7 Challenges in treating MYC-amplified Group 3 MB

MYC amplifications and amplifications in family members occur across MB in varying
frequencies as discussed in 1.5.5. However MYC amplifications are more closely
associated with the MBgre3z subgroup. This group of patients have dismal survival
outcomes compared to other MB subgroups. There is an overwhelming need for more
effective treatment and particularly more targeted approaches which rely on the biology
of these tumours. The oncogenic activity of MYC regulates a broad range of biological
processes and drives transformation (Figure 1.22). Currently, there are no targeted
therapies for these high risk patients. Targeting MYC directly has so far not yielded
convincing in vivo utility although there are anti-MYC therapies showing promising
effects in vitro and in vivo (Beaulieu et al., 2019). Alternative strategies are required to
treat patients with MY C-driven MB tumours effectively. One such example resulted from
a high-throughput drug screening approach which identified Gemcitabine and
Pemetrexed (two antimetabolite therapies) which in combination was selective against
MYC-amplified MBgrpz (Morfouace et al., 2014). Current clinical trials are assessing its
use for high risk MB (NCT01878617).

Mitochondrial
biogenesis and
function

MicroRNA changes

Cellular proliferation
Metabolic transformation

Metastatic capacity

rRNA and Chromatin remodeling

protein Transcription Decreased growth
biosynthesis inhibitory genes

Figure 1.22 Pleiotropic effects of MYC. Molecular and cellular features contributing to
MYC-driven transformation. MYC-driven changes occur in large gene sets and gene families

which drive alterations in these cellular processes and pathways.
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1.5.7.1 MYC-driven alterations in medulloblastoma metabolism: opportunities for
therapeutic targeting

The regulatory control of MYC over various aspects on tumourigenesis, particularly
sustained proliferation is served by altered metabolic functions and nutrient status (Dang,
2013a). Metabolic enzymes offers numerous druggable targets and present opportunities
for targeting MY C-dependent metabolic reprogramming in MBgrp3 tumours. At present,
the metabolic landscape of MB is not well understood. However, recent studies have shed
light on metabolic phenotypes of MYC-driven MBgrps. Glutamine addiction has been
suggested for several MYC-driven cancers (Yuneva et al., 2007). A recent study carried
out by Tao and colleagues demonstrated MYC rewiring of metabolism in a model of MYC-
driven MBgres. Furthermore they showed that inhibition of LDHA was selectively toxic
against MYC-amplified MBgres cells compared to MBsux and normal cerebellar
progenitors (Tao et al., 2019). The prodrug JHU-083 which inhibits GLS activity has been
shown to impede in growth MYC-amplified MB cells in vitro and in vivo (Hanaford et al.,
2019). These studies have highlighted metabolic features of MBgre3 and also demonstrate

opportunities to target altered metabolic phenotypes in MB.
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1.6 Research background

Malignant brain tumours present in both adult and paediatric populations. Whilst the
genesis of these cancers across the age spectrum is complex and affected by genetic,
developmental and environmental factors, malignant brain tumours contribute
significantly to cancer mortality in both populations. Glioblastoma (GBM) is a Grade IV
astrocytoma and is the most commonly occurring primary adult brain tumour (Louis et
al., 2018). Owing to aggressiveness and extent of tumour infiltration into normal brain
regions, they are difficult to treat and are very lethal with only 5% of patients surviving
up to 5 years. Further difficulties in treating these tumours is their intrinsic or acquired
drug resistance to many therapies. Additionally, the BBB limits accessibility of drugs to
the tumour site. GBM are thought to undergo several metabolic adaptations in order to
sustain rapid proliferation. It is increasingly understood that GBM not only alter glucose
metabolism, but they increase several aspects of metabolism such as lipid metabolism
through a number of molecular mechanisms including growth factor signalling that
regulates metabolic flux (Strickland and Stoll 2017). Fatty acid oxidation has been shown
to contribute to acetyl-CoA pools that maintain ATP turnover through oxidative
phosphorylation (Mashimo et al.,, 2015). Interrogating these alterations in lipid
metabolism may provide useful insights into GBM tumour biology and subsequent viable

therapeutic options for this group of patients.

In the paediatric population, MB is the most common primary brain malignancy and
although survival outcomes are promising for MB overall, the MB subgroup MBgres is a
high risk tumour and patients with genomic amplifications of MYC have even worse
prognosis (Taylor et al., 2012). Although molecular classification using NGS techniques
has enlightened and revealed distinct subgroups and subtypes of MB, the underlying
biology of these tumours are less defined. Recent efforts have sought to elucidate cell of
origins of MB, and have highlighted different neural progenitors and lineages in which
they may arise (Hovestadt et al., 2019). Since the neuronal population like NSCs,
astrocytes and neurones have distinct metabolic requirements, it is vital to delineate any
metabolic reprogramming of MB. Since metabolic alterations can relate to genomic
features like MYC amplification, uncovering dependencies of MBgrpzs may give rise to

novel candidates for therapeutic targeting which are needed to improve patient outcomes.
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1.7 Aims of project

This project aims to explore metabolic dependencies that may contribute to the
pathogenesis of malignant brain tumours, and to use these to identify potential therapeutic

targets.

Aim 1: To investigate further, the dependence of gliomas on fatty acid oxidation and why
this is the preferential metabolic pathway for fuel supply in GBM. | will investigate
inhibition of energy metabolism with a new pharmaceutical intervention combining
etomoxir with standard chemotherapeutic drugs for slowing GBM progression in a
syngeneic mouse model of GBM. This project will also explore malignancy associated
metabolic characteristics which drive progression of malignant gliomas. Findings are
presented in Chapter 3.

Aim 2: To identify the metabolic changes associated with MYC amplification in Group 3
medulloblastoma using isogenic MYC regulable cell line models. 1 will explore the
relationship between MYC and metabolic pathways and whether these interactions
affords medulloblastomas the metabolic plasticity to sustain bioenergetics and
biosynthetic requirements during progression. Findings are presented in Chapter 4 and
Chapter 5.

Aim 3: To explore possible pharmaceutical interventions targeting MYC driven pathways
and whether changes in metabolism may provide suitable biomarkers for identifying
malignant features, subgroup classification and prognostic markers of MYC driven

medulloblastoma. Findings are presented in Chapter 6.
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Chapter 2 Materials and Methods
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2.1 Methods used for Chapter 3

2.1.1 Mouse neural stem cell culture

Neural progenitor cells (NPCs) were previously isolated from adult wild type C57/B6
mice (Mikheev et al., 2009). NPCs were oncogenically transformed by an overexpression
of HRas- (Ha-RasV12) and inhibition of p53 and p16/Rb axis by human papillomavirus
(Hpv18 EG6E7) overexpression (previously carried out by Dr. Elizabeth Stoll).
Transformed cells were maintained in serum-free Dulbecco’s modified eagle’s
medium/F12 (Omega Scientific, USA) supplemented with 2 mM glutamine (Sigma
Aldrich), 1% (v/v) N-2 supplement (Thermo Fisher) and 25 ng/mL EGF (Peprotech,UK)
and 25 ng/mL FGF (Peprotech, UK). NPCs were routinely grown as neurospheres on
poly-L-lysine (Sigma Aldrich) coated culture plates and were kept in a humidified
incubator at 5% CO; and 37 °C. To coat plates with poly-L-lysine, a 1:6 dilution was
made 0.1% (w/v) poly-Lysine solution and 1 x phosphate buffered saline (Sigma Aldrich,
UK). The coating solution was added in a sufficient quantity to cover entire culture
surface and incubated for at least 2 h prior to use. In between passages, cells were re-fed
with growth factors (25 ng/mL EGF and 25 ng/mL FGF) in 2 mL of growth medium.
Cells were passaged when they reached 80% confluence. To passage cells, 2 mL of
accutase™ (Stemcell Technologies, UK) was directly added to 10 mL of growth medium
containing neurospheres and incubated at room temperature for 5 — 10 minutes. To further
dissociate neurospheres, cell suspension was pipetted up and down briefly to form a single
cell suspension. Cell suspension was transferred to a conical tube (Corning®, UK) and
centrifuged at 1000 rpm for 5 minutes. Supernatant was discarded and cells re-suspended
in 5 mL of growth medium. NPCs were re-plated in a total 10 mL of fresh growth

medium.

Table 2.1 Oncogenic NPCs and GBM initiating cells used in this thesis.

Cell line Age of mice at NPC isolation  Culture medium

3month NPCs 3 month male C57/B6 DMEM/F12, 1% N2, 25 ng/mL EGF,
25 ng/mL FGF, 2mM glutamine

12 month 12 month male C57/B6 DMEM/F12, 1% N2, 25 ng/mL EGF,

NPCs 25 ng/mL FGF, 2mM glutamine
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2.1.2 Syngeneic mouse model of glioma

All in vivo experiments were carried out in accordance with Animals (scientific
procedures) Act 1986 (UK Home office) and approved by the local ethics committee
(AWERB). Oncogenically transformed NPCs isolated from adult-wild type C57BL/6
mice (Charles River laboratories, UK) were orthotopically transplanted into the striatum
of male adult mice with the same genetic background (carried out by Dr. Elizabeth Stoll).
A total of 1x10* cells/uL was injected into two sites of striatum, AP +1.0, ML -1.0, DV -
3.5 and -3.0. Animals were monitored daily and clinically scored according to a custom
clinical scoresheet (Appendix 3.1).

Fourteen days subsequent to intracranial cell implantation, animals were treated with 67
mg/kg of temozolomide (TMZ) (Sigma Aldrich) or 10% DMSO/ PBS (v/v) (Sigma
Aldrich, UK) solution once daily via intraperitoneal injection for 5 days (Robinson et al.,
2010). Following this, animals were treated daily with 10 mg/kg of etomoxir (ETX)
(MetalQ, Denmark) or olive oil by oral gavage for the duration of the study. Animal drug
groups: vehicle control n=2 (10% DMSO/ PBS and olive oil), etomoxir n=2 (10% DMSO
PBS and ETX), temozolomide n= 2 (TMZ and olive oil) and Combination n= 2 (10
mg/kg ETX and 67 mg/kg TMZ). Unfortunately, early loss of animals resulted in low
sample numbers in drug groups which were originally assigned n= 5 for each drug
treatment group in this pilot study. Once treatment commenced, all animals were kept on
a soaked diet to ensure feeding whilst receiving daily dosing by gavage. Unfortunately,
early loss of animals resulted in low sample numbers in drug experimental groups. A
contraindication placed during the study was to switch animals that experienced any
complications or difficulty due to gavaging to coconut pellet with ETX or vehicle which
was voluntarily administered. Clinical monitoring and drug administration for this study

was carried out independently.
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2.1.3 Invitro *H NMR spectroscopy

Oncogenically transformed NPCs derived from 3 month and 12 month old mice
(described in 2.1.1) were grown in serum-free growth culture medium in 10 cm culture
dishes in the following drug conditions for 24 hours: Control (PBS and 10% (v/v)
DMSO), 100 puM etomoxir, 100 uM temozolomide and combined (100 uM ETX, 100
MM TMZ) in duplicate. Cells were washed in PBS and centrifuged at 1500 rpm for 3 mins
and pellets frozen until use. Cells were re-suspended in 500 ul of deuterium oxide for
signal locking (Sigma Aldrich, UK) and loaded into a 5mm NMR tube. One dimensional
'H NMR spectra were acquired using a 700 MHz spectrometer (Bruker Biospin GbmH,
Germany) at 294K. !H spectra were acquired with water suppression using pre-
saturation, spin echo and TE = 8ms (Spectroscopy experiments carried out by Liam
Mistry). Spectral processing was executed using Mestresnova version 11 (Mestrelabs
Research S.L.). All spectra were baseline corrected using the ablative method and out of
phase spectral regions corrected manually. Metabolites were assigned based on literature
and the human metabolome database. The area under each peak was defined by their
integral values which were normalised to the total area of spectrum and referenced to

creatine at 3.03ppm. All data analysis of raw data was performed independently.
Statistical analysis.

Multivariate analysis using principal component analysis (PCA) was performed using
Metaboanalyst software version 4 (https://www.metaboanalyst.ca/). Regions containing

solvent peaks were discarded from the analysis.

2.1.4 In vivo magnetic resonance imaging and spectroscopy

2141 MRI

All magnetic resonance experiments were acquired using a 7T Varian imaging system
(Varian Inc., Palo Alto, USA) equipped with the Rapid 33mm volume coil (RAPID
Biomedical GmbH, Germany) to transmit/receive MR signals. Animals were
anaesthetised using a mixture of isoflurane/oxygen gas. Animals were fitted on a custom
loading sled with pneumatic pillow for respiratory and surface temperature monitoring
(SA instruments) and small animal system was used for physiological monitoring. Scout
images were used to ensure animals were correctly orientated for brain imaging. A total
of 4 imaging sequences were used to acquire brain images of different contrasts by
altering repetition time (Tr) and echo time (Te). Parameters for spin echo multi-slice
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sequence (SEMS) were: SEMS 1 (TR 1000 ms TE 20ms), SEMS 2 (TR 1000 ms TE 20
ms with inversion recovery T1= 150 ms), SEMS 3 (TR 1100 ms TE 60ms) and SEMS 4
(TR 1600 TE 85ms). All image sequences were acquired using matrix 256 x 256, field of
view 25 x 25 mm, and slice thickness 1 mm. To evaluate tumour development and

progression, animals were imaged from day 50 and every 14 days subsequent to that.

2.1.4.2 MR Spectroscopy

Single voxel spectra were acquired from ipsilateral (intracranial injection site) and
contralateral (normal brain) sites for each animal using point resolved spectroscopy
sequence (PRESS). Selection of volume of interest was guided by previously acquired
MR images. PRESS sequence parameters were: TR 2000ms, TE 8ms, 4096 real points
and 100 averages. Localised manual shimming was performed for each cubic voxel (2
mm x 2 mm x 2 mm) resulting in an unsuppressed water signal with line width between
20-30Hz. Suppression of the water signal was optimised using variable RF pulse with
optimised relaxation delays (VAPOR) water suppression. Proton NMR was performed at
a short TE of 8 ms to acquire signal from a broad range of metabolites. All imaging and

spectroscopy experiments and subsequent data analysis were carried out independently.
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2.2 Methods used for Chapter 4

2.2.1 Medulloblastoma cell culture

2.2.1.1 Cell line authentication and handling

Cell lines used in this thesis were previously authenticated and identity confirmed by Dr
Janet Lindsey. Validated stocks of these cell lines were maintained and used in
subsequent generation of engineered cell lines and parental cell line experiments.
Additionally, cell lines were routinely tested for mycoplasma contamination. Cells used

in all experiments were negative for mycoplasma.

2.2.1.2 Cell lines and culture medium

MYC-amplified MBgres cell lines D425, D283 and HDMBO03 were previously engineered
with a tetracycline (TET) inducible shRNA targeting MYC (Tet-pLKO-puro, Addgene
plasmid #21915) (Cell lines were generated by Shanel Swartz, (Swartz, 2018)). The cell
lines were transduced with two independent doxycycline inducible shRNA constructs
targeting MYC for knockdown and a non-silencing (NS) shRNA construct which served
as control (shRNA targeting sequences are outlined in Table 2.2). The two lentiviral
vectors against bind MYC mRNA at different locations, For MYC 2 shRNA the MYC
target sequence GATGAGGAAGAAATCGAT binds between 1180 to 1197bp. For the
MYC 3 shRNA, MYC specific target sequence CCTGAGACAGATCAGCAACAA,
binding occurs between 1404 to 1424bp. Addition of doxycycline to the growth medium
triggers the expression of shRNA causing MYC knockdown (depicted in Figure 2.1).
Isogenic cell lines were routinely cultured in Dulbecco’s modified eagle medium
(DMEM) (Sigma Aldrich, D6171) or Roswell Park Memorial Institute medium 1640
medium (RPMI) (Sigma Aldrich, R5886) and supplemented as described in table Table
2.3.
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Table 2.2 Target sequences for shRNA constructs

Construct Target sequence Reference
NS 5’"CCGGCAACAAGATGAAGAGCACCAATCGAGTTGGTG (Lietal.,
CTCTTCATCTTGTTGTTTTT3’ 2010)

5’AATTAAAAACAACAAGATGAAGAGCACCAACTCGAG
TTGGTGCTCTTCATCTTG TTG 3’
MYC 2 5’CCGGGATGAGGAAGAAATCGATGCTCGAGCATCGAT  (Lietal.,

TTCTTCCTCATCTTTTT 3’ 2010)
5’AATTAAAAACAACAAGATGAAGAGCACCAACTCGAG
TTGGTGCTCTTCATCTTGTTG 3’

MYC 3 5’CCGGCCTGAGACAGATCAGCAACAACTCGAGTTGTT  (Raeder et
GCTGATCTGTCTCAGGTTTTT 3’ al., 2013)
5’ AATTAAAAACCTGAGACAGATCAGCAACAACTCGAG
TTGTTGCTGATCTGTCTCAGG 3’
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Figure 2.1 Schematic of pLKO-Tet-on inducible system. A) In the absence of doxycycline
(DOX) the Tet repressor (TetR) (orange dots) bind to the Tet-response element (TRE) and

inhibit the expression of the shRNA. B) In the presence of doxycycline, doxycycline binds the
Tet repressor preventing it from binding the TRE enabling the expression of shRNA targeting
MYC for Knockdown.
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Table 2.3 MYC-inducible cell lines used in this thesis

Cell line MYC status shRNA construct Culture medium

D425 Amplification NS, MYC 2, MYC3 DMEM, 10% TET free FBS,
2mM glutamine, 1 pg/mL
puromycin

D283 Gain NS, MYC 2, MYC 3 DMEM, 10% TET free FBS,

2mM glutamine, 1 pg/mL
puromycin

HDMBO03  Amplification NS, MYC 2, MYC 3 RPMI, 10% TET free FBS,
2mM glutamine, 1 x NEAA,
1 pg/mL puromycin

2.2.1.3 Cell maintenance

Cells were routinely grown in T75 or T125 (Corning®, UK) flasks as a mixture of
adherent cells and neurospheres and were kept in a humidified incubator at 5% CO- and
37 °C. Exponentially growing cells were sub-cultured routinely for maintenance or for
cell based assays. To passage cells, growth medium containing neurospheres were
collected into a 15 or 50 mL conical tube. The remainder of cells which had adhered to
the culture flask were washed once with phosphate buffered saline (PBS) (Sigma Aldrich,
UK) followed by addition of 2- 4 mL of Trypsin-EDTA (1x) (Sigma Aldrich, UK) to the
culture flask and placed in humidified incubator for approximately 5 minutes. Trypsin
was deactivated by adding 5 mL of growth medium which was collected and added to the
previously collected cells. Cells were pelleted by centrifuging at 1000 rpm for 5 min. The
supernatant was discarded and cells were re-suspended in 5 mL of fresh growth medium.
Cells were split at 1: 3-6. All experiments were limited to cells with passage not exceeding
40.

2.2.1.4 Cell counting and seeding

Cell counting was carried out on a haemocytometer or an automated counter (Countess
I1, Invitrogen). Cells were harvested according to the protocol in 1.2.1.2. Following
resuspension, 10 pL of the cell suspension was added to an equal amount of trypan blue
(Invitrogen), an exclusion dye for assessing viability. 10 pL of the cell/trypan blue

mixture was loaded into a haemocytometer chamber or onto a countess slide. For manual
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counting, viable cells in the four corner squares were counted. Cell number was

quantitated using the following equation:

Total number of cells
4

Cells per ml = X 2 (dilution factor) x 10*

2.2.1.5 Freezing and thawing

Following the protocol described in 1.2.1.2, a T75 or T125 of cells at 80-90% confluence
were trypsinised and re-suspended in cold freezing medium (90% FBS, 10% DMSO
(v/v)) and aligouted in 2 mL cryovials which were placed in a Mr. Frosty and gradually

frozen at -80 °C and later transferred to -150 °C for long term storage.

Cells were thawed in a 37 °C water bath and diluted in 20 mL of growth medium to dilute
DMSO and plated in a T75 flask. Cells were allowed to acclimatise and passaged twice

before use in an experiment.

2.2.2 Protein extraction and quantification

Protein was extracted from 5 x 10° cells using cold RIPA buffer (Sigma Aldrich)
supplemented with protease and phosphatase inhibitors to a final concentration of 1x (Life
Technologies, UK). Cells were vortexed briefly or sonicated for three cycles (10 seconds
on, 10 seconds off). Cell debris was removed by centrifuging at 10,000 rpm for 10 mins
at 4°C. Protein was quantified using the Pierce™ bicinchoninic acid (BCA) protein assay
kit (23225, ThermoFisher Ltd.) according to manufacturer’s instructions. Briefly, bovine
serum albumin (BSA) was diluted to achieve BSA protein standards ranging from 20-
2000 pg/mL. Working reagent was prepared by mixing 50 parts of BCA reagent A with
one part BCA reagent B. In a 96 well microplate, 25 pL of each BSA standard is pipetted
into a well, followed by duplicate wells with 10 pL of an unknown protein standard.
Finally, 200 ul of working reagent is dispensed into each well and incubated at 37 °C for
30 minutes and absorbance measured at 562nm on a plate reader. A standard curve was
generated from the BSA protein standards and used to determine protein concentration of

each unknown sample. Protein samples were stored at -20°C until use.
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2.2.3 Simple western immunoassays (WES)

WES is a capillary based automated size-based separation immunoassay (Proteintech,
Biotechne Ltd, UK). WES follows similar principle to traditional western blot. Samples
are loaded onto assay plates and placed in the WES machine where it is automatically
loaded into the capillary and separated by size as they migrate through a
stacking/separation matrix. Separated proteins are immobilised to the capillary walls and
target proteins detected using primary antibodies and immunoprobed using an HRP-
conjugated secondary antibody and a chemiluminescent reagent. The signal is detected
and quantitated (Figure 2.2). The protein lysates were loaded into WES plates at 0.8 g
per well. Assay plates were prepared according to manufacturer’s instructions.
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Figure 2.2 Schematic depicting the principles of simple western (WES).

2.2.4 Antibodies

Primary antibodies specific to protein of interest were obtained commercially. To obtain
optimal signal from WES, primary antibodies were tested at serial dilutions and a
concentration within the linear range of signal was chosen. Species specific secondary
antibodies were supplied as part of the WES modules and used according to
manufacturer’s instructions. A detailed list of antibodies used in this project is provided

in Table 2.4.
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Table 2.4 List of antibodies used in this thesis

Target Species Dilution Company
B-Actin Mouse 1:10000 Abcam

GLDC Rabbit 1:1000 Proteintech
GLS Rabbit 1:1000 Proteintech
HK2 Rabbit 1:2000 Proteintech
LDHA-Specific Rabbit 1:5000 Proteintech
MYC Rabbit 1:5000 Cell signalling
PHGDH Rabbit 1:8000 Proteintech
PSAT1 Rabbit 1:2000 Proteintech
PSPH Rabbit 1:50 Proteintech
p-4EBP1 Rabbit 1:1000 Cell signalling
p-S6 Rabbit 1:100 Cell signalling
SHMT?2 Rabbit 1:2000 Proteintech

2.2.5 Cell growth curves

Exponentially growing cells were passaged according to the procedure described in
1.2.1.2. The cells were plated at a density of 1 x 10° cells per well in a 6 well plate. Cell
counts were performed between 1 and 7 days by counting on a haemocytometer. Doubling
times and statistical significance were determined using linear regression on Graphpad
Prism 8 (GraphPad).

2.2.6 Cell cycle analysis

To determine cell cycle distribution, cells were stained with a DNA content dye
propidium iodide (PI) (Sigma Aldrich) and processed on a flow cytometer. Cells were
harvested and pelleted in an appropriate manner and washed/resuspended in cold PBS
before centrifuging at 1000 rpm. The supernatant was discarded and cells were fixed in 1
mL of cold 70% (v/v) ethanol. Ethanol was added dropwise to the cell pellet whilst
vortexing to minimise clumping. Cells were fixed at 4 °C for at least 30 min. Ethanol was
removed from the cells by pelleting cells and discarding the supernatant. Cells were
washed twice in PBS and then re-suspended in 0.5 mL of PBS. Cells were treated with
50 pL of Ribonuclease A (RNAase) (Thermo Fisher) to ensure DNA and not RNA was
stained. The staining solution was prepared as a 1: 10 mix of Pl/triton, and 250 pL was

added each sample. A list of reagents and preparations are listed in Table 2.5. PI
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fluorescence was measured on a suitable band pass filter to determine its emission at 605
nm on an Attune NXT cytometer (Thermo Fisher). Analysis of cell cycle distribution was
carried out by measuring forward and side scatter to identify the cell population. Pulse
processing using pulse width vs. pulse area was carried out to exclude doublets from the
analysis. A combination of the gating of cell population and doublet exclusion was used

to generate a PI histogram plot displaying cell populations with 2n and 4n DNA content.

Table 2.5 Preparation of cell cycle analysis reagents

Reagent concentration Preparation

50 pg/mL Propidium iodide Prepared in PBS

100 pg/mL Ribonuclease A Prepared in dH20 and heated at 100°C for
10 minutes

5% Triton-x Prepared in dH20

2.2.7 Cellular bioenergetics using XF analyser

To determine glycolytic and mitochondrial function of medulloblastoma cells, the Agilent
seahorse XF analyser was used to determine extracellular acidification rate (ECAR) as a
function of glycolysis and oxygen consumption rate (OCR) for OXPHOS (Nicholas et
al., 2017). Cells were seeded at 8 x 10° cells per well in a XF microplate and incubated
overnight. On the day of experiment, growth medium was removed from cells and
replaced with assay medium (unbuffered DMEM supplemented with 3% (v/V)FBS, 25
mM glucose, and 2 mM glutamine) and incubated at 37 °C in a non-CO; incubator for 1
hour. OCR and ECAR were measured in the XF analyser at basal levels by the sequential
injection of the following mitochondrial inhibitors; oligomycin (1 uM) an inhibitor of
complex V allowing for the measurement of ATP-coupled OCR, FCCP (3 uM total) a
protonophore and membrane potential uncoupler which drives maximal respiration, and
finally addition of rotenone (0.5 uM) and antimycin (2.5 uM) to inhibit complex I and 111
simultaneously. Quantification of intracellular rates of glycolytic and oxidative ATP
production were determined following the method described by Mookerjee et al., 2017
using measurements derived from both OCR and ECAR (Mookerjee et al., 2017). The
following calculations were used to determine glycolytic and oxidative ATP generation

which was then normalised to total protein (ug).
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Total OCR (OCRresp) = OCRpgsa1 — OCRRot/AA

OXPHOS OCR = OCRyqsar — OCRog

ECARtotal = ECARbaSﬂl

ECARtotal

PPRtotal = BP

PPR,csp = (10PH-PKD /1 4 10PH-PKVY(Max H* /0,)(OCRyesp — OCRRot/an)

PPRglycolysis = PPRtotal - PPRresp

— ECARtotal
(BP — (10®wH-PKD) /(1 + 10®H-PKLY(Max H* / 0;)(OCRoa1 — OCRRot/aa)

2.3 Methods used for Chapter 5

2.3.1 'H High resolution magic angle spectroscopy (HRMAS)

Cell preparation. D425 cells stably transduced with non-silencing construct and two
independent doxycycline inducible MYC shRNA constructs were previously engineered
(Swartz, 2018). The cells were grown in normal growth culture medium (25mM glucose,
2mM glucose, 10% (v/v) FBS, 1ug/mL puromycin) with/ or without 1pg/ml doxycycline
for 72 hours. Cells were scraped, washed twice in ice cold PBS and centrifuged at 1500
rpm for 5 mins at 4°C. Cell pellets were flash frozen in dry ice. High resolution magic
angle spinning spectroscopy. Cells were thawed and ~ 40 uL of cell pellet was placed
into a zirconium oxide rotor and 5 pL of D20 with TMSP (10mM) added for locking
signal and providing a chemical shift reference for each sample, respectively. The rotor
was inserted into 4mm 3 channel *H HRMAS z-PFG ban probe in a 500 MHz Bruker
AVANCE spectrometer. *H NMR spectra were acquired at 54.7° magic angle at 4°C at
rotor spin speed on 4 Khz. A standard NOESY sequence with water pre-saturation was
acquired with a relaxation delay of 2s and repetition time of 4s. Each free induction decay
(FID) was Fourier transformed, phased and baseline corrected (Mestresnova).
Metabolites were assigned based on the literature and the human metabolome database.
The area under each peak was defined by their integral values which were quantified and
normalised to the total area of spectrum and referenced to creatine at 3.03ppm. Statistical

analysis. Multivariate and clustering analysis was performed using Metaboanalyst
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version 4. HRMAS experiments were performed by Dr Sarah Kohe (University of

Birmingham). All subsequent analysis were performed independently.

2.3.1.1 Multivariate analysis of NMR spectra

Principal Component Analysis (PCA)

PCA is utilised for large and complex datasets to reduce dimensionality but with minimal
loss of information. PCA is an unsupervised method meaning that clustering patterns are
determined without knowledge of sample classification, treatment groups or phenotype.
The goal of PCA is to summarise the data using limited set of variables defined as
principal components. Principal components are a linear combination of original
variables in the dataset. By looking at different principal components, variance in the data
is accounted for. PCA generally performs well for establishing maximum variance of

dataset but does not always achieve robust clustering.
Partial least squares-discriminant analysis (PLS-DA)

Like PCA, PLS-DA is also a dimensionality reduction tool however it achieves this with
input from sample classification therefore making it a supervised method. Where
principal components identify maximal variance, PLS identifies covariance between
original data and class labelling. PLS-DA can also be adapted for feature selection
however since over fitting of PLS-DA models can occur, it is important that models
undergo ‘cross validation’ prior to use for feature selection. Validation of PLS-DA
models ensures the knowledge of sample class does not give rise to false clustering or
clustering that occurs by chance. A series of validation tests measure model accuracy and
goodness of fit (R2 and Q2) of the original model against permuted models where Y
(class) have been randomly assigned whilst maintaining X (bins/metabolites)
observations. Another feature of PLS-DA is the variable importance projection (VIP)
score which highlights the importance of a metabolite/bin region in the model. The VIP
score is a weighted sum of squares correlations between PLS components and original

variable. Higher VIP scores indicate greater contribution to the separation in the model.
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2.3.2 B3C- Glucose labelling

The D425 MY C 2 cell line was plated in T75 flask in £1 pg/mL of doxycycline for 48h.
Cells (5 x 10°) were plated in 6 well plates and further treated for 24h + 1 pg/mL
doxycycline. Growth medium was removed from each well, washed with 1 x PBS and
replaced with 10 mM D-glucose-13C (Sigma Aldrich, UK) containing medium for 6 or
24h. A control plate with unlabelled glucose and a plate for cell number determination
was set up in parallel to labelling experiments. On the day of extraction, duplicate wells
for each condition was counted. Labelled and unlabelled samples were washed once with
ice cold PBS. For metabolite extraction, a mixture containing methanol: acetonitrile:
water (50:30:20 vol/vol) was used and the volume used was adjusted to obtain 2 x 10°
cells/mL. Cells were scraped into cold extraction mixture on wet ice and homogenised by
pipetting. The lysates were transferred into Eppendorf tubes and centrifuged at 15000 g
for 15 min at 4°C to pellet the cell debris. The supernatant was transferred to fresh tubes

and stored at - 80°C. Labelling experiments were carried out independently.

2.3.2.1 Liquid chromatography- Mass spectrometry (LC-MS)

Analytes were separated using liquid chromatography with SeQuant ZIC pHILIC column
(2.1 x 150 mM, 5 uM) coupled to a SeQuant ZIC pHILIC guard column (2.1 x 20 mM, 5
M) and detected using high resolution MS with Orbitrap Exactive (Thermo Scientific)
in line with a Aceela autosampler and Aceela 600 pump (Thermo Scientific). The
Exactive operated using polarity switching mode with positive voltage at 4.5 kV and
negative of 3.5 kV. Flow rate was 100 pl min-1, buffers consisted of acetonitrile (CAN)
for A and 20 mM (NHz) COs in addition with NH4sOH in dH20 for B. Gradient ran from
80% (v/v) to 405 CAN in 20 min followed by was at 20% (v/v) CAN and re-equilibration
at 80% (v/v) CAN. Metabolites were quantified using LCquan (Thermo Scientific).
Positive identification of metabolites was on the basis of exact mass within 5 ppm and
further validation by concordance with standard retention times and finally plotted as
peak area for each metabolite. LC-MS, peak assignment and quantification were
performed by Tong Zhang at the CRUK Beatson Institute (Glasgow, UK). Subsequent

analysis were performed independently.
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2.4 Methods used for Chapter 6

2.4.1 Gene expression analysis

2.4.1.1 R2 Genomics Analysis and Visualisation platform

Microarray data for medulloblastoma patient samples was obtained from the R2 genomics
platform (https://hgserverl.amc.nl/cgi-bin/r2/main.cgi). The Cavalli et al., cohort which
comprises of 763 patient data including relevant clinical data and prognostic factors such
as subgroup classification (Cavalli et al., 2017). Of these, there were 144 MBgrp3 Samples
which were used as the discovery dataset for determining significant gene expression
changes that distinguished MBgre3 Subtypes according to the KEGG defined genes of the

“serine_glycine threonine” pathway.

2.4.1.2 Analysis of Newcastle MBgrps cohort

Previously generated RNA expression data from primary MBgrps patient samples (n= 36)
which included both MYC-amplified (n=9) and non-amplified (n=27) were used as a
validation cohort for gene expression changes in serine/glycine pathway in MBgres.
Hierarchical clustering and pathway analysis was performed using R statistical packages

GSEA, fGSEA and PHeatmap. Data analysis was carried out by Dr Florence Burte.

2.4.2 Immunohistochemistry

2.4.2.1 Medulloblastoma patient tissue microarrays (TMA)

Construction of medulloblastoma patient TMA and immunohistochemical staining was
conducted by Dr Stephen Crosier. Core tissue biopsies (1 mm diameter) were taken in
duplicate from individual patient formalin fixed paraffin embedded (FFPE) MB tumours
and arrayed unto a new paraffin recipient block (35 mm x 20 mm) using an automated
tissue processor (Leica TP1020 semi-enclosed benchtop tissue processor). Additionally,
samples from normal cerebellum, spleen, placenta and tumour samples from colon and
prostate adenocarcinomas were added to each TMA to act as controls for
immunohistochemical staining. In total, 199 MB specimens were included in the TMA
cohort covering the four major MB subgroups and also diagnostic/relapse pairs. The

overall cohort analysis was based on only diagnostic samples (n=183).
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2.4.2.2 Immunohistochemical staining

Parrafin embedded TMA slide sections were dewaxed in xylene for 5 min and dehydrated
in an ethanol gradient from 95- 50% followed by a 2 min wash in tap water. Heat induced
antigen retrieval was performed using 10 mM citrate buffer (pH 6) and microwave heating
for 15 min. Slides were briefly washed in tap water followed by three 5 min washes in
TBS/Tween wash buffer (50 mM Tris-HCL pH 7.5, 150 mM sodium chloride (Sigma
Aldrich, UK), 0.05% Tween 20 (Sigma Aldrich, UK). The slides were incubated with
PHGDH antibody (1:100) for one hour at RT followed by three 5 min washes in wash
buffer. For antigen detection, the Menapath X-Cell plus HRP-polymer kit (A.Menarini
diagnostics) was used. Slides were incubated with the HRP polymer for 30 min and
washed briefly with water prior to a 2 min incubation with 3, 3- diaminobenzidine. Slides
were washed in water and counterstained with haematoxylin (Sigma Aldrich) by
immersing in solution for 30- 60 sec and washing in Scott’s solution for 2 min. Slides
were dehrydrated and mounted in DPX and allowed to dry. Analysis of PHGDH IHC
staining intensity from slide sections were digitised using a Leica Scanscope Console
(Aperio C52) and analysed using the Aperio software (version 12.3.1602, Leica
Biosystems). Immunohistochemical staining and digitising was performed by Dr Stephen

Crosier. All subsequent analysis of staining intensity was performed independently.

2.4.2.3 Statistical analysis

Cox proportional hazard modelling was used to determine the influence of known
prognosticators (Subgroup, age, MYC amplification etc.) alongside PHGDH expression
and their risk to disease progression. Furthermore, Kaplan Meier survival curves were
plotted to study the association between PHGDH expression and survival outcomes. All
statistical analysis was carried out on R statistical software using the survminer and ggplot

packages.
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2.4.3 Cell viability assays

2.4.3.1 Sulforhodamine B (SRB) assay

The SRB assay is a widely used cytotoxicity assay (Vichai and Kirtikara, 2006). The
method relies on the ability of the SRB dye to bind stoichiometrically to proteins under
mildly acidic conditions which is then extracted under basic conditions. The amount of
dye bound is equivalent to cell mass/density which is then used to enumerate cell growth.
Cells were plated between 2 x 10* cells/well in a clear 96 well microplate (Corning®,
UK). Cell were treated with different growth medium conditions and pharmacological
inhibitors which are specified within results chapters. At experiment endpoint, 50 pL of
cold 50% (w/v) trichloroacetic acid (TCA) (Sigma Aldrich, UK) was added to medium
in each and incubated at 4 °C for 20 mins. Medium/TCA mixture was discarded and plates
washed 3x by submerging in a tub of water with slow running tap water. Plates were dried
overnight. Dried plates were stained with 100 pL 0.04% (w/v) SRB in 1% (v/v) acetic
acid for 15 mins. Unbound dye was removed and the plate washed with 1% (v/v) acetic
acid then left to dry. Once dried, the dye was solubilised with 100 pL 10 mM Tris base
solution (pH 10.4) to each well and shaken in an orbital shaker for 5 min. The absorbance
was measured at 570 nM in a plate reader. Background absorbance from media only wells
were subtracted from all wells. Cell viability was normalised to a control/untreated wells

using the following formula:

Absorbance of sample

0 o ere
% Cell viability Absorbance of control/untreated

x 100
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2.4.3.2 CellTiter-Glo® 2.0 luminescent assay

The CellTiter-Glo® 2.0 was used to determine cell viability by quantitating the amount
of ATP present which is an indicator of metabolically active cells. Cells were plated
between 0.5 -1 x 10* cells/well in white 96 well microplate and under various
experimental conditions. Upon endpoint, 25 pL of CellTiter-Glo® 2.0 reagent was added
to each well and placed on an orbital shaker for 5 min in the dark. Plates were kept at
room temperature for 10 min to stabilise the relative light unit (RLU) signal was then read
on a microplate reader using a luminescence filter. Cell viability was normalised to a

control/untreated wells using the following formula:

RLU ofsample
RLU of control/untreated X

% Cell viability = 100

2.4.4 Pharmacological inhibition of PHGDH

Two small molecule inhibitors of PHGDH were tested for their growth inhibitory capacity
in MB cell lines. NCT503 which is an allosteric inhibitor of PHGDH binds to the NAD+
binding pocket of the enzyme and competitively inhibits PHGDH (Pacold et al., 2016).
CBR5884 non-competitively inhibits PHGDH by disrupting oligemerisation of the
enzyme (Mullarky et al., 2016). MYC isogenics cells were pre-treated with doxycycline
as previously described in 1.2.14. Cells were then plated in a white 96 well microplate;
cell numbers are summarised in (Table 2.6). Parental MB and MYC isogenic cell lines
were treated with PHGDH inhibitors across a range of concentrations. Cell viability was

determined using CellTiter Glo as described in 1.2.14

2.4.4.1 Parental MB cell lines

In addition to the MYC inducible cell lines, parental MB cell lines were used for
pharmacological and phenotypic assessment. Altogether 9 MB cell lines with different
MYC status were utilised for validation experiments. Two of the cell lines belonged to
MBsnn to further act as non-MBgrps and non-amplified MYC controls. Details of cells

can be found in Table 2.6 and Appendix D.
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Table 2.6 List of parental medulloblastoma used in this study.

Cell line Culture medium Cell density (cells/well)

CHLA-259 DMEM (D6171), 10% 5.0x 103
FBS, 2 mM glutamine

DAOY DMEM (D6171), 10% 2.0x10°
FBS, 2 mM glutamine

D283 DMEM (D6171), 10% 5.0x 10°
FBS, 2 mM glutamine

D425 DMEM (D6171), 10% 5.0x 10°
FBS, 2 mM glutamine

D458 DMEM (D6171), 10% 5.0x 10°
FBS, 2 mM glutamine

HDMBO03 RPMI (D6171), 10% FBS, 5.0 x 10°
2 mM glutamine, 1%
NEAA

MED1 DMEM (D6171), 10% 5.0 x 10°
FBS (Gibco), 2 mM
glutamine

MEDS8A DMEM (D6171), 10% 2.5x10°
FBS, 2 mM glutamine

UWw288.1 DMEM (D6171), 10% 2.0x 103

FBS, 2 mM glutamine

2.4.5 Molecular cloning

2.45.1 Plasmids

The pLentiCRISPR-PHGDH, a gift from David Sabatini (Addgene plasmid #83913) was
supplied in bacterial hosts as an agar stab. Single colonies were obtained by streaking
bacteria on Luria Bertani (LB) plate with 100 pg/mL ampicillin and incubated for 12-18
hours at 37°C. Plasmid DNA was purified according to the protocol described in 2.4.5.2.
The pLentiCRISPR-non targeting control (NTC) a gift from Paul Sinclair, was supplied

purified.
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2.4.5.2 Plasmid DNA purification

Plasmid DNA were purified by inoculating a single bacterial colony into 30 mL of LB
broth with 100 pug/mL ampicillin and placed in a shaking incubator for 12-18 hours at
37°C. Plasmid DNA was extracted using a miniprep kit (Qiagen) according to
manufacturer’s  instructions  (https://www.giagen.com/gb/products/discovery-and-
translational-research/dna-rna-purification/dna-purification/plasmid-dna/giaprep-spin-

miniprep-kit/).
2.4.6 Lentiviral preparation

2.4.6.1 Packaging vectors

HEK293T cells were seed at 2 x 10° cells in a 10 cm? tissue culture plates and incubated
overnight.  Lentivirus production was produced using the Calphos Mammalian
transfection kit (Clontech, UK). Following manufacturer’s instructions, solution A was
prepared as shown in Table 2.7. Solution B was added dropwise to solution A with
continuous mixing. The transfection mix was incubated for 15 minutes at room
temperature. Following incubation, the transfection mix was added dropwise to plated
HEK293T cells and gently swirled. Plates were placed in a humidified incubator (as
described in 2.2.1.3) for 8 hours. Transfection medium was then replaced with fresh
medium. Virus supernatant was collected 48 hours later by collecting medium and sterile
filtering through 0.45 uM pore filter (Millipore). The supernatant was aligouted and
stored at -80 °C.

Table 2.7 Composition of solution A for transfection

Components Concentration
10 g Plasmid DNA -pL

10 pg psPAX2 -ML

5 ug pMD2.G-VSVG -uL

2 M Calcium Phosphate 112 pL

dH20 made up to 900 uL

2.4.7 Titration of lentivirus

Lentiviral tittering was performed using the Lenti-X GoStix assay (Takara Bio, UK)

which tests for the presence of lentiviral p24 as per manufacturer’s instructions. Briefly,
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20 pL of virus supernatant was applied to the sample well of a Lenti-X GoStix followed
by 3 drops of chase buffer and incubated for 10 minutes to allow lateral flow and the
appearance of a test and control band ensuring a properly functioning test. The bands are
scanned digitally and a GoValue (GV) is obtained. To obtain infectious units (IFU)/mL
for an unknown sample, a reference virus with known IFU/mL was tested on the Lenti-X
GoStix to generate a GV score. The viral titer was determined using the following

equation:

reference [FU/mL

Unk IFU /mL = unk GV x
nknown /m unknown reference GV

2.4.8 Generation of PHGDH knockout cell lines

To generate stable knockout of PHGDH in the medulloblastoma cell lines (D425, D458,
D283, HDMBO03 and DAQY), pLentiCRISPR PHGDH and pLentiCRISPR_v2 NTC
vectors were transduced in the cell lines by lentiviral infection. Cells were seeded at 5 x
10° cells in 6 well tissue culture plates and incubated overnight. Virus containing medium
for NTC or sgPHGDH was added to each well and incubated for 24h. The following day,
virus containing media was removed and replaced in growth medium containing 1pug/mL
puromycin for 7 days to select transduced cells. Knockdown of PHGDH protein was
verified by WES as described in 1.2.3.

2.4.9 Clonogenic assays

To characterise the effect of PHGDH modulation on clonogenecity, MBgrpz cells
harbouring pLentiCRISPR PHGDH or pLentiCRISPR NTC were seeded at 5 x 102 in 6
well culture plates with three biological replicates for each cell line and condition.
Following overnight incubation, growth culture media was switched to the serine/glycine
deprived medium described in Table 2.8. Cells were incubated for up to 7 days to allow
colony formation. To fix colonies, growth medium was gently removed from each well
by aspiration. The wells were subsequently washed with 2 mL of 0.9% (v/v) saline.
Colonies were fixed using cold neat methanol for 10 mins on wet ice. Colonies were then
stained using 2 mL of 0.01% (w/v) crystal violet in dH20 for 10 mins. Excess dye was
washed with dH20 and plates allowed to dry. Where appropriate, colonies were counted

using a stereomicroscope. Digital images were obtained using a camera device.
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Table 2.8 Media composition for serine and glycine deprivation experiments

Experimental condition

Media composition

Complete medium (CM)

- Serine (-Ser)

- Glycine (-Gly)

- Serine/Glycine (-Ser/Gly)

Minimum essential medium, 10%
dialysed FBS, 2 mM glutamine, 0.4 mM
Serine, 0.4 mM Glycine

Minimum essential medium, 10%
dialysed FBS, 2 mM glutamine, 0.4 mM
Glycine

Minimum essential medium, 10%
dialysed FBS, 2 mM glutamine, 0.4 mM
Serine

Minimum essential medium, 10%

dialysed FBS, 2 mM glutamine

2.4.10 Incucyte™ growth assay

MBgres cells harbouring pLentiCRISPR PHGDH or pLentiCRISPR NTC were plated at

5 x 10 cells in 96 well microplate in quadrupli

to poly-L-lysine coated plates overnight. The following day, growth medium was
changed to serine/glycine deprived medium described in Table 2.8. Cells were allowed
to grow for up to 7 days at 37°C with 5% CO> in an Incucyte incubator. Bright field
images were captured at 100x magnification at 6 hr intervals from 4 independent locations
of individual wells. Cell confluence in each resulting image was quantified using an
adapted image mask defined with the Incucyte analysis software to recognise cells in the

images. The confluence from independent well images and replicates were averaged for

each condition and plotted over time.
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Chapter 3 Investigating fatty acid oxidation in a syngeneic

mouse model of Glioblastoma
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3.1 Introduction

Glioblastomas (GBM) account for most malignant gliomas that occur in adults. Despite
a harsh treatment strategy which involves surgical resection and adjuvant
radio/chemotherapy, median survival is only improved from 12 months to 14.6 months
with treatment. There is an unmet clinical need for novel therapies to improve survival of
GBM patients. The TCGA and other subsequent studies characterised the heterogeneity
of gliomas and identified genetic mutations in the P53, RTK and Rb signalling pathway
as major contributors to GBM pathogenesis (Sturm et al., 2012, Verhaak et al., 2010,
Phillips et al., 2006) . Furthermore, IDH mutations which distinguishes a subset of GBM
is a favourable prognostic marker and is associated with younger patients (Sturm et al.,
2012, Verhaak et al., 2010). Although there has been great efforts to develop targeted
therapies for the different molecular subsets of GBM, the infiltrative nature and drug

resistance that persists in GBM makes this process challenging.

Although there is no firm consensus on the cell of origin of GBM, the putative candidate
remains the neural stem cell (NSC) population. NSCs are localised to the subventricular
zone (SVZ) of the lateral ventricles and subgranular zone (SGZ) of the dentate gyrus in
the adult brain which give rise to neurones and glial cells (Gage and Temple, 2013, Lim
and Alvarez-Buylla, 2016). Adult NSCs in the SVZ and SGZ have self-renewal capacity
and multipotency and are identified in the SVZ and SGZ by the presence of glial fibrillary
acidic protein positive (GFAP+) cells. These NSCs give rise to progenitors that have
limited self-renewal and proliferative potential fated for differentiation into different
neural cell types. This capacity supports the premise of NSCs being the likely cell type
that undergoes oncogenic transformation and give rise to malignant gliomas. Using
mouse models, some studies have shown lineage restriction of neuronal populations to
give rise to GBM. More consistently, NSCs and progenitors have the most propensity to
undergo malignant transformation and form high-grade GBMs (Alcantara Llaguno et al.,
2019, Alcantara Llaguno et al., 2015, Zhu et al., 2005).

Cell lineage markers have been particularly useful for the determination of the cell of

origin of GBMs. GFAP+ identifies quiescent NSCs, whereas Nestin stains for both NSCs

and proliferative progenitors. Lineage specific cells like oligodendrocyte progenitors

(OPCs) express specific proteins such as Oligl, NG2 and PDGFRa. Previous studies

have shown that stereotactic injections of cre recombinase expressing adenovirus into the

stem cell niche in adult mouse striatum directed against Trp53, Pten and Nf1 is capable
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of GBM formation (Alcantara Llaguno et al., 2009, Jacques et al., 2010). Although
GFAP+ is not unique to NSCs and can be found in mature astrocytes, Gfap-creER
mediated loss of Pten, Trp53 and or Rb initiates high grade gliomas localised to the
proliferative stem cell niche of the SVZ and SGZ suggesting that NSCs and not post
mitotic astrocytes give rise to GBMs. Additionally, efforts initiating tumourigenesis by
targeting astrocytes has proved largely unsuccessful (Alcantara Llaguno et al., 2009,
Jacques et al., 2010). Targeted expression of Ascl1l-creERTM mice carrying Nf1, Trp53
and Pten also induces GBMs when OPCs are targeted (Galvao et al., 2014). This further
supports self-renewal and proliferative capacity as necessary requirements for the
initiation of GBM tumours. It is noteworthy that low grade gliomas almost certainly
develop into malignant gliomas supporting the notion of a cell population that is

maintained within the tumour that is capable of sustaining cancer growth.

The molecular landscape of GBMs has been extensively covered by transcriptomic
profiling, mainly highlighting alterations in TP53, PTEN, EGFR, NF1 and RB as the most
commonly found driver mutations in primary GBMs. Despite this, there still remains a
lack of targeted therapies implemented against malignant gliomas. For instance,
preclinical evaluations using EGFR inhibitors Elortinib and Gefitinib only display weak
sensitivity in GBM tumours (Vivanco et al, 2012). Adjuvant temozolomide
chemotherapy remains a part of the standard treatment of GBMs despite only extending
survival by two months on average (Stupp et al., 2005, Stupp et al., 2009). Furthermore,
only a subset of patients benefit from TMZ therapy due to acquired resistance via the
expression of O6-methylguanine-DNA-methyltransferase (MGMT), a suicide enzyme
which alleviates DNA alkylation and counteracts the effect of alkylating therapies like
TMZ (Bosnyak et al., 2017, Hegi et al., 2005) . There still remains an unmet clinical need
for more efficacious therapies against GBMs which requires further understanding the
pathogenesis of GBM and other mechanisms that drive its aggressive and infiltrative

phenotype.

Since the identification of GBM initiating NSCs, there has been numerous studies
examining their contribution to GBM phenotypes. Not only have NSCs been shown to
initiate gliomagenesis, they have been shown to facilitate resistance to chemotherapy and
radiation therapy. Since GBM-populating NSCs are slow cycling, they evade TMZ-
induced cytotoxicity and resurge the recurrence following chemo-selective pressure
(Chenetal., 2012). Furthermore, glioblastoma neural stem-like cells (GSC), build multi-

drug resistance through elevated expression of ATP-binding cassette transporters like
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ABCBL facilitating drug efflux and limiting accumulation of anticancer drugs (Eramo et
al., 2006). Additionally, by selective activation of DNA damage response pathways,
NSCs contribute to radioresistance and GBM recurrence following treatment (Bao et al.,
2006). The lethality of GBM is also attributable to infiltration into nearby brain
structures, limiting total surgical removal of tumour which supports recurrence. The
infiltrative nature of GBMs has also been attributed to NSCs and is correlated with
Wnt5A expression and activation. Comparison of recurrent GBM to primary patient
samples revealed higher expression of Wnt5A in recurrent tumour samples supporting its
role in GBM infiltration and recurrence (Binda et al., 2017, Hu et al., 2016).

NSCs also exhibit metabolic plasticity ensuring survival in temporal fluctuations in
nutrient availability and oxygen concentrations ensuring survival and maintenance of
NSC population. Stoll et al., demonstrated that adult NSCs in the SVZ utilised fatty acids
to maintain oxygen consumption rate and were less reliant on glucose unlike terminally
differentiated neurones which exhibited differential metabolic signatures and enhanced
lactate transport (Stoll et al., 2015). Remarkably, decreased mitochondrial content and
oxidative phosphorylation is associated with reduced neurogenesis in aging NSCs
underscoring the importance of this metabolic phenotype with self-renewal capacity and
multipotency (Stoll et al., 2011). In the context of GBMs, NSCs have been shown to
exhibit metabolic plasticity utilising glucose and fatty acids for energy production (Lin et
al., 2016, Mashimo et al., 2014). Although the Warburg effect is reported for GBM,
Marin-Valencia and colleagues reported metabolic complexity of glucose utilisation in
GSCs. 13C -glucose labelling showed oxidation of glucose via the TCA cycle and glucose-
derived anaplerosis even with large pools of glutamine. Furthermore, this oxidative
phenotype was associated with GBM growth and aggression (Marin-Valencia et al.,
2012). Notably specific GSC populations exhibit a higher propensity to undergo
metabolic switch following inhibition of oxidative or glycolytic pathways and exposure
to hypoxia. Remarkably, the metabolic adaptation to hypoxia was reversible when GSCs

were re-oxygenated (Shibao et al., 2018).
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The characterisation of intertumoural heterogeneity across GBM subtypes revealed
numerous somatic mutations in growth factor- related and tumour suppressor pathways.
Additionally, lineage specific markers contribute to the classification of these subgroups,
like the neural subgroup being enriched for neuronal lineage markers but the impact of
the cell of origin is not well understood. The use of multi-omics for GBM classification
robustly clusters paediatric, adolescent and adult GBMs based on somatic mutations,
copy number alterations and epigenetics (Verhaak et al., 2010, Sturm et al., 2012). These
advances are promising in the efforts to reveal lineage specific origins of GBM. Subgroup
classifications from medulloblastoma highlight the contribution of lineage specific
tumour initiation events namely in the WNT and SHH subgroups which arise from
mutations in these developmental pathways in dorsal brainstem progenitors and the
granule neurone progenitors in the cerebellum, respectively (Gibson et al., 2010). The
advent of more sophisticated NGS of DNA methylation, single nucleotide
polymorphisms and copy number variations will aid work to establish the importance of
lineage specific tumour initiating cells (TIC) and their contribution to the GBM biology
and heterogeneity. GSCs also shunt glucose into anabolic pathways like the PPP
suggesting alternative glucose utilisation in GBM contributing to rapid division. Owing
to spatiotemporal variations in nutrient access and oxygen tensions, bulk tumours are
characterised by hypoxic regions which ultimately influence the phenotype of GSCs.
Tumour hypoxia upregulates glycolysis through stabilisation of HIFla and promotes
migration of GBM cells whereas in the normoxia is associated with upregulation of
anabolic pathways like PPP driving GSCs proliferation (Kathagen et al., 2013). The
duality of GSC function in GBM undoubtedly contributes rapid proliferation and

expansion of GBM cells under harsh conditions.

In order to facilitate the progression of drug development from ‘bench to bedside’, in
vitro and preclinical studies must utilise more clinically relevant models of GBM. The
artificialness of most in vitro culture conditions further potentiates this problem leading
to many drug candidates that ultimately fail in vivo. Lee et al., demonstrated that primary
tumour-derived glioma stems cells recapitulated the gene expression patterns and biology
of parental tumours when cultured in serum free medium (Lee et al., 2006). In fact, the
addition of serum led to loss of stem cell-like characteristics including loss of lineage
markers such as Nestin and Sox2. It is desirable for efficacy studies to be conducted in

more sophisticated models that also resemble the primary disease.

92



A well-established GBM model exploits orthotopic transplantation of oncogenically
transformed mouse neural progenitor cells (NPCs) in an immunocompetent mouse
(Mikheev et al., 2009). Isolated NPCs from the SVZ of adult mice are transformed by
over-expressing Ha-Ras and HPV18 E67 which inhibits both the p53 and p16/Rb axis.
The age of NPCs at time of transformation influenced the tumour biology where older
NPCs (12 or 18 months) induced malignant gliomas characterised by increased
cellularity, large-cell anaplasia, proliferation and infiltration into surrounding
parenchyma. The maintenance of host immunity, an intact blood brain barrier and a
dynamic tumour microenvironment make syngeneic models useful for evaluating tumour
biology and testing of pharmacological compounds. Since metabolic reprogramming is
thought to facilitate the GBM growth and aggressiveness, exploring alterations in these
pathways may provide novel therapeutic opportunities. Of interest in particular, is the
usage of alternative fuels such as fatty acids via the B-oxidation pathway in GBM. Lin et
al., provided evidence for utilisation of fatty acids by GBM stem cells to support growth
and respiration (Lin et al., 2016). Importantly, the oxidative metabolic phenotype is
consistently linked with the neurogenic capacity of normal NSCs and GSCs. Targeting
this distinct population of GBMs in addition to other anti-proliferation agents may further
regress GBM growth.
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3.2 Aims

The aim of the study was to expand work previously carried out on targeting fatty acid
oxidation as a therapeutic strategy in GBM. As a lipophilic drug, etomoxir crosses the
BBB. For this study, the plan was to utilise a novel formulation of etomoxir with increased
brain penetrance. The overarching aim was to establish whether combination of FAO
inhibitor etomoxir and standard chemotherapeutic agent temozolomide, would be more
effective for slowing tumour progression in a mouse model of GBM. In this chapter, a
pilot in vivo study assessing tumour development and metabolic changes associated with
combination therapy was explored using MR imaging and *H MR spectroscopy. The

objectives of the study were to:

— Optimise imaging strategies for monitoring tumour progression in a mouse
model of glioma.
— Determine tumour latency and progression using optimised MR imaging

sequences

— Explore neurochemical changes associated with disease and treatment

response using MRS.

94



3.3 Results

3.3.1 Monitoring tumour development in an in vivo mouse model of GBM

3.3.1.1 Generation of syngeneic mouse model of glioblastoma.

To investigate the effect of fatty acid oxidation inhibition in combination with the
standard therapeutic agent temozolomide, we employed the syngeneic model of glioma
described by Mikheev et al., which involves orthotopic transplantation of transformed
mouse progenitors into mice with the same genetic background (Mikheev et al., 2009).
This mouse model recapitulates the human disease and is a clinically relevant model for
pharmaceutical testing. The pilot study followed previously established protocols for
generating syngeneic mouse models, commencement of drug treatment and clinical
monitoring. For this study, 12 month old oncogenically transformed NPCs were used for
transplantation over younger aged NPCs due to associated age-related increase in
malignancy and shorter tumour latency (Mikheev et al., 2012). C57/BL6 mice were
transplanted with NPC via stereotactic injection delivering cells to the striatum of mouse
brain (performed by Dr. Elizabeth Stoll). Animals were allowed to recover and were
clinically monitored daily until study endpoint (Illustrated in Figure 3.1 A). Clinical
scoring was used as a measure of health that scored mice based on weight, posture and
cognitive function (Appendix 8.1). After a 14 day period to allow the formation of
dysplasia and recovery from surgery, mice were blindly assigned to the treatment groups:
untreated n=2 (vehicle control); etomoxir n=2 (ETX); temozolomide n=2 (TMZ); and
combination n=2 (ETX plus TMZ) group. Administration of the drugs was staggered to
reduce potential toxicity and to reflect the cyclical nature of human TMZ dosage
administration. Mice were given vehicle control or 67 mg/kg of TMZ which was
administered intraperitoneally for 5 days before commencing on a daily gavage of vehicle
control or 10 mg/kg of ETX (Figure 3.1 B). In order to limit gavage related injury in the
cohort, gavage was limited to a 90 day period from which ETX, (which is lipophilic) was

delivered by self-administration via solidified coconut oil pellets (Appendix 8.2).
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Figure 3.1 Hllustration of in vivo study timeline. A) Oncogenic NPCs are orthotopically transplanted in the striatum. Animals are clinically scored and monitored
for the duration of study. TMZ/Vehicle is administered for 5 days following a 14 day recovery period. ETX is administered orally for the duration of study via

gavage or solidified oil pellets. Invivo MR images are acquired at 14 day intervals until clinical/study endpoint. B) Scheme of drug treatment group



3.3.1.2 Establishing and optimising imaging sequences for visualising brain structures

In this syngeneic model, oncogenic NPCs were implanted into a region of the striatum to
generate GBMs. In order to detect and image structural changes associated with tumour
formation within normal brain parenchyma, an array of MRI imaging sequences with different
T1/T2 weightings were adopted and optimised to observe grey and white matter structures in

the brain.

Figure 3.2 MRI images of coronal slice sections of mouse brain acquired using four SEMS
sequences. Posterior to anterior (left to right) MR images of anatomical structures within mouse
brain was acquired using the following SEMS sequences A) TR 1000 ms TE 20 ms B) TR 1000 ms
TE 20 ms with inversion recovery C) TR 1100 TE 60 D) TR 1600 TE 85 ms. Blue arrow depicts

corpus callosum. Green arrow depicts lateral ventricles.
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The four separate spin-echo multi slice (SEMS) sequences were optimised and utilised in the
study. As shown in Figure 3.2, images acquired from the different SEMS sequences achieved
differences in tissue contrast. Sequence 1 (Figure 3.2A) had a higher signal to noise but
provided limited information on brain structures. For instance, the most noticeable region
observed is corpus callosum in lane 4. However, adding an inversion sequence to the sequence
1 led to more distinct brain regions being visualised (Figure 3.2B), particularly the lateral
ventricles became more noticeable. The addition of sequence 3 and 4 resulted in regions of the
brain with high CSF being visualised although this image type suffered from a loss of signal
and high noise (Figure 3.2D, E). The contrast enhancement from sequence 3 and 4 highlighted
tissue injury/scarring including surgical transplantation site. In combination, the 4 SEMS
images were deemed appropriate for the detection of tumour growth due to the differences in

image properties highlighting distinct brain regions and structures.

3.3.1.3 Monitoring tumour formation

The imaging protocol previously described was used to catalogue changes in brain structure
that occurred over time following tumour initiation. During the course of this study, tumour
development only occurred in untreated mice. Development of tumour was detected in control
animals (M079, M095) across all MRI image sequences. Emergence of tumour, and distorted
brain regions was detected at an earlier time point using the longer TE sequences (Sequence
3& 4) compared to shorter TE images with or without an inversion sequence (Appendix 8.3).
Furthermore, the appearance of MRI visible tumour corresponded with clinical symptoms (e.g.
weight loss and tumour associated seizure). Mice receiving any one of the treatment arms
maintained normal brain architecture and no visible alterations were detected across MRI

images during the course of the study (Figure 3.3).
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Figure 3.3 Comparison of tumour development across drug treatment groups. MRI images of
coronal slice sections of mice treated with vehicle (M095), 100mg/kg ETX (M092), 67mg/kg TMZ,

(M093) or combination (M098). Red arrows indicate presence of tumour across MRI slice sections.

3.3.1.4 Assessing tumour histology in tumour burdened animals

When mice reached euthanasia criteria or study endpoint, brain tissue samples were collected
to evaluate clinical histology. Brain tissue was sectioned and stained with H&E to evaluate
tumour/brain histology. Extensive tumour progression was visualised throughout coronal slice
MRI images in control animals and histological assessment corresponded with these findings
(Figure 3.4). Tumours resembled previous histological classification of high grade anaplastic
astrocytoma (WHO Grade |11 or IV GBM). Although cells were transplanted into striatum,
tumour cells had infiltrated surrounding cortices and across midline. Initial MR images of
tumours revealed differences in contrast within the tumour suggesting differences in tissue
characteristics. Histological evaluation further confirmed tumours were also characterised by

necrotic and haemorrhaged regions
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Figure 3.4 Histological confirmation of glioblastoma bearing mice identified by MRI. A) SEMS
sequence 1 images of anterior to posterior coronal slices of tumour burdened M095 at day 109. B)
Endpoint histology using H&E staining confirming presence of tumour (dark blue arrow) with

haemorrhaged regions (green arrow) and infiltration across midline (light blue arrow).

3.3.1.5 Kaplan Meier curve of the four groups alongside clinical performance.

The primary aim of this study was to monitor the development of tumour progression in this
model of GBM. Mice enrolled in the study underwent treatment in order to establish a suitable
dosing regimen for maintaining a long term therapy cycle mimicking patient treatment
protocols. Although the size of the cohort for this study was not sufficiently powered to
determine differences in the efficacy of treatment, there was a clear difference between the
untreated group and each of the drug treatments, i.e. disease progression in untreated mice was
faster compared to animals treated with TMZ, ETX and in combination. Treatment delayed
tumour onset and no MR visible tumours were observed in these groups (Figure 3.5). Mice that
only received vehicle were euthanised due to tumour burden, decline in health and reaching
euthanasia criteria determined by clinical score. It was not possible to determine differences
between the treatment arms due to reaching study endpoint. For instance it was not determined
whether etomoxir in combination with temozolomide improved survival when compared to

monotherapies.
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Figure 3.5 Comparison of survival across drug treatment groups. Kaplan Meier survival curve of
glioma bearing mice treated with 100 mg/kg ETX, 67 mg/kg TMZ or combination. (n=2 per
treatment group). Mice receiving vehicle control survived until day 81 and 116. One mouse in the
TMZ group was euthanised for welfare reasons unrelated to tumour formation. The whole cohort
was euthanised at day 138 at study endpoint.

3.3.2 Evaluating the feasibility of monitoring neurochemical changes during tumour
development

MRS is a useful non-invasive technique for gathering biochemical information from tissues. It
was hypothesised that the presence of dysplasia/tumour would alter brain metabolite
abundances due to the differences in metabolic requirements and altered metabolic phenotype
that is frequently observed in many cancers including GBM. In order to obtain in vivo MRS
spectra, regions of interest (ROI) were selected based on SEMS sequence 1 images. ROIs were
chosen directly on striatum and near transplantation side (ipsilateral) and on normal striatum
(contralateral) hemispheres (Figure 3.6).
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Contralateral Ipsilateral

Figure 3.6 Scheme of ROI selection from SEMS sequence 1 MRI images. PRESS sequence TR=
2000 and TE= 8ms was acquired from 1mm voxel were placed in striatum on both brain
hemispheres

3.3.2.1 Detection of brain metabolites

In vivo MRS was utilised in order to assess neurochemical changes in mouse striatum during
development of GBM. Metabolite profiles in addition to MRI imaging could aid the early
detection of tumours and monitoring treatment response. In vivo NMR spectra were acquired
every 14 days across 2 ROIs (Figure 3.7). NMR spectra was pre-processed (phasing and
baseline correction) and quantified using TARQUIN software. Analysis of metabolites were
performed on metabolites detected in both ipsi-/contralateral hemispheres which had Cramer-
Rao lower bound (CRLB) of <25%. CRLB thresholds have previously been used as an
indicator of measurement precision and accuracy of fitted metabolites (Cavassila et al., 2001).

Results for M079 are reported in Figure 3.7.
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Figure 3.7 Concentrations of brain metabolites quantified by TARQUIN from NMR spectra for M079 (control). Creatine (Cr), glutamine (GIn), glutamate
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scans, error bars = CRLB. Only metabolites that satify CRLB cutoffs are presented for each day.



Although several metabolites were detected in M079, there was a lack of consistency across
days of acquisition. Creatine was consistently (confidently assigned in the 4 time points)
detected in both ipsilateral (tumour bearing) and contralateral (normal striatum) hemispheres
over time. The largest changes in brain metabolites was observed at day 78 (Figure 3.7).
Creatine, inositol, taurine and glutamine were increased in the contralateral region.
Additionally, an MR visible tumour was detectable at day 78 (Appendix 8.3). There were no
observable differences at day 80 despite a visible MR tumour. Notably, the number of
metabolites detected was less compared to day 78. With a lack of reliable metabolite detection,
it cannot be concluded whether these changes are tumour associated or a result of day to day

variation in MRS measurements.

3.3.3 Metabolic characteristics of oncogenically transformed mouse neural progenitor
cells using one dimensional *H NMR

Due to the challenges of metabolite detection and quantification from in vivo MRS, we
employed in vitro NMR spectroscopy to evaluate the biochemical changes that may occur in
response to treatment with etomoxir and temozolomide. Furthermore, in vitro NMR has the

advantage of improved signal resolution resulting in the identification of more metabolites.

Samples were not initially collected from animals for ex vivo metabolite assessment therefore,
transformed mouse NPCs (3 month, 12 month), which are the cell of origin for this GBM
syngeneic model were cultured in vitro and treated with 100 pM etomoxir, 100 pM
temozolomide and combination of the two drugs for 24 h and cell pellets collected for in vitro
'H NMR spectroscopy. Cell pellets were lysed in D20 for metabolite extraction. NMR spectra
was acquired at high field strength (16 T) on a 700 MHz instrument resulting in good quality
spectra. Metabolites were detected in the upfield (5-12ppm) and downfield (0-5ppm) regions
of the spectra. Metabolite identification was focused on the downfield region due to better

characterisation of that region.
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Figure 3.8 Multivariate analysis of *H NMR metabolite profiles of drug treated oncogenic NPCs. A) Unsupervised PCA analysis on the spectral bins of

oncogenic NPCs treated with vehicle control, ETX, TMZ and combined groups (n=4 for each treatment condition). 3 month and 12 month NPCs were used

as biological replicates (n=2 per drug condition). B) Clustered heatmap analysis of spectral bins for each treatment group. Red indicates an increased

and blue a decrease in signal intensity. Spectral bins for each sample were normalised to the sum of total bins from the 0-5ppm spectrum region.
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Following acquisition, spectra were pre-processed and binned into 0.04ppm regions.
Multivariate analysis was carried out on the spectral bins from each sample to identify
treatment related changes. Principal component analysis (PCA) revealed no obvious clustering
patterns across the sample groups (Figure 3.8 A). To further elucidate variations between
sample groups, spectral bins and their respective metabolite intensities were used to generate a
clustered heatmap. As shown in Figure 3.8B, two clusters were apparent from this analysis.
Surprisingly, the samples were ordered based on the different biological replicates. The two
branches of the hierarchical cluster were related to the differently aged mouse NPCs (3 and 12
month NPCs). It is worth noting that the 3month NPCs were more ordered according to
treatment group. With the knowledge in hand of possible variations with the samples, the PCA
and more supervised clustering were revisited with class identifiers based on differently aged
NPCs.

Distinct metabolic signatures were observed for 3 month and 12 month mouse derived
oncogenic NPCs. The overview of PCA using 5 principal components revealed two distinct
clusters with PC1 and PC2 accounting for around 66% of the variance (Appendix 8.4). The
clusters were separated based on cell lines (i.e. 3 month or 12 month NPCs) and were
independent of drug treatment (Figure 3.9). Inspection of the PCA loading plots revealed
regions that contributed to separation. Elimination of these regions from spectral analysis
reduced separation and resulted in no apparent clustering of the samples. Additionally, there
were several bin regions that were significantly altered (p < 0.05) between the two biological

cell lines (Appendix 8.5).
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Figure 3.9 Unsupervised PCA analysis reveals variation in metabolic profiles of 3 and 12 month derived mouse NPCs. A) PCA score plot of 3 and 12

month NPCs treated with 100 uM etomoxir, 100 uM temozolomide, combined and vehicle control (n=2) B) Hierarchical clustering of samples.



To further characterise the metabolic differences between the differently aged mouse NPCs,
concentrations of identifiable metabolites from untreated control NPCs were determined and
normalised to NAA content (Figure 3.10). The 3 month NPCs where characterised by high
creatine and signals from lipids. However, the 12 month NPCs had higher myo-inositol,
taurine, alanine and branched chain amino acids; valine, leucine and isoleucine. The two
differently aged NPCs had altered ratios of choline based metabolites. 12 month NPCs were
characterised by high phosphocholine whereas 3 month NPCs had higher choline levels. Ratios

of glutamine and glutamate were comparable in the NPCs.
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Figure 3.10 Metabolic profiles of differentially aged oncogenic NPCs. A) Representative *H NMR
spectra of Oncogenically transformed mouse NPCs A) 12 month NPC B) 3 month NPC. The
spectral regions 0.5- 4.5 ppm are shown. Regions containing solvent contamination were removed.
Metabolite assignments (1); Valine, Leucine, Isoleucine (2); Lipid CH- (3); Lactate (4); Alanine
(5); NAA (6); Glutamine (7); Glutamate (8); Hypotaurine (9); Dimethylamine (10); Creatine (11);
Choline (12); Phosphocholine (13); Glycerophosphocholine (14); Taurine (15); Myo-inositol (16);
Glycine B) Comparison of relative metabolite levels in 3 month and 12 month oncogenic NPCs.

Metabolite signal integrals of control 3 month and 12 month (n=2) was normalised to NAA.
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3.4 Discussion

This chapter employed an established mouse model of GBM to study the effect of FAO
inhibition in combination with temozolomide in malignant gliomas. Tumour growth was
monitored using MRI and MRS to capture changes in brain structure and metabolites.
Furthermore, in vitro metabolite profiling of mouse oncogenic NPCs, the cell of origin used in
the syngeneic model revealed age associated metabolic changes that were independent of drug

treatment.

3.4.1 The syngeneic mouse model of GBM provides a tool for studying tumourigenesis
and pharmacological testing

Animal models of GBM provide a useful tool for assessing pathology, identification of novel
therapies and preclinical evaluations. In this study, the syngeneic model of GBM was employed
as a model for monitoring tumour progression and also for pharmacological testing. Orthotopic
transplantation of oncogenic mouse NPCs resulted in the formation of MR visible tumours with
latency around 80 days (Figure 3.3). Using a 7T MRI, four SEMS sequences with different
T1/T2 weightings were used to determine macroscopic anatomical changes from tumour
development. Histological assessment confirmed presence of tumours along with clinically
identifiable pathological features of human GBM including anaplasia, necrotic regions and
infiltrating cells. Upon visualisation of MR visible tumours, there was rapid decline in clinical
performance limiting the ability to gather more imaging data. It is worth considering other tools
such as contrast enhancing agents to improve resolution of tumour visualisation and secondly
imaging at shorter intervals, (e.g. 7 days) which could help earlier detection of tumour. This
study also highlighted the benefit of different weighted MRI images in aiding in the detection

of tumour at earlier time points.

In this study we tested the combination of etomoxir and temozolomide in our murine model of
GBM. Although this study was not statistically powered to test the efficacy of treatment arms,
for all of the treatments, the timing and dosage resulted in failure of any tumours to grow during
the study time period: this meant it would be impossible to distinguish between the effects of
ETX, TMZ and the combination (Figure 3.5). Possible considerations for a future efficacy study
would be to commence treatment at a later time point where there was increased tumour burden
which enables the determination of which treatment/combination decreases tumour progression
or indeed causes regression. The dosing schedule adopted in this study sought to limit drug

induced toxicity of the combination by adopting staggered delivery where TMZ dosing
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mimicked clinical chemotherapy scheduling (5 days on, 25 days off). Although no immediate
drug related toxicity issue arose in the combination group, TMZ in this study was only
administered for one cycle and thus prolonged toxicity could not be assessed. Additionally,
during the course of the study, mice receiving etomoxir administered continuously did not

suffer any toxicity (ETX alone and Combination n = 4),

Etomoxir alone performed as well as temozolomide in delaying onset of MRI visible tumours.
The study however did not determine whether combination of these drugs would further
improve survival outcome. An efficacy study with larger cohort and alternative dosing regimens
is required to establish whether inhibiting fatty acid oxidation in conjunction with standard
GBM chemotherapy can prolong survival. Due to the aggressive nature of GBMs, development
of resistance remains a caveat to treatment and often limits potential of monotherapies.
Combinational strategies seeking to improve/potentiate the effect of temozolomide have been
posited as strategy to overcome this. A recent phase 3 trial on the combination of lomustine and
temozolomide in newly diagnosed GBM patients with MGMT promoter methylation and who
had undergone tumour resection observed an improvement in overall survival (48.1 compared
to 32.6 months with TMZ alone) (Herrlinger et al., 2019). Other advances in combination
therapy also focus on drug delivery. Especially because drug discovery efforts are limited by
blood brain barrier penetrance of pharmacological agents. Using tumour targeted nanoparticles
for drug delivery, temozolomide and bromodomain inhibitor JQ1 showed enhanced efficacy
and reduced systemic toxicity in an orthotopic/immunocompetent GBM mouse model (Lam et
al., 2018).

Fatty acid catabolism is a major contributor to acetyl-coA pools and ATP production in
malignant glioma. Although the notion of upregulated glycolysis has persisted as the
predominant metabolic feature of GBM, emerging evidence suggest that this may not capture
the biological diversity of GBMs. FDG-PET as an imaging modality is unsuitable for detection
of gliomas due to the high uptake and glycolytic nature of neuronal cells which increases
background. Early clinical studies and subsequent meta-analyses determined that FDG-PET as
an imaging modality does not consistently detect presence of GBMs. In fact, 40% of recurrent
GBMs do not show evidence of FDG uptake despite evidence of tumour from contrast enhanced
MRI images (Chen et al., 2005). Previous studies have shown that only 50% of acetyl-coA was
glucose derived in GBMs. Using 3C metabolic substrates, Mashimo et al., showed using *C
infusions in human GBM patients that other fuel sources including acetate contributed to acetyl-
CoA pools (Mashimo et al., 2014). Fatty acid oxidation has been reported in several cancers

including breast cancer where MYC overexpression in triple negative breast cancer drives
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upregulated fatty acid oxidation (Camarda et al., 2016). Pharmacological inhibition of CPT1
alters glioma metabolism and reduces proliferative capacity in vitro and in vivo (Lin et al.,
2016). This feature is however observed in GBM stem cells not exposed to serum. It is likely

that the use of serum may have limited this feature being observed by several studies.

There are several theories as to how targeting two very distinct pathways could lead to a more
effective therapeutic intervention; firstly causing two injuries to cancer cells creates a larger
hurdle to overcome, cooperation/synergistic effects and targeting distinct tumour cell
populations. Previous studies have shown that inhibiting energy metabolism can potentiate the
effects of genotoxic drugs. For instance, an increase in FAO and OXPHOS mediated by AMPK
is observed as an adaptive response to DNA damage due to a decrease in NAD+ and ATP levels
(Brace et al., 2016). Therefore it could be posited that, dual targeting using temozolomide and
etomoxir could lead to crisis whereby ATP and biosynthetic products required in the repair

process are limited and therefore leads to cell death due to unrepairable DNA damage.

3.4.2 Considerations for in vivo spectroscopy for the detection of brain metabolites

In vivo spectroscopy is an attractive tool for non-invasively profiling neurochemical changes
associated with disease pathophysiology. Monitoring tumour-associated biochemical changes
could inform or refine hypotheses regarding metabolites, in particular lipids and their role in
GBM progression. In our study, MRI guided spectroscopy was utilised to gather such
information however, metabolites were not consistently detected across imaging days to
reliably inform on biochemical changes. At the occurrence of an MR visible tumour of M079
at day 78, there were corresponding changes in metabolites namely creatine, inositol and taurine
which have been previously reported as indicators of malignant gliomas (Law et al., 2003, Yerli
et al., 2007, Kousi et al., 2012). Other studies have used metabolite ratios to evaluate presence
of tumour, tumour grading, image guided radiotherapy and also therapy response (Bluml et al.,
2016, Choi et al., 2012, Guo et al., 2012, Kumar et al., 2014, Law et al., 2003, Mlynarik et al.,
2012, Cao et al., 2017). For instance metabolite ratios of Cho/NAA or NAA/Cr have previously

been used a malignancy markers of cerebral gliomas.

Although we identified some changes in metabolite profiles at some study time points, there
was low confidence in the metabolite detection in this study. MRS has its inherent limitations
which were not entirely addressed. The acquisition parameters used a very short TE (8ms)
which although it captured various metabolites, the spectra contained overlapping peaks
particularly in the lipid/lactate region. Shorter TE sequences require high magnetic field

homogeneity in the tumour (or contralateral) region to reduce water contamination and
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metabolite overlap. This depends on the consistent success of the shimming protocol and that
can be difficult to achieve. In this study this caused increased baseline artefacts which decreased
signal to noise ratio (SNR) resulting in a reduced number of metabolites that were confidently
fitted/assigned by TARQUIN.

Various studies have utilised a 35 ms TE for short echo time acquisitions for in vivo MRS in
preclinical and patient studies. Protocols tend to implement automated shimming like
FASTMAP for field homogenisation in single voxel MRS acquisitions (Juchem and de Graaf,
2017). Another important factor for longitudinal metabolite profiling is voxel size and
consistent placement. MR imaging does not capture the dysplasia following transplantation of
oncogenic NPCs which made voxel placement and ROI selection early on in the study difficult.
However, the voxel size of 1mm spanned a large region of striatum enabling profiling in a
tumour associated region. In order to improve precision, voxel placement reliability could be
assessed within a session acquiring two different spectra from a second voxel replacement to
identify variations or overlap which may inform on consistency/reliability of metabolites

profiled.

An alternative to an in vivo metabolite profiling could be ex vivo MRS which compares tumour
metabolites to adjacent tissue metabolites. In vitro and ex vivo NMR acquisitions could benefit
from higher field strength spectrometers, increased SNR and more metabolites detected.
HRMAS is spectroscopic technique that allows solid state NMR acquisition therefore no
extraction is required and lipids are retained in the sample. One dimensional *H NMR with D20
lysis similarly achieves this and lipid moieties are observed. Future work is therefore required

to optimise in vivo MRS and can be further validated by comparing to ex vivo analysis.

3.4.3 Invitro NMR spectroscopy reveals age-associated metabolic changes

Owing to the difficulties of in vivo MRS, we utilised in vitro spectroscopy at high field strength
to inform on changes in intracellular metabolite abundances related to treatment in oncogenic
NPCs (cell of origin in the syngeneic GBM model). Oncogenic NPCs were treated with
etomoxir, temozolomide and combination for 24h. Initial analysis of the spectral bins using
PCA did not reveal obvious clustering patterns suggesting little discernible differentiation in
metabolite levels between drug treatment groups. However, hierarchical clustering and heatmap
analysis revealed a distinct cluster between biological replicates which were NPCs derived from

different aged mice.
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Investigation of relative metabolite levels revealed that 12 month NPCs had high levels of
taurine compared to 3 month NPCs. Taurine has previously been reported as a malignant feature
of glioma cells. Although not entirely clear the role it plays in GBM, recent evidence suggest a
role in regulating oxidative stress and possibly influencing the levels of classical ROS
scavengers such as glutathione (Yildirim and Kilic, 2011). Differences in choline related
metabolites were also observed in the different aged NPCs. Phosphocholine was markedly
increased in 12 month NPCs. Others have shown a relationship between increasing ratios of
choline-containing compounds to NAA and increasing tumour grade in glioma (Guo et al.,
2012). Interestingly, 3 month NPCs had more detectable lipids which may be a result of
increased fatty acid synthesis or slower catabolism. Increased lipids are normally associated
with increasing glioma grade, in this context, the 3 month NPCs have a lower malignancy
potential. It is noteworthy that only the lipid-CH> species at 1.28 ppm was quantified from
NMR spectra. To further characterise lipid abundance in the NPCs, more sensitive lipidomics
techniques would reveal the differences in a greater number of lipid species. Furthermore,
staining for lipid droplets could highlight differences in abundance and also dynamics with
other cellular components. For instance, whether lipid droplets in either NPCs localise to the

mitochondria where FAO occurs.

Previous studies have highlighted alterations in protein expression of metabolic enzymes in
aged NPCs. Notably, differences in the malignancy potential of aged NPCs is observed
(Mikheev et al., 2012, Stoll et al., 2011). The differences in metabolite abundances in the
differentially aged NPCs is likely a result of different metabolic programs, which ultimately
lead to differences in tumour latency and malignancy following orthotopic transplantation.
Changes in the expression and activity of key enzymes may underlie differences observed in
metabolite levels. Other variations may result from post-translational modifications in key
enzymes, impacting catalytic activity. Further work using more replicates is needed to confirm
differences in the metabolic phenotype of these cells. Additionally, the untransformed aged
NPCs could be profiled and matched to their oncogenic counterparts to establish whether

metabolic features are maintained or lost during the transformation process.
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Although our in vitro profiling did not reveal treatment associated changes, the experimental
conditions may not have been optimised to detect this. Temozolomide is a DNA alkylating
agent (prodrug) and so its effect may manifest at a later time point than 24h. To assess these
changes, using multiple time points (i.e. 24, 48, 72h) may indeed highlight treatment related
metabolic changes. Although the 3 and 12 month NPCs have differences in their metabolite
profiles, it would be interesting to assess whether despite the difference in basal metabolite

levels if treatment-induced changes displayed similar patterns.

Taken together, initial pharmacological testing of etomoxir and temozolomide in a syngeneic
model of GBM has highlighted the promise of these agents as therapeutic intervention for
GBM. Furthermore, the testing of agents in clinically relevant models of the disease is likely
to the aid the development of more translatable therapies for malignant gliomas. This study has
highlighted the usefulness of NMR based metabolic profiling for features that are indicative of
differences in metabolic and cellular phenotype. Altered metabolism is a hallmark of cancer
and the utilisation of metabolic profiling may provide a useful tool for identifying
biological/malignant features, subgroup differences and biomarkers of GBM and other brain
malignancies. Differences in metabolites which are indicative of metabolic processes may
provide novel opportunities for therapeutic targeting and assessment of therapy response. The
usefulness of metabolic profiling in identifying phenotypic and metabolic characteristics led to
its utilisation in characterising metabolic alterations associated with MYC amplification in

medulloblastoma is the covered in the subsequent chapters.
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Chapter 4 Characterising the bioenergetics of MYC-amplified

group 3 medulloblastoma
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4.1 Introduction

MYC amplifications are the most notable genetic abnormalities in MBgres (Taylor et al.,
2012). Oncogenic MY C functions outside of the normal cellular regulatory mechanisms
governed by growth factor stimulation and nutrient sufficiency. MYC exerts control over
gene expression programmes through transcriptional activation/repression following
binding to DNA regions termed E boxes or to non-consensus DNA binding sites.
Deregulated activity of MYC may arise through amplification, translocations to
enhancers and stabilisation of MYC protein itself (Boxer and Dang, 2001). There are
numerous mechanisms by which MYC can drive transformation; by augmenting the
existing gene expression programme within a cell-specific context without great
specificity; or in a more refined manner which is driven by chromatin accessibility and
interaction with other transcriptional regulators (Nie et al., 2012). Given the highly
dynamic nature of metabolic pathways; responsiveness to micro-environmental changes
and plasticity of metabolic networks, it is likely that MYC acts in between general
amplification and specificity to ensure metabolic constraints do not persist to limit
proliferation but respond dynamically to ensure survival in a harsh tumour

microenvironment.
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Figure 4.1 MYC-driven reprogramming of cellular metabolism to fuel rapid cancer cell growth. MYC promotes aerobic glycolysis (Warburg effect) by
transcriptionally regulating several glycolytic enzymes and glucose transporters. MYC upregulates glutaminolysis as an alternative fuel source and to support
TCA anaplerosis. Enzymes and transporters directly regulated by MYC are indicated in blue and indirectly regulated in orange. Adapted from Li and Simon,

2013.
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Early indications of the ability of MYC to regulate the expression of metabolic enzymes
were from the highly conserved E-boxes found in proximal promoter regions of the LDHA
gene (Shim et al., 1997). Further work using RNAseq and ChiPseq has uncovered wide
reaching regulation of several metabolic enzymes making up a diverse aspects of cellular
metabolism (Dang et al., 2006). MYC driven cancers have been shown to have increased
expression of enzymes involved in glycolysis and glutaminolysis (summarised in Figure
4.1). Particularly, MYC has been shown not only to increase expression but to increase
specific mMRNA splice variants as seen in the cases of PKM2 which is frequently
associated with cancer phenotypes (Mazurek, 2011, Mazurek et al., 2005). In addition to
altering the enzymatic landscape, MYC also upregulates nutrient transporters such as
GLUTL1 (SLC2A1) and ASCT2 (SLC1Ab5) to ensure continuous and adequate supply of
nutrients to metabolic enzymes. Furthermore, transporters support the efflux of metabolic
byproducts and in the case of increased glycolytic flux, upregulation of MCT1 and MCT4
is also observed. Expression of MCT4 is regulated by HIF1-a more commonly, however
MCT1 is more commonly associated with MYC (Ullah et al., 2006, Pinheiro et al., 2012).
The relationship between MYC and the glycolytic phenotype is further highlighted by
RNAI and pharmacological studies targeting aspects of glycolysis which have been
shown to be detrimental to MYC-driven cancers (Broecker-Preuss et al., 2017, He et al.,
2015, Tateishi et al., 2016).

Glutamine addiction is frequently observed in MYC driven cancer in vitro and in vivo.
Glutaminolysis is not a universal phenomenon of all cancer cells and is not directly linked
to cellular growth but rather has been associated with oncogenic events. Overexpression
of Myc in MEFs resulted in increased expression of glutamine transporters and
glutaminases. Glutamine derived carbons are not necessarily used for biosynthetic
requirements but to ensure TCA anaplerosis particularly since glucose is diverted away
from being oxidised in the mitochondria. Glutamine derived a-ketoglutarate replenishes
the TCA cycle ensuring mitochondria function. MYC transformed cells are particularly
sensitive to glutaminase inhibition which has been suggested as a therapeutic strategy for
these cancers. In fact, the specific function of glutamine utilisation has further been
supported by experiments where GLS inhibition has been rescued using cell permeable
a-KG (Wise et al., 2008, Yuneva et al., 2007).
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MY C also regulates mitochondrial biogenesis and dynamics. MYC induces biogenesis by
directly targeting genes such as peroxisome proliferator-associated gamma coativator 1-
beta (PGC-1p) and transferrin receptor (TFRC) which transport haem and sulphur to
support synthesis of mitochondrial proteins (Li et al., 2005). MYC also regulates
mitochondria biogenesis through the mitochondria transcription factor A (TFAM) (Zhang
et al., 2007). Several studies have shown MYC regulation of mitochondria fusion and
fission events which govern mitochondria mass and cellular distribution (Li et al., 2005).
MYC has also been shown to cooperate with other transcription factors such as MCL1 to
increase mitochondria respiration and ROS production, which has been shown to
contribute to maintenance of stem cell population and drug resistance in breast cancer
(Lee et al., 2017).

Given the expansive gene expression programme governed by MYC in rewiring
metabolic pathways, exploring MYC driven alterations in medulloblastoma may help to
understand disease pathology and may provide avenues for novel therapies targeting

MYC-driven metabolism.
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4.2 Aims

The aim of this chapter was to characterise MY C-dependent changes in bioenergetics,
using MYC-regulable MBgrrs cell line models. In particular, the objective was to reveal
MYC-driven metabolic phenotypes by:

— Assessing phenotypic changes associated with MY C knockdown in doxycycline
inducible MBgrps cell lines (D425, D283 and HDMBO03) with two independent
shRNA constructs (MYC 2, MYC 3) and a control non-silencing construct (NS).

— Assessing changes in the protein expression of metabolic enzymes upon MYC
knockdown.

— Determining the impact of MYC on bioenergetic function using the seahorse XF
bioanalyser to measure oxygen consumption rate and extracellular acidification

rate.
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4.3 Results

4.3.1 Phenotypic assessment of MYC modulation in MBgrps cell lines

4.3.1.1 Effective knockdown of MY C protein in doxycycline inducible MBgrps cell

lines

MBgrrs (D425, D283 and HDMBO03) MYC inducible cell lines were previously
established. For each MB cell line there were two independent shRNAs targeting MYC
and a non-silencing (NS) control. Prior to commencing phenotypic assessment and
characterisation of bioenergetic features, the knockdown efficiency for each cell line and
construct was assessed. D425, D283 and HDMBO03 (NS, MYC 2, MYC 3) cell lines were
grown in the presence or absence of 1ug/mL doxycycline for 72 h followed by cell pellet
collection, protein extraction and quantification. Each sample was immunoblotted for
MYC protein. For clarity, the absence or presence of doxycycline in the cell lines
harbouring MY C constructs are referred to as “MY C (on)” and “MY C (off)” respectively.
In the NS cell lines they are referred to as “NS (on)” and “NS Dox Ctrl (on)”.

In the D425 NS cell line, MY C expression levels were similar in the presence or absence
of doxycycline (Dox) indicating uninterrupted expression of MY C when the NS construct
was expressed following treatment with Dox (Figure 4.2). MY C knockdown in D425 was
80% in MYC 2 (p=0.001) and 30% in MY C 3 cell lines. Notably, MY C protein levels in
the D425 MYC 3 (on) cell line was lower than in the NS (on) and MYC 2 (on) cells
(Figure 4.2). Similar observations were made in D283 cell lines where, NS cell lines
expressed MY C at comparable levels irrespective of doxycycline treatment. Inthe D283
MYC 2 cell line, prior to any genetic manipulation, starting levels of MY C was markedly
higher in MYC 2 (on) compared to NS cell lines. The knockdown efficiency in the D283
cell line was 80% in MYC 2 (p<0.001) and 70% in MYC 3 (p=0.003) (Figure 4.3). The
HDMBO03 cell line was more variable in response to Dox. In HDMBO03 NS, treatment
with Dox caused a slight decrease in MYC expression although not significantly. In both
HDMBO03 MYC 2 and MYC 3 cell lines, 50% knockdown of the MYC protein was
achieved (Figure 4.4).
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Figure 4.2 Analysis of MYC expression levels in response to doxycycline treatment in the
D425 NS, MYC 2 and MYC 3 cell lines. A) Representative WES image of MYC expression of
D425 cells treated in the absence (- Dox, MYC on) or presence (+ Dox, MYC off ) for 72 h.
B) Quantitative analysis of MYC peak area normalised - actin used as a loading control.
Results are represented as mean + SEM of three independent experiments. Significance
denoted with * p <0.05, ** p < 0.01, *** p < 0.001.
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Figure 4.3 Analysis of MYC expression levels in response to doxycycline treatment in the
D283 NS, MYC 2 and MYC 3 cell lines. Representative WES image of MYC expression of
D283 cells treated in the absence (- Dox, MYC on) or presence (+ Dox, MYC off f) for 72 h.
B) Quantitative analysis of MYC peak area normalised - actin used as a loading control.
Results are represented as mean + SEM of three independent experiments. Significance
denoted with * p <0.05, ** p < 0.01, *** p < 0.001.
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Figure 4.4 Analysis of MYC expression levels in response to doxycycline treatment in the
HDMBO03 NS, MYC 2 and MYC 3 cell lines. A) Representative WES image of MYC
expression of HDMBO3 cells treated in the absence (- Dox, MYC on) or presence (+ Dox,
MYC off f) for 72 h. B) Quantitative analysis of MYC peak area normalised - actin used as a
loading control. Results are represented as mean + SEM of three independent experiments.
Significance denoted with * p <0.05, ** p < 0.01, *** p < 0.001.

4.3.1.2 Effect of MYC knockdown on cell proliferation

The ability of MYC to drive increased proliferation has been well characterised. In order
to determine the effect of MY C knockdown in the MY C isogenic cell lines, D425, D283
and HDMBO03 (NS, MYC 2, MYC 3) cell lines were grown in the presence or absence of

doxycycline and subjected to viable cell counting at 24, 72 and 120 h time points.

In the D425 NS cell line, proliferation was comparable between the D425 NS (on) cells
D425 NS Dox Ctrl (on) cells (doubling time 30.76 and 37.96 h, respectively, p>0.05).
However, the growth curves showed marginal decrease in the D425 NS Dox Ctrl (on) cell
numbers at 120 h following doxycycline treatment (Figure 4.5 A). In the D425 MYC 2

cell line however, MYC knockdown caused a significant reduction in proliferation that
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was observable from 72 h and had a greater impact on doubling time (D425 MYC 2 (on)
30.57 versus D425 MYC 2 (off) 57.43 h, p<0.0001) (Figure 4.5 B). Similarly, in the D425
MYC 3 cells, MYC knockdown markedly reduced proliferation although this was
somewhat an intermediate phenotype compared to the observations in the D425 MYC 2
cells, p<0.0001) (Figure 4.5C). Doubling times were 30.30 and 40.11 h in the D425 MYC
3 (on) and MYC 3 (off) cells respectively. The doubling times for the D425 MYC 3
harbouring cells were comparable to that seen in the D425 NS cell line thus making it
difficult to differentiate whether the impact on proliferation was a result of lowered MYC
knockdown efficiency or doxycycline induced effects (Figure 4.5). In order to further
examine the doxycycline-induced compared to MY C-induced alterations in cell growth,
cell number differences at 72 h were evaluated. Assessment of cell number differences at
72 h revealed divergence in cell numbers in the D425 MYC 2 and MYC 3 bearing cells
but this was not observe in the D425 NS cell line post-treatment with doxycycline (Figure
4.2 D). These indicate that the effect of MYC knockdown occurred much earlier and that
diverging proliferation rate in the D425 NS following doxycycline treatment may be
attributable to prolonged exposure.
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Figure 4.5 Effect of MYC knockdown on proliferation of D425 MYC-inducible cell lines.
A) Growth of curves of D425 NS B) D425 MYC 2 C) D425 MYC 3 cells grown £ 1 pg/mL Dox
over 120 h. D) Comparison of cell counts across the 3 cell lines at 72h. Error bars represent £

SEM of three independent experiments, **** p <0.0001
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In the D283 cell line, NS cells in the presence or absence of doxycycline proliferated
similarly over 120h, although the doubling time was higher in the NS Dox Ctrl (on) cells
which may be attributable to reduced cell numbers at 120h (Figure 4.6 A). In the D283
MYC 2 cells, knockdown of MY C impacted growth rate significantly (p=0.0009). This
reduced proliferation was observable from 72h and doubling times were 39.54 and 44.53
in the D283 MYC 2 (on) and MYC 2 (off) cells, respectively (Figure 4.6 B). Notably, the
doubling time of D283 MYC 3 (on) cells was observed to be higher than D283 MYC 2
(on) cells (30.05 h compared to 39.54 h). Nevertheless, MYC knockdown significantly
impacted proliferation of the D283 MYC 3 (on) 30.05 compared to MYC 3 (off) 49.72 h,
p=0.002) (Figure 4.6C). It is also noteworthy that in the MYC 3 harbouring cells, a

decrease in cell number was observed after 72 h Figure 4.6D).
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Figure 4.6 Effect of MYC knockdown on proliferation of D283 MYC-inducible cell lines.
A) Growth of curves of D283 NS (i), D283 MYC 2 (ii) and D283 MYC 3 (iii) cells grown + Dox
over 120 h. B) Comparison of cell counts across the 3 cell lines at 72h. Error bars represent

SEM of three independent experiments. *** p <0.001
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Similarly to D425 and D283 cell lines, HDMBO03 NS cells grew consistently and were
not responsive to the addition of Dox which was expected in the NS Dox control cell line
(doubling time was 45.92 and 43.30 h in HDMBO03 NS (on) and NS Dox Ctrl (on),
respectively) (Figure 4.7 A). Proliferation was reduced considerably in the HDMBO03
MYC 2 (doubling time MYC 2 (on) 61.53 and MYC 2 (off) 111.5 h, p=0.003) and
HDMBO03 MYC 3 (doubling time MYC 3 (on) 80.93 and MYC 3 (off) 179.4 h, p=0.002).
However in these cell lines, in the absence of doxycycline, the doubling rate was
dissimilar from the NS cell line which had doubling around 45.52 h compared to 61.53
and 80.83 h in HDMBO03 MYC 2 (on) and MYC 3 (on) cells, respectively (Figure 4.7B,
C). This difference in the doubling times would suggest that there was some leakiness of
the MYC shRNA constructs in these cell lines particularly in the HDMB03 MYC 3 cell

line which did not grow exponentially over the 120 h.
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Figure 4.7 Effect of MYC knockdown on proliferation of HDMB03 MYC-inducible cell lines.
A) Growth of curves of HDMBO3NS (i), HDMB03 MYC 2 (ii) and HDMBO03 MYC 3 (iii) cells
grown £ Dox over 120 h. B) Comparison of cell counts across the 3 cell lines at 72h. Error
bars represent SEM of three independent experiments, * p <0.05 by nonlinear regression

analysis. *** p <0.001
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Assessment of proliferation in the MBgrps cell lines showed MYC addiction whereby
knockdown affected proliferation and cell doubling times. This difference in proliferation
was noticeable from 72 h in the MYC 2 harbouring cells in particular. In the MYC 3 cell
lines, more modest effects were observed variations in cell numbers were observed at 72
h for D425 MYC 3 cells but this was not the case for D283 MYC 3 and HDMB03 MYC
3 cells following MY C knockdown. Earlier assessment on the protein expression of MYC
in the MYC 3 cell lines suggested that there may be some “leakiness” of the construct i.e.
high activity promoter resulting in the expression of sShRNA targeting MYC in the absence
of doxycycline treatment. Notably, MYC expression was lower in MYC 3 cell lines
compared to their MYC 2 counterparts prior to the addition of doxycycline. With this in
mind, experiments were restricted to 72 h to limit the impact of construct leakiness.
Although it was also appreciated that subsequent phenotypic changes could be modest,

particularly in the MY C 3 harbouring cells at this time point.

4.3.1.3 Effect of MYC knockdown on cell cycle progression

To further characterise the effect of MYC on cell growth, the effect of MY C knockdown
on cell cycle progression was investigated in the MYC inducible cell lines. Cells were
treated with doxycycline for 72 h and stained with propidium iodide and analysed using
flow cytometry to determine cell cycle distribution. In the D425 MYC 2 cells, MYC
knockdown caused a significant increase in the number of cells in G1 phase and decreased
in cell G2/M (Figure 4.8A). Similarly, MYC knockdown resulted in G1 arrest in D283
(Figure 4.8B) and also in the HDMB03 MYC 2 cell lines where additionally the fraction
of cells in G2/M were markedly reduced (Figure 4.8C). There were no discernible
changes in cell cycle distribution in relation to the MYC 3 harbouring cell lines.
Consistently, across all three cell lines there were no observable changes in the NS cell

lines in the presence of doxycycline (Figure 4.8A-C).

Cell cycle related alterations were observed mostly in the MYC 2 harbouring cell lines at
72 h which was consistent with findings from analysis of cell number variations at 72 h
in these cell lines (Figure 4.5-Figure 4.7). These early phenotypic data suggested that the
most profound observations were likely to be observed in the MYC 2 harbouring cells
with similar trends in the MYC 3 cell lines which suffered from lower knockdown
efficiency resulting in milder phenotypic differences in the MYC 3 (on) compared to
MY C 3 (off).
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Figure 4.8 Impact of MYC knockdown on cell cycle distribution in MBgres MYC regulable cell lines. Cells were treated in the absence or presence of doxycycline
for 72 h, harvested and subjected to cell cycle analysis using flow cytometry. Cell cycle distribution between GO/G1, S and G2/M phases were assessed for A)
D425, B) D283 and C) HDMBO03 NS, MYC 2 and MYC 3 cell lines. Data is presented as mean + SEM of three independent experiments. * p < 0.05, ** p < 0.01,

*** n < 0.001, ***3* p <0.0001 as determined by one way ANOVA comparing NS (ON) v NS Dox Ctrl (ON), MYC 2 (ON) v MYC 2 (OFF) and MYC 3 (ON) v
MYC 3 (OFF).



4.3.2 Alterations in metabolic enzymes in response to suppression of MYC

4.3.2.1 Alterations in the enzyme expression of the glycolytic pathway in response
to MYC knockdown (Experiments by Yue Heng)

Since MYC regulates the expression of genes involved in numerous cellular processes,
initial experiments focused on whether expression of metabolic enzymes were altered
following MYC modulation. To assess this, the glycolytic enzymes HK2, PKM2 and
LDHA were probed for using WES automated immunoblotting. These enzymes were
selected due to well established evidence of MY C-dependent regulation (Shim et al.,
1998, Shim et al., 1997, Mendez-Lucas et al., 2017). In addition to these glycolytic
enzymes, PDH, an enzyme which routes pyruvate to oxidation in the TCA was probed
for in its phospho-activated and total expression forms. PDH expression served as a
determinant for alternative routes of pyruvate catabolism other than aerobic glycolysis.
Briefly, MYC inducible cell lines were treated with/without 1ug/mL doxycycline for 72
h and protein lysates collected, quantified and protein expression examined by WES (full

WES images are included in Appendix 8.6-Appendix 8.16).

In the D425 NS cells, similar expression of glycolytic enzymes was observed (Figure
4.9A& B). However in the D425 MYC 2 cell lines, reduced expression of MYC resulted
in the trend of decreasing expression levels of all five glycolytic enzymes to varying
degrees (Figure 4.9A&C). The most prominent effects were observed in the PKM2 and
LDHA which are involved in later events of the glycolytic pathway. In the D425 MYC 3
cells, there were slight alterations in the expression of HK2 and phosphorylated PDH in
MYC 3 (on) and (off) cells (Figure 4.9 A, D).
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Figure 4.10 Effect of MYC knockdown on the glycolytic pathway in D283 MYC inducible cell
lines. A) Representative WES image showing levels of HK 2, PKM 2, LDHA, phosphorylated
PDH and total PDH from D283 NS, D283 MYC 2 and D283 MYC 3 cells treated + Dox for

72h. B-D) Quantitative analysis of glycolytic markers. Bars represent expression normalised

to total protein. Data presented as mean + SEM of three independent experiments.

The D283 cell lines displayed large variations in expression levels between samples.
Although HK2 expression was unaffected in the NS Dox control, the expression of other
glycolytic enzymes showed a decreasing trend. D283 MYC 2 harbouring cells did not
demonstrate any changes in the expression of glycolytic enzymes in contrast with MYC
3 harbouring D283 cells which showed observable differences in HK2, PKM2, LDHA
and both forms of PDH (Figure 4.10A&C).

Similarly, in the HDMBO03 NS cell lines, treatment with doxycycline caused slight
alterations in the expression of glycolytic enzymes (Figure 4.11 A, B). In the HDMBO03
MYC 2 cell lines, there were more pronounced alterations in the expression of enzymes
particularly in HK2, LDHA and total PDH (Figure 4.11A, C). In contrast, increased
expression of the glycolytic enzymes was observed in the HDMB03 MY C 3 cells (Figure
4.11 A, D).

133



o
o

HDMBO3

mm NS (ON)
mm NS Dox Ctrl (ON)

o
Y

Protein expression
(normalised to total protein)

e
e

NS MYC2 MYC3
Dox - + - + - + 0.2
hicz | e oo
HK2 PKM2 LDH p-PDH PDH
C —_
PKM2 ------ EU-B
o
é 8og
LDHA | N S S s— L = MYC2 (ON)
52 = MYC2 (OFF)
%204
co
p-poH | I I [y
(= s
PDH | (- 200
L HK2 PKM2 LDH p-PDH PDH
D Tos
s
Total | N I S S g8
protein %% o2 = MYC3 (ON)
P p— T ,‘ég = MYC3 (OFF)
¥e
£73
2L
S
&E
S
=

e
o

HK2 PKM2 LDH p-PDH PDH
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Data from enzyme expression suggests MYC knockdown affected the expression of
glycolytic enzymes primarily, in the MY C 2 harbouring cells. However, these observable
changes were confounded by the doxycycline-induced changes in enzyme expression,
observable in the NS Dox Ctrl (on) cells. In an effort to clarify MY C-dependent changes
and trends that were observed previously, the three cell lines were pooled according to
shRNA constructs to increase sample size and statistical power. Analysis of enzyme
expression across the NS cell lines reveal that expression levels did not remain stable
following doxycycline treatment particularly for phospho-PDH and total PDH. In the
MY C 2 cell lines, MY C knockdown significantly impacted glycolytic enzyme expression
(Table 4.1).
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Assessment of individual enzymes revealed robust decreases in PKM2 and LDHA

(p<0.05). In the MYC 3 cell lines however, alterations in glycolytic enzymes were

minimal and this was likely affected by larger deviations and less consistent findings in

enzyme expression in the MBgrezs MY C 3 cell lines (Table 4.1). This data indicates that

whilst MYC knockdown may impact the glycolytic pathway overall, MY C-dependent

alterations in glycolytic enzyme expression was more intricately linked to PKM2 and

LDHA in the glycolytic pathway in the context of MBgrpa.

Table 4.1 Log: (fold change) of metabolic enzyme following MYC knockdown in MBGRP3 cells.

Significance determined using Two-way anova and Sidak test for multiple comparisons denoted

by *
Enzyme Construct Log(FC) Adjusted
p-value
HK2 NS -0.163 0.9343
MYC 2 -0.048 0.9998
MYC 3 -0.193 0.9861
PKM2 NS -0.568 0.1005
MYC 2 -1.085 0.0051*
MYC 3 -0.030 >0.9999
LDHA NS -0.486 0.1820
MYC 2 -1.146 0.0037*
MYC 3 -0.153 0.9949
p-PDH NS -0.606 0.0759
MYC 2 -0.408 0.3711
MYC 3 -0.149 0.9955
PDH NS -0.584 0.0892
MYC 2 -0.420 0.3464
MYC 3 -0.060 >0.9999
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4.3.2.2 Activation of the pyruvate dehydrogenase axis upon MY C knockdown

In addition to expression changes, involvement and activation of the PDH axis was
investigated. As previously described, we observed trends of decreased levels of
phosphorylated and total PDH when MYC was knocked down in some of the MYC-
regulable cell lines (Figure 4.9, Figure 4.10 & Figure 4.11). Since we probed both total
expression and phosphorylated forms of PDH, the ratios of these two markers were
explored since that gave a better indication of pathway activity in the MYC isogenic cell
lines. Interestingly, despite changes in expression levels, ratios of phosphorylated PDH
to total PDH remained relatively constant across constructs in D425, D283 and HDMBO03
cells (Figure 4.12A-C). This suggests that MYC knockdown, did not impact PDH

activation and dynamics of this pathway

Phosphorylation of PDH is a crucial regulatory point coupling glycolysis to the TCA
cycle which is highly conserved across eukaryotes(Gray et al., 2014).Our findings
showed that activation of PDH was not MY C-dependent despite modest alterations in
both phosphorylated and total expression levels. Importantly, ratios of p-PDH/PDH
remained stable in the NS cell lines following Dox treatment. Since p-PDH/PDH ratios
were largely comparable in the MBgrps cell lines following modulation of MYC
expression, this data suggest activation of PDH and pathway activity, occurred

independent of MYC and may be subject to regulation by other regulatory mechanisms.
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137



4.3.2.3 Loss of MYC and the impact on glutaminase expression

The impact on glutaminase (GLS) expression following MY C knockdown was evaluated.
MY C-driven cancers are associated with glutamine addiction. GLS which can be directly
or indirectly regulated by MYC was chosen as a candidate enzyme for assessing
alterations in this pathway (Gao et al., 2009). The GLS antibody used probes the kidney
glutaminase (KGA), which localises to the cytosol, and also glutaminase C (GAC) which
localises to the mitochondria. KGA and GAC are GLS1 isoforms produced from
alternative splicing of the same gene (Elgadi et al., 1999). With localisation to the
mitochondria, GAC has been shown to be the key isozyme and most efficient in glutamine
catabolism and is more associated with cancer phenotypes (Cassago et al., 2012, van den
Heuvel et al., 2012). Previous studies have shown the predominance of one isoform over
the other occurs in a cell context-dependent manner (Daemen et al., 2018, Szeliga et al.,
2016, van den Heuvel et al., 2012).

Inthe D425 NS, MYC 2 and MYC 3 cell lines, levels of KGA and GAC were comparable
across cell lines irrespective of MY C status. Additionally, the expression of both isoforms
were similar following MYC knockdown (Figure 4.13A). In the D283 cells however,
KGA was highly expressed compared to GAC. Expression of KGA and GAC were
relatively stable in the D283 NS cell lines. Both the expression of KGA and GAC
glutaminases were reduced following MYC knockdown in the D283 MY C 2 harbouring
cells but this was not observed in the D283 MYC 3 (Figure 4.13B). In the HDMBO03 cell
line, GAC appeared to be the predominant isoform. In the HDMB03 NS, MYC 2 and
MYC 3 cell lines, there was a slight increase in the expression KGA isoform. For GAC
however, there was decreased expression in the MY C 2 harbouring cells with no changes
observed in MYC 3 and NS cell lines (Figure 4.13C).

These results suggests that glutaminase expression across the MBgres cell lines varied
and expression of glutaminase isoforms appeared to be cell-specific. The extent to which
this may affect glutamine metabolism across the MBcres cell lines was not determined.
There were some indications of MY C-dependent alterations particularly in the D283
MYC 2 cells. Whilst these results remain interesting, further experimental repeats are

required to confirm these findings reported here.
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4.3.3 Characterising changes in bioenergetics in response to MYC expression

The overarching aim of this study was to determine whether varying levels of MYC
expression specifically affected metabolic activity and function. As previously described,
MYC knockdown was capable of reducing the expression of enzymes involved in
glycolysis but not PDH which is a key committing step in pyruvate oxidation in the TCA
cycle. Owing to the fact that reduced enzyme expression does not always correlate with
diminished pathway activity (Zdralevic et al., 2018), a functional assay measuring
oxygen consumption rate (OCR) and extracellular acidification (ECAR) in response to
mitochondrial inhibitors (OG, FCCP, AM and ROT) was utilised to measure oxidative
and glycolytic energetic output via OCR and ECAR measurements, respectively. MBgres
inducible cell lines were treated with or without doxycycline for 72 h and subsequently
assayed on an XF bioanalyser. Although numerous aspects of bioenergetics can be
ascertained from this assay, this study primarily focused on ATP production since it
provided insights into both glycolytic- and OXPHOS-derived ATP. Additionally, spare
respiratory capacity was reported as it informed on mitochondria capacity and
performance (Experiment set up and calculations detailed in Chapter 2.2.7 and Appendix
B).

4.3.3.1 ATP production

Mitochondria oxygen consumption is coupled to ATP production via complex IV which
uses oxygen as the final electron acceptor. The proton motive force generated by the ETC
complexes drives ATP production by the complex V ATPase. Glycolysis also generates
ATP and here, extracellular acidification is linked with the activity of LDH which
catalyses the conversion of pyruvate to lactate as the final step of aerobic glycolysis.
Lactate efflux into the extracellular milieu results in acidification decreasing pH. It was
previously observed that the expression of glycolytic enzymes were downregulated upon
MYC knockdown. Here, we queried whether reduced enzyme expression affected the
functional bioenergetic output in the MBgrrz MY C-regulable models by measuring total
ATP production. Total ATP production was quantified from OCR and ECAR-which
enabled the quantification of ATP production from both pathways.

140



Firstly, across the MBgrrs MY C isogenic cell lines, glycolysis remained the predominant
pathway for ATP production compared to OXPHOS (Figure 4.14). In the D425 NS cell
lines, glycolytic ATP generation was largely unaffected whereas a slight decrease in
OXPHOS linked ATP was observed (Figure 4.14 A). In the D425 MYC 2 cells, total
ATP production was significantly higher in MYC 2 (on) cells compared to MYC 2 (off)
cells (p=0.040). The D425 MYC 2 (on) cells utilised OXPHOS to a greater extent to
produce ATP compared to D425 MYC 2 (off) cells. In the D425 MYC 3 cell line
however, there were no significant changes when MY C levels were reduced (Figure 4.14
A).

In the D283 NS cell line, there were no observable changes to bioenergetic output
following doxycycline treatment (Figure 4.14 B). In the D283 MYC 2 and MYC 3 cell
lines, there were modest reductions in total ATP production upon MYC knockdown
although these were not significant. The D283 MYC 2 (on) and MYC 3 (on) cells were
highly glycolytic and this was the primary pathway affected when MYC was knocked
down; contributing to the slight decrease in total ATP observed in the D283 MYC 2 (off)
and MY C 3 (off) cells (Figure 4.14 B).

For the HDMBO03 NS cell lines, doxycycline treatment did not impact total ATP
production (Figure 4.14 C). In contrast to the other MBgrps cell lines, slight increases in
total ATP was observed when MYC was knocked down in the HDMB03 MYC 2 and
MYC 3 cell lines. Glycolytic ATP production was higher in the HDMBO03 2 (off) and
HDMBO03 (on) cells (Figure 4.14 C).

These experiments highlighted that glycolysis was the predominant ATP generating
pathway in the MBgrrz MY C-amplified cells even when MYC was knocked down.
Findings presented here suggested that total ATP production in the D425 MYC 2 cells
was impacted following MYC knockdown. Since no consistent observations were made
in the cell lines, it is likely that ATP production was not strongly associated with MY C-

dependent altered metabolism in the MBgres cells.
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Figure 4.14 Impact of MYC knockdown on ATP production. OCR and ECAR measurements
were used to determine glycolytic and OXPHOS derived ATP. ATP production in A) D425
B) D283 and C) HDMB03 MYC inducible cell lines treated with Dox for 72 h. Data
represents mean measurements + SEM of 24- 48 biological replicates from 2-3 independent
experiments. * P < 0.05 Significance determined by two way anova with Sidak multiple

comparisons between NS (ON) v NS (ON), MYC 2 (ON) v MYC 2 (OFF) and MYC 3 (ON) v
MYC 3 (OFF).
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4.3.3.2 Spare respiratory function

Spare respiratory capacity (SRC) defines the ability of the mitochondria to respond to
increased demand. It reflects the difference between basal respiration and maximal
respiration. In these experiments, this measurement was detected after treatment with OG
and treatment with the FCCP which uncouples oxygen consumption from ATP

generation.

There was a slight decrease in SRC in the D425 NS cells following doxycycline treatment
although this was negligible (Figure 4.15 A). This was also the case for the D425 MYC
2 and MYC 3 which had highly variable measurements. Knockdown of MYC was not
observed to alter SRC in the D425 MYC 2 (on) and MYC 3 (on) compared to their MYC
(off) equivalents (Figure 4.15 A).

D283 NS cells had comparable reserve respiratory capacity following doxycycline
treatment and this was expected since MY C expression was not altered in the presence of
doxycycline. In the D283 MYC 2 and MYC 3 cell lines, SRC increased although in
varying degrees in the MYC (off) cells (Figure 4.15 B). In the D283 MYC 2 (on) cells
SRC was 80% compared to 114% in the D283 MY C 2 (off) cells (p=0.030). Although a
similar trend of increased SRC was observed in the D283 MYC 3 cells, this was not
significant (D283 MYC 3 (on) 117% and D283 MYC 3 (on) 175%, p=0.0509) (Figure
4.15 B).

Like the D425 cells, doxycycline slightly impacted SRC in the HDMBO03 NS cell lines.
SRC was markedly increased in the HDMB03 MYC 2 (off) cells compared to the
HDMBO03 MYC 2 (on) cells (127% compared to 75% p= 0.049). The HDMB03 MYC 3
cell line displayed similar trends to the NS harbouring cells where a slight decrease in
SRC was observed (Figure 4.15 C).

In two of the three MBgrps isogenic cell lines, SRC was increased when MYC was
knocked down. This was particularly evident in the D283 and HDMB03 MYC 2
harbouring cell lines. Mitochondria respiratory reserves is linked to mitochondria fitness
and resilience. These results suggest MYC amplification may limit mitochondria reserve
capacity which may ultimately impact ability to respond to oxidative stress creating a
metabolic vulnerability in these cell lines. These results provide early indications of
altered metabolic output linked to MY C expression. Further experiments are required to

assess the source(s) of SRC from the individual mitochondrial complexes.
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Figure 4.15 The effect of MYC knockdown on spare respiratory capacity in MBgres cells.
Spare respiratory capacity (%) was determined following treatment with Dox for 72h. A)
D425 B) D283 C) HDMBO03. Data represents mean measurements + SEM of 24- 48
biological replicates from 2-3 independent experiments. * p < 0.05 Significance determined
by unpaired t test between NS (ON) v NS (ON), MYC 2 (ON) v MYC 2 (OFF) and MYC 3
(ON) v MYC 3 (OFF)
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4.4 Discussion

MYC is a commonly deregulated oncogene in numerous cancers where it promotes
transformation through increased growth, proliferation and also metabolic rewiring. MYC
amplification is a common MBgres subgroup feature and over-activation of MYC and
downstream pathways are commonly described for this medulloblastoma subgroup. In
this study, the aim was to utilise previously engineered MYC regulable MBgrps cell lines
to further understand deregulated MYC in the context of MBgrps and more specifically
the impact of MY C knockdown on MB metabolism. This current study demonstrated loss
of MYC impacted proliferation and cell cycle progression in MBgrpes cell lines.
Furthermore, loss of MYC was accompanied by changes in the expression of glycolytic
enzymes PKM2 and LDHA specifically. Further assessment of functional metabolism
revealed cell-line specific alterations following MYC knockdown and implicated

mitochondria spare reserve capacity.

4.4.1 MYC knockdown causes slowed proliferation and G1 arrest

Firstly, protein expression in the MYC-regulable cell lines demonstrated MYC
knockdown in the MYC-targeting shRNA constructs in the D425, D283 and HDMBO3.
Assessment of MYC knockdown revealed the MYC 2 shRNA achieved higher
knockdown efficiency compared to the MYC 3 shRNA construct. Furthermore,
expression of MYC in the NS harbouring MBgres cells were stable supporting their use
as a control in this study. MYC knockdown was associated with reduced proliferation,
accumulation of cells in G1 and fewer cells entering G2/M which was analogous to MY C-
dependent cancer phenotypes (Wang et al., 2008). In these experiments, such changes
were consistently seen across the D425, D283 and HDMBO3 cell lines harbouring the
MY C 2 shRNA construct. Although similar trends were observed in the MYC 3 cell line,
they exhibited an intermediate phenotype compared to their MYC 2 counterparts.
Additionally, there were several indications of ShRNA construct leakiness particularly in
the MYC 3 harbouring cell lines. Construct leakiness results in the expression of ShRNA
independent of doxycycline regulation. This ultimately would impact assessment and
identification of phenotypic differences since they may have occurred prior to
experimentation (summary of phenotypic alterations associated with cell lines depicted
in Table 4.2).
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In the NS cell line, there were no significant alterations in proliferation or cell cycle
progression following treatment at 72 h in the MBgres cell lines. This was consistent with
the lack of MY C repression in the NS harbouring control cells. As previously mentioned,
72 h was sufficient to observe phenotypic changes in the MY C shRNA bearing cell lines.
Although it was appreciated that longer time points (e.g. 96 h or 120 h) may have better
distinguished MYC-dependent alterations, particularly in the MYC 3 harbouring cell
lines.
Table 4.2 Summary of MYC-dependent phenotypic alterations in MBgres MYC isogenic cell

lines. Dashes represent stable phenotype in NS cell lines; Green ticks represent phenotypic

alteration, red cross represent lack of phenotypic alteration.

Cell line Construct MYC protein KD Cell proliferation Cell cycle at
over 120h 72h
D425 NS _ - -
MYC2 v v’ v
MYC3 v’ v’ x
D283 NS - - -
MYC2 v v v
MYC3 v v’ x
HDMBO03 NS _ - -
MYC2 v v’ v
MYC3 v v x

It was important however to factor potential doxycycline-induced changes to metabolism
independent of MYC modulation in the MBerrz MY C-regulable cell lines. Previous study
by Ahler et al., showed that doxycycline could induce alterations in cellular metabolism,
particularly in mitochondrial function and oxidative metabolism in vitro (Ahler et al.,
2013). Inthis study, cell proliferation of NS (on) and NS Dox Ctrl (on) cells were highly
similar up to 72h, after which cell proliferation began to drift. Although, ultimately,
proliferation rate were not significantly different in the NS cell lines, it was important to
consider indications from the proliferation data which suggested that long term exposure
could cause doxycycline-induced phenotypic alterations (i.e. effect on proliferation at 120

h, Figure 4.2-4). These initial experiments, in conjunction with previous work carried out
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in this cell line model suggested that 72 h was the ideal time point where there is sufficient
MYC knockdown and limited off target effects of doxycycline (Swartz, 2018).
Nevertheless, the NS cells were an important control in these experiments enabling the
distinguishing of possible doxycycline induced effects and actual MY C-dependent

effects.

Previous studies in MBgres cell lines (D425 and D341) have shown loss of MYC via
SIRNA mediated silencing results in anti-proliferative effect on MYC overexpressing cell
lines (von Bueren et al., 2009). Data presented in this chapter are concordant with findings
from this study although different methods for MYC modulation was employed (siRNA
versus shRNA). MYC-addiction renders cells reliant on constitutive expression of MYC
such that repression of MYC leads to adverse phenotypic changes. MYC forms part of
the regulatory control and response to growth factor stimulation enabling progression
from G1 to S phase. Serum withdrawal triggers strong G1 arrest and ectopic expression
of MYC can facilitate S phase re-entry in quiescent cells (Eilers et al., 1991). Additionally,
loss of MYC is accompanied by alterations in the CDK/RB/E2F pathway. (Blagosklonny
and Pardee, 2002). For medulloblastoma, MYC amplification is also frequently associated
with the reduced expression of CDKN1A, a negative regulator of cell cycle progression.
Previous experiments utilising the MBgres inducible cell lines showed increased gene
expression of CDKNL1 following MY C knockdown (Swartz, 2018). Loss of Myc has been
shown to reduce the tumourigenic potential of NPC cells by limiting proliferation and
division (Niu et al., 2015). Taken together, these experiments support MYC-addiction of
MBgrrz Which were reliant on constitutive expression of MYC enabling rapid
proliferation and cell cycle progression in the MBgres MYC regulable cell lines. These
cell lines thus provided MY C-dependent in vitro models and NS control which could be
utilised in further experiments to assess other phenotypic alterations which were driven
by MYC.

4.4.2 Expression of metabolic enzymes is impacted upon MYC knockdown

The protein expression levels of metabolic enzymes, some directly regulated by MYC
were assessed following 72 h of doxycycline treatment which knocked down levels of
MYC. Overall, decreased expression of MYC resulted in the downregulation of glycolytic
enzymes in the MY C 2 shRNA harbouring cells. In this study, downregulation of specific
glycolytic enzymes particularly, PKM2 and LDHA was observed. It is noteworthy to

mention the variability and lack of reproducibility in the assessment on protein expression
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of the MYC isogenic cell lines. MYC knockdown efficiency varied from one technical
replicate to another, this ultimately impacted the severity of effects and introduced large
variations in the dataset. Pooling of the cell line samples from D425, D283 and HDMBO03,
and their corresponding NS, MY C 2 and MY C 3 harbouring cells was adopted to mitigate
against the large variations, increase sample size and statistical power which enabled the
realization of the impact on PKM2 and LDHA expression upon MYC knockdown.
Although high expression of PKM2 is frequently associated with MYC-driven tumours,
it remains to be elucidated whether it is drives tumour progression. A study by Mendez-
Lucas et al., revealed decreased pyruvate kinase activity upon PKM2 loss but this was
inconsequential to tumour development. Interestingly, this study found that MYC could
indeed upregulate both PKM1 and PKM2 however, increased PKM1/2 ratios diverted
glucose intermediates away from serine biosynthesis and the TCA cycle (Mendez-Lucas
et al., 2017). These findings shed light on PKM2 as an important regulator of glucose
catabolism. Several studies have demonstrated the ability of serine to allosterically
regulate PKM2 activity. Under serine deprived conditions, the activity of PKM2 is
reduced causing reduced glucose flux to lactate, a buildup of glucose intermediates
upstream enhanced shunting into the de novo serine synthesis pathway to meet anabolic
demands (Chaneton et al., 2012, Kung et al., 2012, Ye et al., 2012). This adaptation
involving PKM2 affords metabolic plasticity to growing cancer cells and more
importantly, it has been shown to maintain mTORC1 activity in nutrient limiting
conditions. Hence, MYC-induced PKM2 expression could provide MB cells with a
growth advantage by enabling diversion to biosynthetic pathways to support aberrant
growth.

LDHA is awell described MYC regulated gene containing a consensus E box binding site
(Shim et al., 1997). Abrogation of LDHA in MYC transformed cells impacts their
tumourigenic potential and leads to reduced lactate production and colony forming ability
in rat fibroblasts (Shim et al., 1997). In pancreatic cancer, concomitant expression of
MYC and LDHA is associated with histological stage, metastasis and poorer prognosis
(He et al., 2015). A recent study by Tao et al., revealed that MYC could transform
astrocyte progenitors to form histologically identical LCA MBgres tumours (Tao et al.,
2019). Furthermore, this particular study showed that inhibition of LDHA markedly
reduced growth of MYC-driven MB cells. Overall, there was a downregulation of the

glycolytic enzymes, namely PKM2 and LDHA in the MBgres cell lines resulting from
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reduced MYC expression which suggests MYC may drive the high expression of these

enzymes and may contribute to altered metabolism in MYC-amplified MBgres cells.

The loss of MYC in the MBgres cell lines appeared to alter the expression of GLS1
isoforms in the D283 MYC 2 cells particularly. However, further experimental repeats
are required to determine MY C-dependent regulation of GLS1 protein expression.
Glutamine addiction in cancer cells can occur through an oncogenic driver such as MYC
which enacts a transcriptional programme enabling glutamine uptake and catabolism.
MYC regulates the expression of GLS by two distinct mechanisms: by increased mRNA
expression and repression of mir-23a/b which is a repressor of GLS (Gao et al., 2009).
Surprisingly, breakdown of glutamine is not thought to support protein or nucleotide
synthesis but supports the TCA cycle. Whilst glucose-derived pyruvate is diverted away
from oxidative metabolism, TCA anaplerosis driven by glutamine which is PI3K/AKT
independent, supports normal mitochondria function (Wise et al., 2008). Glutamine
catabolism was shown to provide a mechanism to support TCA cycling during glucose
deficiency by maintaining fumarate and citrate which in turn supported B cell survival
(Le et al., 2012). Activation of GLUD has been shown to be a crucial mechanism for
diverting glutamine-derived carbons into the TCA when mitochondria pyruvate carrier is
inhibited (Yang et al., 2014). GLS is also seen as critical enzyme during G2 phase of cell
cycle where there is a determination of nutrient sufficiency prior to progression into the

mitotic phase of the cell cycle (Morrish et al., 2009).

Higher expression of GLS1 observed in the D283 MYC-amplified compared to MYC KD
cells corresponds with observations of previous studies. Probing glutaminolysis further
by determining the expression of other enzymes such as GLS2 and GLUD across the

MBgres cell lines to assess impact of MYC on this pathway.

An important observation made from this study was probing activated/phosphorylated
PDH and total PDH. Although there were slight decreases in both phosphorylated and
total PDH upon MYC knockdown, the ratios of the two forms of PDH remained
unchanged in the majority of MBgrpz cell lines. This would suggest that overall pathway
activity was unaffected despite alterations in total expression of PDH and that activity of
this pathway is maintained despite MY C knockdown. Pyruvate decarboxylation by PDH
generates acetyl-CoA which subsequently enters the TCA and is converted to citrate.
Citrate can be shunted back into the cytoplasm where it may be utilised in fatty acid
synthesis. Assessing the downstream utilisation of PDH-derived acetyl-CoA in the MYC

isogenic cell lines may provide further details into the metabolic activities of MYC-
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amplified cells compared to KD equivalents. Together, examination of protein
expression changes revealed MYC-dependent alterations in metabolic enzymes
expression and pathways unaffected by reduced expression of MYC. These initial
experiments highlighted specific pathways which may be MY C-dependent and influence

altered metabolism in the MYC-amplified MBgres cell lines.

4.4.3 Functional changes in mitochondria function and cellular energetics upon
MY C knockdown

It was important to characterise alterations in the activity of both glycolytic and oxidative
metabolism to identify functional changes in metabolism associated with decreased
expression of MYC. Particularly since alterations in enzyme expression does not always
limit pathway activity. Evaluation of pathway utilisation for ATP production revealed
that MY C-amplified MBgres cells were highly glycolytic and produced the majority of
ATP using this pathway. Reduction in ATP production was observed only in the D425
MY C 2 cell line following MY C knockdown. Since this effect was only observed in one
of the MBgrp3 cell lines, this may indicate that MYC expression does not significantly
impact ATP production and that indeed ATP production is not the limiting factor in

MBgcres proliferation.

One of the characteristics identified was that upon loss of MYC, the D283 MYC 2 (off)
and HDMBO03 MYC 2 (off) cells retained more of a reserve of respiratory capacity
compared to their MY C (on) counterparts. This was similar to the observations made by
Anso et al., in osteosaracoma cells (Anso et al., 2013). These findings suggest that MY C-
amplified cells did not tolerate bioenergetic stress compared to their MYC knockdown
counterparts. Others have shown that MY C-overexpression colorectal cancer cells are
sensitive to inhibition of anti-oxidant pathways but can be rescued by repression of MYC.
Oncogenic activity of MYC thus conferred dependence on AMPK-related kinase 5
(ARKS5) which sustains ETC complexes and regulated respiratory capacity. Inhibition of
ARKS5 depleted ATP and triggered apoptosis in a MY C-dependent manner in vitro and
in vivo (Liu et al., 2012). A further study in MYC-overexpressing melanoma found
oncogenic MYC caused reliance on AMPK to maintain energy and redox homeostasis.
Inhibition of AMPK in these cells caused apoptosis whereas activation of AMPK
promoted survival under oxidative stress (Kfoury et al., 2018). Since the aim of this study
was to identify consistent MYC-dependent alterations across the three MBGRP3

engineered cell lines, this line of investigation was not carried further. However, these
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studies provide rationale for further investigating susceptibility to oxidative stress and
nutrient limiting conditions in our MY C-amplified MBgres cell lines in light of findings

from SRC measurements.

Taken together, the phenotypic and metabolic assessment carried out in this chapter
provided insights into the MYC-dependent alterations in cell growth and metabolic
reprogramming in the MBgres cell lines. Findings showed MY C-dependency of the
MBecrrs cell lines, where knockdown of MYC resulted in marked reduction in
proliferation and also caused G1 arrest which were analogous with MY C-dependent
cancer phenotypes (Wang et al., 2008). Although it was important to have independent
shRNA targeting MYC, data presented here showed more robust phenotypic alterations
in the MYC 2 harbouring cells owing to their higher MYC knockdown efficiency and
lack of construct leakiness which was evident in the MYC 3 cell lines. To overcome
construct leakiness associated with inducible ShRNA expression, observed particularly in
the MY C 3 bearing cell lines, future experiments could select for single clones where this
characteristic is not observed. Others have previously shown that by engineering two Tet
operators flanking the TATA box of the U6 promoter resulted in a more tightly regulated
variant (Lin et al 2004). These strategies could be utilised to achieve more stable
expression of the ShRNA in response to doxycycline treatment. Assessment of glycolytic
enzyme expression highlighted MY C-dependent alterations in PKM2 and LDHA in the
MBgrrz MYC-amplified cell lines suggesting that overexpression of MY C was associated
with glycolytic enzyme expression. However, whilst MY C-driven alterations in enzyme
expression occurred, they were not always associated with consistent repression of
pathway activity as determined by the bioenergetic functional testing. Assessment of
bioenergetics revealed glycolytic pathway to be the main ATP producing pathway in the

MBgrrz MY C isogenic cell lines.
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Whilst these initial data showed promising alterations in metabolic pathways of MYC-
amplified MBgres cells, there was a need for more comprehensive assessment of MYC-
dependent metabolic reprogramming. With the aim of identifying MY C-dependent
vulnerabilities of the MBgres cells, an experimental strategy which focused on metabolic
output would more likely reveal these MY C-dependent alterations. To achieve this,
metabolite profiling was employed as a strategy in unravelling MY C-driven metabolite
alterations. Since metabolites are indicative of the pathways that generate them,
identifying variations in metabolite profiles that distinguished MY C-amplified MB cells
from their MY C knockdown counterparts would allow the determinations of metabolic
pathway which are MY C-dependent and could potentially lead to increased sensitivity to

pathway inhibition.
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Chapter 5 Metabolic profiling of MYC-inducible MBgres cell

lines using high resolution magic angle spectroscopy
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5.1 Introduction

Metabolomics is a continually expanding field that has been extensively used in drug
discovery, toxicology, biomarker discovery and defining novel metabolic pathways.
Metabolomics is typically characterised by the profiling of the low molecular weight
metabolites often relying on analytical techniques such as nuclear magnetic resonance
(NMR) spectroscopy (also referred to as MRS) and mass spectrometry (MS). The study
of the metabolome is crucial as it enables a measurement of chemical responses
attributable to specific genotypes and phenotypes (Fiehn, 2002). Most metabolomic
studies employ just one analytical platform and the goal of capturing alterations or
discovering metabolites within a specific biological context is often achieved. Despite
that, information may be partially lost, depending on the specific -omics technology used.
NMR spectroscopy enables the deduction of chemical structures based on their nuclear
spins under a strong magnetic field. NMR spectra typically informs on chemical shifts
which informs on the composite atomic groups within a molecule. Furthermore, it also
reveals information regarding to adjacent atoms and molecular dynamics (Emwas et al.,
2019). The benefit of NMR s that the signal intensity directly relates to quantity. Other
strengths associated with NMR spectroscopy include minimal sample handling, non-
destructive acquisition and its inherent quantitative nature make it highly useful for
metabolic profiling (Emwas et al., 2019). However, NMR is also limited by significant
peak overlap and although sensitivity has improved with higher magnetic field strengths,
there is limited peak dispersion which makes capturing of all metabolites unlikely.
Additionally NMR is capable of detection of metabolites in the micromolar range

resulting in spectra with only the most abundant metabolites (Pan and Raftery, 2007)

MS is an analytical tool used to measure the mass-to-charge (m/z) ratio of molecules of
a given sample. The MS instrumentation is made up of three components namely the
ionisation source which converts molecules into gas-phase ions, the mass analyser which
sorts and separates ions based on their m/z ratios and lastly the ion detection system. MS
has great resolution and a higher dynamic range capable of detecting metabolites in the
femtomolar range. Detection of metabolites using MS relies on how ionisable metabolites
are and this, remarkably, leaves around 40% of chemical libraries undetectable using this
platform (Copeland et al., 2012). Furthermore, ion suppression agents which may be
present from external sources (e.g. buffers and materials used) could further reduce

ionisation of compounds which can lead to loss of chemical information from complex
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biological samples. Additionally the use of chromatography to reduce peak overlap
introduces new sources of variations including metabolite decomposition and misaligned
retention times. Although NMR and mass spectrometry have their strengths and
weaknesses, these tend not to overlap, making the usage of these two platforms
complementary in metabolomics studies. Although the use of multiple analytical tools
remains limited in most studies, it is increasingly recognised that utilisation of multiple
analytical tools and software for handling both datasets is likely to improve coverage of

metabolic information (Bhinderwala et al., 2018, Marshall and Powers, 2017).

Other complementary advances to the NMR and MS analytical platforms involve the use
of stable isotopes in metabolomics. Stable isotope resolved metabolomics (SIRM) differs
from the untargeted metabolomics approach which normally samples global metabolite
changes, SIRM however requires the use of heavy isotopes (*3C, 2H, *®N) compounds to
profile pathway dynamics and fluxes of metabolites based on isotopologue distributions.
These compounds are 1 Dalton heavier and therefore have different mass to charge ratios
(m/z) in MS and different spectral properties in NMR spectroscopy. SIRM coupled to
NMR can also reveal positions of isotopes further detailing chemical information and

metabolic activity (Hoffman and Rasmussen, 2019).

In the previous chapter MY C-dependent bioenergetics in the regulable cell-based models
of MYC-amplified Group 3 MB was evaluated. These experiments showed alterations in
the glycolytic pathway, particularly in the MYC 2 harbouring cell lines. Furthermore, cell
line-specific alterations were observed in mitochondrial function and ATP production
when MYC expression levels were modulated. Further insights into MY C-dependent
changes in metabolic processes where not fully explored. Numerous studies have utilised
metabolite profiling to explore and characterise metabolic features of cancer cells
highlighting the interconnectivity of metabolism and genomic abnormalities (Ortmayr et
al., 2019, Reznik et al., 2018, Li et al., 2019). Utilising High Resolution Magic Angle
NMR Spectroscopy (HRMAS), a form of solid state NMR allowing improved resolution
of frozen samples, enabled others to determine unique metabolite features of
medulloblastoma that distinguished them from other embryonal tumour samples (Bennett
et al., 2018, Kohe et al., 2018). This distinction has also been achieved using in vivo MRS,
further underlining how metabolic profiles can provide tumour specific information that
may be advantageous for diagnosis and prognostication in a clinical setting (Kovanlikaya
et al., 2005, Panigrahy et al., 2006).
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More recent studies have explored the use of metabolic profiling in distinguishing
subgroups of MB which have achieved classification of Group3/4 tumours from SHH
MBs (Bluml et al., 2016). In addition, metabolic profiling has been utilised in elucidating
alterations resulting from genetic abnormalities such as the production of 2-
hydroxyglutarate in IDH mutant gliomas compared to IDH wildtype gliomas (Choi et al.,
2012, Natsumeda et al., 2014). The number of studies on the impact of MYC amplification
on metabolic reprogramming in medulloblastoma has not been extensively covered so
far. Thus, understanding how aberrant MYC expression affects MB metabolism will
provide further understanding of the biology of these tumours and aid the development

of novel and targeted therapies.
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5.2 Aims

The aim of this chapter was to profile changes in metabolite abundances in response to
MYC modulation using *H HRMAS. Since alterations in metabolite levels are indicative
of pathway activity, it was hypothesised that profiling the metabolome would enable the
identification of important pathways/networks which MYC-amplified MB cells rely on.

The objectives of this study were to:

— Profile the metabolite abundances of MYC regulable MBgrpz cell lines using
HRMAS.

— Identify consistent MY C-dependent changes across the three cell lines D425,
D283 and HDMBO03

— Validate any MY C-dependent changes observed using 1*C stable isotope resolved
metabolic tracing.
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5.3 Results

5.3.1 Experimental design and analysis pipeline

Following phenotypic assessment and characterisation of bioenergetics in the MBgrp3
MYC modulable cell lines (Chapter 4), alterations in the metabolome of these engineered
cell lines were further evaluated following genetic manipulation of MYC expression
levels. *H HRMAS, a high resolution solid state spectroscopy tool was employed for this
study. This method was utilised over conventional (liquid state) *H NMR due to minimal
sample handling required, wider range of polar and non-polar chemicals captured and
minimal solvent effects. The three MBgrrs MYC isogenic cell lines D425, D283 and
HDMBO03 (each containing NS, MYC 2, MYC 3 constructs) were treated in the presence
or absence of 1 pg/mL doxycycline for 72 h to induce MY C knockdown. This time point
was chosen for profiling experiments due to achieving effective MY C knockdown in most
cell lines and minimal doxycycline effects observed in the NS harbouring cell lines
(Chapter 4). Although the construct leakiness was a characteristic observed in the MYC
3 harbouring cells particularly in the HDMB03 MYC 3 cell line, previous phenotypic
assessment such as cell proliferation, cell cycle analysis and expression of metabolic
enzymes following MYC KD revealed some intermediate effects that were concordant
with observations found in the MYC 2 harbouring cells. In light of this, these cell lines
were profiled to ascertain whether MY C-dependent metabolite alterations could still be
detected despite construct leakiness. Cell pellets were collected for *H HRMAS. NMR
spectra were acquired on a 500 MHz instrument fitted with a MAS probe. Spectra were
visually inspected, pre-processed and subjected to subsequent analysis (detailed in
Chapter 2.3). Metabolites within the downfield region of the *H NMR spectrum (0- 5
ppm) are reported.
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PCA
Heatmap & Clustering
One-way anova

Figure 5.1 Flowchart of the analysis pipeline used for metabolite profiles of MYC-regulable

MBgrpz cell lines
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The analysis strategy employed in this chapter focused on two methods of analysis for
NMR spectra. First, binning a method which involves uniform division of each spectrum
into smaller regions or ‘bins’ which integrate signal intensity of the bin regions with
variable reduction. Although loss of resolution occurs, particularly affecting low intensity
signals the overall dimensionality reduction and removal of baseline noise makes this
advantageous for determining class separation using chemometrics. Second, metabolite
identification and quantification provides great information and relationships of
metabolic pathways and biological alterations within conditions. Changes in metabolite
concentrations are even more powerful when coupled with statistical validation which
enable feature selection and identification of characteristic changes associated with an

experimental condition.

The analysis used for the metabolic profiling of the MYC-regulable cell lines to evaluate
metabolite changes following MYC knockdown is outlined in (Figure 5.1). The use of
spectral binning enables unbiased and unsupervised analytical approach in determining
clusters and patterns within complex datasets. In this study, the aim would be to establish
separation of NS, MYC 2 and MYC 3 in the MYC (on) and MYC (off) states individually
for each cell line (D425, D283 and HDMBO03) and as combined pool of cell lines. This
latter step would increase statistical power, enable identification of important spectral
features and also early indication of differences in the performance of the MYC-targeting
shRNA constructs (i.e. MYC 2 and MYC 3).

The second branch of the analysis pipeline focused on metabolite identification and
quantification of relative concentration in order to obtain biologically meaningful data
and metabolite information associated with pathways. Once obtained, metabolite profiles
were treated similarly to binned profiles undergoing statistical analysis using
chemometric methods. Additionally, supervised discriminant analysis was used to enable
feature selection and identification of metabolites associated with modulation of MYC
expression. Consistent metabolite changes across the cell lines and their corresponding

constructs were realised by overlapping changes identified from individual cell lines.

160



5.3.2 Analysis of 'H NMR spectra of MBgrps MYC-regulable cell lines using
spectral binning

5.3.2.1 Assessing impact of MYC knockdown on spectral profiles of MBgrps cell

lines

Multivariate analysis was used to evaluate changes in the NMR spectra of the MBgrr3
cell lines following MYC knockdown. Firstly, spectra were binned into 0.01 ppm regions
and normalised to the sum of the spectra (0- 5ppm) to enable comparison between
samples. PCA was used to assess the separation of MYC (on) and MYC (off) cells based
on the signal intensities of each bin region. It was expected that since MYC knockdown
caused phenotypic changes in the D425, D283 and HDMBO03 cell lines, these would be
accompanied by alterations in metabolic pathways leading to variations in metabolite
abundances. In a perfect statistical model, the NS (on) and NS Dox Ctrl (on) would have
similar metabolite profiles, since MYC expression levels were similar. Furthermore this
pair would also highlight possible doxycycline induced effects. In the MYC-specific
SshRNA and their MYC (on) and MYC (off) pairs, differing metabolite concentrations/
pathway activity would give rise to distinctive metabolite features. Additionally it was
hypothesised that MYC (on) would have similar profiles to NS (on) and NS Dox Ctrl (on)
counterparts in the absence of construct leakiness and doxycycline-induced metabolic

effects.
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Analysis of the D425 cell lines showed that, PC 1 and PC 2 accounted for almost 70% of
the variation observed in the spectra (Figure 5.2 A). In the D425 cell line, the NS cells
and MYC 2 (on) cells remain relatively unseparated. The MYC 2 (off) cells formed a
distinct cluster suggesting alterations in the spectral regions compared to MYC 2 (on)
cells. The D425 MYC 3 (on) were slightly separated from the NS and MYC 2 (on) cells
suggesting some alterations prior to doxycycline treatment and MYC knockdown. The
D425 MYC 3 (off) further separate from the MYC 3 (on) cells suggesting alterations
compared to its MYC expressing equivalent. Further visualisation of the 3D PCA plot
accounts for more variance between the sample groups however no further separation was
observed although it provides a better representation of the projection of individual
samples (Figure 5.2 B). Subsequent analysis using heatmap analysis coupled with
hierarchical clustering of the relative bin intensities, aided the visualisation of changes
and clustering patterns (Figure 5.3). The hierarchical clustering further supported
separations already highlighted from the PCA score plots. The NS (on) and NS Dox Citrl
form a family, followed closely by the MYC 2 (on) and MYC 3 (on) in subfamilies.
Contrastingly, the MYC 2 and MYC 3 (off) cells form a distinct branch with highly
noticeable changes in metabolite profiles compared to all of the MYC (on) groups (Figure
5.3).
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Figure 5.2 Principal component analysis of metabolic profiles from D425 cell lines indicating variances in spectra. D425 cells were treated with or without
doxycycline for 72 h and HRMAS profiling performed. PCA of the first two principal components from the D425 NS, MYC 2 and MYC 3 harbouring cells,
labelled by construct and MYC status. PCA was performed on binned spectra. Spectra data was sum normalised. Symbols refer to individual samples and colours

indicate sample groups. 95% confidence regions are illustrated by ellipses surrounding sample groups. Data represents 3 independent biological replicates.
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Figure 5.3 Clustered heatmap of spectral bins of D425 Cell lines. D425 NS, MYC 2, and
MYC 3 harbouring cells were clustered using the Ward clustering algorithm. The colours
represent the relative spectral bin intensity. Averaged group samples (n=3) are depicted
along the vertical axis and bins across the horizontal axis. Group is indicated at the top of
the figure by fuchsia and yellow (NS On and NS Dox Ctrl On respectively), green and red
(MYC 2 on and MYC 2 Off respectively), light blue and dark blue (MYC 3 on and MYC 3 Off

respectively).
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Figure 5.4 Principal component analysis of metabolic profiles from D283 cell lines indicating variances in spectra. D283 cells were treated with or without
doxycycline for 72 h and HRMAS profiling performed. PCA of the first two principal components from the spectral bins of D283 NS, MYC 2 and MYC 3
harbouring cells, labelled by construct and MYC status. PCA was performed on binned spectra. Spectra data was sum normalised. Symbols refer to individual

samples and colours indicate sample groups. 95% confidence regions are illustrated by ellipses surrounding sample groups. Data represents 3 independent

biological replicates.



Like the D425 cell lines, PCA using the first two principal components displayed
separation between sample groups of the D283 cell (Figure 5.4 A). PCA analysis of the
D283 cell line did not reveal robust clusters equivalent to those observed in the D425 cell
line. The D283 NS (on) and NS Dox Ctrl (on) overlap on the PCA score plot suggesting
similar metabolite profiles. The D283 MY C 2 harbouring cell lines were however slightly
separated from the NS cell lines however, there was significant overlap of the MYC 2
(on) and MYC 2 (off) cells. The D283 MYC 3 cells displayed more variability across
individual samples (as shown in PCA score plot, Figure 5.4 A) and again revealed no
separation of the MYC 3 (on) and MYC 3 (off) groups. This was further supported when
3D PCA was evaluated (Figure 5.4 B). Inspection of the heatmap clusters showed
comparable profiles for the NS (on) and Dox control cells. Interestingly in this cell line
the MYC 3 harbouring cells cluster closely to the NS cell lines than the MYC 2 cell line
(Figure 5.5). There were some variations in the MYC 2 and MYC 3 (on) cells compared
to their MYC (off) equivalents however these differences were not as striking as
previously seen in the D425 cell line (Figure 5.3). Although the MYC KD observed in
the D283 MYC 2 and MYC 3 bearing cells in this cell line were comparable, it is
noteworthy that the D283 cell line has gain of three MY C copies as supposed to the high

level amplification in the D425 cell line.
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Figure 5.5 Clustered heatmap of spectral bins of D283 Cell lines. D283 NS, MYC 2, and
MYC 3 harbouring cells were clustered using the Ward clustering algorithm. The colours
represent the relative spectral bin intensity. Averaged group samples (n=3) are depicted
along the vertical axis and bins across the horizontal axis. Group is indicated at the top of
the figure by fuchsia and yellow (NS On and NS Dox Ctrl On respectively), green and red
(MYC 2 on and MYC 2 Off respectively), light blue and dark blue (MYC 3 on and MYC 3 Off

respectively).
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Figure 5.6 Principal component analysis of metabolic profiles from HDMBOS3 cell lines indicating variances in spectra. HDMBO03 cells were treated with or
without doxycycline for 72 h and HRMAS profiling performed. PCA of the first two principal components from the HDMBO03 NS, MYC 2 and MYC 3 harbouring
cells, labelled by construct and MYC status. PCA was performed on binned spectra. Spectra data was sum normalised. Symbols refer to individual samples and
colours indicate sample groups. 95% confidence regions are illustrated by ellipses surrounding sample groups. Data represents 3 independent biological

replicates.
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Figure 5.7 Clustered heatmap of spectral bins of HDMBO03 Cell lines. HDMBO03 NS, MYC 2,
and MYC 3 harbouring cells were clustered using the Ward clustering algorithm. The colours
represent the relative spectral bin intensity. Averaged group samples (n=3) are depicted
along the vertical axis and bins across the horizontal axis. Group is indicated at the top of
the figure by fuchsia and yellow (NS On and NS Dox Ctrl On respectively), green and red
(MYC 2 on and MYC 2 Off respectively), light blue and dark blue (MYC 3 on and MYC 3 Off

respectively).

Inspection of the PCA score plot for the HDMBO3 cell lines revealed consistency in the
NS, and MYC 2 samples in particular. Overall, there was less between-sample variation
in the HDMBO3 cell lines replicates compared to the D425 and D283 cell lines and is
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indicated by how closely samples of experimental groups sit together on the PCA score
plot. Additionally PC 1 and PC 2 accounted for over 80% of variance (Figure 5.6 A).
Evaluation of the PCA score plot of the HDMBO3 cell lines revealed closer clustering of
the NS cell lines than observed in the D425 and D283 NS cell lines. The HDMB03 MYC
2 (on) cells however formed a distinct cluster from the NS (on) cells. Irrespective of this,
the HDMBO03 MY C 2 (off) cells were separated from MYC 2 (on) cluster suggesting an
effect of MYC knockdown on alterations in the spectral profiles. Unfortunately only two
samples of HDMBO03 MYC 3 (on) and (off) cells were used and thus a confidence region
of clusters could not be determined. Nonetheless, both MYC 3 (on) and MYC 3 (off) cells
were proximate to the HDMBO03 NS cluster (Figure 5.6 A). Notably, 3D PCA captured
almost 90% of the variability of the spectral profiles between the HDMB03 MYC (on)
and MY C (off) groups (Figure 5.6 B).

Hierarchical clustering and heatmap analysis of HDMB03 NS, MYC 2 and MYC 3
revealed distinct profiles Figure 5.7). The heatmap profiles of HDMBO03 NS and MYC 3
shared similar features but the HDMBO03 MYC 2 profile was highly distinctive and
differed from its sister cell lines. Further inspection of individual HRMAS spectra did not
reveal spurious differences between NS, MYC 2 and MYC 3 samples. As highlighted in
the PCA of HDMBO03 samples (Figure 5.6), HDMBO03 MYC 2 (on) were separated from
the HDMBO03 NS (on) and MYC 3 (on) which could suggest changes in this cell prior to
the addition of doxycycline and may indicate construct leakiness. Nonetheless when the
overall heatmap profiles of MYC (on) and MYC (off) cell were assessed, subtle
alterations in profiles were observed in the HDMB03 MYC 2 cell lines but not HDMBO03
NS which was expected. However the spectral profiles of MYC 3 (on) and MYC (off)
cells were very similar. This is in line with previous findings of limited knockdown and

phenotypic alterations in this particular cell line.

Altogether, the analysis of the individual MY C-modulable cell lines revealed alterations
in the spectral profiles of MYC (on) and MYC (off) cell lines. In this initial analysis,
shRNA-specific differences emerged and in particular revealed the MYC 2 harbouring
cell lines had more variations in NMR spectra when comparing MYC expressing and
MY C knockdown cells. Additionally, analysis of spectral profiles of NS engineered cell
lines revealed similarities although some cell lines appeared less susceptible to
doxycycline induced effects. Subsequent analysis should highlight further alterations
associated with doxycycline and whether they are comparable or distinctive to MYC-

driven metabolite changes.
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5.3.2.2 Joint analysis of MBgres cells to interrogate the effect of MYC knockdown
on NMR spectral profiles

The overview of individual analysis of the MBgres cell lines (i.e. D425, D283 and
HDMBO03) separately highlighted alterations in the metabolite profiles of MYC (off) cells
compared to their MYC (on) equivalents. Additionally, minimal changes in NS cell lines
following doxycycline treatment were observed. This was crucial as it improved
confidence of categorising MYC specific changes in metabolites and associated metabolic
pathways. Analysis combining the cell lines, across the MYC-specific and NS shRNA
constructs was utilised to establish MYC-specific changes. Pooling of the samples was
advantageous as it increased sample number for each shRNA bearing cell line thus
improving power for subsequent analysis. Joint analysis of the spectral bins was used in
the first instance due to there being a greater number of spectral features (~ 500) compared
to assigned metabolites (~ 30) although the latter was used to validate and confirm
alterations identified by spectral bin analysis (discussed in greater detail in following

sections).

PCA was performed for the combined cell lines. However, the separation was dominated
by the distinct metabolite features of the individual MBgres cell lines rather than MYC
status i.e. MBgrp3 cell lines formed three distinct clusters irrespective of ShRNA construct
(Appendix 8.19). To address this, samples were pooled according to ShRNA constructs,
which although this still displayed clusters of the individual cell lines, highlighted the
separation between MYC (on) and MYC (off) cells when it occurred. Inspection of the
PCA score plots and hierarchical clustering of NS (on) samples showed nominal
separation within distinct MBgres cell lines. In fact, in the NS cell lines, the clustering
was ordered according to cell lines forming three major families (Figure 5.8). Inthe MYC
2 samples however, there was clear separation between the MYC 2 (on) and MYC 2 (off)
cells which was clear in two out of three cell lines, namely the D425 and HDMBO03 cells
(Figure 5.9 A). Hierarchical clustering further showed the similarities between the D425
MY C 2 (off) and HDMBO03 MY C 2 (off) which formed a cluster away from other samples
(Figure 5.9 B). This is noteworthy since both the D425 and HDMBO03 cell lines have high
level MYC amplification and the MYC 2 shRNA construct achieved greater MYC
knockdown. There was greater spread in the MYC 3 cell line samples, although some
separation was observed, they did not form robust clusters as observed in the MYC 2 cell
lines (Figure 5.10).
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Figure 5.8 Pooled multivariate analysis of MBgres NS cell lines metabolite profiles. A) PCA score plot of spectral bins from D425, D283 and HDMBO03 NS cell
lines following treatment with or without doxycycline for 72 h. PCA of sum normalised and pareto scaled spectral bins showing the first two principal

components. B) Hierarchical clustering and heatmap analysis of the top 50 spectral bins of the NS (on) versus NS Dox Ctrl (on) cells.
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To assess the overall characteristics of metabolite profiles, hierarchical clustering
combined with heatmap analysis of the pooled cell lines was performed. This method also
enabled comparison of the performance of the pooled NS, MYC 2 and MYC 3 bearing

cell lines against patterns previously observed in individual cell lines.

The MYC 2 bearing cell lines demonstrated the best separation following MYC
knockdown (Figure 5.11). In the MYC 3 cell lines, there were minimal changes in
features consistent with lower levels of knockdown for this construct. For this particular
shRNA construct, lower knockdown efficiency and leakiness of the construct was
speculated as the reason for more subtle changes observed in previous experiments. Data
from metabolomics experiments demonstrated the MBGRP3 cell lines were affected in
distinct ways. For instance in the D425 cell line, it appeared that indeed leakiness of
MYC 3 shRNA may have affected the metabolite profile of the MYC 3 (on) cells since
they exhibited altered spectral profile from the MYC 2 (on) and NS cell lines. However
despite this, observable differences and separation were observed in this cell line (Figure
5.3). This follows from previous findings where the most profound effects of MYC
knockdown were observed in the D425 cell line which has higher copy number of MYC
compared to the other cell lines which may in turn, overcome the effects of construct
leakiness where lower knockdown sufficiently gives rise to phenotypic changes (Siu et
al., 2003).

The D283 MYC 3 (on) on the PCA score plot cluster closely to NS cell line suggesting
construct leakiness an unlikely candidate. The similarity of the MYC 3 (on) and MYC 3
(off) metabolic profiles would suggest that the knockdown achieved may not have
reached a sufficient threshold to impact metabolite levels or give rise to stark variations
equivalent to those evident in the D425 cell lines. The HDMB03 MYC 3 bearing cells
were previously reported to display atypical growth characteristics and inconsistencies in
earlier experiments. Although there may be some off target effects in this cell line in
addition to construct leakiness, assessing global metabolites could further enable
conclusion of these effects. From metabolite experiments, the NS and MYC 2 bearing
cells behaved according to the expected alterations in MY C expression following addition

of doxycycline, which was reflected in their respective metabolite profiles.
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Although it was important to inspect global alterations in spectral profiles, assessing
individual spectral features would reveal specific alterations associated with reduced
MYC expression. In this instance, univariate analysis was used to examine the
significantly altered spectral regions across the dataset including all three MBgres cell
lines and corresponding sShRNA construct cell line pairs. Pooling of samples resulted in
more statistical power, enabling identification of common changes across the MYC-
regulable cell lines. Four bin regions were emphasised across the MBgrp3 isogenic cells
lines (Figure 5.12 A). The regions highlighted are routinely assigned to NAA (2.01-2.02),
taurine (3.43 -3.44 ppm) and glycine (3.56- 3.57 ppm). The bin region 2.02-2.03 was
found to be significantly altered but confident assignment could not be made due to
multiple peaks adjacent to the region arising from resonance of glutamine. An artefact of
binning could result in splitting of peak regions of metabolites of NMR spectra, although
plausible in this scenario, this bin region could also represent an unknown metabolite
peak. Comparison across the groups largely revealed significant variations in the MYC 2
(on) compared to MYC 2 (off) cells (Figure 5.12 B, Appendix 8.20).
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Figure 5.11 Clustered heatmap of spectral bins of MBgres MYC inducible cell lines. D425,
D283 and HDMBO03 NS, MYC 2, and MYC 3 harbouring cells pooled (n=9 for each
condition) according to constructs and then clustered using the Ward clustering algorithm.
The colours represent the relative spectral bin intensity. Sample groups are depicted along
the vertical axis and bins across the horizontal axis. Group is indicated at the top of the
figure by fuchsia and yellow (NS On and NS Dox Ctrl On respectively), green and red (MYC
2 on and MYC 2 Off respectively), light blue and dark blue (MYC 3 on and MYC 3 Off

respectively).
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Figure 5.12 Significantly altered spectral features in MBgres cell lines. A) Scatter plot
showing mean difference of spectral bins of the D425, D283 and HDMBO03 NS, MYC 2 and
MYC 3 cell lines following MYC knockdown determined by One-way ANOVA. Red dots
indicate p-value <0.05. Y-axis is automatically adjusted by Metaboanalyst using —1og10(p).
Line on scatter plot shows the —log10(0.05) value on y-axis. B) The four highlighted altered
spectral bins regions following MYC knockdown. Boxplots display individual samples (black

dots) and represent lower and upper quartiles with middle line indicating median.
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5.3.3 Analysis of metabolite concentrations derived from *H NMR spectra

5.3.3.1 Multivariate analysis on the impact of MYC knockdown on global

metabolite profiles of MBerpz MYC-regulable cell lines

As previously outlined in Figure 5.1, the second analysis carried out on the *H NMR
spectra of MBgrp3 cell lines was to identify and quantify metabolites detected and follow
similar analysis pipeline previously used. Analysis utilising spectral bins indicated on a
global level how MYC knockdown impacted detectable metabolites and also highlighted
regions which significantly distinguished the MYC (on) and MYC (off) cells. Binning
suffers from loss of resolution and additionally may induce artificial splitting of
metabolites with multiplet peaks. Thus analyses using metabolite quantitation may
highlight changes missed in the spectra binning analysis and also corroborate previous
observations. Furthermore biological relevance isn’t immediately obvious in spectral
binning underscoring the further need for evaluation of relative metabolite
concentrations. Details of metabolite/lipid assignments are listed in Appendix 8.22 and
Appendix 8.23. Altogether 21 metabolites and 5 lipid species were identified from
HRMAS spectra. For each cell line, metabolites reported were consistently found within
cell lines harbouring NS, MYC 2 and MY C 3 constructs.

Metabolic profiling of D425, MYC 2 and MYC 3 following MYC knockdown showed
altered metabolite abundances (Figure 5.13). Similarly to analysis of spectral bins,
clustering of metabolite abundances showed a distinct subfamily and branch of the D425
MYC 2 and MYC 3 (off) cells compared to the MY C (on) cells. Furthermore the distance
between D425 MYC 2/3 (on) versus MYC 2/3 (off) were increased, highlighting these
distinct changes. It is worth noting that although there were slight variations in the profiles
of the D425 NS (on) and Dox control (on) cells, these alterations largely differed from
those observed in the MYC shRNA bearing cells following addition of doxycycline.
However, additional supervised analysis further established and distinguished these

alterations.

Examination of metabolite profiles of the D283 cell lines revealed similarities to previous
analysis conducted on spectral bins. As previously observed, the D283 MYC 2 cell lines
clustered distinctly from the D283 NS and MY C 3 cells (Figure 5.14; Figure 5.5). There
were some alterations in metabolite abundances observed which were not immediately
highlighted from spectral bin analysis between the D283 MYC 2 (on) and MYC 2 (off)
cells. In the D283 MYC 3 also, distinctions between the MYC 3 (on) and MYC 3 (off)
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were more pronounced. In fact, MYC 3 (off) formed a sub-branch away from the MYC

3 (on) which clusters closely to the D283 NS (on) and Dox control (on) cells (Figure

5.14).

=
-
e
51
]
=1
L

(4401 €340

(Mol sN

(MO) o =eg 5N

class class
Succinate L3 Bz joFF)
MY C2Z (ON
Hypotaurine 1 (OM)
1}

¥ C3 (OFF)
GABA MY C3 (ON)
Taurine o BnS (oN)
MS Dow Crrl (ON)

Aspartate 05

Glutarmine 1
Glutamate

.15
Chaline

G5H
Glycine
Leucine
acetate
Lipid CH3
Alanine
Isoleucine
‘Waline

Lipid CH2
Total lipids
Phasphocholine
MNAA

Wy a-inosital
Lactate

Creatine

(Mol zaan
(MOl E2AN

Figure 5.13 Metabolite profiles of D425 cell lines following MYC knockdown. D425 NS,

MYC 2, and MYC 3 harbouring cells were treated in the presence or absence of doxycycline

for 72h and subjected to metabolic profiling. Metabolites were clustered using the Ward

clustering algorithm. The colours represent the relative metabolite levels (Red for high, Blue

for low). Individual samples are depicted along the vertical axis and metabolites across the

horizontal axis. Group is indicated at the top of the figure by fuchsia and yellow (NS On and
NS Dox Ctrl On respectively), green and red (MYC 2 on and MYC 2 Off respectively), light

blue and dark blue (MYC 3 on and MYC 3 Off respectively). Data represents mean of 3

replicates.
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Figure 5.14 Metabolite profiles of D283 cell lines following MYC knockdown. D283 NS,
MYC 2, and MYC 3 harbouring cells were treated in the presence or absence of doxycycline
for 72h and subjected to metabolic profiling. Metabolites were clustered using the Ward
clustering algorithm. The colours represent the relative metabolite levels (Red for high, Blue
for low). Individual samples are depicted along the vertical axis and metabolites across the
horizontal axis. Group is indicated at the top of the figure by fuchsia and yellow (NS On and
NS Dox Ctrl On respectively), green and red (MYC 2 on and MYC 2 Off respectively), light
blue and dark blue (MYC 3 on and MYC 3 Off respectively). Data represents mean of 3

replicates.
Similar clustering patterns to the D283 cell lines were observed in the HDMBO03 cell lines.
It was previously observed that metabolite profiles for the HDMBO03 MYC 2 (on) cells
were in contrast to the NS and MYC 3 (on) cells (Figure 5.7). These characteristics

remained observable when metabolite abundances were considered (Figure 5.15).
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Although the HDMB03 MYC 2 (on) and MYC 2 (off) clustered closely together, there
were subtle differences in metabolites within this cell line following MYC knockdown.
The NS (on) and Dox control (on) cells had highly similar profiles which was anticipated
as MYC knockdown was not expected in this cell line. The HDMB03 MYC 3 (on) cells
cluster narrowly to the NS cell lines. Additionally the HDMB03 MYC 3 (off) cells form
a subfamily, slightly separated from the HDMBO03 NS and MYC 3 (on) cells (Figure
5.15).
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Figure 5.15 Metabolite profiles of HDMBO03 cell lines following MYC knockdown. HDMBO03
NS, MYC 2, and MYC 3 harbouring cells were treated in the presence or absence of
doxycycline for 72h and subjected to metabolic profiling. Metabolites were clustered using
the Ward clustering algorithm. The colours represent the relative metabolite levels (Red for
high, Blue for low). Individual samples are depicted along the vertical axis and metabolites
across the horizontal axis. Group is indicated at the top of the figure by fuchsia and yellow
(NS On and NS Dox Ctrl On respectively), green and red (MYC 2 on and MYC 2 Off
respectively), light blue and dark blue (MYC 3 on and MYC 3 Off respectively). Data

represents mean of 3 replicates.
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5.3.3.2 Supervised discriminant analysis for identifying metabolite altered
following modulation of MYC expression

So far, we have employed PCA alongside heatmap analysis as a tool for reducing
dimensionality of the 'H NMR spectra dataset when assessing the impact of MYC
knockdown in the MBgrps cell lines. Although PCA is an unbiased method, it is still
prone to within-group sample variation which can impact the analysis of between group
variations. PLS-DA, like PCA, is dimensionality reduction tool however it does so by
relying on class membership. In order to identify MYC-driven metabolite alterations,
supervised analysis using PLS-DA was utilised. The purpose of PLS-DA here was to
utilise feature selection and is the primary focus of this section. Prior to use in identifying
important metabolites which distinguished MYC (on) cells from MYC (off) cells, PLS-
DA models were cross-validated. This ensured PLS model accuracy and statistical
significance. Variable important projections (VIP) scores were used as a feature selection
method to identify impacted metabolites when MYC expression was reduced. VIP scores
greater than 1 were used as a cut-off for relevant metabolites as previously described
(Akarachantachote et al., 2014).

Individual feature selection using PLS-DA with VIP scores were used to determine
metabolites distinguishing MYC (on) and MYC (off) pairs in addition with NS (on) and
NS Dox Ctrl (on) pairs (Appendix 8.24- Appendix 8.32). The primary focus was to ensure
metabolites that were consistently altered across the three MBgrps cell lines in response
to MYC loss were highlighted. It was appreciated that cell line-specific metabolic changes
may occur, however the consistent changes across MBgres cell lines with varying genetic
backgrounds were likely to result in the identification of the most profound MYC-induced
alterations. For this reason, similar sample pooling and joint analysis techniques
previously used were employed, such that PLS-DA models were generated for the pooled
NS, MYC 2 and MYC 3 harbouring MBgres cell lines.

PLS-DA was cross validated to ensure models accurately fitted data; this confirmed cross-
validated PLS-DA models for MYC 2 and MYC 3 samples (Appendix 8.36- Appendix
8.36). Inthe MYC 2 cell lines, elevation in choline, glycine and taurine in the MYC 2
(off) distinguished these samples from the MYC 2 (on) cells (Figure 5.16, Figure 5.17).
In the MYC 3 cell lines, decrease in creatine levels accompanied by elevations in choline
and glycine distinguished MY C 3 (off) cells from their MYC 3 (on) counterparts (Figure
5.18, Figure 5.19). The model generated for the NS cell lines failed cross validation,

meaning that PLS-DA model was relying on class membership and artificially clustered
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the NS (on) and NS Dox Ctrl (on). Since ‘goodness of fit’ of the model was invalid, this
meant NS (on) and NS Dox Ctrl (on) could not be distinguished and attempts to do so
using VIP scores was statistically insignificant (Appendix 8.36 A). Indeed when
metabolite levels were interrogated, only minimal variations were observed (Figure 5.20,
Figure 5.21).
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Figure 5.16 Discriminant metabolites in the pooled MBgrps MYC 2 (0n) compared to MYC 2
(off) cells. Variable importance in projection (VIP) scores displaying top 15 metabolites that
are altered following MYC knockdown as identified by PLS-DA. VIP score is weighted sum of
squares correlations between PLS components and original variable. Higher VIP scores
indicate greater contribution to the separation in the model. The red and green boxes to the
right indicate whether a metabolite is increased (red) or decreased (green) when MYC was

knocked down.
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Figure 5.17 Top 3 discriminant metabolites in the pooled MBgres MYC 2 cell lines. The data
indicates original concentrations (bar plot + SD) and normalised concentrations (boxplots)
of the top metabolites according to VIP score between MYC 2 (on) v MYC 2 (off) MBgres cell
lines. Arbitrary units (AU).
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Figure 5.18 Discriminant metabolites in the pooled MBgrrs MYC 3 (0n) compared to MYC 3
(off) cells. Variable importance in projection (VIP) scores displaying top 15 metabolites that
are altered following MYC knockdown as identified by PLS-DA. VIP score is weighted sum of
squares correlations between PLS components and original variable. Higher VIP scores
indicate greater contribution to the separation in the model. The red and green boxes to the
right indicate whether a metabolite is increased (red) or decreased (green) when MYC was

knocked down.
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Figure 5.19 Top 3 discriminant metabolites in the pooled MBgres MYC 3 cell lines. The data
indicates original concentrations (bar plot + SD) and normalised concentrations (boxplots)
of the top metabolites according to VIP score between MYC 3 (on) v MYC 3 (off) MBgres cell
lines. Arbitrary units (AU).
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Figure 5.20 Discriminant metabolites in the pooled MBgrps NS (on) compared to NS Dox
Ctrl (on) cells. Variable importance in projection (VIP) scores displaying top 15 metabolites
that are altered following MYC knockdown as identified by PLS-DA. VIP score is weighted
sum of squares correlations between PLS components and original variable. Higher VIP
scores indicate greater contribution to the separation in the model. The red and green boxes
to the right indicate whether a metabolite is increased (red) or decreased (green) when MYC

was knocked down.
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5.3.3.3 Overlap of metabolites in the MBgrpz MYC-regulable cell lines

Using PLS-DA and VIP scores for feature selection highlighted metabolites that were
altered following MYC knockdown in the MBgres cell lines. Although pooling of samples
improved power for statistical analysis, it was important to ensure that these results were
not being influenced by a subset of samples or that other features weren’t masked. The
discriminant metabolites for each MY C-specific ShRNA construct in the MBgres cell
lines were overlapped to corroborate previous findings and also assess individual cell line
behaviour. For the MYC 2 bearing cell lines, glycine and choline were the 2 shared
metabolites that distinguished the MYC 2 (on) and MYC 2 (off) cells across the D425,
D283 and HDMBO3 cell lines. It is also worth noting that the D425 and HDMB03 MYC
2 cell lines also had taurine and hypotaurine species as common metabolites that were
impacted following MYC knockdown (Figure 5.22). Additionally there was at least 1
metabolite that was unique to each cell line for discriminant analysis. Glycine and choline

similarly were identified in the MYC 3 bearing cell lines (Figure 5.23).
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D425 MYC 2 HDMBO03 MYC 2

D283 MYC 2

Figure 5.22 Venn diagram of common discriminant metabolites between the MYC 2
harbouring cell lines following MYC knockdown. The diagram indicates altered metabolites
with VIP > 1 in the PLS-DA model.

D425 MYC 3 HDMBO03 MYC 3

D283 MYC 3

Figure 5.23 Venn diagram of common discriminant metabolites between the MYC 3
harbouring cell lines following MYC knockdown. The diagram indicates altered metabolites
with VIP > 1 in the PLS-DA model

191



5.3.4 Utilising *C -glucose tracing to understand pathway dynamics of MYC-
amplified medulloblastoma cells

Overall, metabolic profiling revealed novel metabolite changes associated with MYC
amplification in MB. Previous experiments (Section 5.3.3) have highlighted MYC-
dependent changes in metabolites levels, namely alterations in the intracellular abundance
of glycine and choline which were highly concordant across MBgres cell lines.
Interestingly both metabolites provide one-carbon units that feed into the folate and
methionine cycles. Although metabolic pathways affected can be deduced from metabolic
profiling, it is difficult to understand the dynamics of these highlighted metabolites. For
instance, in the case of choline, increased levels were observed which may be attributable
to increased uptake or decreased activity of choline kinase which converts choline to
phosphocholine. In the case of glycine is it increased de novo synthesis or uptake from

the extracellular medium?

The utility of both NMR and MS in metabolomics studies to further clarify information
where one platform was limited was previously discussed (Chapter 5.1). For this study,
the use of 13C tracing could provide more context for the alterations observed in these
metabolites. Since **C tracing is not widely utilised for choline, this portion of the study
focused on the dynamics of glycine which could be assessed using *C glucose as a tracer.
The de novo synthesis of glycine and its precursor serine is derived from the glucose
intermediate 3-phosphoglycerate. Both serine and glycine are important biosynthetic
precursors and important contributors to one carbon metabolism. Although serine was not
detectable in the HRMAS profiling, it links glucose metabolism to biosynthetic pathways
and thus provides a rationale for evaluating its role in MYC-regulable MB cell lines in
addition to glycine. The D425 MYC 2 cell lines performed consistently in most
experiments and thus were utilised for 3C tracing analysis. D425 MYC 2 cells were
treated in the presence or absence of doxycycline for 48 h in growth medium with
unlabelled glucose to induce MYC KD prior labelling. Subsequently, media was replaced
with growth medium with 3C glucose alongside doxycycline treatment and cells were

cultured for 6 and 24 h to determine pathway activity.
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Pathway activity was determined by assessing the labelling patterns of isotopologue and
overall abundance of a particular metabolite over the two time points. Since 3C has an
additional mass to *2C, metabolites with labelled with 13C heavy isotopes are denoted with
+ n, where n is the number of heavy isotopes found in the metabolite/isotopologue. As
illustrated in Figure 5.24 A, uniformly labelled 3C -glucose gives rise to a 3-carbon unit
metabolite, 3PG, which is utilised for the de novo synthesis of serine and glycine. In this
scenario, phosphoserine and serine, which are uniformly labelled with three *C atoms
are denoted as M+3, here M represents mass. For glycine this would be M+2 since glycine
is a two-carbon metabolite. Once introduced into the system, numerous labelling patterns
of metabolites may arise from various metabolic sources to generate mixed labelled
metabolites as shown in Figure 5.24 B. Since phosphoserine is a direct product of
glycolytic metabolism, only two labelling patterns are observed. Serine and glycine are
however more complex, since they can be generated from metabolic sources in addition
to interconversion. Conventional MS analysis derives mass changes and does not inform
on position of heavy isotopes which require more sophisticated MS techniques. Figure
5.24 B depicts possible isotopologues (i.e. M+1, M+2, M+3) of serine and glycine with

no reference to proximity to amide or carboxyl terminals of these AAs.
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Figure 5.24 Schematic of isotopologues following **C -glucose labelling in glycolysis and de
novo serine and glycine synthesis pathway. A) Uniformly labelled glycolytic intermediates
and serine/glycine related metabolites, solid blue indicates *C atoms. B) Simplified evolution

of serine ad glycine metabolites giving rise to metabolites with both *C -labelled (Blue) and

12C-unlabelled (white).
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Figure 5.25 Effect of MYC knockdown on the **C -glucose labelling patterns of the de novo
serine and glycine synthesis pathways. Isotopologue distribution of A) O-Phospho-3-serine
B) Serine C) glycine in D425 MYC 2 (on) and MYC 2 (off) cells over 24 h. Data represents +
SD of three biological replicates. Metabolites are denoted with +1, +2, +3 to indicate

number of heavy isotopes. Data represents mean + SD of three biological replicates.
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Table 5.1 Mean differences in unlabelled and 13C labelled metabolites in the D425 MYC 2
(on) and MYC 2 (off) cells. Significance was determined using two-way ANOVA

Metabolite Mean difference Adjusted Mean difference Adjusted
at6 h p-value at24 h p-value
Phosphoserine 2.22% 105 0.0001 4.82x 104 0.0001

Phosphoserine +3 1.32:%10° 0.0001 1.17 x 104 0.0001

Serine 5.77x 10¢ 0.0001 -1.03x 106 0.0001
Serine + 1 420x 103 0.9925 5.43 x 105 0.9721
Serine + 2 1.06 x 103 0.9999 2.40 x 106 0.9997
Serine + 3 1.17x 10¢ 0.4992 3.07x 105 0.9987
Glycine 2.40x 10° 0.0001 6.67 x 105 0.1674
Glycine + 1 1.04x 103 0.9995 2.65x 105 0.9366
Glycine + 2 2.58x 105 0.9438 8.03 x 105 0.061

Examining the labelling patterns of the de novo serine/glycine metabolites revealed a
decrease in total levels of phosphoserine at 6 and 24 h when MY C expression levels were
reduced. Crucially, the levels of M+3 phosphoserine were reduced following MYC
knockdown. In both MYC 2 (on) and MYC 2 (off), higher levels of phosphoserine were
observed at the earlier time point (Figure 5.25 A). The total levels of serine were higher
in the D425 MYC 2 (on) cells at 6 h although the reverse was true at 24 h where total
levels of serine were greater in the D425 MY C 2 (off) cells. Isotopologue distributions of
labelled serine in the D425 MYC 2 (on) cells showed greater levels of labelled serine
species at both 6 and 24 h suggesting greater rate of de novo synthesis. The increase in
total serine observed in the D425 MYC 2 (off) cell line was attributable to a rise in
unlabelled serine suggesting uptake from the extracellular medium (Figure 5.25 B).

Across both time points, total glycine levels were lower in the D425 MYC 2 (off) cells
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when compared to their MY C expressing counterparts. Additionally, the levels of M+1
and M+2 glycine were higher in MYC 2 (on) cells.

Notably, of the three metabolites measured within this pathway, total glycine was the only
metabolite to increase at the 24 h time point in both MYC 2 (on) and MYC 2 (off) cell
lines suggesting a more stable pool of this metabolite (Figure 5.25 C). Appreciating the
rise in levels of unlabelled serine in the MYC 2 (off) cells at 24 h, evaluation of whether
this phenomenon occurred in unlabelled glycine was considered. At 6 h, there was a
marked difference in unlabelled glycine between MYC 2 (on) and MYC 2 (off) cells
however this is diminished at 24 h. This observation would suggest the rate of uptake of
glycine was in fact higher in MYC 2 (off) cells. To quantify this change, the difference
in peak area of unlabelled glycine between the MYC 2 (on) and MYC 2 (off) cells were
determined. Since peak area corresponds to intensity of metabolite signal and
concentration, this would indicate whether unlabelled glycine was being accumulated
from extracellular medium. The difference in peak area was 2.36 x 10%and 6 x 10°at 6 h
and 24 h respectively (Figure 5.25 C). The diminishing difference between the MYC

isogenic cell lines indicated acquisition of glycine through uptake or alternative sources.
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Exploring the isotopologue distributions of uniformly labelled metabolites across the two
time points enabled assessment of flux and labelling dynamics. The levels of M+3
phosphoserine peaked at 6h and fell dramatically in both cell lines (Figure 5.26 A). More
importantly, labelling indicated higher turnover of M+3 phosphoserine in D425 MYC 2
(on) cells compared to MYC 2 (off) cells (p <0.0001) . Similarly, there was a sharp
increase in M+3 serine in the first 6h, and this reached isotopic steady state in the MYC
2 (on) cells (Figure 5.26 B). In contrast, there was a steadier rise to similar M+3 serine
levels in the D425 MYC 2 (off) cells indicating significantly lower flux of **C-glucose
into the de novo pathway compared to the D425 MYC 2 (on) (p=0.0008) . Unlike its
precursor metabolites, there was a slower rise in fully labelled M+2 glycine in the both
conditions. The difference in M+2 glycine was more pronounced at 24 h (8.03 x 10°) than
at 6 h (2.58 x 10°) which was in contrast trends observed in M+3 phosphoserine and M+3
serine. Nonetheless, MY C knockdown caused markedly lower M+2 glycine levels in the
D425 MYC 2 (off) compared to D425 MYC 2 (on) (p <0.0001) (Figure 5.26 C). Taken
together, these findings detail upregulated de novo serine and glycine synthesis in the
D425 MYC 2 (on) cells compared to it MYC 2 (off) counterpart. Labelling showed **C-
glucose-derived serine and glycine was reduced in response to MYC knockdown
suggesting MY C expression regulates flux of glucose intermediates into this biosynthetic

branch.
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Figure 5.26 Time course on fully labelled serine related metabolites in D425 MYC 2 cell
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5.4 Discussion

541 HRMAS based metabolomics for the identification of novel MYC-driven
changes

In this chapter, extensive analysis of MYC-driven rewiring of metabolism in MBgres cell
lines was undertaken. To my knowledge, this is the first study to interrogate the
associations of MY C-amplification in MBgrps and cellular metabolism using metabolic
profiling. Untargeted metabolomics using NMR spectroscopy and MS-based isotope
labelling was used to elucidate changes in the metabolite profiles of MYC-amplified MB
cells compared to isogenic equivalents with MYC knockdown. Distinct profiles were
achieved between these groups in the three independent MBgre3 cell line models used in
this study. Furthermore, the identification of MYC-driven changes were validated by
interrogating pathway dynamics and flux. Importantly, the upregulation of the de novo
serine and glycine pathway as a feature across MYC- amplified MB cell lines was
identified.

A key benefit of utilising this technique was that variations in a wide range of metabolites
were quantified. HRMAS has been utilised for ex vivo profiling studies to establish
tumour associated metabolic characteristics. In particular HRMAS profiling has
previously highlighted distinct features of normal brain tissue compared to malignant
transformed cancer cells (Fuss and Cheng, 2016). Furthermore, other studies have utilised
this technique for correlating tumour grade with metabolite changes. Although this study
focused on in vitro profiling of MBgres cell lines, there remains scope and compatibility
of coupling findings found here with ex vivo profiling of MYC-amplified patient samples
to establish more clinically relevant signatures. It also provides motivation for validating

in vivo MRS measurement of specific metabolites.

Untargeted metabolomics using HRMAS identified alterations in the metabolic profiles
of MYC-amplified MB cell lines when MYC levels were modulated and this was
particularly noticeable in the MYC 2 bearing cell lines. Several multivariate techniques
analysing both spectral bins and relative metabolite concentrations were used to identify
the underlying metabolic alterations that were dependent on MY C expression. Utilising
both individual analysis and joint analysis of both data types aided in the identification of
consistent metabolite changes between MYC (on) and MYC (off) cell lines. Spectral

binning requires very little processing and provides an unbiased method extrapolating

200



differences in the metabolite information contained within spectra when comparing
different sample groups. However, the relative metabolite concentrations enable
biological extrapolation and identifiable pathway associations. These two different

methods enabled discovery and validation of these novel metabolite changes.
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Methionine
cycle

/ \ + Methylation reactions

Figure 5.27 Schematic of simplified one carbon metabolism.

In this study, elevation of glycine and choline was detected when MY C expression was
knocked down in D425, D283 and HDMBO03 cell lines. Metabolic profiling in
combination with SIRM carried out in this chapter, has highlighted MY C-dependent
dysregulation of the de novo serine and glycine synthesis pathway in MY C-amplified
MBgres cell lines. Glycine and choline are highly interconnected in sustaining one carbon
pools required for folate and methionine cycles (Figure 5.27). These downstream
pathways provide anabolic substrates required for nucleotide synthesis and methylation
reactions. The conversion of serine to glycine by SHMT1/2, and subsequent cleavage by
the glycine cleavage system provides methyl donors for the methylated forms of
tetrahydrofolate (THF) required for biosynthesis of purines and thymidylate. Pemetrexed
is an antifolate that acts on dihdryofolate reductase (DHFR) and thymidylate synthase
(TYMS) and exerts antineoplastic activity. Unlike its predecessor methotrexate,
Pemetrexed acts directly on the aforementioned enzymes to reduce THF-dependent
reactions rather than depleting cofactors required for these reactions (Chattopadhyay et
al., 2007). Interestingly, the combination of Pemetrexed and gemcitabine has been shown

to be more effective against MYC-amplified medulloblastoma over SHH
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medulloblastoma in orthotopic mouse models, consistent with the over-activation of this
pathway as a distinctive feature of MYC-amplified Group 3 MB (Morfouace et al., 2014).
Phase 11 clinical evaluation of this combination therapy is on-going (NCT01878617)
(Bautista et al., 2017). Whilst, earlier studies have highlighted anti-metabolite drug
combination strategies that are effective at targeting MY C-amplified MBgres, this study
reveals pathway dysregulation of serine and glycine biosynthesis associated with MYC
which provides supportive and mechanistic evidence to the therapeutic efficacy of these
inhibitors. Furthermore, although methotrexate is not extensively used in paediatric
oncology settings, recent studies have highlighted improved risk stratification and
adaptation which has aided its clinical utility and improved outcomes in carefully selected
patients (Pompe et al., 2015). Together these investigations support our findings and
highlight the potential therapeutic targeting of these pathways in medulloblastoma and in

particular MYC-amplified tumours.

In this study, higher levels of choline were observed in MB cells upon MY C knockdown.
In fact, this signature was the most profound of the metabolite alterations observed in the
study. The degradation of choline also provides one carbon units through the production
of betaine which then facilitates the remethylation of homocysteine to generate
methionine. The regeneration of methionine is particularly important to sustain substrates
for the enzyme S-adenosylmethionine synthetase which produces SAM, the major methyl
donor for DNA, RNA and lysine/arginine protein methylation reactions (Ducker and
Rabinowitz, 2017). In addition to its role as a one carbon donor, choline is an important
nutrient in maintaining phospholipid biosynthesis. Although phospholipid membrane
turnover is increased in cancer cells due to increased proliferation, it is not the only
physiological process that accounts for the rise in choline metabolites observed in cancer.
Interestingly, stimulation of proliferation in non-malignant cells does not recapitulate the
abnormal choline phenotype observed in cancers cells (Aboagye and Bhujwalla, 1999).
The tumour microenvironment has been shown to influence choline metabolism. Choline
kinase o is a HIF1 responsive enzyme and the rise in phosphocholine levels during

hypoxia is attributable to its activity in a prostate cancer model (Glunde et al., 2008).

It was not entirely clear the reason for increased levels of choline in our model. In the
MBgcrrz MYC-regulable cell lines, although choline is elevated and most abundant
choline-containing  metabolite in  MYC (off) cells, phosphocholine and
glycerophosphocholine (only observed in the HDMBO3 cell lines) levels vary in the cell

lines. For instance, in the D425 MYC 2 (off) cells, phosphocholine is reduced whereas
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the reverse is true for the D283 MYC (off) cells. In the HDMB03 MYC (off) cells,
phosphocholine levels remained relatively unchanged however, glycerophosphocholine
levels increased when MYC was knocked down. There may be differences in the
intermediary metabolism of choline or sources of choline, either from breakdown of
phosphatidylcholine from lipid droplet sources or uptake from extracellular sources
which may account for the differences observed in the three cell lines. Due to the rise in
SIRM in metabolomics, there are various stable isotope tracers that are becoming readily
available which is enabling evaluation of more metabolic pathways. The use of 3C
choline could illuminate the alterations and pathway activity that may be associated with
MYC in MB. Choline is also readily detectable using in vivo MRS which has highlighted
upregulated choline metabolism as a feature of numerous human cancer types including
brain, breast and prostate (Glunde et al., 2011). Understanding its role in MYC-driven MB
could offer opportunities as a biomarker, diagnostic tool and for prognostication.
Additionally therapeutic targeting of choline metabolism could benefit treatment of MYC-
amplified MB. Indeed, one study has linked the overexpression of MYC to aberrant
choline metabolism in lymphoma through its transcriptional regulation of PCYT1A
which was targetable in a MY C-dependent manner (Xiong et al., 2017). Additionally,
targeting of CKa in GBM reduced invasiveness and expression of EMT genes particularly
in the stem cell population which was associated with the choline phenotype observed
(Koch et al., 2016).

5.4.2 MYC expression influences usage of the de novo serine and glycine pathway

The dynamics of the de novo serine and glycine pathway was further interrogated using
13C glucose tracer analysis. By probing this pathway, the partitioning of glucose into the
de novo serine and glycine pathway was observed to be greater in MY C expressing cells
compared to when MY C was knocked down. The significance of endogenous production
of both serine and glycine is now widely established in cancer metabolism. For instance,
consumption of glycine was highly correlated with proliferative rates in cancer (Jain et
al., 2012). However, others have shown that it is serine levels which are important in
fuelling the folate cycle and thus providing substrates required for nucleotide synthesis
(Labuschagne et al., 2014). In the initial untargeted profiling, elevated levels of glycine
following MYC knockdown were detected. Conversely, isotopic labelling revealed
greater levels of glycine in the MY C (on) cells which was notably different from HRMAS

profiling results. Although the two techniques might initially appear contradictory,
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sources of glycine were indistinguishable in the untargeted profiling. It was proposed that
the uptake of exogenous glycine was higher in the MY C (off) cells despite overall glycine
levels being lower. Although the overall doxycycline treatment was carried out for 72 h
in both types of metabolomics studies, isotopic tracing was limited to 24 h. An extended
labelling time period is needed to further establish whether total glycine levels in MYC
(off) surpass that of the MYC (on) cells and particularly whether this is driven by uptake
from extracellular medium. Importantly, further time points would allow for isotopic
steady state of glycine to be reached, if indeed it could as seen in the case of serine (Figure
5.26). Interestingly, uptake of exogenous serine was also greater in the MYC (off) cells
which actually increased overall levels of serine even with reduced flux of the de novo
serine pathway. This observation suggests distinct mechanisms/ sources for intracellular

levels of serine and glycine.

Our data suggests that overexpression of MYC is associated with the amplification of the
de novo serine and glycine synthesis pathway. The switch from de novo synthesis to
extracellular uptake was evident when MYC was knocked down and may be associated
with a differentiated phenotype. Upon loss of MYC, MBgres cells were more adherent,
and expressed genes associated with a differentiated state (Swartz, 2018). This feature is
supported by several other studies which have associated MYC with stemness and self-
renewal capacity alongside repression of differentiation genes (Smith et al., 2010,
Varlakhanova et al., 2010). The hypothesis of exogenous uptake being more closely
associated with a differentiated state is highlighted by the supply and availability of serine
and glycine in the brain microenvironment. Glycine is an important neurotransmitter in
the brain and functions additionally as a co-agonist of NMDA receptors. D-serine is an
even more potent a co-agonist of NMDA receptors and its generation is dependent on L-
serine. During foetal development, there is high activity of the de novo serine and glycine
pathway due to the requirement for biosynthetic substrates essential for the intense burst
of proliferation required during early development. With the formation of the blood brain
barrier in the latter stages of foetal development, the brain occludes various metabolites
including serine and glycine and is reliant on de novo synthesis of these metabolites. In
the case of L-serine, de novo synthesis is predominantly restricted to astrocytes which

supply terminally differentiated neurones with L-serine required for D-serine synthesis.
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Although the cell lineage for MBcrrs had remained elusive, advances in single cell
transcriptomics is aiding in delineating the developmental architecture and features of
medulloblastomas. Particularly for MBgres, the current consensus suggests that these
tumours likely originate from an early cerebellar progenitor which is nestin positive and
can give rise to the various glial and neuronal lineages (Hovestadt et al., 2019, Vladoiu et
al., 2019). Interestingly, MYC amplification is thought to potentiate this undifferentiated
state characterised by a high proportion of cells displaying this phenotype (Hovestadt et
al., 2019). The characteristics of MBgrps tumours may resemble features of their cell of
origin. This could explain why under reduced expression of MYC, MB cells revert to
being dependent on the availability of serine and glycine from extracellular sources. From
these results the hypothesis generated was that MYC-amplified MBgrpz tumours would
be more susceptible to the targeting of the de novo serine and glycine pathway, which is
required to maintain the hyper-proliferative state observed in these tumours which is

explored in the next chapter.
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5.4.3 Study limitations

Although this study has shed light on the metabolic pathways associated with
overexpression of MYC, there were some constraints on experiments. HRMAS profiling
would benefit from additional samples, such as in the case of HDMBO03 MYC 3 cell lines
to conclusively define impact on metabolites. One of the difficulties encountered in this
study was attributed to leakiness of the MYC 3 shRNA. One of the benefits of inducible
shRNA systems is that they allow direct association of a particular phenotype to
expression of a specific protein. Whilst stable ShRNA knockdown or CRISPR-mediated
knockouts provide efficient mechanisms of reducing/depleting expression levels, long-
term depletion of MYC could result in deleterious effects such as induction of apoptosis
or senescence. This would limit the opportunity to determine some phenotypic or
metabolic consequences of MY C perturbation and as such was not considered appropriate
for this study. Possible experiments, which could further improve association of MYC
KD with metabolite alterations, could be rescue experiments where doxycycline
treatment is removed enabling re-expression of MYC and profiling the metabolic
consequences. Timepoint studies could also be beneficial in evaluating the dynamics of
alterations in metabolism, although the high cell number requirement of HRMAS may
not be the ideal and other technologies such as MS could be considered. Although
HRMAS profiling provided the opportunity to profile clinically detectable metabolites,
MS with its greater coverage of the metabolome could further magnify the metabolic
reprogramming in the MBgres MYC-regulable cell lines. While using *3C -labelling
enabled evaluation of pathway activity, definitive conclusions of isotopologues could not
always be established. In the case of serine M+1 or M+2, the specific origin of these
metabolites could not be determined. Since MS only informs on mass, position of 3C
could not be identified and pathway of origin of these labelled species could not be
deciphered. *C -labelling coupled with NMR spectroscopy could further shed light on
this.
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Chapter 6. Exploiting upregulation of the de novo serine and
glycine synthesis pathway as a novel therapeutic strategy

for MYC-amplified medulloblastoma
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6.1 Introduction

In the previous chapter, we uncovered upregulation of the de novo synthesis (i.e. glucose
derived) of serine and glycine to be a feature of MYC-amplified MBgrp3 cells. Metabolic
reprogramming has expanded beyond the two most studied nutrients namely glucose and
glutamine to explore the contributions of other metabolic substrates and their impact on
oncogenesis. Recent advances demonstrate the requirement for not only glucose but
various amino acids and vitamins to fuel several cellular outputs including synthesis of
nucleotides, proteins, maintenance of redox balance and genetic and epigenetic landscape
of cancer cells through nucleic acid and protein methylation (Ducker and Rabinowitz,
2017). One carbon metabolism encompasses the folate and methionine cycle in addition
to the trans-sulphuration pathway, and is a vital integrator of nutrient status coupling input
of one carbon units derived from several metabolites which in turn, fuels a series of
chemical reactions that supports anabolic metabolism (Ducker and Rabinowitz, 2017,
Newman and Maddocks, 2017, Lukey et al., 2017).

Serine and glycine provide methyl donors that enable maintenance of cycling of these
systems and their importance is highlighted in autosomal recessive inborn errors of amino
acid metabolism characterised by deficiencies either in synthesis or cleavage systems (de
Koning et al., 2003, Razak et al., 2017). In the case of serine, genetic defects in PHGDH,
PSAT and PSPH are the hallmarks of low plasma and cerebrospinal serine concentrations
that lead to neurological symptoms including seizures and microcephaly (van der
Crabben et al., 2013). Neuro-metabolic disorders arising from abnormal glycine
metabolism are often associated with defects in the glycine cleavage system resulting in
elevated glycine concentrations in CSF. Similarly to serine, this typically leads to seizures
and various other neurocognitive deficits (Hennermann et al., 2012). These very rare
disorders highlight the importance of the synthesis and subsequent utilisation of serine

and glycine in normal physiological processes.

Although earlier studies revealed associations between the serine and glycine synthesis
pathway (SGP) and cancer, recent advances in SIRM are putting this pathway at the
forefront of abnormal metabolism observed in cancer. Early studies in rat carcinomas
highlighted imbalances of enzymes involved in serine and glycine metabolism (Snell,
1984, Snell and Weber, 1986). In particular these studies highlighted how tumour cells
co-opted the de novo serine and glycine synthesis pathway (SGP) to enable proliferation,

a characteristic not observed in non-neoplastic tissues (Snell et al., 1987). Extensive
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profiling of metabolism performed by Jain and colleagues, underscored the requirements
of tumour cells for glycine. Using the NCI-60 cancer cell panel and utilising metabolite
consumption and release profiling, they found high consumption and synthesis rates of
glycine correlated with rapid proliferation. Importantly, compartmentalisation of glycine
biosynthesis influenced its association with proliferation with the mitochondrial pathway
involving SHMT2, MTH1DL and MTHD2 correlating to proliferation and not their
cytosolic equivalents (Jain et al., 2012). Subsequent studies demonstrated serine
availability as the crucial determinant of glycine utilisation. These studies showed the
consumption of serine and not glycine was intricately linked with proliferation and the

maintenance of nucleotide pools (Labuschagne et al., 2014).

In the absence of exogenous serine, glycine cleavage alone does not sustain nucleotide
pools. Moreover, PHGDH amplified cells with high activity of SGP are less reliant on
exogenous sources of serine and glycine, and in fact have high glycine efflux rates
(Labuschagne et al., 2014). In addition to sustaining cellular nucleotide pools, serine
availability maintains the epigenetic landscape of cancer cells. Serine starvation reduced
de novo ATP synthesis, disrupting the methionine/SAM ratio and reducing supply of
methy!l units required for methylation of DNA and RNA (Maddocks et al., 2016). It is
likely that usage of serine and glycine is context dependent and is influenced by genetic

background and microenvironment cues.

As previously discussed, MYC regulates several nodes of cellular metabolism.
Transcriptomic profiling and ChlP-seq studies have demonstrated its ability to bind to E
box regions of several enzymes involved in the SGP including PHGDH, PSAT, PSPH,
SHMT2 and GLDC. Aside from direct MY C-dependent regulation of SGP, MYC acts in
concert with other transcription factors to regulate the activity of this pathway. NFR2
functions as a mediator of the antioxidant response by targeting antioxidant response
element (ARE)-driven and SGP including PHGDH and SHMT2, which in turn support
glutathione production (DeNicola et al., 2015). ATF4 is implicated in MYC-driven
responses. Interestingly, ATF4 has been found to co-occupy promoter regions of MYC
targets, particularly those involved in amino acid metabolism and protein synthesis
(Tameire et al., 2019). MYC has also been shown to facilitate a feedforward regulatory
mechanism which sees the upregulation of AA transporters SLC7A5 and SLC43A1
import and cause elevations in essential AAs. This in turn promotes MYC mRNA
translation which cycles back to promote MY C-dependent transcriptional programmes.
Depletion of SLC7A5 or SLC43A1 disrupts both MYC and MYCN expression in Daudi
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and BE-2C cells (Yue et al., 2017). Additionally, the activity of MYC enables progression
under difficult growth environments. For instance, depletion of glucose or glutamine
activated SGP via a MYC-dependent stress induced response to support nucleotide
synthesis, cell cycle progression and glutathione generation (Sun et al., 2015). MYC is
therefore capable of enhancing the activity of SGP to promote tumour progression.
Interestingly, the usage of serine or glycine in proliferating tumour cells differs from that
of non-cancerous cells. Using ex vivo matched resected samples from NSCLC patients,
Fan and co-workers demonstrated a preference for glucose-derived carbons for purine
synthesis via the de novo SGP pathway in NSCLC tumours compared to their
corresponding normal lung tissue which also displayed lower expression of MYC (Fan et
al., 2019). PHGDH has been shown to be responsible for diverting glycolytic flux to the
SGP pathway (Locasale et al., 2011). Understanding these differences that exist between
cancer cells and untransformed cells could benefit cancer therapy targeting the de novo

SGP and one carbon metabolism.

It is clear that the metabolic pathways associated with serine and glycine play an
important role in cancer cell proliferation. Targeting these pathways which tumour cells
rely on, must be approached taking into account the dynamics of the tumour
microenvironment and substrate availability. For some cancers, dietary restriction of
serine and glycine has been shown to slow tumour progression and prolong survival
(Maddocks et al., 2017). MYC activated lymphomas respond to serine/glycine
deprivation in vivo however, KRAS-driven intestinal tumour do not. This is chiefly a
result of upregulated expression of SGP enzymes which combats the lack of exogenously
available serine and glycine (Maddocks et al., 2013, Maddocks et al., 2017). The capacity
to upregulate enzymes of the SGP is not always a determinant of response to
serine/glycine deprivation. For instance activated T cells increase expression of enzymes
involved in the SGP and one carbon metabolism however, diet restriction of serine
impacted the pathogen-dependent T-cell expansion without affecting immune cell
homeostasis in vivo (Ma et al., 2017). Furthermore, genetic background modulates
response to serine and glycine restriction. Particularly, activation of p53 promotes cell
survival attributable to prolonged G1, activation of the SGP and diversion of carbons
towards glutathione synthesis thus maintaining anti-oxidant capacity (Maddocks et al.,
2013).

Another method for modulating serine and glycine availability is to directly inhibit the

activity of enzymes involved in the pathway. Upregulation of PHGDH has been shown
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to be beneficial to tumours arising in locations with low physiological concentrations of
serine and enables faster tumour growth (Sullivan et al., 2019). The first committed step
of de novo serine synthesis is via the activity of PHGDH which oxidises the glycolytic
intermediate 3-phosphoglycerate diverting it into the biosynthesis pathway. Previous
studies have highlighted a direct role for PHGDH in cancer. A large scale analysis of
frequent copy number variation revealed a region not previously attributable to any
known oncogenes with high focal amplifications belonging to the locus harbouring
PHGDH gene (Beroukhim et al., 2010). Overexpression of PHGDH has been correlated
with worst prognostic outcomes in several tumours including breast, lung and
neuroblastomas (Noh et al., 2014, Zhang et al., 2017, Zhu et al., 2016)(Liu et al., 2016).
High proportions of ER-negative breast cancer have been observed to have copy number
gains of PHGDH and this characteristic is associated with aggressiveness and stemness
(Possemato et al., 2011). Furthermore, overexpression of PHGDH has also been

correlated with tumour staging and metastasis in lung cancer (Zhu et al., 2016).

Direct targeting of SGP has been facilitated by inhibitors of PHGDH and has energised
efforts to target this pathway for therapeutic interventions (Mullarky et al., 2016, Pacold
et al., 2016, Wang et al., 2017). Several small molecule inhibitors with varying modes of
inhibition now exist and are continually being developed. The PHGDH inhibitor NCT503
is an allosteric inhibitor, targeting the NAD+ binding domain of the PHGDH enzyme that
has been shown to effective against PHGDH amplified breast cancer in vitro and in vivo
(Pacold et al., 2016). Similarly, the compound CBR5884 which disrupts oligomerisation
state of PHGDH has shown similar effects in PHGDH-amplified breast cancer cell lines
(Mullarky et al., 2016). 3C tracers have shown that inhibition of PHGDH causes a
reduction in glucose-derived serine accompanied by decrease in growth and proliferation.
Remarkably, PHGDH inhibition by NCT503 caused a decline in one-carbon units
assimilated into the nucleotide from both glucose (i.e. de novo synthesis) and exogenous
serine (Pacold et al., 2016). Furthermore, inhibition of PHGDH appears to affect other
aspects of cellular metabolism, namely central carbon metabolism and the TCA cycle.
Kinetic flux profiling following **C -glucose labelling revealed a reduction in PPP-
derived ribose and a decrease in nucleobases generated from TCA anabolism which
further disrupted nucleotide synthesis. Additionally, a combination of ribose and a-
ketoglutarate rescued PHGDH inhibited cells (Reid et al., 2018). Although direct
targeting of PHGDH has yielded positive outcomes in a myriad of cancer contexts, others

have shown effective targeting of PHGDH via other mechanisms.
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Indeed, targeting co-factor generating pathways have also revealed similar findings to
direct targeting. The activity of PHGDH relies on NAD+ and inhibition of the NAD+
salvage pathway in PHGDH amplified breast cancer cell lines has been shown to disrupt
serine synthesis (Murphy et al., 2018). A recent study has demonstrated MYCN-
dependent sensitivity towards PHGDH inhibition. Upregulation of SGP enzymes due to
the MYCN/ATF4 axis renders MYCN-amplified neuroblastoma susceptible to targeting
of the de novo SGP (Xia et al., 2019). Furthermore, overexpression of PHGDH and other
SGP enzymes are associated with HIF-dependent acquisition of drug resistance.
Treatment with PHGDH inhibitors restored sensitivity to Erlotinib in EGFR-activated
lung carcinomas and increased response to HIF2a antagonists in renal cell carcinoma
(Dong et al., 2018, Yoshino et al., 2017). It has been demonstrated that the inhibition of
SGP via targeting of PHGDH may prove useful to PHGDH amplified cancers and other

genetic backgrounds that upregulate serine and glycine synthesis.

Further efforts into targeting other enzymes in the SGP yielded a dual inhibitor of
SHMT1/2 which was particularly potent against DLBCL cell lines with defective glycine
import (Ducker et al., 2017). Others have identified more hit compounds against both
SHMT isoforms although these compound are not yet widely available (Bartosik et al.,
2018, Nonaka et al., 2019). Nevertheless, with increasing evidence of how crucial the
contribution of serine and glycine metabolism is to tumourigenesis, targeting these

pathways could provide novel therapeutic strategies for many cancers.

Experiments carried out in Chapter 5 of this study highlighted differences in serine and
glycine utilisation in our engineered MYC-amplified MBgres cell lines following MYC
knockdown. In this chapter | probed whether MYC-driven reprogramming of the SGP
provides a distinctive metabolic vulnerability to MYC-amplified MBgres cells which may

render these cell vulnerable to therapeutic targeting.
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6.2 AIms

Results from metabolic profiling indicated that the de novo serine and glycine production
may be a characteristic of MYC-amplified MBgrps cells. This feature was abrogated
following MYC knockdown suggesting MYC-amplification contributed to this phenotype.
The aim of this chapter was to explore therapeutic targeting of the de novo serine and
glycine pathway as a novel strategy for MYC-amplified MBgrpz. The objectives are

outlined as follows:

— To examine the gene expression of serine and glycine metabolism related genes
in MBgrps patient cohorts.

— To investigate PHGDH expression across MB subgroups and their correlation
with survival outcomes

— To investigate pharmacological and genetic manipulation of PHGDH in MBgres
cell lines

— To elucidate the phenotypic effects and stress responses associated with PHGDH

manipulation.
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6.3 Results

6.3.1 Establishing clinical relevance of the serine and glycine pathway in
medulloblastoma patient cohorts

6.3.1.1 Gene expression changes in the serine and glycine pathway in MBgrps

It was previously highlighted that significant differences exist in the de novo SGP in the
engineered MBgrpz cell line models. In order to establish the importance of this pathway,
gene expression signatures of the SGP were investigated in MB patient samples to
establish clinical relevance of the pathway. This undertaking was critical as it would
indicate whether our previous observations of changes within the SGP were an in vitro
phenomenon or whether indeed it was a feature of primary MBgrrz MYC-amplified
tumours which could further support the rationale of targeting this pathway as a

therapeutic intervention.

To determine altered SGP in MBgrers, the RNA expression data from two primary MBcres
cohorts were analysed; Newcastle cohort data generated from RNA-seq (n= 36) and the
Cavalli cohort generated from gene expression microarrays (n= 144)(Cavalli et al., 2017).
Using the Cavalli et al., dataset, differential gene expression analysis of the SGP was
conducted between the MBgrps subtypes (subtypes and MYC abnormalities detailed in
Appendix 8.38). Of the 40 genes involved in the SGP according to the Kyoto
encyclopaedia of genes and genomes (KEGG), 17 were found to be significantly altered
in the MBgrpz Subtypes. Subsequent heatmap and clustering analysis highlighted the
striking differences in the SGP signatures of MBgrps tumours according on subtypes
(Figure 6.1). A cluster family containing largely Group 3a samples is separated from the
Group 3B and 3y samples. Interestingly, these latter groups contain more MYC-

amplifications and MYC gain samples compared to Group 3a.
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Since the Cavalli et al., cohort did not definitively classify MYC amplification status,
these results were validated with this SGP signature in the Newcastle cohort with known
MYC-amplification status in the MBgres tumour samples. As illustrated by Figure 6.2,
most MYC-amplified MBcrps samples cluster distinctly from the non-amplified samples.
Furthermore, upregulation of SGP genes was observed in MYC-amplified tumours
compared to their non-amplified counterparts. Of the genes that were upregulated in
MYC-amplified tumours, PHGDH, PSAT1, SHMT2 and GLDC were identified amongst
other genes. In contrast, non-amplified tumours highly expressed MAOA, SARDH,
PIPOX and BPGM. It is noteworthy to highlight SARDH and PIPOX which are capable
of generating glycine from sarcosine, a metabolite involved in choline metabolism.
Furthermore MYC-amplified tumours had elevated expression of CBS which commits
serine to the transulphuration pathway which ultimately generates glutathione. These

observations highlighted variations in serine glycine metabolism in MBgres tumours.
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Figure 6.1 Gene expression profiling of the serine and glycine metabolism in the Cavalli et al., MBgrps dataset. Hierarchical clustering and heatmap visualisation
of the 17 differential genes in the serine and glycine pathway in MB. Heatmap was generated using R2 genomic analysis and visualisation plarform. Expression

values are z-score transformed and hierarchical clustering performed using Euclidean distances. Z-score ranges are indicated by green, black and red colour

keys. MBgres are further classified in the Cavalli cohort into 3 subtypes based on MYC features.
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Figure 6.2 Gene expression profiling of serine and glycine metabolism-associated genes in MYC-amplified and non-amplified MBgres patients in the Newcastle
dataset. Hierarchical clustering and heatmap visualisation of the 17 differential SGP genes signature from Cavalli et al., dataset.. Expression values are z-score
transformed and hierarchical clustering performed using Ward distances. Z-score ranges are indicated by red, white and blue colour keys.



6.3.1.2 Assessing protein expression of PHGDH in a tissue microarray cohort of
medulloblastomas

Gene expression analysis has highlighted differential signatures of the SGP in MYC-
amplified MBgrps compared to their non-amplified counterparts, highlighting that this
pathway may provide an opportunity for clinically-relevant therapeutic targeting.
Although gene expression programmes are important for highlighting pathway changes,
it was important to examine protein expression of potential targets for drug targeting. The
expression of PHGDH was probed using tissue microarrays (TMA) comprising all four
MB groups. Construction of TMA and immunohistochemical staining of PHGDH was
performed by Dr Steve Crosier and subsequent analysis of intensity staining performed
independently. The TMAs used in this study included 183 unique patient samples with
clinicopathological annotation shown in Table 6.1. These covered the four molecular
subgroups of MB (MBgrp3, MBGrp4, MBsnn, and MBwnt). Importantly, the TMA cohort
was highly concordant with, and representative of previously established clinical and
histological features of MB (Table 6.1).

As previously mentioned, PHGDH is the rate limiting and committing step of de novo
serine and glycine synthesis. Furthermore, currently the most widely available targeting
of SGP is via small molecule inhibition of PHGDH, thus making this an appropriate
candidate for interrogating at protein expression level (Wang et al., 2017, Mullarky et al.,
2016, Pacold et al., 2016). Immunohistochemical staining for PHGDH was performed on
4 TMAs (n= 183 patient samples) containing duplicate samples from two discrete tumour
regions originated from a tumour sample. TMAs included cerebella samples (n=9) and to
assess differences between tumour samples and normal cerebellar in addition to several
staining controls used to assess quality of immunohistochemical staining (Appendix
8.39). A PHGDH intensity score was determined for each patient sample (Intensity
scoring details summarised in Chapter 2) and matched to their clinicopathological

measures for subsequent analysis.

218



Table 6.1 Clinicopathological features of TMA cohort compared to Schwalbe et al., 2017
medulloblastoma cohort.. Data presented as n(%) where appropriate.

TMA cohort Schwalbe et al., 2017
Cohort size n=183 n=428
Age at diagnosis
(median) 5.36 6.34
Sex M 119 (66%) 278 (65%)
F 60 (34%) 150 (35%)
Resection GTR 134 (83%) 285 (74%)
STR 27 (17%) 98 (26%)
Histology CLA 104 (62%) 276 (70%)
DN/MBEN 41 (24%) 58 (15%)
LCA 21 (13%) 60 (15%)
MBNOS 2 (1%) 34
MYC Amplified 12 (7%) 22 (5%)
Non-amplified 171 (93%) 404 (95%)
MYCN Amplified 15 (8%) 29 (7%)
Non-amplified 168 (92%) 397 (93%)
Metastatic stage ~ M+ 47 (28%) 104 (27%)
MO 123 (72%) 285 (73%)
Subgroup WNT 12 (7%) 33 (8%)
SHH 58 (32%) 109 (26%)
GRP3 59 (32%) 130 (31%)
GRP4 53 (29 %) 153 (36%)
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Firstly, median PHGDH intensity scores of the MB tumours were compared to cerebella
samples to examine whether PHGDH expression differed from normal tissue and also to
establish a baseline for PHGDH expression in the brain. Median expression was utilised
since this parameter was less sensitive to outliers and more accurately represents the
distribution of data. This comparison revealed MB tumour overall had higher PHGDH
staining compared to cerebella, with median intensity score of 178 and 157 respectively
(p=0.016). The caveat here was that these are non-matched comparisons as the cerebella
samples were obtained post-mortem. Nonetheless, our analysis suggests tumour-specific

alterations in PHGDH protein expression in MB.

Expression of PHGDH in Cerebellum and Medulloblastoma
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Figure 6.3 Comparison of PHGDH expression in cerebellum and medulloblastoma tumour
samples. Boxplots displaying upper and lower quartiles and median of PHGDH intensity
scores across cerebellum (n=9) and MB tumours including MBgres, MBGrp4, MBsun and

MBwnt tumours (n=183) . Significance was determined by t test.
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Figure 6.4 Immunohistochemical staining of PHGDH across primary medulloblastoma
patient samples. Represensative micrographs of TMA cores from MB subgroups. MBgres,
MBegrpsa, MBsnn and MBwnr tumour samples. A-D) Strong staining of PHGDH. E-H) Weak
staining. PHGDH staining is indicated in brown and nuclei staining in blue. Scare bar = 100
pM
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The subgroup-specific variations in PHGDH expression in the TMA cohort were
examined. This analysis would also form the basis of subsequent Kaplan Meier survival
analysis described in 6.3.1.4. As highlighted in Figure 6.4, there was a range of PHGDH
expression across the four MB subgroups which consisted of samples with high
immunostaining of PHGDH in tumour regions compared to samples with low intensity
staining and more cellularity. MBgres tumours had the lowest median intensity of
PHGDH compared to the remaining subgroups (median score= 158, p < 0.05) (Figure
6.5). MBgrrs tumours had comparable PHGDH expression and intensity to MBgres
(median= 169). MBsn+ had the highest PHGDH staining followed by MBwnt (median=
211 and 200, p < 0.05 respectively) (Figure 6.5).
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Figure 6.5 Expression of PHGDH across medulloblastoma subgroups. Boxplots of PHGDH
intensity scores of MBgrps (Nn=59), MBcrps (Nn=53), MBsun (n=58) and MBwnr (n=12).Boxplots
show upper and lower quartiles and median intensity score values. Significance determined

by one-way anova.
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Figure 6.6 Distribution of PHGDH intensity scores across medulloblastoma subgroups.
Histograms depicting distribution of PHGDH intensity scores in MBgres (N=53), MBggres
(n=55), MBshn (n= 58) and MBwnT (n=12).

These findings suggested differential expression of PHGDH across MB subgroups.
Subsequently, the distribution of PHGDH staining was examined in the subgroups to
reveal subgroup-specific expression patterns. PHGDH expression was normally
distributed across MBgrpz samples with the bulk of samples falling between score of
between 100-200 intensity (Figure 6.6 A). Again MBgrrs Samples displayed comparable
patterns to MBgre3 tumours although there was no representation of MBGrp4 samples
within the highest PHGDH intensity range of 250-300 (Figure 6.6 B). In MBsnx however,
PHGDH expression was skewed to the right, with most tumour samples categorised by
PHGDH intensity ranging from 150-250 (Figure 6.6 C). Although MBwnt had fewer
samples available compared to the other MB subgroups, a similar skewed distribution

towards higher expression was evident (Figure 6.6 D).

Since the previous gene expression analysis focused solely on MBgrps tumours, there was

a need to validate whether these subgroup-specific patterns could be corroborated by gene

expression data. Subsequent differential gene expression analysis of the SGP in MB
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subgroups using the Cavalli et al., cohort which in total consisted of 763 individual patient
data was performed. Indeed this revealed similar subgroup expression patterns of
PHGDH and other SGP enzymes at the gene expression level (Appendix 8.42). Taken

together, these results highlight subgroup specific variation of PHGDH expression.

6.3.1.3 Differential expression of PHGDH in non-amplified and MYC-amplified
MBgcrers

A normally distributed pattern of expression of PHGDH was observed in the MBgrp3
tumours and this subsequently led to assessment of whether MYC amplification
influenced or correlated with PHGDH expression. Overall, higher PHGDH expression
was attributable to the MYC-amplified MBgrez tumours (Figure 6.7). The median
expression levels for MYC-amplified and non-amplified were 185 and 154 respectively
(p=0.008). Notably, there was less variation in PHGDH expression in MYC-amplified
cases and particularly, only 2 out of 9 tumour samples fell under the overall MBgres
median score of 158. These results suggests that MYC-amplified tumours were

accompanied by high PHGDH expression in MBgres.

Expression of PHGDH in MYC-amplified and non-amplified MBGrp3
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Figure 6.7 Expression of PHGDH of MYC-amplified versus non-amplified MBgres. Boxplots
showing PHGDH intensity scores of MBgres tumour samples with MYC amplification (n=9)
and non-amplified (n=50) status. Boxplots display median intensity scores with upper and

lower quartiles. Significance was determined using t test.
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Although upregulation of MYC is more intricately linked with MBgres, only a small
number of MBgres patients have bona fide MYC amplifications and this was the case in
the MBgrps tumour samples in the TMA cohort. Since the non-amplified cases account
for the majority of MBgres, differential PHGDH in this group was further explored. The
advancement of molecular classification and subgrouping of MB beyond the four
consensus subgrouping has further highlighted high risk groups within MB subgroups. In
particularly, Schwalbe et al., identified seven novel subgroups and focussing solely on
the MBgres, this study identified MBgres low risk (LR) and MBgres-high risk (HR) and
MYC amplifications were not exclusive to one risk group (Schwalbe et al., 2017a).
Subsequent analysis focused on whether PHGDH expression differed in non-amplified
MBgrrs LR and HR cases. Median expression of MBgrpz HR was higher compared to
MBgres LR although these results were not statistically significant (PHGDH score 163
compared to 148 respectively, p>0.05).

Since the TMA had clinical annotations for MYCN amplifications, | interrogated the
relationship between with this MYC family member and PHGDH expression.
Amplification of MYCN was reported for both MBgres (~13% of cases) and MBshH
(~14% of cases) therefore enabling similar evaluations assessing PHGDH expression in
patients with MYCN amplifications compared to non-MYCN amplified cases exclusively
in both subgroups. In the MBshH, there was disparity between median expressions of
PHGDH in MYCN-amplified compared to non-amplified cases (Figure 6.8). Here MYCN-
amplification correlated with higher expression of PHGDH which bore similarities to
MYC-amplified MBgrpz samples. Interestingly, this phenomenon was not evident in
MYCN-amplified MBGrp4 tumours (Figure 6.9). Both non-amplified and MYCN-
amplified had similar distribution and median expression of PHGDH. These observations
highlight the context dependency of PHGDH expression in MB subgroups and also the
influence of amplifications of MYC family members which also appear to be subgroup
dependent. In the MBgrrs and MBsuH subgroups, MYC and MYCN amplifications

respectively, correlate with higher PHGDH expression.
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Expression of PHGDH in MYCN-amplified and non-amplified MBSHH
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Figure 6.8 Expression of PHGDH of MYCN-amplified versus non-amplified MBsy+ tumour
samples.. Boxplots showing PHGDH intensity scores of MBsyn tumour samples with MYCN
amplification (n=8) and non-amplified (n=50) status.Boxplots display median intensity

scores with upper and lower quartiles. Significance was determined using t test.
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Expression of PHGDH in MYCN-amplified and non-amplified MBGrp4
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Figure 6.9 Expression of PHGDH of MYCN-amplified versus non-amplified MBGrp4 tumour
samples.. Boxplots showing PHGDH intensity scores of MBGrp4 tumour samples with
MYCN amplification (n=7) and non-amplified (n=49) status. Boxplots display median

intensity scores with upper and lower quartiles. Significance was determined using t test.

6.3.1.4 Survival analysis of PHGDH expression in MB

Kaplan-Meier survival analysis was utilised to determine the impact of PHGDH on
overall survival in MB subgroups and exclusively for MBgres patients. For this MB wide
analysis, classification of PHGDH-low and PHGDH-high was based on median
expression cut-off. The median of PHGDH expression was used as a cut-off/separator as
it was considered a simple and unbiased approach which is supported in the literature
(Asciutto et al., 2015).

PHGDH scores were classified low or high based on the median score of the entire TMA
cohort which was determined to be 176. Patients with scores below 176 were classified
low PHGDH expressing and above classified high PHGDH expressing. For subgroup-
specific analysis, low or high groups were similarly categorised based on median score

of the subgroup (MBgres median score = 158).
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As illustrated in Figure 6.10, overall survival rates in the MB wide patient cohort showed
that patients with high PHGDH expression had significantly worse outcomes compared
to patients with low PHGDH expression. Cox proportional hazards analysis was carried
out and included various clinicopathological parameters including PHGDH expression
and other clinical features that are currently used in risk stratification (Figure 6.11).
Previously identified prognostic factors were highlighted from this analysis suggesting
that the TMA cohort was representative of the established high risk features of MB. For
instance favourable prognosis for MBwnt was observed (HR = 0.21 p = 0.041). High risk
features such as MYC and MYCN amplification were also observed (HR=6.55 p = 0.001,
HR= 2.44 p = 0.031 respectively). PHGDH expression over the median score (i.e. high
PHGDH) was associated with increased risk and worse outcomes in this cohort (HR =
2.31 = 0.007).
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Figure 6.10 Kaplan Meier survival analysis of PHGDH expression in the TMA
medulloblastoma wide cohort. Overall survival of patients with PHGDH low (orange) and
PHGDH high (green) with table depiciting number of patients at risk at a given time period.

Significance was tested using log rank test.
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Figure 6.11 Forest plots of Cox proportional hazard models for the TMA cohort assessing
PHGDH expression and other clinicopathological parameters. Estimation of overall survival
hazard ratios. Hazard ratios of covariates > 1 and over the unity line are associated with
increased risk of death whereas hazard ratios between 0 and 1 represent decreased risk of
death. Significance of hazard ratio estimates was evaluatedby log rank test with * p < 0.05,
*** n <0.001.

In the MBgrpz subgroup, high expression of PHGDH was associated with the MYC-
amplified subtype (MYC-amplified 185 PHGDH score compared to 154 in non-amplified,
p=0.008). When survival was examined, patients with high PHGDH expression had
worse prognostic outcomes which was more pronounced within first 5 years (Figure
6.12). Multivariate analysis showed that increased PHGDH correlated with worse
survival outcomes in a MB wide cohort analysis. Our analysis has highlighted subgroup-

specific differences in expression levels and also its association with MYC expression
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particularly in the MBgrpz subgroup. Without the possibility of matched tumour and
normal samples, it is difficult to ascertain whether subgroup level expression of PHGDH
are associated with tumour location and cell of origin and explain the variations in
PHGDH expression across the MB subgroups. In summary, this analysis has
demonstrated a division in MBgres PHGDH expression where a distinction was made
between PHGDH low and PHGDH high patients when overall survival was examined.
This is important as it highlights the possibility of distinct phenotypes associated with the
SGP pathway with respect to non-amplified and MYC-amplified MBgrps patients.
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Figure 6.12 Kaplan Meier survival analysis of PHGDH expression in MBgres tumours..
Overall survival of patients with PHGDH low (orange) and PHGDH high (green) with table
depiciting number of patients at risk at a given time period. Significance was tested using log

rank test.
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6.3.2 MYC-dependent alterations in the de novo serine and glycine pathway

6.3.2.1 Effect of MYC knockdown on the protein expression of SGP enzymes in the
MBgcrrs MYC-regulable cell lines

Having established clinically significant differences in the expression of PHGDH in
primary MBgrps tumour samples, the following part of this study focused on the MYC-
regulable MBgrp3 isogenic cell lines. The D425, D283 and HDMBO03 NS and MYC 2
bearing cells were treated in the presence or absence of doxycycline for 72 h to induce
MYC knockdown. Cell pellets were collected and protein extracted and subjected to

immunoblotting to evaluate protein expression changes in the SGP pathway.

MYC knockdown in the D425 MYC 2 cell line caused downregulation of all SGP
enzymes tested with varying degrees of severity (Figure 6.13). Crucially, PHGDH levels
reduced in the MYC 2 (off) cells compared to MYC 2 (on) cells. Additionally, there was
robust knockdown in GLDC which is at the lower branch of the serine and glycine
metabolism. The D425 NS (on) and NS Dox control (on) cells had similar expression
levels of SGP enzymes. In the D283 MYC 2 cells, MY C knockdown negatively affected
expression on PHGDH, PSPH and SHMT 2. Conversely, expression of PSAT1 and
GLDC were modestly increased inthe MY C 2 (off) cells. The expression of SGP enzymes
were relatively unaffected in the D283 NS cells (Figure 6.14). Although there was more
variation in the HDMBO03 MY C 2 cells, the upstream enzymes of the SGP, PHGDH and
PSAT1 displayed slightly reduced expression in the HDMB03 MYC 2 (off) cells
compared to the MYC (on) counterparts. However, the expression PSPH, SHMT 2 and
GLDC were unaffected by MY C knockdown in the HDMBO03 MYC 2 cell lines (Figure
6.15). Although there were modest changes in the expression of SGP enzymes in the
HDMBO03 NS cell lines, they displayed alterations to lesser magnitude to the HDMBO03
MYC 2 cells (Figure 6.15). Taken together, MY C knockdown causes downregulation of
the SGP pathway albeit with cell line-specific differences and variations in the protein
expression arising from individual replicates. Importantly however, MYC 2 (on) cells

have elevated expression of PHGDH compared to MYC 2 (off) cells.
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Figure 6.13 Examining protein expression of the de novo serine and glycine pathway in D425
MYC-regulable cell lines. D425 NS and MYC 2 cells were treated with 1 pg/ mL of
doxycycline for 72 h. Cell lysates and proteins quantified and immunoprobed for PHGDH,
PSAT1, PSPH, SHMT2 and GLDC. A) Representative WES images of D425 NS (on) and NS
Dox Ctrl (on) and MYC 2 (on) and (off) cells. B) Quantitative analysis protein expression of
the SGP enzymes. Protein expression was normalised to loading control, -actin. Bars £
SEM.
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Figure 6.14 Examining protein expression of the de novo serine and glycine pathway in
D425 MYC-regulable cell lines. D283 NS and MYC 2 cells were treated with 1 pg/ mL of
doxycycline for 72 h. Cell lysates and proteins quantified and immunoprobed for PHGDH,
PSAT1, PSPH, SHMT2 and GLDC. A) Representative WES images of D283 NS (on) and NS
Dox Ctrl (on) and MYC 2 (on) and (off) cells. B) Quantitative analysis protein expression of
the SGP enzymes. Protein expression was normalised to loading control, S-actin. Bars £
SEM.
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Figure 6.15 Examining protein expression of the de novo serine and glycine pathway in
D425 MYC-regulable cell lines. HDMBO03 NS and MYC 2 cells were treated with 1 pg/ mL of
doxycycline for 72 h. Cell lysates and proteins quantified and immunoprobed for PHGDH,
PSAT1, PSPH, SHMT2 and GLDC. A) Representative WES images of HDMBO03 NS (on) and
NS Dox Ctrl (on) and MYC 2 (on) and (off) cells. B) Quantitative analysis protein expression
of the SGP enzymes. Protein expression was normalised to loading control, g-actin. Bars +
SEM.
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6.3.2.2 Response of MBgrrs MYC-regulable cell lines to PHGDH inhibition

Previous HRMAS profiling and *C -glucose tracing analysis suggested increased
utilisation of the de novo SGP as feature of MYC-amplified MBgrps cells compared to
their MYC knockdown counterparts. Analysis of protein expression of enzyme
components of the SGP further revealed the downregulation of this pathway following
loss of MYC. | next examined whether relative sensitivities to the PHGDH inhibitor
NCT503, in the MBgrrs MY C-regulable cells. Firstly the D425, D283 and HDMBO03
MYC 2 cell lines were treated with or without doxycycline for 48 h to induce MYC
knockdown prior to drug treatment. Cells were then treated with a range concentrations
of NCT503 for a further 72 h. Cell viability was measured using two distinct methods:

CellTiter Glo™ and SRB staining which measured ATP and protein content respectively.

Since MY C-amplified cells displayed higher levels of de novo serine and glycine, which
potentially resulted in proliferative advantage, it was postulated that MY C-amplified cells
would exhibit greater sensitivity to the inhibition of PHGDH activity. Treatment with
NCT503 resulted in a dose-dependent reduction of cell viability in the MBgres iSogenic
cell lines. MY C-dependent sensitivity to NCT503 was observed across all three MBgres
cell lines (Figure 6.16). Notably, varying responses to NCT503 was observable in the
individual MBgres cell lines. In the D425 MYC 2 cells, the sensitivity of MYC 2 (on)
cells was around three times less than that of and MY C 2 (off) cells (p<0.0001). The D425
MYC 2 (on) cells had an 1Cso of 15.10 uM compared to its knockdown equivalent of
42.94 uM (Figure 6.16 A). The D283 MYC 2 (on) were the most sensitive towards
NCT503 with a sensitivity towards NCT503 almost four times than that of D283 MYC
2 (off) cells (ICso 9.57 versus 41.94 uM, respectively, p<0.0001) (Figure 6.16 B).
Although the HDMBO03 was the least sensitive cell line to NCT503 treatment, there was
still a measurable difference in the response of HDMBO03 MYC 2 (on) cell to HDMBO03
MY C 2 (off) cells (ICso 23.52 UM versus 43.90 uM, respectively (p<0.0001) Figure 6.16
C).
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Altogether, NCTO03 elicited a profound cytotoxic response against MYC overexpressing
cells within an 1Csp range of 9 — 23 uM compared to MYC knockdown cells which had
concordant 1Cso in the three MBgres cell lines (~ 40 uM) when measured with CellTiter
Glo™, Additionally, 1Cso determination from SRB cell viability measurements supported
a MYC-dependent response to NCT503 treatment albeit with varying ICso values
(Appendix 8.48). The ICso of NCT503 in MBgres cell lines were comparable to similar
observations in breast cancer cell lines with PHGDH amplification with sensitivities
ranging from 8 — 14 pM in the Pacold et al., study which utilised CellTiter Glo™ as a
viability measurement with 96 h NCT503 treatment. In this particular study, NCT503
insensitive cell lines had I1Cso over 100 uM (Pacold et al., 2016). Although dampened
response to PHGDH inhibition was expected in the MYC (off) cells, 1Cso for our
‘insensitive’ MYC (off) cells were lower than those seen in the non-PHGDH amplified
breast cancer cell lines with minimal expression of PHGDH in the Pacold et al., study.
Additionally, Dox-induced MY C knockdown did not entirely diminish the expression of
MYC and SGP pathway components (Figure 6.13). So, whilst decreased flux into the
SGP was observed in our MY C-amplified cell line models following MY C knockdown,
they remain reliant on this pathway albeit to a lesser extent than MY C-amplified
counterparts. Taken together, our results demonstrate in vitro MY C-dependent sensitivity
to NCT503 treatment in MBgres MY C-amplified cells.
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Figure 6.16 Response of MYC-regulable MBggres isogenic cells to NCT503 treatment. A)
D425 MYC 2 B) D283 MYC 2 C) HDMBO03 MYC 2 were treated in the presence or absence
of 1 pg/mL of doxycycline for 48 h. Subsequently cells were plated in 96 well microplates and
treated with varying concentrations of NCT503 for 72 h. Cell viability measured with
CellTiter Glo™, Data was normalised to vehicle control and log transformed (NCT503

concentrations ranges from 1.56 UM to 100 uM). Data represents mean of five independent

experiments + SEM.
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6.3.3 Response of MB parental cell lines with varying MYC expression to PHGDH
inhibition

6.3.3.1 Correlation of MYC and PHGDH expression MB cell lines

In order to further investigate MYC-associated sensitivity to PHGDH inhibition, the
consequence of PHGDH inhibition was investigated in 9 MB parental cell lines. To our
knowledge, non-amplified MBgrps cell lines are not routinely cultured therefore a direct
comparison between MYC-amplified and non-amplified MBgres could not be evaluated.
However, there are numerous MB cell lines available with varying MYC expression and
subgroup classifications. A range of these cell lines were utilised for pharmacological
testing (details of cells lines are reported in the Appendix 8.49). Prior to commencing
drug testing, the protein expression of MYC and SGP enzymes was evaluated in these cell
lines. Cell lysates were collected, quantified and immunoblotted for MYC, PHGDH.
PSATL1, PSPH, SHMT2 and GLDC.
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Figure 6.17 Protein expression of MYC across parental MB cell lines. S-actin was used as a

loading control and normalisation of MYC expression.
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Figure 6.18 Protein expression of the de novo serine and glycine enzymes in parental MB cell
lines. Representative WES immunoblots of PHGDH, PSAT1, PSPH, SHMT2 and GLDC. -

actin was used as a loading control.

WES analysis of the de novo SGP pathway revealed variations in enzyme expression
across MB cell lines (Figure 6.18). Our results revealed high expression of SGP enzymes
in the D425, D458, D283 and HDMBO03 MYC-amplified MBgrpz cell lines. The
remainder of the cell lines had lower expression and varying expression of SGP
components. Our previous analysis in the MYC isogenic cell lines revealed knockdown
of MYC negatively impacted SGP enzyme expression. It was queried whether MYC
influenced expression of the various enzymatic components of the SGP. Correlation
analysis of MYC and individual SGP revealed significant correlations in two out of five
SGP enzymes (Figure 6.19). High MYC expression positively correlated with PHGDH
(R2=0.581, p= 0.0169) and GLDC (R2= 0.781, p=0.0016). Our data show that MYC

expression is associated with specific SGP enzymes in these MB cell lines.
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Figure 6.19 Relationship between MYC expression and de novo serine and glycine pathway in medulloblastoma cell lines. A) Quantitative analysis of the
immunoblotted SGP enzymes in the 9 medulloblastoma cell lines (MBgrps: D425, D458, D283, HDMBO03; Subgroup-undefined: CHLA-29, MED1, MEDS8A;
MBsnn: DAQY, UW228.1). B-F) Correlation analysis of MYC and individual SGP enzymes. Pearson correlation coefficients were computed with two tailed
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6.3.3.2 Response of parental MBgrpz and MBsnH cell lines to PHGDH inhibition

PHGDH inhibition in the MB parental cell lines was assessed using two small molecule
inhibitors: NCT503 and CBR5884 the addition of a second compound with distinct
mechanisms of inhibitory action towards PHGDH is likely to inform on target specificity.
The 9 MB parental cell lines were treated with NCT503 or CBR5884 for 72 h and cell
viability measured using CellTiter Glo™. For ease and clarity, D425, D458, D283 and
HDMBO03 were assigned as the MYC-amplified MBgrpz cell lines; MED1, MEDSA and
CHLA-259 as subgroup-undefined cell lines; DAOY and UW288.1 which are the MBsnH

cell lines.

Although differences in potency was observed between the two inhibitor compounds,
response of each cell line were consistent between the inhibitors. For instance, when a
cell line was observed to be sensitive to NCT503, it was also sensitive to CBR5884
demonstrating reliability and specificity of target engagement despite different mode of
inhibition. In general, the classical MYC-amplified and subgroup-undefined cell lines
were more sensitive to PHGDH inhibition by NCT503 or CBR5884 (Figure 6.20).
Examination of ICsg revealed the MED1 and MEDSA cell lines to be the most sensitive
cell lines (2.52 uM and 5.33 uM respectively). Although CHLA-259 were rather sensitive
to PHGDH inhibition (NCT503 1Cso = 13.33 uM, CBR5884 1Cso = 6.32 uM), increasing
concentrations of either NCT503 or CBR5884 did not result in a reduction in cell viability
(Figure 6.20 B). The order of sensitivity for the classical MYC-amplified MBgrps cell
lines went as follows D458, D283, D425 and finally HDMBO03 (Table 6.2). The MBsun
were the least sensitive to PHGDH inhibition with both DAOY and UW288.2 1Cso values
exceeding 50 uM for NCT503 (Figure 6.20) and ICso for CBR5884 being around twice
that of the least sensitive MBgrps cell line (Figure 6.20, Table 6.2). Although directed
comparison of non-amplified and MYC-amplified MBcrps cell lines was not possible,
analysis in several MB parental cells lines suggests sensitivity of MYC-amplified MBgres
cells compared to non-amplified MBsun. Interestingly, pharmacological testing
highlighted other cell lines in which NCT503/ CBR5884 is effective. These cell lines may

be susceptible to PHGDH inhibition owing to high rates of de novo synthesis.
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Figure 6.20 Pharmacological inhibition of PHGDH in medulloblastoma cell lines. Dose
response curves of MB cell lines following treatment with NCT503 or CBR5884 for 72 h. Cell
viability was measured with CellTiter Glo™ . A) MBgres MYC-amplified D425, D458, D283,
HDMBO03 B) Subgroup-undefined CHLA-259, MED1, MED8A and C) MBsun: DAOY and

UW228.1. Error bars represent mean £ SEM of three independent experiments.
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Table 6.2 Table of 1Cso values for NCT503 and CBR5884 following 72 h exposure in

medulloblastoma cell lines. 1Cso were determined using non-linear regression analysis.

Cell line NCT503 ICso (UM) 95 % CI (nM) CBR58841IC;, 95 % CI (uM)
D425 40.69 7.907 - 22.47 575 5.158-6.418
D458 12.85 1.653 - 3.833 2.59 2.126 - 3.167
D283 30.22 14.10 - 64.76 2.52 1.774 - 3.59
HDMBO03 47.09 2403-11.82 7.18 6.386 - 8.086
CHLA259 13.33 27.05 - 61.21 6.32 2.000 - 19.99
MEDI1 2.518 7.626 - 21.65 1.95 1.191 -3.207
MEDSA 5.33 42.00 - 52.78 3.83 3.202 - 4.593
DAOY 65.26 5213 -81.69 12.02 8.858 - 16.32
UW288.1 61.62 39.21 - 96.84 16.43 14.35 - 18.81

6.3.4 Phenotypic assessment of MBgres cells following PHGDH inhibition using
NCT503 and CBR5884

6.3.4.1 Effect of PHGDH inhibition on Clonogenic survival

Subsequent to determination 1Cso values for the 9 MB cell lines, more in depth
characterisation of phenotypic consequences following disrupted PHGDH activity was
undertaken. The 4 classical MYC-amplified MBgres cell lines were used in this portion
of the study owing their bona fide MYC amplification/ overexpression status and their
wider use in the literature. The MBgrrz MYC-amplified cell lines were poly-L-lysine
adhered to tissue culture plates and treated with two concentrations of NCT503 or
CBR5884 for 10 days. Subsequently, cells were fixed, colonies stained with crystal violet

and number of colonies counted.

In the D425 cell lines, treatment with NCT503 impacted colony forming ability when
treated with the 50 UM concentration and not the lesser concentration (Figure 6.21 A
&D). This result was expected since the ICso for this cell line was around 40 pM.
Treatment with NCT503 in the D458 and D283 cell lines exhibited a dose-dependent
reduction in number of colonies formed (Figure 6.21 A, B & D). This supports previous
data which suggested these two cell lines as the more sensitive classical MBgres cell lines.
Similarly to the D425 cells, the colony forming ability was only impacted in the HDMBO03
cells when treated with the higher concentration of NCT503 (Figure 6.21 A & D).
Contrary to the effect of CBR5884 on cell viability, the D425 cells and indeed the other

3 MYC-amplified cell lines displayed a more modest effect on clonogenic survival when
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compared to NCT503 response despite both concentrations used being over I1Cso dosage
for most cell lines. Nevertheless, inhibition of PHGDH via CBR5884 did also impact the
clonogenecity of the MBgres cells (Figure 6.22). Treatment using CBR5884 however did
not exhibit striking effects on colony forming ability in the D425 cell lines (Figure 6.22
B). The maximal response to CBR5884 treatment in the D458, D283 and HDMBO3 cells
resulted in 80%, 60% and 50% reduction in colony forming ability respectively (Figure
6.22 C-D). These experiments highlighted that impairment of PHGDH activity reduced
colony forming capacity and thus viability of the MYC-amplified MBgres cells.
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Figure 6.21 Effect of NCT503 on clonogenic survival in MYC-amplified MBgres parental
cells. A) Representative images of clonogenic assay in D425, D458, D283 and HDMBO03 cell
lines following 10 day treatment with 25 uM and 50 uM NCT503.. Histogram representation
of colony numbers post-treatment in B) D425 C) D458 D) D283 and E) HDMBO03 cells. Data
represents mean of three biological replicates £ SEM. Significance determined by one-way

ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Figure 6.22 Effect of CBR5884 on clonogenic survival in MYC-amplified MBgres parental
cells. A) Representative images of clonogenic assay in D425, D458, D283 and HDMBO03 cell
lines following 10 day treatment with 3.125 uM and 6.25 uM CBR5884 .. Histogram
representation of colony numbers post-treatment in B) D425 C) D458 D) D283 and E)
HDMBO3 cells. Data represents mean of three biological replicates £ SEM. Significance
determined by one-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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The clonogenecity of MYC-regulable cell lines was also evaluated following
pharmacological inhibition of PHGDH. The objective was to establish whether MYC
knockdown could abrogate the effect of NCT503 on colony formation. The D425 MYC
2 cells were treated with two concentrations of NCT503 in the presence or absence of
doxycycline and measured the effect on colony formation. The impact of MYC
knockdown on number of colonies formed in D283 and HDMBO03 meant that assessment
of NCT503 on colony formation was not possible (data not shown). Notably, MYC
knockdown alone severely impacted colony number in the D425 MYC 2 cells (Figure
6.23 A & B) but did not completely diminish colony formation. In fact, knockdown of
MYC resulted in a 90% reduction of D425 MYC 2 (off) colonies. A dose-dependent
reduction of colonies was observed in D425 MYC 2 (on) cells post NCT503 treatment
(Figure 6.23 A & B). However colony numbers were still significantly higher in D425
MYC 2 (on) cells to their equivalent D425 MYC 2 (off) cells at each dosage of NCT503.
Although NCT503 affected colony numbers in D425 MYC 2 (off) cells, these appeared
less dramatic. To capture NCT503 treatment effects we looked at relative alterations in
colony number for the MYC (on) and MY C (off) cells relative to their untreated control.
This analysis suggested that MYC knockdown abrogated the response to NCT503
treatment (Figure 6.23 C). Although NCT503 displayed dose-dependent effects on colony
formation, it was a greater magnitude in D425 MYC 2 (on) cells and this was more
pronounced when cells were treated with 12.5 uM NCT503 (Figure 6.23 C). These results
suggests that diminished MYC expression blunted the effect of NCT503 on colony
forming ability.
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Figure 6.23 Effect of NCT503 on clonogenic survival in D425 MYC 2 cells.. A)

Representative images of clonogenic assay in D425 MYC 2 (on) and MYC 2 (off) cells
following 10 day treatment with 12.5 uM and 25 uM NCT503 treatment. B) Quantification of
colony numbers post-treatment in MYC 2 (on) and MYC 2 (off) cells C) Colony numbers
normalised to their respective untreated controls. Data represents mean of three biological

replicates £ SEM. Significance determined by one-way ANOVA. *** p < (0.001, **** p <

0.0001.
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6.3.4.2 Cell cycle progression upon PHGDH inhibition

Analysis of clonogenecity revealed treatment with NCT503 or CBR5884 caused a
reduction in colony formation and consequently proliferation of MBgres cell lines. It was
addressed whether PHGDH inhibition would alter progression through the cell cycle.
MBgres cells were treated with 25 uM or 50 uM NCT503 for 72 h including appropriate
DMSO controls. Following treatment, cells were collected and prepared according to
protocols detailed in Chapter 2. Cells were stained with propidium iodide and subjected

to flow cytometry analysis.

Treatment with NCT503 caused alterations in cell cycle progression of MBgrpz cells.
Following treatment with NCT503 in the D425 cells, there was a dose-dependent increase
in the fraction of cells in sub-G1 phase, which is associated with apoptotic cell
populations. This was accompanied by a decrease in the percentage of cells in GO/G1
phase indicating that NCT503 may cause GO/G1 arrest, which ultimately results in cell
death (Figure 6.24, Table 6.3). This was also observed in the D458 cells in addition to a
significant decrease in the proportion of cells in S phase (Figure 6.24, Table 6.3).
Although marked reductions in cells at S and G2/M were observed in the D283 cells, the
effect of NCT503 treatment was more pronounced at the sub-G1 and GO/G1 phases of
the cell cycle (Figure 6.24, Table 6.3). In the HDMBO3 cells, a dose-dependent rise in
the GO/G1 population was observed. Additionally, the fraction of cells in S phase was
markedly reduced in the HDMBO3 cells. At 72 h, there were more cells in G2/M in control
cells compared to when cells were treated with 50 uM NCT503 (Figure 6.24, Table 6.3).
Overall, NCT503 caused a profound increase in cells in sub-G1 or GO/G1. These results
demonstrate that PHGDH inhibition via NCT503 impacts cell cycle progression and may
lead to apoptotic cell death in MBgrez MYC-amplified cells.
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Figure 6.24 Effect of NCT503 on cell cycle progression in MYC-amplified MBgres parental
cells. D425, D458, D283 and HDMBO3 cells were treated with 25 uM or 50 uM for 72 h and
subjected to flow cytometry analysis to determine cell cycle progression. Data indicates

fraction of cells in each cell cycle phase. Data represents mean + SEM from three biological

replicates. Significance was tested using a Two-way anova for each cell line. * p<0.05, **
p<0.01. ***p < 0.001, **** p < 0.0001

Table 6.3 Cell cycle analysis in MBGRP3 cells treated with NCT503

Cell line  Treatment (vs Ctrl) Sub-G1 GO0/G1 S G2/M
D425 25 uM -6.72 3.85 -0.01 2.88
50 puM -32.16  23.38 2.70 6.08

D458 25 uM -6.41 0.02 6.55 -0.16
50 uM -16.09 4.37 9.72 1.99

D283 25 uM -1.55 -5.69 5.25 1.99
50 uM -16.81 5.87 4.62 6.32

HDMBO03 25 uM -5.97 9.44 -3.47
50 uM -19.96  10.21 9.75
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6.3.4.3 Impact on mitochondrial and glycolytic function following PHGDH
inhibition
The de novo serine and glycine pathway has been demonstrated to contribute to cellular
nucleotide pools through its supply of one carbon units to the folate cycle. The supply of
nucleotides and other substrates is particularly important during the growth phases of the
cell cycle thus predictably NCT503 treatment reduced proliferation and caused GO/G1
arrest in the MBgres cell lines. The function of the SGP has also been shown to support
mitochondria function. It was queried whether inhibition of PHGDH would impact
bioenergetics and mitochondrial function. Following treatment with 25 uM and 50 puM
NCT503 for 24 h in the MBgres cell lines, mitochondrial function and bioenergetics were

assessed using the Seahorse Bioanalyser to measure OCR and ECAR.

Firstly, the effect on mitochondrial activity following NCT503 was determined. In
general, a dose dependent reduction in basal OCR post-treatment in the MBgres cell lines
was observed (Figure 6.25). Basal OCR was not affected by treatment with 25 uM in the
D425 cells however was reduced when treated with 50 pM (ICso ~ 40 puM). Treatment
with both concentrations of NCT503 significantly perturbed basal OCR in the D458 cells
(1Cs0 ~13 uM) (Figure 6.25 B). This trend was similarly observed in the D283(ICso ~ 30
pM) and HDMBO3(ICso ~ 47 pM), although only significant in the former (Figure 6.25
B &C). These results reveal a metabolic response to PHGDH inhibition via NCT503,
mechanisms for this observation may be related to a stress response or an early indicator

of insufficient substrates for mitochondria function.
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Figure 6.25 Effect of NCT503 on mitochondrial function in MYC-amplified MBgres parental
cell lines. A) D425 B) D458 C) D283 D) HDMBO03 cells were treated with 25 uM or 50 uM
NCT503 for 24 h and bioenergetic output determined using a Seahorse Bioanalyser to
measure oxygen consumption rate (OCR). OCR was normalised to protein content (ug) to
account for cell number variations. Data represents three independent experiments with 8
technical replicates each. Bars show mean + SEM. Significance was determined using a one-

way ANOVA. * p < 0.05, ** p < 0.01.

The effect of NCT503 on glycolysis via ECAR measurements was also determined
(Figure 6.26). PHGDH shunts glycolytic intermediates into the SGP and diverts glucose-
derived carbons from generating acetyl-CoA which can then be utilised for ATP

production resulting from lactate production and OXPHQOS. In 3 of the 4 MBgres cells,
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treatment of NCT503 caused an increase in ECAR (p <0.05). A dose-dependent rise in
ECAR was observed in the D425 and D458 cells post-treatment. In the HDMBO3 cells,
at 25 uM there was a rise in ECAR although a striking drop in ECAR was measured at
50 puM. Conversely, NCT503 treatment augmented ECAR in the D283 cells. Together
our results suggest that whilst NCT503 may impact mitochondria function and reduce
OXPHOS derived ATP, the opposing effect is observed in glycolytic derived ATP where

there was a noticeable rise in ECAR and presumably lactate production.
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Figure 6.26 Effect of NCT503 on glycolytic and OXPHOS dependent ATP production in
MYC-amplified MBgrps parental cell lines. A) D425 B) D458 C) D283 D) HDMBO3 cells
were treated with 25 uM or 50 uM NCT503 for 24 h and bioenergetic output determined
using Seahorse Bioanalyser to measure OCR and ECAR. OCR and ECAR was normalised to
protein content (ug) to account for cell number variations. Data represents three independent
experiments with 8 technical replicates each. Bars show mean = SEM. Significance was
determined using a one-way ANOVA. * p < 0.05, ** p < 0.01.
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6.3.4.4 Impact on nutrient sensing pathway following PHGDH inhibition

Treatment with NCT503 caused an observable reduction in cell viability, clonogenecity,
GO/G1 cell cycle arrest and mitochondrial function. NCT503 inhibits the activity of
PHGDH, the enzyme which is the committing step of de novo serine synthesis and serine
derived from glucose. Inhibition of its activity is likely to affect intracellular levels of
serine and glycine causing metabolic imbalances likely leading to metabolic stress and
concomitant activation of nutrient sensing pathways. This notion is particularly
emphasised in our experiments assessing mitochondrial output following NCT503
treatment. Within the first 24 h of NCT503 mediated PHGDH inhibition, there was a loss
of basal mitochondrial OCR in response to treatment indicating metabolic stress which
may indeed impact nutrient signalling pathways. In particular, the activity of mTOR
senses nutrients and growth factors and integrates cellular conditions to downstream
pathways which ultimately balance anabolism and catabolism. The activity of the
mTORC1 complex is interconnected with the protein synthesis machinery through the
regulation of its downstream effectors 4EBP1 and S6K. Phosphorylation of 4EBP1 by
mMTORCI releases it from the cap binding protein elF4Ea, a key component of the multi-
protein elF4F complex, a transcription factor whose activity is the rate-limiting step to
translation initiation. The phospho-activated S6K phosphorylates the ribosomal protein
S6 (RPS6) and this processes has been linked as a determinant of cell size (Ruvinsky et
al., 2005).
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| therefore evaluated whether NCT503 treatment induced alterations in mTOR signalling.
MBgres cells were treated with 12.5 pM, 25 puM or 50 uM NCT503 for 24h, cell pellets
were collected and protein extracted. Immunoblotting of phospho-4EBP1 and phospho-
RPS6 were used as indicators of mTOR pathway activity in the D425, D458, D283 and
HDMBO03 cell lines. MYC expression was also probed to establish whether NCT503
affected MYC protein expression or stability (Figure 6.27). Treatment with NCT503
caused minimal but dose-dependent reduction in MYC expression in the D425, D458 and
HDMBO3 cell lines. MYC levels remained constant in the D283 cells although there was
an increase at 50 uM NCT503 (Figure 6.28A). There was marked loss of phosho-RPS6
post-treatment in a dose-responsive manner across the MYC-amplified MBgres cell lines
(Figure 6.28B).WES examination of phospho-4EBP1 (T36/T47) sites resolved two
distinguishable bands/peaks across the cell lines. These were therefore assessed as
individual bands and the impact of NCT503 treatment evaluated. There was a differential
effect on the two phosphorylated peaks of 4EBP1. A general incremental reduction in

peak 1 and a rise in peak 2 post-treatment was observed (Figure 6.28C & D).
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Figure 6.27 Impact of NCT503 treatment on mTOR signalling in MYC-amplified MBgres parental cell lines. Cell lines were treated with a range of NCT503

concentrations for 24 h and cell lysates collected. Samples were probed for MYC and phosphorylated ribosomal protein S6 and 4EBP1. S-Actin was used as a

loading control.0.8 ug of protein lysate was loaded for each sample.
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Figure 6.29 Impact of NCT503 on mTOR signalling pathway in D425 MYC 2 isogenic cells.
Cells were doxycycline induced for 48 h prior to treatment with varying concentrations of
NCT503 for 24 h. A) Typical WES image of MYC, phospho-S6 and phospho-4EBP1 in D425
MYC 2 (on) and MYC 2 (off) cells. B) Quantitative analysis of WES immunoblotting of MYC

and mTOR downstream effectors. Protein expression was normalised to f-actin control.

The D425 MYC 2 cell line was utilised to further understand the influence of MY C expression
on the mTOR response observed in the parental cell lines. In contrast to parental cell lines, a
proportional decrease in MYC expression was not observed in the D425 MYC 2 (on) cells
following NCT504. Although doxycycline reduced MY C expression in the D425 MYC 2 (off)
cells, this was not further reduced with subsequent treatment of NCT503 (Figure 6.29A & B).

Phosphorylated levels of ribosomal protein S6 decreased in a dose-dependent manner in the



D425 MYC 2 (on) cells. Although an initial decrease in phospho-S6 in the D425 MYC 2 (off)
cells when treated with 12.5 pM NCT503, levels remain relatively similar at higher doses of
NCT503 (Figure 6.29 C). With regards to peak 1 of phospho-4EBP1, there was an initial rise
in levels following 12.5 uM NCT503 treatment however this is completely diminished by 50
MM NCT503 in the D425 MYC 2 (on) cells. This supports our initial findings in the MBgres
parental cell lines which also displayed reductions in this phospho-4EBP1 peak. However,
levels of phospho-4EBP1 (peak 1) remain near constant in the D425 MYC 2 (off) cells with
the exception of 50 uM NCT503 which similarly reduced phosphorylation (Figure 6.29 D).
When phospho-4EBP1 (peak 2) was evaluated, there was a sharp rise in its levels at 12.5 uM
NCT503 which was maintained when dose was increased in the D425 MYC 2 (on) cells. This
event was observed much later in the D425 MYC 2 (off) cells, specifically at 50 uM NCT503
treatment. Taken together, these results suggest that NCT503 induces a response in the mTOR
pathway following NCT503 inhibition albeit with differential effects on the two distinct
branches of the S6 and 4EBPL1 effector pathways. Particularly, decreased MYC expression

abrogated mTOR-dependent response.

6.3.5 CRISPR-mediated loss of PHGDH in parental MBgres cell lines

Some studies have demonstrated through genetic knockout models that PHGDH is essential to
cancer survival and tumour progression, particularly in PHGDH amplified cancers like certain
breast cancer subtypes, melanoma and colon cancers. To my knowledge, its role in MB
tumourigenesis has not been studied. I investigated whether the loss of PHGDH had a
functional consequence on MBgres cells. Certainly the dynamics of genetic manipulation could
differ from pharmacological inhibition since the latter would not impact PHGDH expression
at either mMRNA or protein level rather the functional activity of the enzyme. For this study,
CRISPR-mediated gene editing was utilised for loss of function study of PHGDH in MB.
CRISPR gene editing was achieved using single guide RNA (sgRNA) specific for PHGDH and
a non-targeting control. The sgRNA directs the CAS9 endonuclease to its complementary site
where the CAS9 induces double strand DNA breaks which is repaired by non-homologous end
joining (NHEJ). NHEJ introduces indels which disrupt open reading frame of the gene
effectively creating a functional knockout (Ran et al., 2013). PHGDH KD models was
engineered in 3 out of 4 MBgrrs MYC-amplified cells PHGDH KD could not be established

for the D283 as considerable cell death occurred post-selection.



6.3.5.1 Confirmation of PHGDH knockdown at the protein expression level

Prior to experimentation using the PHGDH KD cell lines, loss of expression in the D425, D458
and HDMBO03 was confirmed at the protein expression level. Following 7 days of antibiotic
selection and establishment of an adequate cell population, cell pellets were collected, protein
extracted and samples subjected to immunoblotting for PHGDH using WES. Overall, efficient
knockdown of PHGDH was achieved in the three MBgres cell lines. For the D425 cells, 90%
reduction in PHGDH expression levels were achieved. Similarly, 80% and 70% knockdown
was reached in the D458 and HDMBO3 cell lines respectively (Figure 6.30).

D425 D458 HDMBO03

NTC sgPHGDH NTC sgPHGDH NTC sgPHGDH

PHGDH | [N = I e B

e |

Figure 6.30 PHGDH expression in MBgres cells following CRISPR mediated knockdown of
PHGDH. WES images of D425, D458 and HDMBO3 non-targeting controls (NTC) and
sgPHGDH cells.




6.3.5.2 The effect on cellular growth following PHGDH loss

The activity of PHGDH sequesters glucose-derived carbons into anabolic pathways by fuelling
one carbon metabolism which supports growth and proliferation of cancer cells. It was
examined whether loss of PHGDH in MBgrrs cell lines impacted cellular proliferation. Cell
growth was measured using trypan-blue dye exclusion to perform viable cell counting at 24,
72,120 and 168 h.

Reduced expression of PHGDH inhibited proliferation of MYC-amplified MBgrps cell lines
(Figure 6.31). In the D425 cells, NTC and sgPHGDH grew similarly in the first 72 h however,
D425 sgPHGDH cells lagged behind their NTC counterparts from 120 h onwards (doubling
time D425 NTC (36.85 h) versus sgPHGDH (40.54 h)).There was a slight but significant
reduction in proliferation of the D425 cell following PHGDH knockdown (p < 0.05, Figure
6.31A). A more divergent effect on proliferation was observed at earlier time points in the
D458 and HDMBO03 cell lines following loss of PHGDH. The doubling rate of D458 NTC
compared to the D458 sgPHGDH cells were 45 and 47.59 h, respectively (p < 0.01, Figure
6.31 B). Impairment in the proliferation of HDMBO3 cells was observed following PHGDH
knockdown. The proliferation of HDMBO03 NTC was exponential over the time course however
in the case of HDMBO03 sgPHGDH cells, proliferation slowed after 72 and the estimated
doubling rates differed by ~20 hrs in this cell line (doubling time HDMB03 NTC 61.4 versus
sgPHGDH 85.23 h) (Figure 6.31 C). In summary, loss of PHGDH was not detrimental to cell
survival however, it noticeably caused a decline in proliferation of MYC-amplified MBgres
cells. Notably, differences in proliferation were observed following 72 h and diverged from

this time point onwards.

It is noteworthy that in the D283 cell line, knockdown of PHGDH could not be established for
this study despite two attempts to do so owing to cell death post-selection. Previous genome-
wide CRISPR analysis identified PHGDH as a cell essential gene in the D283 cell line but not
D425 or HDMBO03 cell lines. The D458 were not included in these CRISPR experiments
(Unpublished data from Matt Selby thesis, Appendix). These experiments in conjunction with
the genome-wide CRISPR analysis, suggest differential response to PHGDH loss and cell line-

specific effects following reduced expression of PHGDH.
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Figure 6.31 Consequence of PHGDH loss on proliferation of MBgres MYC-amplified cells.

D425, D458 and HDMBO3 were subjected to viable cell counting at indicated time points.

Cell proliferation and curve of best fit plotted using linear regression. Data represents three

biological experiments and data shows mean + SEM. Significance was determined using

linear regression comparison of lines of best fit.



6.3.5.3 Impact on MBgrps proliferation in serine and glycine replete conditions upon
PHGDH loss

Knockdown of PHGDH in the MBgrpz MYC-amplified cell lines affected proliferation in
nutrient abundant growth culture medium. Notably, the growth impairment was more
noticeable at late-stage culture suggesting the interplay of nutrient sufficiency and the growth
deficiency observed. PHGDH is the crucial node in de novo serine and glycine biosynthesis
and loss of expression could render cellular reliance on exogenous sources of serine and
glycine. It was hypothesised that loss of PHGDH would cause serine auxotrophy and render
MBgres dependent on exogenous serine. Since glycine can be synthesised from exogenous
serine by SHMT, reliance on exogenous glycine alone was not anticipated. Incucyte live cell
imaging was utilised to measure proliferation (i.e. confluence) when serine and/or glycine was
deprived from the growth medium. In addition, effect on colony formation was assessed by

clonogenecity under nutrient limiting conditions.

Serine deprivation caused marked reduction in growth of PHGDH knockdown cells. Under —
SER and —SER/GLY conditions, proliferation was impaired in the D425 sgPHGDH compared
D425 NCT cells (Figure 6.32). This effect was even more pronounced in the D458 sgPHGDH
cells under serine limiting conditions where proliferation was reduced (Figure 6.33). In the
HDMBO03 sgPHGDH cells, there was a similar decrease in proliferation in —-SER or —-SER/GLY
growth culture conditions (Figure 6.34). As previously postulated, glycine deprivation alone
was insufficient to cause a significant reduction in growth of the 3 MBgres cells when PHGDH
was knocked down. Notably, there was a slight cumulative effect when both serine and glycine
was removed from growth culture medium. As predicted, these results reveal a reliance on

exogenous sources of serine and not glycine when PHGDH expression was diminished.
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Figure 6.32 Response of D425 cells to serine and glycine depleted conditions. Incucyte live
cell imaging analysis. A) D425 NTC and B) sgPHGDH cells were seeded in a 96 well
microplate at 1 x 10* cells per well and allowed to adhere to poly-L-lysine coated plates
overnight. Cells were subjected to medium deprived of serine or glycine, or both nutrients in
addition to nutrient replete minimal essential growth medium. The mean confluence + SEM of

four individual wells with 9 fields of images from a representative experiment is shown.
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Figure 6.33 Response of D458 cells to serine and glycine depleted conditions. Incucyte live
cell imaging analysis. A) D458 NTC and B) D458 sgPHGDH cells were seeded in a 96 well
microplate at 1 x 10* cells per well and allowed to adhere to poly-L-lysine coated plates
overnight. Cells were subjected to medium deprived of serine or glycine, or both nutrients in
addition to nutrient replete minimal essential growth medium. The mean confluence + SEM of

four individual wells with 9 fields of images from a representative experiment is shown.
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Figure 6.34 Response of HDMBO3 cells to serine and glycine depleted conditions. Incucyte
live cell imaging analysis. A) HDMBO03 NTC and B) HDMBO03 sgPHGDH cells were
seeded a in 96 well microplate at 1 x 10* cells per well and allowed to adhere to poly-L-
lysine coated plates overnight. Cells were subjected to medium deprived of serine or glycine
or both nutrients in addition to nutrient replete minimal essential growth medium. The mean
confluence + SEM of four individual wells with 9 fields of images from a representative

experiment is shown.



6.3.5.4 Impact PHGDH knockdown on clonogenic survival following serine and glycine
depletion

Results from clonogenic survival assays corresponded with Incucyte growth analysis
suggesting that PHGDH loss conferred a reliance on exogenously available serine. In the D425
NTC cells, only removal of both serine and glycine from growth medium impacted number of
colonies formed. However in the D425 sgPHGDH, serine depletion alone or in conjunction
with glycine caused a marked decrease in number of colonies formed. Depletion of glycine
alone was not sufficient to cause a marked reduction in colony forming ability. Similar
observations were made in the D458 and HDMBO03 sgPHGDH and NTC cells albeit in varying
degrees of severity. Taken together, these results show loss of PHGDH impacts the ability of

MYC-amplified MBgrpz cells to proliferate and survive in serine limiting conditions.
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Figure 6.35 Effect on serine and glycine deprivation on clonogenic survival of MBgres MYC-
amplified cells following PHGDH knockdown. D425, D458 and HDMBO03 NTC and
sgPHGDH cells were poly-I-lysine adhered to 12 well plates and grown in complete medium
(CM), serine depleted (-Ser), glycine depleted (-Gly) or serine and glycine depleted (-
Ser/Gly) for 10 days. Colonies were fixed and stained with crystal violet. Representative
images of clonogenic assay in A) D425 B) D458 C)HDMBO3 cells following nutrient

starvation.



6.4 Discussion

6.4.1 Primary MBgrps display upregulated expression of SGP enzymes

For this chapter, | sought to determine the relevance of the SGP in primary MB in order to
establish whether targeting this pathway would be of any clinical relevance. Here it was shown
that primary MBgres have altered SGP between subtypes and in particular, gain/amplification
of MYC is associated with upregulation of SGP enzymes at the gene expression level. It was
also determined whether PHGDH, a key component of the SGP conferred worst outcomes in
MB patients. PHGDH expression was associated with worse prognosis in the MB wide cohort.
Evaluating the distribution of PHGDH expression between the subgroups revealed skewed
distribution in the MBsnn group in particular, this hinted a differential expression of PHGDH
across the MB subgroups with MBsnn samples having higher expression of PHGDH compared
to other subgroups. Matched samples are not typically available from surgical resections since
the ultimate goal is to limit injury to normal tissue, it was therefore not possible to determine
differences in PHGDH expression in surrounding tissues. Additionally it would be useful to
establish whether different cells of origin for the MB subgroups are associated with different
levels of expression of SGP enzymes. Higher expression of PHGDH was associated with MYC-
amplified MBgrps patients. Additionally, high expression of PHGDH was associated with
worse overall survival in MBgres. A caveat of this analysis, owing to small number of samples
was that it could not further evaluate survival differences between low PHGDH, MYC-

amplified cases against high PHGDH, MYC-amplified tumours.

6.4.2 Response of MBgrps cell lines to modulation of PHGDH function using NCT503

I then explored whether therapeutically targeting PHGDH would display MY C-dependent
sensitivity in MYC-amplified MBgres cells. Results from these experiments showed that MYC-
amplified MBgrpz cells were more sensitive to NCT503 treatment whereas MY C knockdown
blunted this response. Indeed in the D425 MYC 2 cell lines, colony formation was severely
affected in the D425 MYC 2 (on) cells. Although MYC knockdown itself impacted
clonogenecity, there was no further cumulative effect of MYC knockdown and NCT503
treatment in the D425 MYC 2 (off) cells. This supports my previous finding of higher activity
of de novo serine and glycine pathway highlighted by **C -glucose tracing analysis (Chapter
5) and higher expression of SGP enzymes in MYC-amplified cells compared to MYC

knockdown cells. These data reveal a dependence of MYC-amplified MBgres cells on the



activity of PHGDH, which supports assimilation of glucose-derived carbons into the SGP and

fuels downstream pathways supporting growth and proliferation.

This MYC-dependent sensitivity to PHGDH inhibition was further corroborated using
numerous MBgrps MYC-abnormal cells compared to MBsnyn cell lines. PHGDH inhibition
using small molecule inhibitors with distinct modes of action revealed sensitivity of MBgrp3
cells to NCT503 or CBR5884 treatment compared to non-amplified MBswn cell lines. The use
of the two inhibitors demonstrate target specificity as consistent corresponding effects were
observed for each cell line. Phenotypic assessment demonstrated that treatment with NCT503
caused GO/G1 arrest and led to a higher proportion of sub-G1 cells 72 h post-treatment.
Furthermore, treatment with NCT503 also led to a significant reduction in basal mitochondria
OCR and limited OXPHOS-derived ATP production. Contrastingly, glycolytic function and
ATP production was slightly increased in some MBgrps cells. Inhibition of PHGDH has been
shown to cause metabolic stress owing to reduction of glucose-derived serine and glycine and
disrupt central carbon metabolism by disrupting PPP-derived ribose and availability of TCA
cycle intermediates to anabolic pathways (Pacold et al., 2016; Reid et al., 2018). Interestingly,
serine deprivation in conjunction with NCT503 did not cause a further decrease in cell viability
suggesting that availability of exogenous serine does not limit effectiveness of PHGDH
inhibition mediated by NCT503 (Xia et al., 2019). This was in line with observations made by
Pacold et al., which demonstrated that PHGDH inhibition led to wasting of exogenous glycine
by SHMT1 which prioritised the reverse reaction of generating serine from glycine and meTHF
preventing their incorporation into downstream metabolic pathways (Pacold et al., 2016).
Furthermore Reid et al., showed that in addition to nucleoside supplementation in culture
medium, o-ketoglutarate and ribose could partially rescue PHGDH inhibition (Reid et al.,
2018). These studies in addition to our study support that PHGDH inhibition caused metabolic

stress that potentially occurs as a result of imbalances of SGP and other metabolic pathways.

6.4.3 Nutrient sensing pathway response to post NCT503 treatment

PHGDH inhibition via NCT503 caused several phenotypic changes in the MBgres cells. The
mTOR pathway represents a major pathway for nutrient sensing and coordinates nutrient
availability with metabolism and other cellular processes including protein synthesis. The
ribosomal protein S6, is phosphorylated by the S6 kinase (S6K), is an effector of the mTORC1
signalling axis (Dennis et al., 2001). Numerous studies have shown that inhibition of mMTORC1

by rapamycin suppresses S6 phosphorylation (Biever et al., 2015, Holz and Blenis, 2005).



Assessment of the downstream effectors showed a robust response in the S6 branch which
showed decrease in phospho-S6 in a dose-dependent manner. Previous studies have shown S6
phosphorylation may impact global protein synthesis although this remains ambiguous and
may be tissue/ context dependent (Biever et al., 2015). Two distinct phospho-4EBP1 peaks
were detected using WES analysis. When examined, peak 1 showed diverging trends in the
MBgres cell lines. Levels were relatively steady in the D458 and D283 cells post-treatment
however in the D425 and HDMBO03 cell lines, phospho-4EBP1 levels (peak 1) decreased.
When the second peak was assessed across the four cell lines, phopho-4EBP1 (peak 2) levels
increased in a dose-dependent manner. In the D425 isogenic cells, MYC 2 (on) cells here was
a dose-dependent decrease in phospho-4EBP1 (peak 1) which is diminished at highest NCT503
concentration. In the D425 MYC 2 (off) cells however, only 50 uM treatment with NCT503
impacts phosphorylation levels. Similarly, there was a rise in phosphorylated 4EBP1 (peak 2)
in the D425 MYC 2 (on) cells however only the highest dose of NCT503 invokes a change in
phospho-4EBPL1 in the D425 MYC 2 (off) cells. Since treatment with NCT503 in the MYC 2
(off) cells did not elicit changes in mTOR signalling pathway (except at 50 uM), this would
further support that loss of MYC reduces sensitivity and did not engage mTOR signalling at
lower concentrations. It is noteworthy that total expression of s6 and 4EBP1 were not assessed
in this study. To fully contextualise and assess the impact of these changes, it is important to
determine whether ratios of phospho/total expression were altered following NCT503 in the

MY C-amplified and isogenic cell lines.

The divergent effects observed in the phosphorylation of 4EBP1 is intriguing. Studies have
previously shown that phosphorylation of Thr37 and Thr46 can be priming events for
phosphorylation of other 4EBP1 Ser/Thr sites (Gingras et al., 1999, Gingras et al., 2001, Wang
et al., 2003). Phosphorylation of 4EBP1 releases it from elF4E enabling the interaction of
elF4E/elF4AG which leads to the formation of elF4F translation initiation complex (Silvera et
al., 2010). Although the P13K/Akt/mTOR is implicated in the regulation of 4EBPL,
knockdown of both of mTOR or Akt repressed phosphorylation of S6 kinase but had no
functional consequence on 4EBP1 suggesting mTOR-independent regulation of 4EBP1
(Nawroth et al., 2011). Others have shown maintenance of 4EBP1 hyper-phosphorylation using
mTOR inhibitor RAD001 although it successfully inhibited differentiation of C2C12 myoblast
along with decreased phosphorylation of S6 kinase (Willett et al., 2009).

These studies suggest alternative routes of 4EBP1 phosphorylation which may account for

some of the observations made in this study. Although WES distinguished two separate peaks



of phospho-4EBP1 at Thr37/46, further clarification of the impact of NCT503 treatment on
these sites is required. Using phospho-specific antibodies may distinguish the varying effect of
NCT503 on 4EBP1 more clearly. Further experiments evaluating total protein levels of both
4EBP1 and S6 would also enable assessments of whether changes in the ratios of
phosphorylated to total protein occur. Going further, assessing whether other nutrient sensing
pathways such as the GCN2/elF2a may also be implicated and whether interaction of 4EBP1
and elF4E is disrupted and does indeed impede translation initiation and protein synthesis in
the MYC-amplified MBgres cells

6.4.4 Loss of PHGDH is detrimental to MBgres cells under serine limiting conditions

In this study it was determined whether PHGDH loss would impact the growth of MBgrps cells.
PHGDH was found to be essential for growth under normal culture conditions. During periods
of serine depletion however, PHGDH loss led to deficiency in proliferation and colony
formation. Interestingly, glycine depletion alone did not severely impact growth which is
supported by other studies which have shown, serine and not glycine is required during
proliferation (Labuschagne et al., 2014). Notably, in the absence of exogenous glycine, glycine
can still be synthesised from serine via SHMT 1/2 once imported from extracellular sources.
The results of our CRISPR-mediated knockdown of PHGDH are in contrast with small
molecule inhibition results which showed pharmacological inhibition of PHGDH resulted in
decreased viability irrespective of the availability of exogenous serine. Although CRISPR-
mediated knockdown of PHGDH reduced proliferation of MYC-amplified MBgres cells, this
effect was observed at latter stages of cell culture (i.e. post 72 h). This late-stage effect was
likely attributable to decreasing concentrations of serine in culture medium. Consistently,
depletion of serine in culture medium caused dramatic decrease in colony forming ability in
cells lacking PHGDH. These experiments perhaps demonstrate the differences in the kinetics
of pharmacological loss of function compared to genetic loss of expression. NCT503 or
CBR5884 inhibit the activity of PHGDH without affecting mRNA or protein expression levels
whereas the reverse was true for CRISPR-mediated loss of PHGDH (Mullarky et al., 2016,
Pacold et al., 2016).

Although similar effects were noticeable from treatment with either NCT503 or CBR5884, off
target effects of these small molecule inhibitors cannot be ruled out. Pacold and colleagues
provided evidence of lack of inhibitory capacity of NCT503 against other dehydrogenases such

as lactate and malate dehydrogenase (Pacold et al., 2016). In contrast to small molecule



inhibition, CRISPR or shRNA-targeted knockdown results in loss of protein expression which
may disrupt formation of protein complexes and remove functional domains not explicitly
targeted by inhibitors (Weiss et al., 2007, Knight and Shokat, 2007). PHGDH has been shown
to interact with the translation initiating factors elF4Al and elF4E. Intriguingly, PHGDH
knockdown was associated with reduced phosphorylation of elF4E, elF4G1, 4EBP1 and
disassembly of the elF4F multicomplex resulting in reduced translation initiation (Ma et al.,
2019). A recent study has shown the oncogenic activity of MYC leads to increased endoplasmic
reticulum (ER) stress through increased translational activity and activates the
GCN2/ATF4/elFAE axis as part of an adaptive response to balance MY C-dependent translation
activity with bioenergetic status (Tameire et al., 2019). In the absence of PHGDH, is
translational capacity impeded through reduced phosphorylation of translational initiation
factors in the MYC-amplified MB cells? Does the inhibition of MYC-driven translation
facilitate an adaptation to PHGDH loss through ATF4? One study in MYCN-amplified
neuroblastoma suggests that MYC dependence of the SGP is mediated via ATF4 (Xia et al.,
2019). Although results from small molecule inhibition and CRISPR-mediated loss of PHGDH
are not congruent, loss of PHGDH may in fact phenocopy MY C knockdown in MYC-amplified
MBgres cells. Loss of MYC results in reduced proliferation and increased uptake of serine and
glycine from extracellular medium which is also observed in PHGDH knockdown cells.
Further experiments are required to confirm this notion. Although a general hypothesis from
data reported in previous chapters and this chapter would suggest reliance of MYC (off) cells
on exogenous serine and glycine as opposed to MYC-amplified MB cells which maintain high

rates of de novo serine and glycine synthesis.

Nevertheless, data presented here showed that loss of PHGDH resulted serine in  auxotrophy
causing reliance on exogenous sources of serine rendering cells sensitive towards serine
depletion. A question which still remains is, whether the utilisation of serine synthesised de
novo differs from serine that is taken up from extracellular medium in MYC-amplified cells
following MYC ablation? Inhibition of PHGDH has been shown to induce uptake of serine;
import of serine is not utilised in downstream pathways but instead maintains intracellular
pools (Pacold et al.,, 2016). Data presented in this chapter showed that although MYC-
amplification drives upregulation of the de novo SGP, and that this may be targeted
pharmacologically using PHGDH inhibitors. PHGDH itself was not required for the survival

of MBgres cells in serine replete conditions.



Chapter 7 Discussion



7.1 Overview

Glioblastoma and medulloblastoma are the most common malignant CNS tumours to occur in
adults and children respectively. Glioblastoma is less commonly occurring compared to other
adult solid cancers such as lung, breast and prostate cancer however, it significantly contributes
to adult cancer mortality. Median survival of GBM is around a year and only 13% of patients
survive up to 5 years (NICE statistics). Outcomes for medulloblastoma are more promising,
however there remains a subset of patients with difficult to treat tumours. Although CNS
tumours are second in frequency to blood malignancies in childhood cancers, they account for
a higher proportion of childhood cancer deaths. Specifically for MB, overall survival is around
70% however for a subset of MBs with amplification of the MYC oncogene, 5-year survival is
<50% and 10-year survival as low as 20% of cases (Schwalbe et al., 2017a). There is an urgent
clinical need for more effective treatments to improve survival outcomes of GBM and MYC-
amplified MB patients. To assist this process, better understanding of tumour biology is
required to develop more efficacious and targeted therapies. In MB, treatment strategies that

limits therapy-induced side effects that may impact future development is of great need.

Altered metabolism of cancer is a well-documented feature of cancer. The best characterised
metabolic phenotype is where cancer cells repress mitochondrial oxidative phosphorylation
and preferentially use aerobic glycolysis as a major energetic pathway (Warburg effect). The
benefit of increased glycolysis is faster ATP turnover and supply of glycolytic intermediates
into biosynthetic pathways which support growth of cancer cells (Heiden et al., 2009).
Alterations in oncogene and tumour suppressor function are linked to these metabolic
alterations. For instance, MYC, TP53 and HIF1 are implicated in metabolic reprogramming
observed in cancer. MYC has been shown to upregulate glycolysis and glutaminolysis and
mitochondrial biogenesis in several cancer contexts (Dang, 2013a, Shim et al., 1997, Stine et
al., 2015, Terunuma et al., 2014, von Eyss et al., 2015, Wise et al., 2008). Loss of normal
regulatory function of P53 on glycolysis further leaves glycolysis unchecked. P53 negatively
regulates glycolysis by repressing GLUT expression and upregulating TIGAR which lowers
the glycolytic rate and favours OXPHOS by facilitating expression of components of the ETC
such as SCO2 (Matoba et al., 2006). Under hypoxia, HIF1a, upregulates glycolytic enzymes
and represses mitochondrial respiration by upregulating PDKs which inhibit PDH activity
which converts glycolysis generated pyruvate to acetyl-CoA enabling entry into the TCA.

Instead HIF1lo promotes upregulation of LDH (Dengler et al., 2014, Tanimoto et al., 2000,



Zhang et al., 2007). It is increasingly appreciated that aberrant metabolic activity can itself
drive alterations in the genomic and epigenomic landscape of tumours and additionally
accumulation of metabolites can be intricately associated with genetic abnormalities such as
copy number alterations, activation of oncogenes and loss of tumour suppressor genes (Li et
al., 2019, Sciacovelli and Frezza, 2016).

Advancing our understanding of metabolic alterations of malignant brain tumours and
understanding underlying tumour biology is essential in developing novel targeted therapies
which could contribute to improved clinical outcomes. This thesis thus examined metabolic
vulnerabilities of glioblastoma and medulloblastoma. In particular, this thesis explored whether
alterations in metabolic pathways could be exploited for treatment and treatment monitoring
through in vitro and in vivo metabolic profiling. The findings presented here support previous
studies on FAO inhibition as a means of targeting glioblastoma with the potential for etomoxir
in combination with temozolomide chemotherapy as a novel strategy for GBM. In MY C-driven
MBgrez tumours, using HRMAS profiling, altered metabolism driven by overexpression of
MYC was highlighted. MYC was shown to confer a dependence on de novo serine and glycine

synthesis which rendered MBgres cells sensitive to PHGDH inhibition.

7.2 Summary

7.2.1 Inhibition of fatty acid oxidation in malignant gliomas: Exploring combination

therapy and metabolic profiling

Glioblastoma is a highly aggressive disease and standard therapies only marginally increase
overall survival rates. It remains the leading cause of death in adult brain malignancies. The
TCGA classification identified four distinct subtypes with common driver mutations in EGFR,
P53 and loss of PTEN. Overall survival remains poor for GBM regardless of molecular
classification and so far it is not fully understood how subtypes influence treatment response
(Teo et al., 2019, Verhaak et al., 2010)}. GBMs are highly infiltrative which often limits total
surgical resection which leaves opportunity for disease recurrence from residual disease.
GBMs are thought to arise from the NSC population of the SVZ in the adult brain (Singh SK
et al., 2004). NSCs retain self-renewal capacity and give rise to several neuronal lineages.
Indeed, tumour recurrence is thought to arise from the stem-like cell population of tumour,
which repopulate tumours following removal of treatment selective pressures. In addition,

GBM stem-like cells are thought to contribute to therapy resistance attributable to poor survival



(Bao et al., 2006). Targeting these cells in combination which other anti-proliferative therapies
are likely to eradicate distinct tumour populations. NSCs in the SVZ have been shown to rely
on the oxidation of fatty acids to support proliferation and neurogenesis (Stoll et al., 2015).
Inhibition of CPT1A or lipid droplet utilisation reduces NSC pools and limits self-renewal
(Stoll et al., 2015, Xie et al., 2016).

A previously established syngeneic mouse model was utilised for use in preclinical testing of
etomoxir and temozolomide as a combination therapy. Our findings suggest that treatment
with etomoxir alone or in combination with temozolomide performed as well as temozolomide
alone and delayed tumour onset, although these concepts must be tested with greater samples
and a longer endpoint to empirically determine this. Currently, multi-drug therapies are seen
as the most effective approach for improving clinical outcomes, with several combinations of
temozolomide therapy in conjunction with tyrosine kinase inhibitors, mTOR inhibitors and
immune-stimulants under clinical investigation in phase I-11 trials (Ghosh et al., 2018). To our
knowledge, the combination of temozolomide and etomoxir is a newly proposed combination
therapy for GBM treatment. Others have shown using combinations of etomoxir with
radiotherapy improved radiation efficacy in lung adenocarcinoma 3D models (Dheeraj et al.,
2018). Flaig and colleagues found that CPT1 inhibitors combined with anti-androgen therapy
(enzalutamide) resulted in robust growth inhibitory effects even in enzalutamide-resistant cells
(Flaig et al., 2017). Since GBM treatment resistance and recurrence is thought to arise from
the stem cell-like population, the question remains whether targeting these via inhibiting FAO
combined with anti-proliferative therapies could result in more efficacious therapies against
GBM (Figure 7.1).

This study focused on aberrant fatty acid metabolism in GBM and as such, in vivo and in vitro
metabolic profiling of GBM in response to treatment was carried out. Consistent measurements
of brain metabolites were not achieved in the in vivo metabolite profiling study. In vitro
investigations yielded surprising results following drug treatment with etomoxir and
temozolomide as single agents or in combination in the oncogenic mouse NPCs. Although the
objective of this study was to profile treatment related changes in the oncogenic NPCs, our
study highlighted the differences in metabolite abundances in 3 month NPCs compared to 12
month NPCs. Stoll et al., identified an age-dependent malignancy potential of NPCs. Older
NPCs (12 or 18 month), when implanted orthotopically, exhibited shorter latency and resulted
in more aggressive GBM tumours. Of note, IDH-mutant GBM which is closely associated with

younger patients have better survival outcomes. So far, the molecular mechanisms of this are



not fully understood(Verhaak et al., 2010). Probing the differences in oncogenic NSCs and the
resultant tumours formed, may benefit the understanding of age-associated malignant features
of GBM.
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Figure 7.1 Novel treatment strategy for targeting Glioblastoma. Proposed mechanism of
combination of fatty acid oxidation inhibition (etomoxir) and standard chemotherapy
(Temozolomide). Glioblastoma (GBM ); Neural stem-like cells (NSC)

7.2.1.1 Limitations of GBM study

We utilised the syngeneic mouse model of GBM to conduct preclinical assessment, and for in
vivo MRI and MRS. This model enabled the testing of drug combinations in the relevant
tumour anatomical location and also under an immunocompetent background. The drug
administration of the in vivo testing of etomoxir in combination with temozolomide occurred
14 days post-transplantation of oncogenic NSCs. Previous studies have shown the presence of
anaplasia at this time point; our study did not explore or confirm this. Our in vivo study timeline
may potentially have modelled recurrent GBM since drug treatment commenced with animals
not presenting MRI visible tumours which is the case for primary GBM cases. The lack of

tumour burden prior to drug testing may therefore not recapitulate clinical settings.



7.2.2 Exploring metabolic dependencies of MYC-amplified MBgrp3s

Amplification of MYC is a notable feature of MBgres tumours. Patients with MYC-
amplification have the worst prognosis of all MB subgroups. 10-year survival is a low as 22%
in this subgroup (Schwalbe et al., 2017b, Sharma et al., 2019, Taylor et al., 2012) Furthemore
MBgrps are more likely to present with metastatic disease further limiting curative therapeutic
interventions. Development of novel personalised therapy is required to improve survival
outcomes. Since direct targeting of MYC remains elusive (discussed in detail in chapter 1),
targeting MY C-dependent alterations in cellular processes may provide effective therapeutic
interventions for these tumours. The data presented in this thesis highlights MYCs role in
supporting growth and proliferation of MBgres cells. Additionally, MYC expression is linked
with expression of various enzymes involved in glycolysis and glutaminolysis. Loss of MYC
in the ‘MYC-addicted” MBgrpz cell lines altered their bioenergetics and increased
mitochondrial function. Finally, metabolite profiling highlighted the de novo serine and glycine
pathway as a MY C-driven feature of MBgres cells and rendered cells sensitive to disruption of
pathway activity. Investigations into the metabolic landscape of MB in general is quite limited

and there are even fewer studies on the metabolism of MBggrp3 tumours.

Although the Warburg effect remains the best characterised metabolic phenomenon in cancer
cells, it is now widely established that several nodes in cellular metabolism are rewired in
cancer cells to sustain aberrant proliferation and expansion of cancer cells. MYC'’s reach on
metabolism and its impact on altered cancer metabolism is well documented (Dang, 2013b,
Dang et al., 2009). Deregulated MYC promotes proliferation and alters metabolism to provide
anabolic substrates required to support enhanced growth. This feature is also extended to the
MYC family members MYCN and MYCL (Roussel and Robinson, 2013, Swartling et al., 2010).

Notably, MYC regulates the expression of many glycolytic enzymes. LDHA was one of the
earliest identified downstream targets of MYC (Dang, 2013b, Morrish et al., 2009, Shim et al.,
1997, Tateishi et al., 2016). MYC also regulates the influx of metabolic substrates such as
glucose and glutamine via upregulation of transmembrane transporters such as GLUTs and
SLC1A5. The oncogenic functions of MYC on metabolic regulation were evidenced in data
presented in this project which showed MYC expression correlated with enzymes in glycolysis
(PKM2 and LDHA), and SGP enzymes (PHGDH and GLDC) (Chapter 4 and Chapter 6).
Previous characterisation of MYC in inducible systems in immortalised proliferating cells

revealed its links with oxygen consumption rates, mitochondria mass and function (Li et al.,



2005). However, it appears MYC'’s role in metabolism in tumour cells differs from that in
untransformed cells (Anso et al., 2013). Although loss of MYC repressed oxygen consumption
in rat fibroblasts, MYC repression in osteogenic sarcoma cells leading to undifferentiated
osteocytes, led to increase in oxygen consumption and increased mitochondrial reserve
capacity suggesting context dependent activity of MYC (Anso et al., 2013, Li et al., 2005).
Data presented in this study suggested that reduction in MYC expression conserved

mitochondria spare capacity in concordance with the Anso et al., study.

The consequences of MY C-driven metabolic reprogramming can lead to reliance on certain
metabolic pathways and a continuous supply of nutrients. For instance, MY C-driven cancer
cells can be particularly sensitive to glutamine deprivation and inhibition of GLS (Wise et al.,
2008, Yuneva et al., 2007). Although overexpression of MYC drives proliferation and changes
in intermediary metabolism, the dual function of MYC in growth and cell death can sensitise
and programme cells for apoptosis in nutrient limiting conditions. Qing and colleagues showed
that glutamine starvation induced ATF4-depedent PUMA and NOXA driven apoptosis in
MYCN-amplified neuroblastoma cells (Qing et al., 2012). ATP depletion resulting from altered
glutamine metabolism has been shown to activate the AMPK-P53 axis and trigger apoptosis
via BAK-dependent mechanisms (Nieminen et al., 2013). It would be of interest to determine
whether glutamine addiction is a consequence of MY C-dependency in the MBgres cell lines.In
medulloblastoma, p73 expression has been shown to sustain proliferation through the
regulation of glutamine catabolism. Additionally, subgroup analysis found p73 to be elevated

in MBgrps and MBgres primary tumour samples (Niklison-Chirou et al., 2017).

Although not unique to MYC-driven cancers, glucose deprivation has been shown to induce
apoptosis in MYC overexpressing rat fibroblasts (Shim et al., 1998). In the P439 MYC-
inducible Burkitt lymphoma cell line, glutamine-dependent TCA anaplerosis was heightened
and sustained TCA cycling under glucose deprivation and hypoxic conditions (Le et al., 2012).
These results suggests that increased glutamine consumption driven by MYC may maintain
important TCA cycle function, particularly under nutrient deprived and stress-inducing
conditions further highlighting to probe altered metabolism in the MBgres MYC-amplified cell

lines.



Metabolic profiling of the MBgrrz MYC-amplified cell lines revealed novel insights into MY C-
driven metabolic features of MB. Combination of NMR spectroscopy and MS-based SIRM
assessed global metabolite changes and pathway activity respectively. Assessment of
metabolic alterations in MB remain limited and this is especially the case for MBgres. Thus,
this study contributes to the expanding field of MB metabolomics. Previous studies involving
metabolic profiling have shown that MB metabolism differs from other embryonal tumours
such as retinoblastoma and ependymomas. Since childhood tumours tend to have lower
mutational burdens, identifying other features characteristic of the disease may aid
development of more targeted and effective therapies. Findings from this study have revealed
metabolic phenotypes that correlate with a genetic abnormality, MYC-amplification. HRMAS
profiling revealed one carbon metabolism related metabolites glycine and choline as specific
MY C-dependent metabolites which were impacted following reduced MYC expression. $3C -
labelling further supported HRMAS data and reinforced upregulated de novo SGP as a feature
of MYC-amplified cells. Furthermore, MYC-amplified cells were more susceptible to
perturbation of the SGP via PHGDH compared to knockdown counterparts and MBsnn cells
(Figure 7.2). PHGDH expression was found to correlate with MY C-expression indicating
MY C-dependent sensitivity likely due to MY C-driven alterations in the de novo SGP which
was governed by PHGDH. These findings together implicate serine and glycine metabolism
in MY C-driven metabolic reprogramming and provide a rationale for targeting this pathway as

a novel therapeutic strategy for MYC-amplified MBgres.
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Figure 7.2 Summary of drug strategy for MYC-amplified MBgres. Schematic demonstrating

upregulated de novo serine and glycine synthesis in MYC-amplified MBgrps Which was demonstrated

in this thesis. MYC-driven reliance on this pathways caused increased sensitivity to PHGDH

inhibition which may affect downstream pathways such one-carbon metabolism through folate and

methionine cycles. One-carbon metabolism supports nucleotide synthesis, redox balance and

methylation reactions supporting rapid proliferation and increased survival. MYC-amplified

(MYCAMPY: MYC knockdown (MYCKP)



7.2.2.1 Limitations of MB study

We investigated the role of MYC in altered metabolism of MYC-amplified MBgrps using
doxycycline-inducible isogenic cell line models for this project. One of limitation of this study
was attributable to leakiness of ShRNA constructs. The HDMBO03 cell line was particularly
affected by this since inconsistent results were obtained from the MYC 3 shRNA harbouring
cells. Minimising leakiness is crucial to avoid MYC knockdown prior to experiments and
measurements. Construct leakiness could be overcome by generating cell populations from
single cell colonies and selecting for populations that do not exhibit this feature. Doxycycline
has been shown to affect cellular metabolism albeit in a context dependent manner. We sought
to control for these alterations by utilising non-silencing controls for experiments. Although
MY C-dependent effects on metabolism were striking and could be discriminated from NS
cells, doxycycline did impact NS cells particularly cell growth and expression of metabolic
enzymes at later time points. Owing to the lack of MBgres non-amplified cell lines, it was not
possible to conduct experiments comparing non-amplified and MYC-amplified MBgres cell

lines.

We utilised HRMAS to profile alterations in metabolites as a consequence of MYC knockdown
in the MBgrpz MYC-regulable cell lines. Although HRMAS-based metabolic profiling enabled
the identification of clinically detectable metabolites, only a small range of metabolites are
detected using this method. It also required a large number of cells (greater than 1 x 107 cells).
MS-based profiling is capable of detecting a far greater number of metabolites (hundreds) and
requires less cells to do so (Bhinderwala et al., 2018, Emwas et al., 2019, Zhang et al., 2013).
With the requirement on cell number lowered, metabolic assessment over several time points
could also be achieved. Since the commencement of this project, RNAseq and proteomic data
has been generated for the MBgrpz MYC isogenic cell lines. Integration of this multi-omics
data will aid the discovery of MY C-dependent metabolic changes and highlight several other

pathway alterations not detectable from our HRMAS profiling.



7.3 Future directions

7.3.1 Etomoxir in combination with temozolomide: a promising treatment strategy for
Glioblastoma?

In GBM, FAO has been highlighted as a vital bioenergetic pathway and is associated with
GBM stem cell proliferation and survival. As previously mentioned, the pilot in vivo GBM
study highlighted the potential effectiveness of FAO inhibition in conjunction with standard
chemotherapy in GBM. Undertaking a preclinical assessment of etomoxir in combination with
temozolomide in a sufficiently powered blinded study would enable the evaluation of the
efficacy of this combination strategy. It is also important to assess the efficacy of this
combination strategy in other in vivo models with varied genetic backgrounds to assess the
impact of this combination across models that reflect the inter-tumoural heterogeneity of GBM.
Although the syngeneic model enables pharmacological assessment in an immunocompetent
and BBB intact setting, it is also important to evaluate treatment response in a human genetic
background. The use of orthotopic PDX models could address this (Irtenkauf et al., 2017,
William et al., 2017). A further consideration of assessing FAO inhibition in GBM could be to
explore other inhibitors of the pathway. Phase I/11 clinical trials assessing the use of etomoxir
for use in congestive heart failure was discontinued owing to severe liver toxicity in 4 out of
226 patients. This risk was deemed significant to halt further assessment of etomoxir in this
context. However, assessment of the anti-cancer in a clinical setting remains untested although
observed toxicity may limit clinical evaluation of etomoxir in GBM. However, there are other
CPT1 inhibitors that have been developed such as the reversible inhibitor compound, ST1326
(Gianessi et al 2003) which has shown promising effects in slowing progression of leukaemia
and lymphoma in vivo (Riciardi et al 2015, Pacili et al 2013). The repurposing of other
inhibitors such as perhexiline which is currently used to treat chronic heart failure and
refractory angina could provide further alternatives to etomoxir (Phan et al 2009). Perhexiline
inhibits CPT1 and to a lesser extent CPT2. It has shown anti-tumour effects in prostate cancer
and CLL (Itkonen et al 217, Liu et al 2016). So whilst the inhibition of fatty acid oxidation
remains a potential therapeutic strategy for GBM, exploration of other compounds may provide

a suitable route into clinical evaluation.

Although temozolomide chemotherapy remains a part of standard care for GBM patients,
combinations of etomoxir and other novel targeted therapies could be explored in vitro and in

vivo to determine whether potentiation, or synergy could be achieved. Appropriate cell line



models of GBM, particularly the non-serum exposed cells which retain their stem-like
characteristics could be utilised for in vitro testing as they more accurately model human
disease in comparison to their serum exposed counterparts (Pollard et al., 2006, Stoll et al.,
2016). Functional profiling of drug combinations with etomoxir using GBM NSCs and/or

PDX-derived cell lines could highlight novel interventions against GBM.

7.3.2 Imaging and monitoring therapy response using advanced imaging techniques

Monitoring tumour progression could provide insights into characteristics of tumour
development, discovery of disease associated biomarkers and opportunities for monitoring
therapy response. With the advancement of MR imaging techniques, opportunities for
monitoring microscopic and macroscopic changes associated with tumour formation and
development could be further explored in the syngeneic model of GBM. Some studies have
utilised dynamic susceptibility contrast MR perfusion imaging to characterise difference
between low-grade and high-grade gliomas which correlated with survival outcomes. Law et
al., demonstrated that low-grade tumours that are highly perfused had worse outcomes
compared to high-grade gliomas with low perfusion (Law et al., 2003). Furthermore
combination of MR imaging and multiple voxel spectroscopy could further illuminate
structural and metabolic alterations associated with tumour development. A potential strategy
for monitoring tumour response, may be to undertake ex vivo metabolic profiling of tumour
samples from control and treatment groups and evaluate metabolite changes that differentiate
these groups. Metabolites of interest could be monitored in vivo by optimising spectroscopy
sequences which improve resolution of acquisition and thus lead to reliable and accurate

measurements which can inform on response to treatment.

7.3.3 Exploring metabolic features of Glioblastoma

GBM have been observed to demonstrate metabolic plasticity utilising both glucose, fatty acids
and other substrates to generate acetyl-CoA which can be utilised in energy production and
biosynthesis. In particular, acetyl-CoA through the TCA generates substrates and reducing
agents required by the ETC and ultimately, ATP production. Previous studies have shown a
significant contribution of fatty acids to acetyl-CoA pools of GBM, particularly GBM NSCs
which maintain tumour populations. Targeting oxidative metabolism remains an interesting
approach to targeting GBM. Metformin is a clinically approved drug used in the treatment of

type 2 diabetes. Metformin and other derivatives like phenformin has been shown to inhibit the



activity of Complex | thereby decreasing mitochondrial derived ATP (Kasznicki et al., 2014).
Since upregulated FAO provides acetyl-CoA which can be utilised for ATP production, it
would be important to assess whether survival of FAO-dependent GBM NSCs could be

impacted by inhibiting downstream bioenergetic pathways.
Metabolic alterations of age-associated malignant transformation

Furthermore, exploring the age-dependent metabolic alterations associated with GBM stem-
like cells could shed light on the metabolic reprogramming acquired during malignant
transformation and may reveal targetable metabolic vulnerabilities of GBM. We would propose
a multi-omics approach utilising NMR/MS metabolic profiling in conjunction with proteomics
to identify metabolite alterations associated with differently aged oncogenic NSCs (3, 12 and
18 month NSCs alongside their non-transformed counterparts. This would enable comparison
of age-related alterations in tumour biology and metabolism in addition to malignancy-specific

changes.

7.3.4 Cellular response of fatty acid oxidation inhibition in oncogenic mouse NSCs and
human NSCs: Metabolic plasticity of GBM cells

Previous work by Randle et al., established a dynamic biochemical mechanism which controls
fuel selection and adapts substrate supply (Randle, 1981). The glucose-fatty acid cycle (Randle
effect) describes a functional antagonism between fatty acids and glucose as substrates of
oxidation. Inhibition of glucose of oxidation by fatty acids contributes to the so called glucose
sparing effect, spares pyruvate and lactate, both being gluconeogenic precursors. The
interaction between the two metabolic substrates is highly complex, involving allosteric control
by pathway specific substrates, expression of key enzymes (including PDH and PDK) and
finally by metabolic regulators such as AMPK and SREBP (Randle, 1998, Strickland and Stoll,
2017). Although the Randle effect is more clearly defined in other disease contexts i.e. type 2
diabetes, fatty acid syndrome etc., its role in cancer remains largely unexplored. Furthermore
understanding these pathway dynamics and how one energetic pathway impacts the other,

would enable assessment of possible mechanisms of therapy resistance.

Future experiments could assess the metabolic response of etomoxir (FAO inhibitor) or
glycolytic inhibitors on either pathway in non-serum exposed human GBM NSCs using the
Seahorse Bioanalyser to evaluate the effect on ATP production, OCR and ECAR. Additional

experiments to examine impact on metabolites could utilise **C -glucose labelling to determine



the fate of glucose when FAO is inhibited i.e. is glucose oxidised in the TCA or fermented
producing lactate? The reverse for glucose inhibition and impact on FAO could also be
determined. An alternative approach could be to use RNAI to ablate the expression of
component enzymes of FAO and evaluate the impact of glycolytic enzymes or fate determining
enzymes like PDH and PDK. These experiments would aim to uncover the metabolic
adaptations of GBMs and whether they can be counteracted using pharmacological agents to

prevent ‘switch on’ of alternative pathways that could sustain GBM progression.



7.3.5 Inhibition of PHGDH as a novel therapeutic strategy to counteract MYC-driven

tumourigenesis in MB

Pharmacological inhibition of PHGDH impeded cell proliferation and mitochondrial function
in MYC-amplified MBgres cells. Alterations in gene expression networks which coordinate
response to PHGDH inhibition was not characterised in this study. Genome-wide assessment
using RNAseq could be utilised to correlate phenotypic changes with alterations in gene
expression. Additionally interrogating response of MYC-amplified cells compared to MYC KD

may reveal biomarkers of drug sensitivity or resistance to PHGDH inhibition.

Pharmacological inhibition focused on PHGDH which shunts glucose-derived 3PG into the
serine biosynthesis pathway. Further exploration of targeting of the different enzyme
components of the SGP should be considered especially if stronger inhibitory effects could be
achieved. Of particular interest are SHMTs and GLDC which are further downstream in the
pathway and dictate fate of carbon units. A small inhibitor of SHMT, SHIN1 displayed anti-
tumour effects in BCL (Ducker et al., 2017). Inhibition of GLDC using genetic manipulation
has been shown to disrupt pyruvate to lactate conversion and slow tumour growth (Woo et al.,
2018). Additionally inhibition of GLDC was found to cause glycine accumulation which later
caused cytotoxicity resulting from toxic by-products generated from alternative catabolism of
glycine in GBM cells (Kim et al., 2015). RNAseq data generated by the Clifford lab showed
profound downregulation of GLDC following MYC KD in MBgrescell lines. Findings from
HRMAS profiling also suggested glycine accumulation in these cell lines. These data further
implicate serine and glycine in MY C-dependent alterations in metabolism which should be

explored further.

This study also provides proof-of-concept for targeting the de novo SGP in MYC-amplified
MB in vivo. In depth preclinical efficacy assessment is required to validate this specific
metabolic phenotype as a potential clinically actionable therapeutic strategy for MYC-amplified
MB. Genetically engineered mouse models (GEMMs) and PDX models are indispensable tools
for understanding tumour biology and drug interactions in whole-organism system. In vivo
characterisation is important for understanding metabolic alterations, appropriate models
which recapitulate human disease enable assessments in appropriate anatomical location
mimicking environments experienced by tumour. Since metabolic adaptations may occur in
response to long term culture of cell lines in growth medium that does not accurately reflect

physiological nutrient availability, it is important to assess effectiveness of targeting de novo



serine and glycine synthesis in mouse models of MB. The GTML mouse model which is an
MYCN-driven MB mouse model recapitulates high risk features associated with MBgre3 such
as LCA histology (Swartling et al., 2010). The MYCN-gene is doxycycline regulable in the
GTML model and has been previously utilised to uncover the pleiotropic role of MYC family
members in MB tumourigenesis and recurrence (Swartling et al., 2010, Hill et al., 2015).
Furthermore, recent efforts have characterised and made available a biobank of PDX mouse
models for MYC-amplified and non-amplified MBgres (Brabetz et al., 2018). Pharmacokinetic
data supports the BBB penetrance of the tool compound, NCT503 which was utilised in this
study (Pacold et al., 2016). Initial efforts would be to first validate whether treatment with
NCT503 could slow tumour progression in vivo. In addition to preclinical evaluations efficacy
evaluations, pharmacokinetic and pharmacodynamic evaluations to further understand drug
interactions and effect on the brain. The ideal experiment would be to test this under differing

MYC backgrounds to replicate isogenic cell line experiments.

Additional in vivo experiments could explore combination of NCT503 with conventional
chemotherapeutic drugs. Using a four-arm study assessing effect of monotherapy in contrast
with combination treatment. Although the aims of our study was to explore novel targeted
therapies for MYC-amplified MB and potentially limit the use of agents with high systemic
toxicities, developing synergistic/ cumulative effect from combined therapy could limit use of

radiation therapy which is linked with late effects in MB patients.

7.3.5.1 Identifying a serine and glycine pathway signature for MB using

immunohistochemical analysis

In order to evaluate the clinical relevance of serine and glycine in MYC-amplified MB, we
probed the expression of PHGDH in primary MB samples using TMASs. In order to establish
the interplay of other pathway enzymes in the upregulated de novo serine, characterising
enzymes such as PSAT1, PSPH, SHMT2 and GLDC much like experiments carried out in the
MYC-inducible cell lines could enable the derivation of an expression signature of the SGP
pathway and how it correlates with survival outcomes. This, in turn, could further provide

rationale for targeting other components of the SGP pathway.



7.3.6 The role one carbon metabolism in MYC-amplified Group 3 MB

The present study explored metabolic alterations of MBgres that could potentially be targeted
therapeutically. HRMAS profiling showed accumulation of glycine and choline, two important
metabolites contributing to one carbon metabolism following downregulation of MYC.
Increased de novo serine and glycine synthesis was validated as a MY C-driven characteristic
but in light of changes in other one carbon supporting metabolites, further investigation is
required to understand the role of one carbon metabolism, and particularly the folate and
methionine cycles in MYC-driven transformation. The use of 3C -glucose tracing in the
MBgrrs MYC-inducible cell models confirmed increased glucose-derived serine and glycine.
Characterising how this pathway contributes to MY C-driven transformation not only advances
the understanding of MB tumour biology, but may reveal more therapeutic targets. Using 3C
serine and glycine labelling to determine metabolic activity can inform on downstream

activities and contributions to one carbon metabolism.

Not only does *C -labelling allow determination of metabolic activity, it can also evaluate
methylation marks found on DNA and RNA. Previous studies have highlighted crosstalk of
serine metabolism and the epigenome. Depletion of serine decreased levels of SAM, the
predominant source of cellular methyl donor which in turn, decreased methylation of DNA and
RNA (Maddocks et al., 2016). Others have shown direct tumour suppressor and oncogene
contribution to increased SAM mediated by serine metabolism and upregulation of
methyltransferases that are recruited to retrotransposons associated with gene silencing
(Kottakis et al., 2016). Since MYC plays a role in chromatin remodelling, it is necessary to
delineate how adaptations of the de novo serine and glycine pathway may influence epigenetic
status in MYC-amplified MB.



7.3.7 Comprehensive analysis of Group 3 MB altered bioenergetics. Integration of
‘omics’ data and generation of genome scale models to characterise MB-specific

metabolic alterations

Currently, this study is one of the earliest characterisations of MY C-driven metabolism in MB.
Although findings presented in this thesis have shed light on alterations in bioenergetics and
metabolite profiles in association with MYC-amplification, further work is required to
comprehensively cover altered metabolism in MB. With the rise of NGS and the accumulation
of ‘omics’ data for MB in particular, there is a wealth of data characterising molecular features
of MB which can be further integrated into additional analytical pipelines for the discovery of
novel metabolic features. Additionally, our lab has generated transcriptomic and proteomic
data for the MYC-inducible MBgrpz models which may be utilised for further validation studies.
There is increasing interest in altered metabolism and holistic approaches such as the use of
genome scale mathematical models to decipher underlying nature of alterations in cellular
metabolism (Dai et al 2019, Gu et al., 2019, Lewis et al., 2013). To provide representation of
global metabolic networks, genome scale models use metabolomics, gene expression and
proteomic data to provide mechanistic and interconnections of genotype and phenotype
(Nilsson and Nielsen, 2017, Adiamah and Schwartz, 2012).

To determine these MYC-specific metabolic alterations, previously generated omics data
derived from patient samples will be utilised. Since these datasets cover MB subgroups, it
would be interesting to note variation in metabolism between distinct MB subgroups with
different genetic/molecular features and cell of origin. Particularly useful to this study would
be comparison of metabolic alterations of MYC-amplified MB in contrast to non-amplified
cases. Parallel modelling using MBgrpz MYC-inducible cell line data could also be performed
in order to evaluate whether these in vitro cell line models recapitulate primary MB.
Furthermore, the isogenic cell lines provide a method for validation of findings and exploration

of therapeutic targets.



7.4 Concluding remarks

The aims of this study was to characterise metabolic dependencies of malignant brain tumours,
as a foundation for novel therapeutic strategies against these lethal cancers. The initial aims of
this study were to explore combination of FAO inhibition in conjunction with temozolomide
chemotherapy in a syngeneic mouse model of GBM. Findings from our pilot study supported
previous findings that FAO inhibition delayed tumour onset. In vivo MRI detected alterations
in brain structures that accompanied tumour formation and clinical symptoms. Histological
assessment supported formation of high grade astrocytoma lesions. Further metabolic profiling
of transformed NSCs revealed potential malignancy and age-associated variations in

metabolism of differently aged NSCs.

The aim for MBgreswas to characterise novel metabolic features associated with MYC
amplification which is a high risk feature of MB. This investigation has contributed to the
understanding of MY C-driven metabolic reprogramming in MB. Observations made are also
supported by findings in other MY C-driven cancer contexts. This study additionally implicated
de novo serine and glycine synthesis as a druggable feature of MYC-amplified MB. Disruption
of the de novo SGP impeded proliferation, cell cycle progression and mitochondrial respiration.
Most importantly, PHGDH, a critical component of glucose-derived serine and glycine was

found to correlate with increased risk in MB patients.

Ultimately these investigations have highlighted metabolic vulnerabilities of GBM and MB
using in vivo and in vitro models. These findings lay the foundation for exploiting fatty acid
oxidation and de novo serine and glycine which have been identified as important metabolic

pathways in GBM and MB respectively.
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Appendix 8.1 Clinical score sheet for assessing health of animals. Animals were scored according to listed criteria and were humanely euthanised if 20%

weight loss is obersved, score greater than 11 or when experience a seizure

Clinical Scoresheet for Glioma-Bearing Mice Category |0 1 2 3

PPL 60/4386

License Holder: Dr. Elizabeth Stoll Weight: 0% loss 5% loss 10% loss  15% loss

Project Title: Evaluating efficacy of etomoxir and temozolomide in GBM |Posture: normal fur piloerection/hunched

Subjects: wild-type adult male mice (C57B/6, 6-8 weeks) Appearance: |normal pained face/ungroomed

Experimental Endpoint: 20% weight loss OR score of 11-15 Activity Level:  |[normal lethargic
Dehydration:  |normal gait weak/cannot right itself

Each mouse will be checked twice daily. Animals will be humanely killed when experimental endpoint (either definition) is reached.

Researcher:

Animal ID:

Date Weight Dome/Twitch Posture Appearance Activity Level Dehydration/tenting Total Score



Appendix 8.2 Voluntary oral administration. The vehicle (coconut oil)-drug mixture is supplied as
a pellet for delivery. Mice ingested vehicle-drug mixture from a polystyrene culture dish containing

soaked diet food.

Panel 1 Panel 2 Panel 3

Sequence 1

Sequence 2

Sequence 3

Sequence 4

Appendix 8.3 Detection of tumour in M079 identified by sequence 3 and 4 at day 78.
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Appendix 8.4 Overview of PCA of spectral bins in 3 month and 12 month oncogenic NPCs
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Appendix 8.5 Significantly altered spectral bin regions between 3 month and 12 month oncogenic
NPCs.

t.stat p.value LOG10(p) FDR
1.22008 - 1.26008 -10.347 6.12E-08 7.2136 4.89E-06
3.22008 - 3.26008 8.6097 5.77E-07 6.2392 2.31E-05
3.54008 - 3.58008 7.9798 1.41E-06 5.8506 3.08E-05
3.98008 - 4.02008 7.9186 1.54E-06 5.8118 3.08E-05
1.26008 - 1.30008 -7.6793 2.20E-06 5.6581 3.52E-05
3.46008 - 3.50008 7.2868 3.99E-06 5.399 5.32E-05
2.58008 - 2.62008 6.8917 7.42E-06 5.1295 8.48E-05
2.74008 - 2.78008 -6.3894 1.68E-05 4.7737 0.000168
1.94008 - 1.98008 -6.1111 2.69E-05 4.57 0.000239
1.98008 - 2.02008 -5.8752 4.04E-05 4.3938 0.000323
1.18008 - 1.22008 -5.7251 5.25E-05 4.2799 0.000382
1.66008 - 1.70008 5.4888 7.98E-05 4.0979 0.000513
1.30008 - 1.34008 -5.465 8.33E-05 4.0794 0.000513
1.70008 - 1.74008 5.0504 0.000177 3.7516 0.001013
4.10008 - 4.14008 4.8421 0.000261 3.5832 0.001393
1.58008 - 1.62008 4.6976 0.000343 3.4651 0.001714
3.34008 - 3.38008 -4.1544 0.000973 3.0118 0.004579
1.54008 - 1.58008 -3.6856 0.002446 2.6115 0.010872
1.62008 - 1.66008 3.491 0.003599 2.4439 0.015153
3.02008 - 3.06008 3.3699 0.004579 2.3392 0.017593
3.94008 - 3.98008 3.3656 0.004618 2.3355 0.017593
3.50008 - 3.54008 -3.284  0.005432 2.265 0.019754
3.78008 - 3.82008 3.0926 0.007948 2.0998 0.027645
3.90008 - 3.94008 2.8759 0.01221 1.9133 0.040701
0.820085 - 0.860085 -2.8404 0.013094 1.8829 0.041267
3.30008 - 3.34008 2.807 0.013987 1.8543 0.041267
4.14008 - 4.18008 2.7945 0.014334 1.8436 0.041267
0.900085 - 0.940085 2.7907 0.014443 1.8403 0.041267
3.62008 - 3.66008 -2.7282 0.016327 1.7871 0.045041
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Appendix 8.6 Effect of MYC knockdown on metabolic enzymes in MYC inducible cell lines. WES
image showing levels of HK2 and phosphorylated PDH in D425, D283 and HDMBO3 NS cells treated
+ Dox for 72h.
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Appendix 8.7 Effect of MYC knockdown on metabolic enzymes in MYC inducible cell lines. WES
image showing levels of PKM2, LDHA and total PDH in D425, D283 and HDMBO03 NS cells treated
+ Dox for 72h.
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Appendix 8.8 Effect of MYC knockdown on metabolic enzymes in MYC inducible cell lines. WES
image showing total protein levels in D425, D283 and HDMBO03 NS cells treated + Dox for 72h.
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Appendix 8.9 Effect of MYC knockdown on metabolic enzymes in MYC inducible cell lines. WES
image showing levels of HK2 and phosphorylated PDH in D425, D283 and HDMB03 MYC 2 cells
treated £ Dox for 72h.
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Appendix 8.10 Effect of MYC knockdown on metabolic enzymes in MYC inducible cell lines. WES
image showing levels of PKM2, LDHA and total PDH in D425, D283 and HDMB03 MYC 2 cells
treated £ Dox for 72h.
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Appendix 8.11 Effect of MYC knockdown on metabolic enzymes in MYC inducible cell lines. WES
image showing total protein levels in D425, D283 and HDMB03 MYC 2 cells treated + Dox for 72h.
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Appendix 8.12 Effect of MYC knockdown on metabolic enzymes in MYC inducible cell lines. WES
image showing levels of HK2 and phosphorylated PDH in D425, D283 and HDMB03 MYC 3 cells
treated + Dox for 72h.
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Appendix 8.13 Effect of MYC knockdown on metabolic enzymes in MYC inducible cell lines. WES
image showing levels of PKM2, LDHA and total PDH in D425, D283 and HDMB03 MYC 2 cells
treated + Dox for 72h.
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Appendix 8.14 Effect of MYC knockdown on metabolic enzymes in MYC inducible cell lines. WES
image showing total protein levels in D425, D283 and HDMBO03 MYC 3 cells treated = Dox for 72h.
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Appendix 8.15 Effect of MYC knockdown on GLS isoforms in MYC inducible cell lines. WES image

showing levels of GAC and KGA in D425, D283 and HDMBO03 (NS, MYC 2, MYC 3) cells treated +
Dox for 72h.
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Appendix 8.16 Effect of MYC knockdown on GLS isoforms in MYC inducible cell lines. WES image
showing levels of g-actin in D425, D283 and HDMBO03 (NS, MYC 2, MYC 3) cells treated + Dox for

72h.
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Appendix 8.17 Representative OCR profile of seahorse bioenergetics assay using D425 NS
cells. Baseline OCR is measured prior to injection. Measurements for each parameter is taken
in triplicate in 2 min wait and 3 min measurement cycles. Mitochondria inhibitors into each

well followed by wait/measurement cycles. Data represents mean + SEM.
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Appendix 8.18 Parameter calculations for seahorse bioenergetics assay

Parameter value Equation

Non-mitochondrial ~ Minimum rate measurement after rotenone/ antimycin injection
oxygen

consumption

Basal respiration (Last rate measurement before first injection) — (Non-mitochondria

oxygen consumption)

Maximal (Maximum rate measurement after FCCP injection) -(Non:
respiration mitochondrial oxygen consumption)

Spare  respiratory (Maximal respiration) — (Basal respiration)

capacity

Spare  respiratory (Maximal respiration)/ (Basal respiration) x 100

capacity as a %

C. Appendix for Chapter 5
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Appendix 8.19 A) Principal component analysis of metabolic profiles of the pooled MBgres cell lines indicating variances in spectra. PCA shows the first
two principal components from the D425, D2833 and HDMBO03 (NS, MYC 2 and MYC 3) cells, labelled by construct and MYC status. Data is normalised to
sum. B) Clustered heatmap of spectral bins of D425, D2833 and HDMBO03 (NS, MYC 2 and MYC 3) cells were clustered using the Ward clustering
algorithm. The colours represent the relative spectral bin intensity. Individual samples are depicted along the vertical axis and bins across the horizontal
axis. Group is indicated at the top of the figure by fuchsia and yellow (NS On and NS Dox Ctrl On respectively), green and red (MYC 2 on and MYC 2 Off
respectively), light blue and dark blue (MYC 3 on and MYC 3 Off respectively).



Appendix 8.20 Table of significantly altered spectral bin regions from the pooled MBgres cell lines.

Bin region f.Value p-Value -log10(p) FDR Fisher’s LSD

MYC2 (OFF) - MYC2
(ON); MYC2 (OFF) -
MYC3 (OFF); MYC2
(OFF) - MYC3 (ON);
MYC2 (OFF) - NS
(ON); MYC2 (OFF) -
3.43438 - 3.44438 8.4238 1.02E-05 4.9914 0.003855 NS Dox Ctrl (ON)

MYC2 (OFF) - MYC2
(ON); MYC2 (OFF) -
MYC3 (OFF); MYC2
(OFF) - MYC3 (ON);
MYC2 (OFF) - NS
(ON); MYC2 (OFF) -
3.56438 - 3.57438 7.0596 5.71E-05 4.2437 0.010784 NS Dox Cirl (ON)

MYC3 (OFF) - MYC2
(OFF); MYC3 (ON) -
MYC2 (OFF); NS (ON)
- MYC2 (OFF); NS
Dox Ctrl (ON) - MYC2
(OFF); MYC3 (OFF) -
MYC2 (ON); MYC3
(ON) - MYC2 (ON);
NS (ON) - MYC2
(ON); NS Dox Ctrl
2.02438 - 2.03438 6.337 0.000149 3.8265 0.018789 (ON) - MYC2 (ON)

MYC2 (ON) - MYC2
(OFF); MYC3 (OFF) -
MYC2 (OFF); MYC3
(ON) - MYC2 (OFF);
NS (ON) - MYC2
(OFF); NS Dox Ctrl
(ON) - MYC2 (OFF);
MYC3 (ON) - MYC2
(ON); NS Dox Ctrl
2.01438 - 2.02438 5.9249 0.000262 3.5816 0.024767 (ON) - MYC2 (ON)
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Appendix 8.21 Representative HRMAS spectra of A) D425 B) D283 C) HDMBO03 the MBegrps cell lines. Assigned metabolites are as follows: Acetate (1), Alanine
(2), Aspartate (3), Choline (4), Creatine (5), GABA (6), Glutamate (7), Glutamine (8), Glutathione (9), Glycerophosphocholine (10), Glycine (11), Hypotaurine

(12), Isoleucine (13), Lactate (14), Leucine (15), Myo-inositol (16), NAA (17), Phosphocholine (18), Succinate (19), Taurine (20), Valine (21)



Appendix 8.22 Assignment of metabolite peaks in HRMAS spectra.

Identified metabolite Chemical shift (ppm)
Acetate (1) 1.92 (s)
Alanine (2) 1.48 (d)
Aspartate (3) 2.83 (dd)
Choline (4) 3.20 (s)
Creatine (5) 3.03 (s)
GABA (6) 2.30 (1)
Glutamate (7) 2.34 (m)
Glutamine (8) 2.44 (m)
Glutathione (9) 2.55 (m)
Glycerophosphocholine (10) 3.23 (s)
Glycine (11) 3.56 (s)
Hypotaurine (12) 2.65 (1)
I[soleucine (13) 1.01 (d)
Lactate (14) 1.32 (d)
Leucine (15) 0.95 (1)
Myo-inositol (16) 3.62 (t)
NAA (17) 2.02 (s)
Phosphocholine (18) 3.22 (s)
Succinate (19) 2.40 (s)
Taurine (20) 342 (1)
Valine (21) 1.07 (d)
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Appendix 8.23 Assignment of lipids in HRMAS spectra.

Identified lipid group Chemical shift (ppm)
Lipid 1: CH;, 0.90
Lipid 2: CH,)n 1.29
Lipid 3: CH,-CH,=0O 1.59
Lipid 4: CH,CH,C=0 2.26
Lipid 5: =CH-CH,-CH= 2.80
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Appendix 8.24 A) PCA score plot of metabolite concentrations of the D425 MYC 2 cells following treatment in the presence or absence of doxycycline to induce
MYC knockdown. PCA shows the first two principal components. B) Supervised PLS-DA score plot showing group variations. C) VIP score from PLS-DA
showing top 15 metabolites contributing to separation of the MYC 2 (on) and MYC 2 (off) groups. The red and green boxes to the right indicate whether a
metabolite is increased (red) or decreased (green) when MYC was knocked down. D) Cross validation of the PLS-DA showing model accuracy, R2 and Q2

values.
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Appendix 8.25 PCA score plot of metabolite concentrations of the D425 MYC 3 cells following treatment in the presence or absence of doxycycline to induce
MYC knockdown. PCA shows the first two principal components. B) Supervised PLS-DA score plot showing group variations. C) VIP score from PLS-DA
showing top 15 metabolites contributing to separation of the MYC 3 (on) and MYC 3 (off) groups. The red and green boxes to the right indicate whether a
metabolite is increased (red) or decreased (green) when MYC was knocked down. D) Cross validation of the PLS-DA showing model accuracy, R2 and Q2

values.
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Appendix 8.26 PCA score plot of metabolite concentrations of the D425 NS cells following treatment in the presence or absence of doxycycline to induce MYC
knockdown. PCA shows the first two principal components. B) Supervised PLS-DA score plot showing group variations. C) VIP score from PLS-DA showing top
15 metabolites contributing to separation of the NS (on) and NS Dox Ctrl (on) groups. The red and green boxes to the right indicate whether a metabolite is

increased (red) or decreased (green) when MYC was knocked down. D) Cross validation of the PLS-DA showing model accuracy, R2 and Q2 values.
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Appendix 8.27 PCA score plot of metabolite concentrations of the D283 MYC 2 cells following treatment in the presence or absence of doxycycline to induce
MYC knockdown. PCA shows the first two principal components. B) Supervised PLS-DA score plot showing group variations. C) VIP score from PLS-DA
showing top 15 metabolites contributing to separation of the MYC 2 (on) and MYC 2 (off) groups. The red and green boxes to the right indicate whether a
metabolite is increased (red) or decreased (green) when MYC was knocked down. D) Cross validation of the PLS-DA showing model accuracy, R2 and Q2

values.
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Appendix 8.28 PCA score plot of metabolite concentrations of the D283 MYC 3 cells following treatment in the presence or absence of doxycycline to induce
MYC knockdown. PCA shows the first two principal components. B) Supervised PLS-DA score plot showing group variations. C) VIP score from PLS-DA
showing top 15 metabolites contributing to separation of the MYC 3 (on) and MYC 3 (off) groups. The red and green boxes to the right indicate whether a
metabolite is increased (red) or decreased (green) when MYC was knocked down. D) Cross validation of the PLS-DA showing model accuracy, R2 and Q2

values.
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Appendix 8.29 PCA score plot of metabolite concentrations of the D283 NS cells following treatment in the presence or absence of doxycycline to induce MYC
knockdown. PCA shows the first two principal components. B) Supervised PLS-DA score plot showing group variations. C) VIP score from PLS-DA showing top
15 metabolites contributing to separation of the NS (on) and NS Dox Ctrl (on) groups. The red and green boxes to the right indicate whether a metabolite is

increased (red) or decreased (green) when MYC was knocked down. D) Cross validation of the PLS-DA showing model accuracy, R2 and Q2 values.
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Appendix 8.30 PCA score plot of metabolite concentrations of the HDMB03 MYC 2 cells following treatment in the presence or absence of doxycycline to induce
MYC knockdown. PCA shows the first two principal components. B) Supervised PLS-DA score plot showing group variations. C) VIP score from PLS-DA
showing top 15 metabolites contributing to separation of the MYC 2 (on) and MYC 2 (off) groups. The red and green boxes to the right indicate whether a
metabolite is increased (red) or decreased (green) when MYC was knocked down. D) Cross validation of the PLS-DA showing model accuracy, R2 and Q2

values.
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Appendix 8.31 PCA score plot of metabolite concentrations of the HDMBO03 MYC 3 cells following treatment in the presence or absence of doxycycline to induce
MYC knockdown. PCA shows the first two principal components. B) Supervised PLS-DA score plot showing group variations. C) VIP score from PLS-DA
showing top 15 metabolites contributing to separation of the MYC 3 (on) and MYC 3 (off) groups. The red and green boxes to the right indicate whether a
metabolite is increased (red) or decreased (green) when MYC was knocked down. D) Cross validation of the PLS-DA showing model accuracy, R2 and Q2

values.
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Appendix 8.32 PCA score plot of metabolite concentrations of the HDMBO03 NS cells following treatment in the presence or absence of doxycycline
to induce MYC knockdown. PCA shows the first two principal components. B) Supervised PLS-DA score plot showing group variations. C) VIP score
from PLS-DA showing top 15 metabolites contributing to separation of the NS (on) and NS Dox Ctrl (on) groups. The red and green boxes to the right
indicate whether a metabolite is increased (red) or decreased (green) when MYC was knocked down. D) Cross validation of the PLS-DA showing

model accuracy, R2 and Q2 values.
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Appendix 8.33 Pooled multivariate analysis of MBgres MYC 2 cell lines metabolite profiles. A) PCA score plot of metabolite concentrations from D425, D283
and HDMBO03 MYC 2 cell lines following treatment with or without doxycyline for 72 h. PCA shows the first two principal components. B) PLS-DA score plot of
the pooled MYC 2 bearing MBgres cell lines.
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Appendix 8.34 Pooled multivariate analysis of MBgres MYC 3 cell lines metabolite profiles. A) PCA score plot of metabolite concentrations from D425, D283
and HDMBO03 MYC 3 cell lines following treatment with or without doxycyline for 72 h. PCA shows the first two principal components. B) PLS-DA score plot of
the pooled MYC 3 bearing MBgres cell lines.
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Appendix 8.35 Pooled multivariate analysis of MBgres NS cell lines metabolite profiles. A) PCA score plot of metabolite concentrations from D425, D283 and
HDMBO03 NS cell lines following treatment with or without doxycyline for 72 h. PCA shows the first two principal components. B) PLS-DA score plot of the

pooled NS bearing MBgres cell lines.
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Appendix 8.36 Cross validations of PLS-DA models for the pooled MBgres cell lines
generated from random permutations showing accuracy, R2 and Q2 values from analysis. *
indicates significance of permutations test. Graph cuttoffs automatically adjusted by

Metaboanalyst.
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Appendix 8.37 Differential metabolites in the MBgrps cell lines. Horizontal axis represents
metabolites and vertical axis shows fold change between each construct pair following doxycycline

treatment for 72 h.
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Appendix 8.38 Subtype definitions for the Cavalli MBgrpz dataset
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Appendix 8.39 Immunohistochemical staining of PHGDH in control tissues.
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Expression of PHGDH across control tissues and tumours
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Appendix 8.40 PHGDH intensity scores for control samples.Cerebellum (CB); Carcinoid
tumour (CN); Colon Adenocarcinoma (CoAd); GFAP positive sample; Medulloblastoma
(MB);Prostate cancer (PCa); Placenta (PL); Semimoma (SM); Spleen (SP).

PHGDH expression in normal cerebellum and MB Subgroups
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Appendix 8.41 Comparison of PHGDH expression in cerebellum and MB subgroups
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Appendix 8.42 Expression of SGP enzymes in MB subgroups from Cavalli dataset generated
from R2 genomics.
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Appendix 8.43 Distribution of PHGDH intensity score in TMA cohort
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Progression free survival in Medulloblastoma TMA cohort
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Appendix 8.44Progression free survival of TMA cohort.

340



Appendix 8.45 Coefficients from Cox proportional hazard modelling of TMA cohort

Exp (coef) Exp(-coef) 95% ClI
Subgroup MBg, 0.6166 1.6218 0.30758 1.2361
Subgroup MB,,,,, 0.4315 2.3175 0.19374 0.961
Subgroup MB,,; 0.1624 6.1568 0.03514 0.7507
PHGDH > 176 2.3135 0.4322 1.25304 4.2715
MYC 3.9488 0.2532  1.60055 9.7423
MYCN 2.3785 0.4204  1.02397 5.5249
Metastatic disease 1.2385 0.8068 0.71204 2.1576
LCA 2.3125 0.4324 1.12628 4.7479
Gender (Male) 0.9592 1.0425 0.54046 1.7024
Age >3 4,282 0.2335 1.73852 10.5468
Resection (STR) 2.0501 0.4878 1.08685 3.8671
Chemotherapy 0.5381 1.8584 0.22591 1.2817
Radiotherapy (None) 8.1491 0.1227 3.07387 21.6039

Concordance =0.723 (se=0.038)

Rsquare = 0.338 (max possible=0.977)

Likelihood ratio test =63.48 on 13 df, p=1.241e-08
Wald test = 62.94 on 13 df, p=1.559e-08

Score (log rank) test = 84.81 on 13 df, p=1.363e-12

341



Overall survival in MBSHH
1.00

=}

~

o
)

PHGDH expresion

Survival probability
o
(=]

0.251 Low
p = 0.056 - o
0.001
0 5 10 15 20
c Time
.0
o Number at risk
o
< 29 18 0 0 0
T High4 28 10 6 5 2
5 . . . . .
0] 0 5 10 15 20
g ,
T Time

Appendix 8.46 Kaplan Meier survival analysis of PHGDH expression in MBsyn. . Overall
survival of patients with PHGDH low (orange) and PHGDH high (green) with table
depiciting number of patients at risk at a given time point. Significance was tested using log
rank test. MYCN amplification in MBsyn Was found to correlate with higher PHGDH and

survival analysis suggest that it may impact survival.
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Appendix 8.47 Kaplan Meier survival analysis of PHGDH expression in MBsyn. . Overall
survival of patients with PHGDH low (orange) and PHGDH high (green) with table
depiciting number of patients at risk at a given time point. Significance was tested using log
rank test. MYCN amplification in MBgres Was not associated with PHGDH expression and

here it does not impact survival outcomes in this subgroup.
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Appendix 8.48 Response of MYC-regulable MBgres isogenic cells to NCT503 treatment. A)
D425 MYC 2 B) D283 MYC 2 C) HDMBO03 MYC 2 were treated in the presence or absence
of 1 pg/mL of doxycycline for 48 h. Subsequently cells were plated in 96 well microplates and
treated with varying concentrations of NCT503 for 72 h. Cell viability measured with
CellTiter Glo™. Data was normalised to vehicle control and log transformed (NCT503
concentrations ranges from 1.56 UM to 100 uM). Data represents mean of five independent
experiments + SEM. ICso were determined using non-linear regression analysis using log

(inhibitor) versus response (variable slope).
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Appendix 8.49 Subgroup definition and MYC status of MB parental cell lines

Cell lines Subgroup mMyYcC
D425 MBGrp3 Amplified
D458 (recurrence from D425) MBGrp3 Amplified
D283 MBGrp3 Gain (3 copies)
Overexpression
HDMBO3 MBGrp3 Amplified
CHLA-259 Undefined Non-amp
MYCN amplification (*)
MED1 Undefined Gain (2 copies) (*)
MEDS8A Undefined Amplified
PVT1-MYC fusion (*)
DAQY Sonic hedgehog Non-amp
(SHH)
uw228.1 Sonic hedgehog Non-amp

(SHH)

Asterisks denotes characteristic reported in (Ivanov et al., 2016)
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Appendix 8.50 CRISPR screen data for D283 cell line.

D283 Num of  Neg|score Neg|p-value Neg|fdr Neglrank Neg|goodsg Pos|score Pos|p-value Pos|fdr Posjrank Pos|goodsgr
guides rna na

MYC 6 0.000293 0.000434 0.110016 82 6 0.99971 0.99996  0.999999 21786 0
RPL6 6 0.002686  0.004391  0.263043 364 3 0.59114 0.94986  0.999999 16892 3
RPL3 6 0.003352 0.005871  0.278998 439 4 0.86308 0.98597  0.999999 19974 2
PHGDH 6 0.00514  0.009281  0.281243 633 2 0.10639 0.61342  0.999999 6076 B
CAD 6 0.005915 0.009718  0.281243 714 5 0.6817 0.9651  0.999999 17947 1
SLC16A1 6 0.013493  0.020057 0.31667 1380 5 0.97255 0.99658  0.999999 21111 1
YWHAZ 6 0.020602 0.028866  0.325279 1827 4 0.68525 0.96569  0.999999 17978 1
RPLI12 6 0.047668  0.074657  0.477542 3345 5 0.30822 0.85478  0.999999 12055 1
SLC2Al 6  0.084257 0.13121  0.562829 5081 4 0.52852 0.93287  0.999999 15838 2
NCL 6 0.11508 0.18205  0.626324 6160 3 0.73556 0.97139  0.999999 18476 2
PGK1 6 0.12513 0.1892  0.626324 6484 3 0.4373 0.90425  0.999999 14303 2
EIF4E 6 0.14094 0.2031  0.626324 6973 4 0.64665 0.96098  0.999999 17599 2
RPS12 6 0.14851 0.21069  0.626324 7225 4 0.17805 0.72438  0.999999 8401 2
CDK4 6 0.17266 0.23369  0.639444 7951 3 0.10196 0.60648  0.999999 5919 3
RPS20 6 0.20172 0.26195  0.642176 8801 3 0.42382 0.89964  0.999999 14071 3
HPRT!L 6 0.26699 0.32306  0.656911 10609 4 0.5808 0.9474  0.999999 16738 1
LDHA 6 0.31037 0.3672  0.682692 11675 3 0.052223 0.43793  0.999999 3504 3
ODC1 6 0.33165 0.38263  0.688685 12028 2 0.28808 0.83877  0.999999 11554 4
PTMA 6 0.3328 0.38449  0.688685 12048 1 0.004352 0.10324  0.999999 438 5
SLC1AS 6 0.53761 0.52514  0.735226 15544 3 0.093899 0.58855  0.999999 5619 3
HK?2 6 0.56793 0.54296  0.737356 16048 3 0.28073 0.83279  0.999999 11389 3
SHMT?2 6 0.56817 0.54301  0.737336 16053 3 0.46608 09149  0.999999 14811 3
PDK1 6 0.99585 0.9597  0.963884 21708 0 0.004151 0.10133  0.999999 413 6
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