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Abstract

Medulloblastoma is a highly malignant paediatric brain tumour, accounting for 20% of cases.
Current treatment achieves a 70% 5-year-survival rate but can result in long-term
neurological side effects. Treatment is further complicated by the disease’s heterogeneity,
comprising four molecular subgroups: Group 3, Group 4, SHH and WNT. Novel therapeutic
strategies are urgently needed to improve outcomes while addressing both treatment toxicity
and the diverse molecular landscape. Adjuvant therapies that enhance treatment efficacy
could reduce therapeutic doses and minimise side effects. A unique feature of the SHH
subgroup is a collagen-rich extracellular matrix (ECM) shell, which is associated with
improved survival, possibly by limiting tumour growth and invasiveness. This makes it a
potential target for therapeutic manipulation in SHH tumours. Ascorbic acid (Vitamin C) plays
a critical role as a co-factor in collagen production and could influence the collagen-rich ECM
shell encapsulating SHH tumours. In addition, at high doses, ascorbic acid generates
reactive oxygen species (ROS) via the Fenton reaction, leading to enhanced oxidative
stress. Therefore, high-dose ascorbic acid could be a compelling candidate as an adjuvant
treatment of SHH tumours, by promoting a tumour-restrictive microenvironment and

increasing oxidative stress to enhance current treatment efficacy.

This thesis investigated the expression of ascorbic acid transporter genes in
medulloblastoma patients, with a focus on SHH tumours. Analysis identified GLUT10 and
SVCT2 as potential players in medulloblastoma biology, with differential expression linked to
survival outcomes in SHH patients. These transporters were also significantly correlated with
genes involved in antioxidant activity and collagen metabolism, including those contributing
to the ECM shell in SHH tumours. To explore the functional effects of ascorbic acid, SHH
spheroids, a 3D cell culture model that mimics tumour architecture, were treated with
increasing concentrations of ascorbic acid. Physiological concentrations promoted spheroid
growth, while high-dose ascorbic acid, when combined with the chemotherapeutic agent
cisplatin, reduced spheroid size, suggesting an enhancement of cisplatin’s anti-proliferative
effects. To investigate the underlying mechanism, acute ROS production in spheroids was
measured following treatment. Pre-treatment with physiological ascorbic acid protected SHH
spheroids from cisplatin-induced oxidative stress, whereas high-dose ascorbic acid
exacerbated ROS production in pre-stressed spheroids. These findings suggest that high-
dose ascorbic acid could enhance ROS generation achieved by a chemotherapeutic alone.
Future research should further explore the potential synergy between ascorbic acid and
cisplatin, as well as determine whether ascorbic acid-mediated spheroid growth is due to
increased collagen deposition. This would help establish high-dose ascorbic acid as a

potential adjuvant therapy in SHH medulloblastoma.
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1. Introduction

1.1. Overview of medulloblastoma
Medulloblastoma is a highly malignant brain tumour that accounts for 20% of paediatric brain

tumours and 10% of all paediatric cancer deaths (Medulloblastoma.org; Northcott et al.
2019). Classified as a Grade IV tumour by the World Health Organization (WHO),
medulloblastoma is primarily located in the cerebellum (infratentorial region). It typically
arises from the cerebellar vermis and can protrude into the fourth ventricle, although a
smaller proportion can develop in the cerebellar hemispheres, especially in older children
and adults (Pfizer and Clifford, 2009; Millard and De Braganca, 2016; Figure 1.1) . The

disease predominantly affects children aged 3-8 years old, with approximately 50 cases

diagnosed in the UK annually (Cancer Research UK).
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Figure 1.1. Medulloblastoma location within the brain. Medulloblastoma is found in the infratentorial
region of the brain in the cerebellum of the posterior fossa adjacent to the fourth ventricle. Image
obtained from stjude.org

1.1.1.Diagnosis, Treatment and Prognosis

Presenting symptoms include headaches, nausea, ataxia and behavioural changes, largely
resulting from increased intracranial pressure and cerebellar dysfunction (Millard and De
Braganca, 2016). Unfortunately, these symptoms are non-specific, leading to possible
diagnostic delays. Diagnosis is achieved through imaging techniques such as CT (Computed
Tomography) and MRI (Magnetic Resonance Imaging) of the brain and total spine
(Massimino et al., 2016). Cerebrospinal fluid (CSF) cytology is often used in adjuvant to

assess metastasis (Massimino et al., 2016).



1.1.2.Medulloblastoma classification
The 2007 WHO central nervous system (CNS) tumour classification initially classified

tumours based solely on their histology (Louis et al., 2007). Advancements lead to the
integration of molecular parameters with histology in the 2016 WHO CNS classification
(Louis et al., 2016).

1.1.2.1. Histological classification of medulloblastoma
Histological classification of medulloblastoma includes four major variants: classic,

desmoplastic/nodular (D/N), medulloblastoma with extensive nodularity (MBEN), and large
cell/anaplastic (LC/A) (Louis et al., 2007; Figure 1.2.). Approximately 65% of
medulloblastomas are classified as classic, characterised by small to medium
hyperchromatic nuclei and minimal cytoplasm (Milliard and Braganca, 2015). About 25% are
of the desmoplastic subtype, consisting of reticulin-free nodules surrounded by proliferating
cells producing a reticulin-rich extracellular matrix (Polkinghorn and Tarbell, 2007). The
MBEN subtype, found almost exclusively in infants, makes up 5% of cases and has an
expanded lobular architecture with prominent reticulin-free zones (Orr et al., 2020). The
LC/A subtype, also accounts for 5%, is the most undifferentiated and shows poor prognosis
compared to classic medulloblastomas (Millard and Braganca, 2015), whilst desmoplastic

and MBEN variants have better outcomes



Figure 1.2. Histological images of the histological variants of medulloblastoma. A and B)
Classical histology shown by small cells with round nuclei. C and D) Desmoplastic/nodular histology
shown by nodules of neurocytic cells surrounded by internodular areas. E and F) Medulloblastoma with
extensive nodularity shown by larger extended nodules surrounded by smaller internodular areas. G
and H) Large cell / anaplastic histology shown by large cells with prominent nuclei and cell moulding.
Image adapted from Orr, 2020.

1.1.2.2. Molecular classification of medulloblastoma
Four distinct molecular subgroups of medulloblastoma have been defined: Wingless (WNT),

Sonic Hedgehog (SHH), Group 3, and Group 4, each also associated with differences in
their demographics, clinical, genetic and cytogenetic features (Taylor et al., 2012; Louis et
al., 2016; Table 1.1). Subsequent research also identified inherent intra-subgroup
heterogeneity such that 12 subtypes within the medulloblastoma subgroups were
characterised: These are WNT a and 8, SHH a, B8, y and &, Group 3 q, B and y, and Group 4
a, B and y (Cavalli et al., 2017; Figure 1.3.)
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Table 1.1. — Medulloblastoma Molecular Subgroups. References: Taylor et al., 2012; Northcott et al., 2012; Northcott et al., 2019

Group 3
° (] [
=3 I |
*Nefie
2;%
<60% 5-year Survival

40-50% Met at Diagnosis

Fourth ventricle touching the
brainstem

Classic and LC/A histology

Metastatic
Genetics Genetics Genetics Genetics
CTNB1, TP53, and APC PTCH1, SMO, and SUFU MYC and OTX2 amplification MYCN and SNCAIP
mutations somatic mutations SMARCA4 mutation amplification
WNT pathway activation MYCN, GLI1, and GLI2 117q isochoromosome BRCA2, KCNAL, and KDM
Monosomy 6 amplications Chromosome 5, 9, 10q, fam"y:‘”taﬂons
HOX gene family amplication 11, 16q and 17p loss ) EG SO EmEEn;

Chromosome 8p, 10q and 17p

SHH pathway activation loss

(]
o [
'a‘ Infant (0-3);-H- Child (6-17); II Adult (18+); Q Female; d' Male; Met metastatic
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Subtype Key Clinical Findings

4>- 70%, children, monosomy 6

— > WNT g 30%, adults

Subgroup

29%, children, TP53 mutation enriched

4>_ 16%, infants, metastatic, poor outcome

1
|
!

(]
g > SHH y 21%, infants, MBEN, good outcome
~N
4>- 34%, adults, TERT promoter mutation
Group 3a 47%, infants, metastatic, better outcome

Group 3
P Group 3B 26%,older children

Group 3y 28%, MYC amplification

Medulloblastoma
19%

—» 30%, MYC amplification

43%

» Group 48 33%, SNCAIP duplication

————» Groupdy  37%, CDK6 amplification

Figure 1.3 Medulloblastoma subgroups and their subtypes. The WNT subgroup (blue), SHH
subgroup (red), Group 3 (yellow), and Group 4 (green). Adapted from Cavalli et al., 2017.

1.1.2.2.1. WNT subgroup
WNT medulloblastoma is the best-characterised subgroup, yet only accounts for about 10%

of cases (Gibson et al., 2010; Kool et al., 2012). It predominantly affects older children, with
a peak incidence at 10-12 years old, and has an excellent prognosis, with a 5-year survival
rate exceeding 90% (Cavalli et al., 2017). Tumours in this subgroup are located in the
midline of the brain, occupying the fourth ventricle and often present with classic histology
(Gibson et al., 2010; Taylor et al., 2012).
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The molecular mechanism of WNT tumours is underpinned by the activation of the WNT
pathway, principally attributed to activating somatic mutations of CTNB1 (Catenin Beta 1)
that then accumulates in the nucleus (~86% of WNT patients) (Thompson et al., 2006;
Northcott et al., 2012). WNT activation pathway has roles in the regulation of cellular

processes such as proliferation, differentiation, migration, and apoptosis.

WNT medulloblastomas can be divided into two subtypes: WNT-a (70%), consisting
primarily of children, and WNT-B (30%), consisting primarily of older children and adults
(Cavalli et al., 2017).

1.1.2.2.2. SHH subgroup

The SHH subgroup accounts for about 30% of medulloblastoma cases and has an overall 5-
year survival rate of 75% (Kool et al., 2012). It has a bimodal age distribution, affecting both
infants and adolescents over 16, and an equal gender incidence ratio (Kool et al., 2014)
(Table 1.1). SHH tumours are primarily located in the cerebellar hemispheres and cells
commonly have a nodular/desmoplastic histology (Gibson et al., 2010). The 5-year survival
rate varies with age and histological subtype, infants with desmoplastic/nodular tumours

have the best prognosis — a 10-year survival rate of 84% (Millard and Braganca, 2016).

The subgroup is defined by aberrant activity of the SHH signalling pathway. Most patients
have germline or somatic mutations for critical genes of this pathway this includes SMO
(smoothened), loss-of-function mutations or deletions of PTCH1 (protein patched homolog
1), and SUFU (Suppressor of Fuse Homology) (Northcott et al., 2012; Kool et al., 2014).
Mutations in TP53 (tumour supressing protein 53) are also a contributing factor to 5-year
survival rates; mutant TP53 SHH tumours are associated with a decreased 5-year survival
rate of 40% (Thomas and Noel, 2019; Orr et al., 2020).

SHH tumours are further divided into four subtypes: SHH-a (29%), characterised by frequent
TP53 mutations and a poor outcome, SHH-f3 (16%), occurring in infants and frequently
metastatic, SHH-y (21%), also occurring in infants, and SHH-0 (34%), the subtype with the
best 5-year prognosis and occurring in adults (Cavalli et al., 2017).

1.1.2.2.3. Group 3

Group 3 accounts for 25-30% of medulloblastoma cases, with a patient population that
typically comprises children under 3 and occurs twice as likely to occur in males compared
to females (Kool et al., 2012; Taylor et al., 2012) (Table 1.1.). Group 3 is the most
aggressive subgroup; tumours often present with metastasis at diagnosis (45%) which may

contribute to the poor prognosis, a 5-year survival rate of 50-60% (Northcott et al., 2019;
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Taylor et al., 2012). These tumours have a midline location adjacent to the fourth ventricle

and show either classic or large cell/anaplastic histology (Kool et al., 2012).

Unlike WNT and SHH subgroups, a specific driver pathway has not been identified and only
a few somatic mutations and no germline mutations have been associated with group 3
(Gajjar and Robinson, 2014). However, the amplification of MYC (MYC proto-oncogene,
BHLH transcription factor) is common in group 3 tumours (17%), as well as mutations in
OTX2 (orthodenticle homeobox 2) and SMARCA4 (transcription activator BRG1) (Northcott
et al., Jones et al., 2012; Adamson et al., 2010). Cytogenetically, Group 3 medulloblastomas
exhibit extensive aneuploidy, including frequent isochromosome 17q (duplication of g arm
paired with a complete/partial loss of p arm), a feature also shared by some group 4 tumours
(Koczkodaj et al., 2021).

There are three subtypes of Group 3 tumours : Group 3-a (47%), mostly comprises of infants
and often metastasises, Group 3-8 (25%) and Group 3-y (28%) with the latter having the
worst prognosis (a 5-year survival rate of 42%) and associated with MYC amplification
(Cavalli et al., 2017).

1.1.2.2.4. Group 4

Group 4 is the most common subgroup, comprising 35% of medulloblastoma cases (Kool et
al., 2012). This group is more prevalent in males and primarily affects children aged 3—-16
(Northcott et al., 2012). Group 4 tumours generally have an intermediate prognosis, with a
75% 5-year survival rate despite often presenting with metastasis at diagnosis (30-40%)
(Ramswamy et al., 2016). Tumours are typically located in the midline region and the

majority are of classic histology (Kerleroux et al., 2020).

The most prominent commonality between Group 3 and 4, as well as the most common
cytogenic change in group 4, is isochromosome 17q (Kool et al., 2012; Sharma et al., 2019;
Cavalli et al., 2017).). Other features of this subgroup include a loss of an X chromosome and
mutations in KCNA1 (potassium voltage-gated channel subfamily A member 1) and a deletion
of KDM6A (lysine demethylase 6A) (Taylor et al., 2012; Menyhart et al., 2019).

Group 4 can be subdivided into three subtypes: Group 4-a (30%), Group 4-8 (33%) and Group

4-y (37%), molecular features of Group 4-a include MYC amplification and also it is associated

with poor prognosis (Cavalli et al., 2017).
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1.1.3.Treatment Strategy for Medulloblastoma

The standard treatment for medulloblastoma involves maximal surgical resection, followed
by craniospinal irradiation and chemotherapy (Millard and de Braganca, 2016).
Chemotherapeutic agents typically include platinum-based compounds (cisplatin,
carboplatin) and alkylating agents (cyclophosphamide) (Millard and de Braganca, 2016).
This approach achieves a 5-year survival rate of ~70% across all medulloblastoma patients

(Ramaswamy et al. 2016).

However, several challenges remain such as the need to account for long-term toxicity.
Craniospinal irradiation can cause neurological, endocrine and cognitive impairments,
particularly in young children (Grill et al., 2005). Dose reduction and radiation avoidance
strategies help minimise these effects but often lead to higher relapse rates (Michalski et al.,
2021). Additionally, medulloblastoma subgroups respond differently to treatment, yet
targeted therapies remain elusive and existing therapies limited due to significant intra-
subgroup heterogeneity. For example, SHH inhibitors are only effective in tumours with
mutations upstream of SMO, rendering them ineffective for many SHH patients (Kool et al.,
2014).

Given the limitations of current treatments, adjuvant therapies that enhance efficacy could
allow for lower therapeutic doses, reducing toxicity and long-term side effects. Mounting
evidence indicates that high-dose intravenous vitamin C may act as a potent adjuvant
therapy by generating reactive oxygen species (ROS), selectively targeting tumour cells
(Bottger et al., 2021). While its potential is being explored in various cancers, its role in

medulloblastoma remains unclear.

1.2. The Biochemistry of Ascorbic Acid

AA, commonly known as Vitamin C, is a water-soluble vitamin and key antioxidant (Dosedél
et al., 2021). Humans are unable to synthesise AA and therefore rely on exogenous sources,
primarily from citrus fruits, to meet their dietary needs. If these needs are not met the
condition scurvy persists; characterised by fatigue, bleeding gums, bruised skin and
potentially fatal complications including neuropathy, fever, convulsions and death (Du et al.,
2012).
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Central to all functions of AA is its ability to rapidly undergo oxidation and donate two
electrons. Following two consecutive one-electron oxidations, AA forms first an ascorbyl
radical then dehydroascorbic acid (DHA) (Figure 1.4). AA can readily oxidise but is
dependent on pH and accelerated by the presence of catalytic metals (Du et al., 2012).

Spontaneous autoxidation occurs at low rates in their absence (Du et al., 2012).

OH OH OH
HO o o HO o o HO © @
-e -H* -e -H*
_ —_
~ -
+e +H* — +e- +H*
o~ OH o- o o} o
Ascorbate Anion Ascorbyl Radical Dehydroascorbic Acid

Figure 1.4 The oxidation of ascorbic acid to dehydroascorbic acid. The ascorbate anion donates
one electron to form the ascorbyl radical and a second electron to form dehydroascorbic acid.

1.2.1.Ascorbic acid an antioxidant

ROS are inevitable byproducts of cellular metabolism, primarily generated in the
mitochondria during oxidative phosphorylation, where electron leakage from the electron
transport chain leads to the formation of superoxide radicals. Other significant sources
include the endoplasmic reticulum, where protein folding generates ROS, and peroxisomes,
which produce hydrogen peroxide as a byproduct of fatty acid oxidation. ROS levels
escalate during periods of cellular stress, and if unchecked, these radicals can damage
cellular components and trigger harmful signalling pathways, including p53, JNK, and ASK1,
which promote apoptosis and cell death through mitochondrial dysfunction and activation of
caspases. (Sies et al., 2022). To maintain redox balance, cells rely on a complex interplay of
enzymatic and non-enzymatic antioxidants to neutralise radicals and prevent oxidative

damage.

AA plays a crucial role in this defence by donating an electron to a wide range of oxidising
radicals (Table 1.2A). Its one-electron oxidation product, the ascorbyl radical, also reduces
radicals, often more rapidly than AA itself (Table 1.2B). This dual oxidation potential allows

AA to significantly contribute to radical detoxification (Du et al., 2012).
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Table 1.2 — The antioxidant reactions of (A) ascorbic acid and (B) ascorbyl radical. Adapted from
Njus et al., 2020. AA ascorbic acid; Oz superoxide; H* proton, AA- ascorbyl radical; H202 hydrogen
peroxide; TyrO tyrosine phenoxyl radical; Trp tryptophan indolyl radical; TO alpha tocopheroxyl radical;
OH hydroxyl; H20 water; 'O2 singlet oxygen; AH dehydroascorbic acid

A)
Radical Reaction Rate Constant (M"'s™)
Superoxide AA+ Oy + H" > AA + H.0O, 1x10°
Tyrosine Phenoxyl Radical AA + TyrO + H* > AA + TyrOH 9.3x 10’
Tryptophan Indolyl Radical AA+Trp + H" > AA + TrpH 1x108
Alpha-Tocopheroxyl Radical AA+TO+H" > AA + TOH 1.3x 10’
Hydroxyl AA+ OH + H* > AA + H,0 1.1x 10"
Singlet Oxygen AA +'0; + H" > AA + H,0» 3x 108
B)
Radical Reaction Rate Constant (M"'s™)
Superoxide AA + Oy +H" > AA+ HO; + 2.6 x108
OH
Tocopheroxyl Radical AA + TO + H" > AA + H,O + 7 x 107
TOH
Ascorbyl Radical A+ A +H" > AH + AA + H.0O
(Disproportionation)

AA supports the action of vitamin E (a-tocopherol) to protect lipids from oxidative damage.
During the inhibition of lipid peroxidation by a-tocopherol the potentially harmful a-
tocopheroxyl radical is formed (Niki et al., 1987). AA prevents the irreversible loss of a-
tocopherol by reducing this radical back to its active form. Additionally, AA can also directly
reduce lipid peroxyl radicals in plasma (Frei et al., 1989). Thus, AA action both directly and

indirectly inhibits lipid peroxide-dependent cell death, ferroptosis (Lérincz et al., 2019).

In organelles such as the nucleus, where enzymatic antioxidants are absent, small molecule
antioxidants like AA are indispensable to prevent free radical damage to DNA (Zhitkovich,
2020). AA is crucial for scavenging specific radicals that lack these dedicated enzymatic
defences, such as nitrogen dioxide, carbonyl radicals, and amino acid radicals like
tryptophanyl and tyrosyl radicals. Furthermore, AA is the primary defence against singlet
oxygen, a highly reactive and mutagenic form of oxygen produced in photoreactions
(Devasagayam et al., 1991). This is especially important in tissues like the corneal
epithelium and skin, where AA concentrations are high due to constant exposure to visible
light and UV (Brubaker et al., 2000).
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1.2.2. Ascorbic acid as a pro-oxidant
The excellent reducing capacity of AA paradoxically defines its pro-oxidant activity at high

millimolar concentrations. AA donates electrons to free transition metal ions, like Fe*" and
Cu?, reducing them and consequentially generated high levels of hydrogen peroxide (H202)
(Buettner et al., 1996). Additionally, reduced iron (Fe?") produced in this reaction can react
further with H,O, via the Fenton reaction and produce highly reactive hydroxyl radicals (OH")
(Du et al., 2012; Figure 1.5). These hydroxyl radicals are potent oxidising agents that

indiscriminately damage biological molecules, including macromolecules, lipids, and DNA.
2 - .
1) Fe*'+ AA——Fe”" + AA +2H
3 -
2) Fe¥'+ 02 ——Fe” + 02

3) 202+ 2H ——H202 + Oz

4) H202+ F&'——Fe’ + OH

Figure 1.5 The Fenton reaction mediated by ascorbic acid; (1) ascorbic acid reduces ferric iron to
ferrous iron, (2) ferrous iron reacts with oxygen to produce superoxide, (3) the dismutation of superoxide
leads to formation of hydrogen peroxide, (4) hydrogen peroxide reacts with ferrous iron to form hydroxyl
radicals. AA, ascorbic acid; Fe®*, ferric iron; Fe?* ferrous iron; AA", ascorbyl radical; Oz, superoxide;
H202, hydrogen peroxide; OH-, hydroxyl radical.

The pro-oxidant effect of AA is concentration-dependent (>1mM) and relies on the
availability of free transition metal ions, particularly iron (Fe) and copper (Cu). At
physiological concentrations of AA (75-100uM), this effect does not occur (Carr et al., 1999).
Additionally, in healthy individuals, the cellular availability of free metal ions is tightly
regulated. However, in pathological conditions such as cancer or chronic inflammation,
cellular iron levels are increased to compensate for an elevated metabolic and proliferative
capacity (Du et al., 2015). One mechanism by which this occurs is the upregulation of TFR1
(transferrin receptor 1), which facilitates iron uptake via transferrin internalisation (Du et al.,

2015; Zhang et al., 2020).

AA-induced oxidative stress is primarily dependent on the accumulation of H,O,, which is
generated through the redox cycling of Fe** and Fe?* via the Fenton reaction. Vitamin C
enhances this process by reducing Fe** to Fe**, increasing its availability for ROS
generation. Cancer cells, which often exhibit higher labile Fe** levels and reduced catalase
activity, are particularly vulnerable to this oxidative stress. Catalase, a key enzyme
responsible for neutralising H,O,, can mitigate the pro-oxidant effect of AA (Klingelhoeffer et
al., 2012). This suggests that both metal ion availability and the presence of antioxidant
defences like catalase contribute to the shift toward a pro-oxidant effect, selectively targeting

cancer cells.
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1.2.3.Ascorbic acid a co-factor for collagen production
AA maintains the active Fe?* state of 2-oxoglutarate-dependent dioxygenases (2-ODDGs), a

large enzyme superfamily responsible for a variety of hydroxylation and demethylation
processes that include prolyl and lysyl hydroxylases. These enzymes are strictly localised to
the endoplasmic reticulum (ER) and are crucial for collagen maturation. The hydroxylation of
prolyl residues is needed for the formation of a stable procollagen, without which collagen
cannot form triple helices (Salo and Myllyharju, 2021). These residues also contain
functional motifs which increase the avidity of integrin binding. Hydroxylated lysine residues
are sites for the covalent cross-links between adjacent collagen fibrils by lysyl oxidases
(LOX). The mechanical properties of fibril-forming collagens (types |, II, lll, V, and XI) rely on
these cross-links for strength and elasticity (Ricard-Blum 2011). Additionally, hydroxylated
lysine residues are attachment sites for post-translational modifications, such as
glycosylation which for some collagens (type IV and VI) has been shown to be crucial for

their assembly and secretion (Salo and Myllyharju, 2021; Sipila et al., 2007).

Evidence also exists that as well as being necessary for collagen structural integrity, AA also
may regulate expression of collagen. For example, fibroblasts cultured in vitro with AA
produced a collagen matrix with alignment of collagen fibrils mimicking in vivo (Murad et al.,
1981; Grinell et al., 1989; Geesin et al., 1988). Interestingly, AA also led to a 3-4-fold
increase in expression and/or stability of mMRNA for procollagens | and Ill (Pinnell et al.,
1987; Tajima et al., 1996; Kim et al., 2013). The potential mechanism suggested was an
accumulation of immature procollagen depressing further expression of collagen in the
absence of AA and hydroxyproline residues. Hence, AA can influence collagen production in

roles independent to being a co-factor for 2-ODDGs.

1.2.4.The recycling of DHA and AA

As humans cannot synthesise AA, efficient recycling of AA is crucial for the maintenance of
its intracellular concentrations. Several enzymatic systems are responsible for recycling DHA
(Figure 1.6). DHA is unstable at physiological pH with a half-life of 5-15 minutes thus must
be rapidly reduced in order to avoid a loss of AA. Principally, DHA'’s reduction is facilitated by
glutathione (GSH) which can either directly transfer electrons to DHA or with the further
assistance of glutaredoxin (GRX) and protein disulphide isomerase (PDI) (Winkler et
al.,1994; Wells et al., 1990). Thus glutathione-reductase (GSR), which regenerates GSH, is
important in the recycling of DHA. Whilst this reduction is thought to be largely GSH-
dependent, thioredoxin and thioredoxin reductase function as an NADPH (nicotinamide
adenine dinucleotide phosphate) dependent DHA reductase (May et al., 1997). Thus, DHA
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can be reduced via multiple pathways, underscoring the cellular importance of efficient

recycling for sustaining AA levels and enabling repeated cycles of oxidation.

AA
NADPH GSSG /
N s N

GSR PDI, GRX

2N TRXOX
NADP+ * GSH /\

DHA TRX

GSSG

GSH

Figure 1.6, The enzymatic (black) and direct (red) recycling of DHA to AA. Thioredoxin and
glutathione can donate electron/s directly to dehydroascorbic acid to recycle ascorbic acid. Protein
disulfide isomerase and glutaredoxin can facilitate the transfer of electrons from glutathione to
dehydroascorbic acid. Glutathione reductase and thioredoxin reductase can regenerate glutathione and
thioredoxin. AA, ascorbic acid; DHA, dehydroascorbic acid; GSH, glutathione; TRX, thioredoxin; PDI;
protein disulfide isomerase; GRX, glutaredoxin; GSR, glutathione reductase; NADPH, nicotinamide
adenine dinucleotide phosphate.

1.3. Transmembrane transport of ascorbic acid

Due to its size and charge, AA cannot diffuse across membranes (Wilson, 2005). To
facilitate its transport, specialised sodium-dependent vitamin C transporters (SVCT),
encoded by the solute carrier family 23 (SLC23) genes, have evolved. However, AA is not
the only form of Vitamin C transported across membranes. DHA (the oxidised form of
Vitamin C) is transported by certain members of the glucose transporter (GLUT) family,
encoded by the solute carrier family 2 genes (SLC2) (Rumsey et al., 1997). This process is a

facilitative transport that competes with glucose (Table 1.3).
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Table 1.3. — Ascorbic acid and dehydroascorbic acid transporters. Individual transporters’, gene names, transporter classification database (TCDB) ID,
known substrates, tissue distribution, and subcellular location. AA transporters are coloured blue, and DHA transporters are coloured red — for continuance of
colour key. References: Mueckler et al., 2013; Banheygi et al., 2014.

Protein Gene TCDB ID Substrate Tissue Distribution Subcellular Location
SVCT1 SLC23A1 2.A.40.6.5 Ascorbic Acid Epithelial tissues including Plasma membrane
kidney, intestines, liver, lung
SVCT2 SLC23A2 2.A.40.6.2 Ascorbic Acid Brain (neurons), retina, Plasma membrane,
placenta, spleen, prostate, mitochondrial inner membrane,
testis, ovary endoplasmic reticulum
GLUT1 SLC2A1 2.A.1.1.130 Glucose, galactose, mannose, | Erythrocytes, brain, blood—brain | Plasma membrane, Golgi
glucosamine, barrier apparatus, mitochondrial inner
dehydroascorbic acid membrane
GLUT2 SLC2A2 2.A.1.1.29 Glucose, galactose, fructose, Liver, islet of Langerhans, Plasma membrane
mannose, glucosamine, intestine, kidney, brain
dehydroascorbic acid
GLUT3 SLC2A3 2.A.1.1.91 Glucose, galactose, mannose, | Brain (neurons), testis, Plasma membrane
xylose, dehydroascorbic lymphocytes
acid
GLUT4 SLC2A4 2.A.1.1.80 Glucose, glucosamine, Adipose, skeletal and cardiac Endosomal pathway, plasma
dehydroascorbic acid muscle membrane
GLUTS SLC2A8 2.A.1.1.89 Glucose, galactose, fructose, Testis, brain, adrenal gland, Plasma membrane, lysosome,
dehydroascorbic acid liver, spleen, adipose tissue, late endosome, rough
lung endoplasmic reticulum
GLUT10 SLC2A10 2.A.1.1.59 Glucose, galactose, Heart, lung, brain, liver, skeletal | Plasma membrane,

dehydroascorbic acid

muscle, pancreas, placenta and
kidney

mitochondrial inner membrane,
nuclear envelope, endoplasmic
reticulum
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1.3.1.SVCTs - ascorbic acid transporters
SVCT1 and SVCT2, encoded by SLC23A1 and SLC23A2 are the only functional members

of this family. SVCT3 is an orphan transporter and SLC23A4P is a pseudogene (Burzle,
2013). SVCT1 and SVCT2 exhibit 66% sequence identity and are highly specific for L-AA,
showing stereoselectivity over D-AA, D-AA has similar physiochemical properties but does
not act as an enzymatic co-factor (Wilson, 2005). The resolved structure of SVCT1 shows it
forms a homodimer, with each protomer consisting of 14 transmembrane helices organised
into a core and gate domain and an intracellularly located N- and C- termini (Kobayashi et
al., 2024; Figure 1.7). AA transport is an active process that co-transports two Na* ions

across the membrane.

Despite their homology, SVCT1 and SVCT2 differ in both kinetics and tissue distribution.
SVCT1, a high-capacity/low-affinity transporter (Ku of 65-237uM) is primarily found in
epithelial tissues such as the intestines and kidneys, where it regulates systemic AA levels
through absorption and reabsorption (Wilson, 2005). Conversely, SVCT2, a low-
capacity/high-affinity transporter (Ku of 15-20uM), is widely expressed in tissues with high
oxidative demands, such as the brain and cornea (Wilson, 2005). The essential role of
SVCT2 is underscore by the fact that knockout mice do not survive beyond birth (Sotiriou,
2002).

SVCTs are regulated by environmental factors, including pH and ion concentrations.
Notably, SVCT2 is sensitive to intracellular Ca®* and Mg?* concentrations, adopting a low-
affinity conformation in their absence (Wilson, 2005). SVCT1 and SVCT2 can localise

intracellularly, in organelles such as mitochondria and the ER.

A B
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Figure 1.7 Structural features of SVCT transporters and SVCT1 electron microscopy structure
A) An SVCT transporter protomer contains 14 transmembrane helices with intracellularly localised N-
and C- termini. Conserved proline residues (*) in the extracellular loop between 7 and 8 transmembrane
domains are needed for transport. This transport is dependent on 2Na* to provide the energy for this
active process. Specific to the SVCT2 transporter is the necessity of intracellular Ca?* and Mg?* to adopt
a high-affinity conformation. B) The dimeric structure of SVCT1 resolved by electron microscopy (3.2A
resolution) with correct topography. SVCT1 structure obtained from Wang et al., 2023.

1.3.2.GLUTs - dehydroascorbic acid transporters
The GLUT family is composed of 14 isoforms encoded by the SLC2 genes and belongs to

the major facilitator superfamily (Mueckler et al., 2013). These transporters typically contain
12 transmembrane helices arranged into two pseudo-symmetrical domains (Mueckler et al.,
2013; Figure 1.8A/B). The structure of GLUT1, as a reference, is depicted in Figure 1.8C
(Deng et al., 2014). GLUTSs catalyse the facilitative import of hexoses across membranes,
this includes but is not limited to glucose. Based on sequence identity and functional
characteristics, GLUTs are classified intro three subclasses: Class |, Il and Ill. Whilst Class |
and Il share a high degree of sequence homology, Class lll is less well understood and has
only ~35% sequence similarity between its members (Mueckler et al., 2013; Long et al.,
2015; Joost et al., 2002; Figure 1.8D).

A Class | and Il B Class IIl
DHA DTA
N | N
| MHM [HMEHj
LL
NHs* l COO- <NH3+ l COO-
c
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Figure 1.8 Structural features of Class |, Il and Ill GLUT transporters, GLUT1 structure and a
dendrogram of all members of the GLUT family. GLUT transporters contain 12 transmembrane
domains with intracellularly localised N- and C- termini. Proposed substrate binding sites (*) are located
in the 7" transmembrane domain (QLS sequence) and the intracellular loop between 10 and 11 in all
classes. (A) Class | and Il transporters have N-linked glycosylation sites on the intracellular loop
between 1 and 2 (B) and for Class Il transporters this is located between transmembrane domains 9
and 10. Class Il transporters additionally have a dileucine motif (LL), an intracellular localisation signal,
in the N- terminus. (C) GLUT1 structure resolved from X-ray diffraction (resolution 3.17A). (D) The
evolutionary relationships of all GLUT transporters (GLUTs that transport DHA are in bold). GLUT1
structure obtained from Deng et al., 2014. Dendrogram adapted from Joost et al., 2002

Due to the structural similarity of glucose and the bicyclic hemiketal form of DHA (formed
when in solution), the transport of DHA by GLUTs had been hypothesised (Figure 1.9).
Expression of cloned GLUTs in X. /laevis oocytes demonstrated that GLUT1, GLUT3, and
GLUT4 are efficient transporters of DHA (K, values of 1.5mM, 2mM and 1mM respectively)
(Rumsey et al., 1997; Rumsey et al., 2000). These transporters all belong to Class I, the
most extensively studied class of GLUTSs. This facilitative transport of DHA was competitively
inhibited by glucose and known pan-GLUT inhibitors (e.g., cytochalasin B). GLUT2 and
GLUTS, which are expressed in the intestine, are also involved in DHA transport (Kn, values
of 2mM and 3mM respectively) (Corpe et al., 2013). Additionally, GLUT10, a Class llI
member, can also transport DHA,; this has been observed in mitochondria and
endomembranes of smooth-muscle cells and fibroblasts (Lee et al., 2010; Németh et al.,
2016). Genetic silencing of GLUT10 results in a significant reduction of DHA within

immortalised human fibroblasts (Németh et al., 2016).
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Figure 1.9. The structure of dehydroascorbic acid and d-glucose.

The contribution of DHA transport to intracellular AA accumulation is context- and cell-type
specific. For instance, in erythrocytes, which lack SVCT expression, GLUT1 predominately
functions as a DHA transporter, and as a glucose transporter secondly, to ensure these cells
which are continuously exposed to oxidative stress in the blood remain protected (Montel-
Hagen et al., 2008). Moreover, DHA is transported by GLUTs across the blood-brain barrier,
as SVCTs are exclusively localised to the choroid plexus, this has been an implicated
mechanism in the accumulation of AA in the brain, where AA concentrations can be 10-fold

higher than in plasma (up to 1mM in neurons) (Agus et al., 1997; Angelow et al., 2003).

1.4. Collagen and the extracellular matrix in cancer

The extracellular matrix (ECM) is dramatically reorganised by many solid tumours and can
account for up to 60% of the tumour mass (Huang et al., 2021). ECM components can
promote tumorigenesis by interacting with cell surface receptors such as integrins, that
activate a plethora of intracellular pathways (Popova and Jucker, 2022; Kadry et al., 2020).
Overexpression of certain ECM proteins, particularly collagen, is linked to worse clinical
outcome. This has been best reported in breast cancer, where tumour-associated collagen
boundaries (TACs) have been identified (Li et al., 2024; Brett et al., 2020). TACs have their
own distinct organisation and composition of collagens that contribute to tumorigenesis.
Collagen deposition, along with increased collagen cross-linking mediated by elevated LOX
activity and the reorientation of collagen into parallel fibrils, can locally stiffen tissue (Fang et
al., 2012). Enhanced ECM stiffness activates downstream integrin signalling and increases
adhesion at the tumour-stroma interface. Imbalanced biomechanic forces, exacerbated by
the growing tumour mass, are a key trigger for initiating the epithelial-mesenchymal
transition (EMT) of tumour cells (Torzilli et al., 2012). Under mechanical stress, cells become
deformed adopting a spindle-like fibroblastic morphology with reduced adhesion and

enhanced motility (Fang et al., 2012).
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1.4.1.The extracellular matrix of medulloblastoma

In medulloblastoma, the ECM remains less understood than in other solid tumours, but
recent studies have identified unique ECM signatures. Comparative proteomics of
decellularised patient tumours reveal distinct ECM compositions compared to normal brain
tissue, with seven collagens (including collagens I, IV, V and VI) being upregulated in
medulloblastoma (Trombetta-Lima et al., 2021). This ECM signature is particularly prominent
in the SHH and WNT subgroups, suggesting a role of the ECM in tumour progression in

these subgroups.

Indeed, 3D spheroid models have demonstrated that SHH tumours form a distinct ECM
shell, absent in Group 3 or 4 tumours (Linke et al., 2023; Roper et al., 2021; Figure 1.10).
These models closely replicate in vivo spatial organisation, cell-cell interactions and
metabolic gradients, providing a physiologically relevant platform for drug screening (Roper
et al., 2021). Notably, collagens | and VI are highly expressed in these ECM structures
alongside small leucine-rich proteoglycans like lumican and fibromodulin, essential for
collagen fibrillogenesis (Linke et al., 2023). The presence of this collagen-rich shell
correlates with better survival outcomes in SHH patients, potentially by restricting tumour

spread and therefore limiting progression.

Thus, ECM dynamics in medulloblastoma, particularly in SHH tumours, may influence both
tumour progression and treatment response. Further investigation could uncover new

therapeutic strategies that exploit ECM-related vulnerabilities in medulloblastoma.

coLli

DAOY

ONS-76

Figure 1.10. The collagen outer shell of SHH nodules. Immunohistochemical staining of DAOY and
ONS-76 (two SHH-derived medulloblastoma cell lines) nodules for type 1- and type VI- collagens
(stained brown) identifies a subgroup-unique rich collagen outer shell. Image adapted from Linke et
al., 2023.

26



1.4.2.Ascorbic acid, collagen and cancer
As discussed in section 1.2.3, AA at physiological concentrations is a co-factor for collagen

synthesis, increases collagen mRNA expression and promotes collagen production in
human skin fibroblasts (Salo and Myllyharju, 2021). As discussed in section 1.4, collagen
deposition is typically elevated in cancer with either prognostic benefits, as observed in SHH
medulloblastoma, or detrimental effects, as seen in breast cancer (Linke et al., 2023; Li et
al., 2024). However, despite a hypothesis by McCormick (1959) which proposed a potential
connection between AA and collagen in cancer, there remains a notable lack of direct

research investigating if this physiological link extends to cancer biology.

In vitro studies have offered some insight into a possible association. In a study by Polireddy
et al (2017), high-dose AA administered to an orthotopic mouse model of human pancreatic
cancer led to tumour reduction, decreased metastasis, enhanced tumour stroma deposition
alongside an increase in collagen mRNA and secretion. In their phase I/lla study, they also
found increased collagen levels in a patient who became suitable for tumour resection.
Similarly, a study by Cha et al (2013) utilising an orthotopic mouse model of breast cancer,
observed that oral AA administration increased collagen type | production, forming a capsule
around the tumour and creating more defined tumour boundaries compared to controls.
Whether this is an effect of tumour cells or cancer-associated fibroblasts remains unclear

and requires further investigation.

This is particularly relevant as high-dose AA has been shown to reduce metastasis in
multiple in vitro studies, though the underlying mechanism remains unclear, with little
attention given to its potential relationship with collagen (Bottger et al., 2021). Notably, a
study by Chen et al (2011) found that AA significantly inhibited the activity of MMP-2 and
MMP-9 (metalloproteinase-2/-9), enzymes responsible for collagen degradation, in
xenografted mice with lung carcinoma. The proposed mechanism involved the AA-
dependent increase in the protein expression of TIMP-1 and TIMP-2 (tissue inhibitor of
metalloproteinase-1/-2), further supporting a wider association of AA with ECM remodelling

in cancer.
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1.5. Redox balance and oxidative stress
Cancer cells typically exhibit elevated basal ROS levels due to their increased metabolic

activity. ROS can promote tumour proliferation, growth and metastasis (Nakamura et al.,
2012; Figure 1.11). However, excessive ROS production can lead to oxidative damage and
programmed cell death. To maintain ROS levels within the range that supports tumour
growth without triggering cell death, cancer cells adapt by minimising ROS production, for
example, by reducing their reliance on mitochondrial oxidative phosphorylation. They also
upregulate antioxidant systems, such as GSH, to neutralise excess ROS (Nakamura et al.,
2012).

Tumour sensitivity to ROS is being exploited in various cancer therapies. Therapeutic
approaches either increase ROS production or suppress antioxidant defences. For instance,
anlotinib, a multi-target tyrosine kinase inhibitor, enhances ROS production by upregulating
ROS-producing oxidative enzymes such as NADPH oxidase (Huang et al., 2021).
Conversely, B-phenylethyl isothiocyanate inhibits GSH recycling, resulting in ROS-
dependent cell death in pancreatic ductal adenocarcinoma cells (Ju et al., 2015). This dual
strategy of increasing oxidative stress or disabling the tumour's antioxidant defences

represents a promising therapeutic avenue.
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Figure 1.11 The formation and roles of reactive oxygen species. ROS are generated through
endogenous processes like mitochondrial oxidative phosphorylation and the Fenton reaction, as well
as through exogenous sources such as radiation. Cells defend against ROS through enzymatic (e.g.,
catalase, superoxide dismutase) and non-enzymatic (e.g., vitamins, glutathione) antioxidant
mechanisms. At low levels, ROS function in normal redox cell signalling and activate the immune
system. Elevated ROS levels promote tumorigenesis by inducing DNA damage, enhancing cell
proliferation, and increasing metastasis. Excessive ROS leads to cell death through mechanisms like
ferroptosis and autophagy.

1.5.1.0Oxidative stress in medulloblastoma
The brain is particularly vulnerable to oxidative stress, but the specific role of oxidative stress

in medulloblastoma tumorigenesis is not fully understood. A study using radioresistant
medulloblastoma stem cell clones (ONS-76; a SHH derived cell line) showed reduced
mitochondrial ROS levels and oxidative stress markers compared to their radiosensitive
counterparts, suggesting that medulloblastoma cells develop adaptive redox mechanisms to
resists oxidative damage during treatment (Sun et al., 2017). In support of this, increased
expression of Nrf2 (nuclear factor erythroid 2-related factor 2), the principal regulator of
antioxidant defence, has been observed in medulloblastoma tissue samples compared to
adjacent non-tumour brain tissues (Tang et al., 2017; Barrera et al., 2017). This suggests an

overall increased antioxidant capacity in medulloblastoma.

The potential redox sensitivity of medulloblastoma cells has been observed in vitro by a
number of adjuvant therapies that increased cell death in an ROS-dependent manner (Yang
et al., 2009; Oshima-Hosoyama et al., 2011; Li et al., 2022). An example is the
topoisomerase | inhibitor Camptothecin which significantly increased cell death via
increasing ROS production, an effect reversed by GSH treatment (Yang et al., 2009). This

suggests a potential efficacy of treatments targeting redox in medulloblastoma.

1.5.2.Ascorbic acid as an antioxidant in cancer

Given its physiological role as an antioxidant, AA has been investigated for its potential anti-
carcinogenic properties. AA has been shown to prevent the initiation of skin tumours in
rodent models exposed to carcinogens (Slaga and Bracken, 1977) and reduce the
mutagenicity of these agents (Shamberger et al., 1979). This large body of early research
spurred interest in the possible link between AA intake and a reduced cancer risk. Some
studies suggest an association (Chen et al., 2022) and even suggest prenatal AA
supplementation lowers the risk of brain tumours in children (Preston-martin et al., 1998),
while others challenge the significance of this relationship (Lee et al., 2015). The conflicting
findings illustrate the complexity of studying diet and cancer risk, especially when

confounding factors such as multivitamin use are involved.
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Upon tumour formation, AA’s protective antioxidant properties could extend to cancer cells,
as it is known that cancer cell’s increase their antioxidant defence. Several studies have
reported elevated AA concentrations in various tumour types (Moriarly et al., 1977; Liebes et
al., 1981; Fiaschi et al., 2005), alongside decreased plasma concentrations (Huijskens et al.,
2016; Nigar et al., 2021; Khanzode et al., 2004). Tumour-sequestered AA can be
accompanied with increased expression of antioxidant enzymes, suggesting that AA might
contribute to an enhanced detoxification capacity of cancer cells (Fiaschi et al., 2005).
However, the implications of elevated AA in tumours are complex, in glioblastoma
multiforme, higher AA levels have been associated with decreased HIF-pathway activity and
improved patient survival (Burgess et al., 2022), indicating that AA’s antioxidant role may
vary by tumour type and context. Thus, with this in consideration, AA supplementation during
cancer therapy remains controversial as antioxidants may reduce the effectiveness of
treatment (Krejbich et al., 2022). In accordance with these concerns, preincubating myeloid
leukaemia cells with DHA reduced the level of apoptosis following ionising radiation
(Witenberg et al., 1999). However, this protective capacity of AA can also extend to non-
tumour cells. AA supplementation during radioiodine therapy has been shown to reduce the
adverse effects of treatment-induced oxidative stress in thyroid cancer patients (Jafari et al.,

2018). This highlights a potential of AA to mitigate treatment-induced side effects.

1.5.3.Ascorbic acid as a pro-oxidant in cancer
High-dose AA (>1mM) induces ROS production and cytotoxicity to cancer cells through its

action as a pro-oxidant. As discussed in section 1.2.2, at these concentrations, AA oxidation
culminates in the production of excessive ROS which causes cell death in numerous cancer
cell lines (Tronci et al., 2021; Chen et al., 2019; Takemura et al., 2010; Du et al., 2012;
Figure 1.11). This cytotoxic effect is dependent on H202 production, as demonstrated by the
sensitisation of an AA-resistant cancer cell line to high-dose AA following the silencing of
catalase, the key enzyme responsible for scavenging H.O: (Klingelhoeffer et al., 2012).
While extracellularly generated H>O, contributes to AA’s pro-oxidant activity, intracellular AA
plays key roles. This is evidenced by the decreasing effect of high-dose AA on differentially
expressing SVCT2 cell lines (Cho et al., 2018). In addition, iron chelators that sequester the

pool of labile iron can diminish AA-induced cytotoxicity (Du et al., 2015).
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Interestingly, this pro-oxidant effect appears to be selective to cancer cells (Figure 1.12).
High-dose AA does not induce apoptosis in normal cell lines, nor does it elevate H,O; levels
in blood plasma (Chen et al., 2005). The selectivity can be attributed to several differences
between cancerous and normal cells. Whilst cancer cells typically increase antioxidant
defences, compromised catalase activity has been observed impairing their ability to
metabolise HO efficiently (Doskey et al., 2016). Additionally, cancer cells frequently exhibit
a heightened glycolytic phenotype, leading to increased expression of GLUTSs that facilitate
the uptake of DHA. This, in turn, depletes intracellular antioxidants as DHA is rapidly
reduced back to AA (Yun et al., 2015). Furthermore, cancer cells typically contain elevated
levels of labile iron because they require it for rapid proliferation, DNA synthesis and
metabolic adaptation to oxidative stress (Torti et al., 2013). This dependency drives
increased iron uptake and retention, creating a larger labile iron pool that enhances their

susceptibility to oxidative damage induced by high-dose AA.
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Figure 1.12. The mechanisms of H202 and radical production by high-dose ascorbic acid and its
selective toxicity to cancer cells. High-dose AA, in the presence of catalytic metals like Fe(lll), is
oxidised DHA, generating extracellular H202 through the reduction of Fe(lll) to Fe(ll). (a) Extracellular
H20: is produced as Fe(ll) interacts with AA. (b) Intracellularly, AA and DHA are transported into cells
via SVCTs and GLUTs, further generating ROS such as H202, O2-, and OH-, which cause oxidative
damage. The selective toxicity of high-dose AA toward cancer cells is thought to arise from: (1)
increased expression of GLUT transporters, which are upregulated in cancer cells due to their glycolytic
phenotype, facilitating greater DHA uptake; (2) an elevated labile iron pool, enhancing AA’s pro-oxidant
effects; and (3) reduced catalase activity, the key metaboliser of H202 and depletion of glutathione GSH
via DHA recycling in cancer cells, reduce the antioxidant defence and thereby promote oxidative stress-
induced cell death.
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1.5.3.1. Clinical trials of high-dose ascorbic acid
AA’s potential as an anti-cancer agent was first proposed by Linus Pauling and Ewan

Cameron in the 1970s, who reported that high-dose AA prolonged survival in terminal cancer
patients (Cameron and Campbell, 1974; Cameron and Pauling 1976). However, subsequent
trials by the Mayo Clinic failed to replicate these results, casting doubt on AA’s efficacy.
Whilst these trials administrated the same dose of AA they differed in the route of AA
administration. Pauling’s trials used intravenous AA, achieving high plasma concentrations
that could induce a pro-oxidant effect, whereas the Mayo Clinic trials used orally
sumplemented AA, which produces only modest and transient increases in plasma levels
(Creagan et al., 1979; Moertel et al., 1985). This distinction is critical because high-dose
intravenous AA can achieve plasma concentrations >1.5 mM, levels at which AA shifts from
an antioxidant to a pro-oxidant and exerts cytotoxic effects on cancer cells (Sebastian et al.,
2004).

Preclinical studies show high-dose AA can inhibit tumour growth and reduce metastasis, but
clinical trials using AA monotherapy have been less successful, with no significant anti-tumor
responses observed (Stephenson et al., 2013; Riordan et al., 2005; Nielsen et al., 2017).
However, AA has been shown to be safe and tolerated, even at high doses such as 20mM,
and individual case reports of prolonged survival and tumor regression in patients suggest
that some patients may benefit from AA monotherapy (Gonzalez et al., 2016; Seo et al.,
2015). It should be noted these trials consisted of patients that received heavy
chemotherapy and radiation prior to AA treatment. More promising results have emerged
from trials combining high-dose AA with chemotherapy or radiotherapy. Preclinical studies
have demonstrated that AA can enhance the efficacy of chemotherapeutic agents such as
cisplatin and carboplatin and act as a radiosensitiser (O’Leary et al., 2018; Schoenfeld et al.,
2017). This synergy likely arises from exacerbating oxidative stress (Bottger et al., 2021).
Early-phase clinical trials in pancreatic cancer, ovarian cancer and glioblastoma multiforme
have reported reduced toxicity and trends towards improved progression-free survival with
combination therapies, though further research is needed to confirm these effects (Bruckner
etal., 2017; Ma et al., 2014; Allen et al., 2019)
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1.6. Hypothesis and aims

High-dose AA as a potential adjuvant cancer therapy has garnered renewed interest in

recent years leading to numerous clinical trials. AA is reported as safe and can increase the

efficacy of standard treatments including cisplatin. This thesis aims to explore the effect of

AA in SHH medulloblastoma tumours in two critical contexts:

1. Due to AA’s role in collagen production, can AA contribute to the prognostically
beneficial deposition of collagen encapsulating SHH tumours?

2. Can high-dose AA alone and in combination with the chemotherapeutic cisplatin exert

anti-tumour effects in medulloblastoma?

As AA is transported into and within the cell by transporter proteins an underpinning aim of
this thesis is to identify AA/DHA transporter/s that could potentially regulate AA availability in

medulloblastoma.

The objectives outlined in this thesis are therefore:

¢ To investigate the expression of the 8 known candidate AA/DHA transporters and
association with outcome in medulloblastoma.

e Toinvestigation correlation of candidate transporter gene expression with antioxidant
and collagen genes in medulloblastoma.

e To characterise the impact of AA treatment on SHH spheroid growth alone and
alongside co-treatment with cisplatin.

e To assess if the potentially cytotoxic effects of high-dose AA and cisplatin in SHH

spheroids are ROS-dependent.
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2. Materials and Methods

2.1. Analysis of publicly available patient datasets

In this study three publicly available gene expression array datasets (Cavalli and Pfister
(medulloblastoma) and Roth (normal cerebellum)) were accessed and analysed using the
R2: Genomics Analysis and Visualisation Platform (http://r2.amc.nl) (Roth et al., 2006;
Cavalli et al., 2017; Northcott et al., 2017; Table 2.1).

Table 2.1 Datasets used in analysis

Survival
Author | Tumour/Tissue N Dat Material | Normalisation | Platform
ata
Medulloblastoma | 763 Yes Bulk rma_sketch hugene11t
Cavalli
RNA
Medulloblastoma | 223 No Bulk MAS5.0 u133p2
Pfister
RNA
Normal 9 No Bulk MAS5.0 u133p2
Roth
Cerebellum RNA

2.1.1.Analysing gene expression in medulloblastoma vs normal
Cerebellum
In order to analyse the expression of a gene across two datasets the ‘R2:MegaSampler’ tool

was used in R2. For this comparison the Pfister medulloblastoma dataset and Roth normal
cerebellum dataset were used as they were generated by the same expression array
technology. The Pfister medulloblastoma dataset can be separated into medulloblastoma
subgroups. All data was then exported to GraphPad Prism® (version 9.4.1), where
significant differences in gene expression between groups were calculated using a Kruskal-
Wallis test with Dunn’s multiple comparisons. This non-parametric test was chosen as gene
expression data often do not follow a normal distribution, making it a suitable alternative to
one-way ANOVA. The Kruskal-Wallis test allowed for comparison across multiple
independent groups, while Dunn’s post-hoc test identified specific group differences while

controlling for multiple comparisons.
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2.1.2.Gene expression-based survival analysis
The Cavalli dataset was used to conduct gene expression-based survival analysis as it

provided patient survival data. Using the R2:KaplanScan tool, Kaplan-Meier curves based on
the expression of a gene of interest were generated. The R2:KaplanScan tool determines
the most statistically significant cut-off for survival analysis based on gene expression data.
This is achieved by splitting the dataset into two groups (minimum of 8 samples per group)
based on the expression of a gene of interest (‘high’ and ‘low’ expression groups). Starting
with the 8 samples with the lowest level of gene expression versus the rest of the samples in
the dataset, the R2:KaplanScan then uses every increasing expression value as a new cut-
off to create two groups and determine the statistical significance of the difference in survival
between them in a logrank (Mantel-Cox) test. The two groups which yield the most

significant p-value are then returned with a Kaplan Meier curve.

2.1.3.Correlated gene expression analysis
The R2 function ‘Find Correlated Genes with a Single Gene’ was used to find significant

gene expression correlations with candidate genes in patients. To filter genes specific to the
hypothesis two GO terms were chosen; ‘Antioxidant Activity’ (GO-id:16209) and ‘Collagen
Metabolic Process’ (GO-id:32963). The results of this analysis provided an overview of the
combinations that met the significance criteria of p<0.05, it provides the individual gene’s R-
value (correlation coefficient of expression) and p-value (significance of that correlation).
The individual gene, their R-values and p-values were exported to GraphPad Prism®

(version 9.4.1) and plotted on scatterplots.

2.2. Cell culture

Four cell lines were cultured during this study, ONS-76 and DAQY are SHH-patient derived
cell lines (Table 2.3), HEK293Ts were transfected with GLUT10 plasmid and SH-SY5Y is a
neuroblastoma cell line that served as a positive control for SVCT2 expression. All cell lines
were cultured in an incubator at 37°C with 5% COx in cell culture medium. Cells were
cultured in treated T-25 or T-75 flasks. The cell culture medium used for each cell line can
be found in Table 2.2.
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Table 2.2 Composition of cell culture media and purpose for each cell line cultured in this

study.
Cell Line Media Purpose
Roswell Park Memorial Institute-1640 For pellet harvesting for
ONS-76 (RPMI-1640) + 10% (v/v) foetal western blotting, for
bovine serum (FBS) spheroid generation
Dulbecco’s modified Eagle’s medium For pellet harvesting for
DAOY (DMEM) + 10% (v/v) FBS western blotting, for
spheroid generation
DMEM + 10% (v/v) FBS + 1% (v/v) For transfection with
HEK293T penicillin/streptomycin GLUT10 plasmid for the
generation of a GLUT10
positive cell line
DMEM/F12 (Gibco™,11320033) + As an SVCT?2 positive cell
10% (v/v) FBS + non-essential amino line
SH-SY5Y acids (0.1 mM of: glycine, L-alanine,
L-asparagine, L-aspartic acid, L-
glutamic acid, L-proline and L-serine;
Gibco™, 11140035) + 1% (v/v)
penicillin/streptomycin

2.2.1.Recovering cell lines from frozen stocks
Cryogenic vials of cells were thawed at 37°C. The contents of vials were gently pipetted into

a T-25 flask with fresh cell culture medium and left overnight. Depending on the observed
recovery, the cells were left for an additional 24-48 hours, with a medium change to ensure

optimal recovery.

2.2.2.Cell maintenance
All cell lines cultured were adherent and thus sub-cultured by complete removal of the

previous culture medium. The cells were then washed with 1X PBS and incubated with 1X
trypsin-EDTA (ethylenediaminetetraacetic acid; Sigma, T4174) to detach the cells. Once
cells were visibly detached, pre-warmed cell culture medium (as detailed in Table 2.1) was
added to the flask to neutralise the trypsin, The contents of the whole flask were centrifuged
at 800 x g for 5 minutes. After centrifugation, the cell pellet was resuspended in fresh culture
medium, and cells were seeded into new cell culture flasks at a split ration of 1:7.5 - 1:15,
depending on cell density and future need. All flasks were incubated at 37°C in a humidified

atmosphere with 5% CO..
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2.2.3.Cell counting

Following cell culture as described, cells were harvested and resuspended in 1ml of cell
culture medium. A 10yl aliquot of this suspension was pipetted into the glass chamber of a
haemocytometer, and cells were manually counted per square of the chamber using a
brightfield microscope. The cell concentration (cells per ml) was calculated using the
following formula:

Cells per ml = Average number of cells per square x 10 000

2.2.4 Preparation of cell pellets for molecular analysis

Following cell culture as described, the remaining cell suspension following the passage was

centrifuged at 800 x g to generate a cell pellet. This pellet was resuspended in 1mL of cell

culture medium and transferred to an Eppendorf tube. This cell suspension was centrifuged

again at 800xg for 5 minutes and resuspended in 1mL of 1X PBS to wash the cells.

Following another identical centrifugation, the supernatant was discarded, and pellets placed

in the -80-C freezer.

2.2.5.Preparation of cells for cryo-storage

Following cell culture as described, the remaining cell suspension following the passage was

centrifuge at 800 x g to generate a cell pellet. The resultant pellet was resuspended in 1ml
freezing medium (90% FBS and 10% DMSO) and then transferred to a cryogenic vial. The
vials were placed in a Mr Frosty™ container and stored at -80°C overnight before being

transferred to liquid nitrogen for long-term storage.

2.3. Spheroid culture and assays
Spheroid culture and analysis methodologies were previously optimised by
Dr Sophie Roper, a former PhD student in Dr Beth Coyle’s lab (Roper and Coyle, 2022).

2.3.1.Neurosphere media
All spheroids were cultured in neurosphere medium, which was composed of DMEM/F-12,

2% (v/v) B-27 supplement (Gibco™, 17504044), 1% (v/v) N-2 supplement (Gibco™,
17502048), 2ug/mL Heparin (Stem Cell Technologies, 07980), 20ng/mL epidermal growth
factor (EGF; Gibco™, PHG0315), and 10ng/mL basic fibroblast factor (0bFGF; Gibco,
PHG0266). Fresh neurosphere medium was prepared and stored at 4°C for up to 3 days

before use.

of
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2.3.2.Spheroid generation and maintenance

DAQY and ONS-76 cell lines were cultured under standard tissue culture conditions (section
2.2.2) until they reached ~70% confluency. Cells were trypsinised, resuspended in standard
cell culture medium and prepared for either stock propagation or spheroid generation. For
spheroid generation, cells were centrifuged at 800 x g for 5 minutes and then resuspended
in 2-3ml of neurosphere medium. After cell counting, DAOY cells were seeded at a density
of 250 cells/well and ONS-76 cells at 200 cells/well into the inner-wells of 96 well Ultra Low
Attachment (ULA) plates (Corning, 7007) in a total volume of 200ul of neurosphere medium.
To minimise medium loss, 200ul of HBSS was added to the outermost wells. The plate was
placed in an incubator at 37°C with 5% CO.. At Day 4, half of the media was replaced with

100ul of fresh neurosphere medium to maintain the spheroids (Figure 2.1).

v
) [ b )
v
@ Cells cultured under Cells were trypsinised and Cell pellet was
standard tissue culture centrifuged 800 xg for 5 resuspended in 2-3ml of
conditions until they minutes fresh neurosphere media

reached ~70% confluency.

' 1O B
|

™

2o

@ 10pl of resuspension was Cells were seeded in ultra The plate was placed in an
counted using a low attachment plates at incubator at 37°C with 5%
haemocytometer correct seeding density in CO,. At Day 4, 100pl of
200yl of neurosphere media medial was replaced with
per well. 200ul of HBSS was fresh neurosphere medium.

added to outermost wells.

Figure 2.1. Cell culture workflow of SHH spheroid generation. (1-2) Cells were cultured, trypsinised
and centrifuged as normal. (3) The cell pellet was resuspended in fresh neuropshere media and (4)
counted. (5) After appropriate dilution to correct seeding density, 200ul of cell suspension was seeded
in ULA plates and 200y; of HBSS was added to outermost wells. (6) The plate was incubated at 37°C
with 5% CO:z till Day 4 where a half-media change is performed.

2.3.3.Imaging spheroids and assessing dimensions
Spheroid growth was assessed through capturing images using the ZOE Fluorescent Cell

Imager (BioRad) which featured an inbuilt 100pm calibration scale. ImageJ software was
used for measuring spheroid area. A global scale was set to the length of the calibration bar.
Using the ‘Freehand Selection’ tool the spheroid was outlined manually to calculate the area
(A). Data was exported to Microsoft Excel and from these measurements, spheroid radius (r)
and volume (V) were derived using the following formulas:

R = VAT V = 4/3mr?
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2.3.4.Ascorbic acid and cisplatin treatment of spheroids
The effects of AA alone and in combination on the growth of SHH spheroids was assessed

using DAOY and ONS-76 spheroids. Spheroids were grown to Day 4 and then treated with
varying concentrations of AA and/or cisplatin. Pre-treatment images were taken on Day 4

and then every 24 hours for 72 hours following treatment (Day 5 — 7).

AA concentrations were selected based on physiological and pharmacological relevance:
100uM (physiological blood plasma level; Carr et al., 1999), 1TmM (physiological neuronal
level; Angelow et al., 2003), and 2.5mM (high dose). Cisplatin concentrations were: 0.5uM
(low dose, IC10), 1uM (ICso,), and 5uM (high dose, ICq), according to Roper (et al., 2022).
AA and cisplatin were prepared and stored as indicated in Table 2.3. Treatments were
prepared at 2X concentrations in Eppendorf tubes with 100ul of fresh neurosphere media
and diluted upon addition to the wells (after 100ul of existing media was removed).
Untreated spheroids and cisplatin-only treated spheroids served as controls. The plates
were incubated at 37°C with 5% CO; for 72 hours. Triplicate wells were used for each
condition and the entire experiment was repeated three times (n=3) for both DAOY and
ONS-76 spheroids.

Table 2.3 Details of compounds used in this study

Stock . Product
Compound Solution Vehicle Storage Details
Room temperature
protected from light . ,
Ascorbic Acid ™ PBS as apowder. In - | Si9maAldrich,
o A92902
80°C freezer as a
stock solution.
In 2-8°C fridge
protected from light . ,
Cisplatin TmM DMF or DMSO | as a powder.In - SigmaAldrich,
° 232120
80°C freezer as
stock solution.
In -20°C freezer
protected from light
DCFH-DA 10mM DMSO or as a powder. Should Invitrogen,
Ethanol not be stored long- D399
term as a solution.
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2.3.5.DCFH-DA assay for reactive oxygen species detection in
spheroids

To investigate the effects of AA alone and in combination with cisplatin on ROS production in

SHH spheroids, the fluorescent probe DCFH-DA (2' 7'-dichlorodihydrofluorescein diacetate;

Table 2.3) was used (Figure 2.2). DCFH-DA permeates cell membranes and in the presence

of ROS is oxidised to the fluorescent compound DCF (2',7'-dichlorofluorescein). The

fluorescent signal is proportional to the ROS present and can be detected using a

FlexStation® 3 Multi-Mode Microplate Reader at 495/535nm with a bottom-well read. Initially

trialled as an endpoint assay after 72 hours of incubation, the protocol was later optimised

to

a shorter assay focusing on Day 4 spheroids to monitor the acute effects of AA and cisplatin

on ROS production.

The experimental set up of this assay was based on previous assays detecting ROS
production in AA-treated cells (Bardyn et al., 2021; Oh et al., 2020; Figure 2.2). All media

and washes were phenol-red free as the optimisation stage indicated that phenol-red in

media oxidised DCFH. This assay was completed in subdued light conditions as DCFH-DA

is light sensitive. DCFH-DA was dissolved in DMSO to make a 10mM stock solution, this

solution was diluted with DMEM/F12 to a 2X working solution of 20uM. Day 4 spheroids, that

were grown in phenol-red free neurosphere media, had 100ul of media removed and

replaced with 100ul of DCFH-DA supplemented DMEM/F12 (The 2X working solution allows

for the dilution at this stage). Plates were wrapped in foil and incubated for 1 hour at 37°C
with 5% CO.. After 1 hour, two half-media washes with phenol-red free HBSS were
performed to remove excess DCFH-DA and basal fluorescence of the spheroids was

measured on the FlexStation®.

AA and cisplatin were used in the same concentrations as described previously (Section
2.3.4). AA and cisplatin solutions were prepared in PBS and DMF, respectively, at a 20X
stock solution so that 10ul added to the existing 200ul in the wells allowed a 1X working
dilution. AA was added first, and fluorescence was measured every 15 minutes for 1 hour.
Cisplatin was then added relevant wells, and fluorescence was again measured every 15
minutes for 1 hour. Control wells included DCFH-DA treated alone in media and untreated
spheroids with DCFH-DA. This experiment was repeated three times (n=3), each with
technical triplicates, for both DAOY and ONS-76 spheroids. Additionally, an exploratory
experiment (n=1) was performed where the order of treatment, i.e. cisplatin first then AA,

was reversed.
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Raw fluorescence values were exported to Microsoft Excel. Mean fluorescence from media-
only wells treated with DCFH-DA was subtracted at each time-point to correct for media
background. The values were normalised to pre-treatment fluorescence values and plotted

on GraphPad Prism® to show changes in ROS production over time.
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Figure 2.2 Experimental basis and set-up for the detection of ROS by DCFH-DA in SHH spheroids
A) The conversion of the non-fluorescent 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) to the
fluorescent dichlorofluorescein (DCF) via acetylation by cellular esterases to the intermediate
dichlorodihydrofluorescein (DCFH) and subsequent oxidation by cellular reactive oxygen species to
DCF. B) The experimental setup for ROS detection following ascorbic acid and cisplatin treatment in
SHH spheroids. Day 4 spheroids were cultured (1) and incubated for 1 hour with 10uM DCFH-DA in
phenol-red free media after a half-media change (2). Excess DCFH-DA was removed via two half-media
washes (3) to prevent spheroid loss, and basal fluorescence was measured using the FlexStation® 3
Multi-Mode Microplate Reader (4). Ascorbic acid was then added, and fluorescence was recorded every
15 minutes for 1 hour (5,6). Cisplatin was subsequently added, with fluorescence measured at the same
intervals for another hour (7,8). Plates were incubated at 37°C and 5% CO2 when not being measured.
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2.4. Protein analysis
To assess the presence and relative quantity of GLUT10 and SVCT2, western blotting of

patient-derived cell lines was performed. Pellets were obtained from six medulloblastoma
cell lines that were derived from SHH, Group 3 and Group 4 patients (Table 2.4). The HD-
MBO03, D425, CHLA-01 and CHLA-01R pellets were kindly obtained from Dr Susannah

Entwistle and Connor Levers.

2.4.1.Cell lysis

To create cell lysates, washed cell pellets were thawed on ice and then resuspended in

500ul of ice-cold PBS with 10% glycerol, 5ul of thawed protease inhibitor (Merck Complete
Protease Inhibitor Cocktail 1ll, 539134) was then added. Using a clean sonicator probe, the
samples were sonicated thrice for 10s (at no higher that 50% power) with incubation on ice

for at least 20-30s between pulses.

2.4.2.Protein quantification from Lowry protein assay
To determine protein concentration of the lysates, a standard curve of known protein

concentrations was generated using dilutions of BSA (bovine serum albumin; 2ug/ul stock).
Triplicate dilutions of BSA were prepared, ranging from 0 to 10ug. Cell lysates were added in
volumes of 5ul, 2.5ul, and 1ul, each in triplicate, with all wells made up to 5ul using distilled
water. Following this, 20ul of Reagent A (BioRad DC Protein Assay) was added to each well,
followed by 200ul of Reagent B. The plate was gently agitated at room temperature for 15
minutes. After incubation, the absorbance of the wells was measured at 700nm on
SpectraMax iD3 plate reader. The data was then exported to Microsoft Excel, and the
absorbance values from the distilled water blank were subtracted from triplicate averages.
The protein concentration of each lysate was then calculated using the standard curve.

Lysates were either used immediately or stored at -20 °C.
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Table 2.4 Medulloblastoma cell lines used in western blotting with clinical information.

Cell Line Sub-group Sub-type Metastatic Stage Clinical Information Reference
4-year-old male. TP53
Putative SHH-a, TP53 mutated cerebellar (Jacobsen et al.,
DAOY mutant Non-metastatic (MO) medulloblastoma of 1985)
posterior fossa.
Metastatic tumours 2-year-old female.
Putative SHH-b, TP53 present at the right Large midline
ONS-76 wild-type prepontine cistern cerebellar (Yamada et al., 1989)
(M2) medulloblastoma.
3-year-old male. Large
Metastatic cell anaplastic mass in
HD-MBO03 n/a (M3) midline, spinal (Milde et al., 2012)
metastasis in CSF.
Group 3
6-year-old male.
Tumour harbours
D425 n/a Non-metastatic (M0) | MYC amplification and | (Bigner et al., 1990)
found in posterior
fossa.
8-year-old male.
Cerebellar tumour with
CHLA-01 n/a Non-metastatic (MO) leptomeningeal
dissemination.
Group 4 (Xu et al., 2015)
Metastatic recurrence Matched pair to
8 months after CHLA-01. Recurrent
CHLA-01-R n/a diagnosis (M3) metastatic cells

from pleural fluid.
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1.4.3 SDS-Page

Samples were thawed and 20ug of protein from each lysate was transferred to an

Eppendorf. The samples were prepared by supplementing to a fixed volume (40ul) with
PBS/10% glycerol and adding 6x sample buffer (See Table 2.5 for all buffer compositions).

Samples were then vortexed and denatured in a 90°C heat block for 10 minutes. 10% (w/v)

acrylamide sodium dodecyl sulphate (SDS) resolving gels were used for all analysis. These

were prepared (See Table 2.6 for electrophoresis gels composition) and pipetted between
the pre-prepared 1.5mm spacer plate and the short plate. The gel was overlaid with water

saturated butanol to ensure level setting, and to remove air bubbles. After polymerisation,

the butanol was gently removed, and the stacking gel (Table 2.6) was pipetted on top. A 10-

well 1.5mm comb was immediately placed into the gel, which was allowed to polymerise for

30 mins to an hour. Once set, the gel was either used immediately or wrapped in damp

tissue and clingfilm and stored at -4°C for a week.

Table 2.5 Composition of buffers used in western blotting. All buffers made up in distilled water

(dH20).

Buffer

Materials

6X Loading Buffer

125mM Tris-HCI pH 6.8,
10% (w/v) SDS,
10%(v/v) glycerol,
0.5M EDTA,

0.2% (w/v) Bromophenol blue in ethanol,
0.5% (v/v) 2-Mercaptoethanol

10X Running Buffer

1.9M Gilycine,
250mM Tris-Base,
1% (w/v) SDS

100ml 10X Running Buffer,

1X Running Buffer 900ml dH20
1.9M Gilycine,
10X Transfer Buffer 250mM Tris-base
100ml 10X Transfer Buffer,
1X Transfer Buffer 200ml Methanol,

700ml dH20

1X PBS-Tween 20

100ml 10X PBS,
1ml Tween-20,
899ml dH.O
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Table 2.6. Composition of 2 X 10% SDS gels.

Material 10% Resolving Gel 4% Stacking Gel
1M Tris pH 8.8 4.5ml n/a
1M Tris pH 6.8 n/a 3ml
40% (wlv) Acrylamide 4.5ml 1.2ml
dH.0 8.5ml 7.5ml
10% (w/v) SDS 135ul 90ul
10% (w/v) Ammonium
Persulphate (APS) 270ul 180ul
N,N,N’,N’-Tetramethyl
ethylenediamine (TEMED) 10ul 7.5l

Denatured cell lysates were carefully loaded into the wells of the gel alongside a molecular
weight marker (SeeBlue Plus2). Gels were then electrophoresed at 40mA, until the samples
had reached the resolving gel, at which point the current was increased to 80mA. Once the
samples had reached the bottom of the resolving gel, the gels were removed from the gel

electrophoresis tank and running module.

2.4.3.Western blotting

Proteins were then transferred from the polyacrylamide gel to a nitrocellulose membrane on
which they could be detected and quantified. Gels were carefully removed from their casting
plates and the stacking gel was discarded. Protein was transferred by a wet blotting method
(Towbin et al.,1979) in transfer buffer (Table 2.5) by electrophoresis at 200mA for two hours

or overnight at 20mA.

To blot for target proteins, post transfer-membranes were initially blocked with 5% w/v non-
fat milk powder (in 1X PBS-Tween 20) for one hour with gentle agitation at room
temperature (Table 2.5). The blocking buffer was discarded and using the protein ladder for
guidance the membrane was cut so individual sections could be stained using a different

antibody. The primary antibody (Table 2.7) was then added to the membrane at an
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appropriate dilution in minimal volume of blocking buffer at 4°C for at least 2 hours or
overnight, continuously rotating. The antibody was removed and could be reserved for future
use if kept at 4°C. The membrane was washed three times with 1X PBS-Tween 20 for at
least 10 minutes each. The secondary antibody was then added to the membrane at a
dilution of 1:10,000 in blocking buffer and incubated at room temperature with gentle
agitation for one hour (Table 2.8). The secondary antibody was removed, and the membrane
was again washed three times with 1X PBS-Tween 20 for 10 minutes.

Table 2.7. Details of primary antibodies used for western blotting in this study.

Target Protein | Host Species Dilution Clonality Source
Mouse 1:250-1:2000 Monoclonal Santa Cruz, sc-

GLUT10 398496
Mouse 1:250-1:2000 Polyclonal Invitrogen, PA1-

46137

SVCT2 Rabbit 1:1000 Polyclonal AbCam,

Ab229802
Calnexin Goat 1:2000 Polyclonal SciGen,
AB0041-200

Table 2.8. Details of secondary antibodies used for western blotting in this study.

Used in the Species Dilution Detection Source
detection of: Reactivity System
GLUT10 Anti-Mouse 1:2000 Horse Radish Dako,P0447
Peroxide (HRP)
SVCT2 Anti-Rabbit 1:2000 conjugated — Dako, P0217
ultra-sensitive
ECL

Calnexin Anti-Goat 1:10 000 LI-COR, IRDye LI-COR, 926-

800CW 32214

For SVCT2 and GLUT10 antibody detection we utilised enhanced chemiluminescence (ECL)
using the SuperSignal™ West Femto Maximum Sensitivity Substrate (ThermoFisher
Scientific, 10391544) for increased sensitivity in the detection of our target bands. Reagent a
and B from the kit were mixed in a 1:1 dilution on clingfilm, this was left to react for 1 minute,
and then the membrane was placed face down onto the clingfilm and left for a further

minute. Using a BioRad ChemiDoc imaging system, the function ‘single-chemiluminescence’

was used to image the bands from 30 seconds to 5 minutes, depending on level of
expression in order to capture a fluorescent image. The ‘multi-colorimetric’ function was
used to visualise the protein ladder. For imaging of the calnexin bands the ‘colorimetric IR-
800’ was used. These images were exported to ImagedJ where the lanes and protein ladder

are superimposed to one image using the ‘Merge Channels’ tool.
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2.1.1.Quantifying protein expression by densitometry analysis
Visualised protein bands were quantified by densitometry analysis using ImageJ software.

Firstly, under the ‘Set Measurements’ tool only the ‘Grey Mean Value’ was checked.
Rectangles were then drawn around each protein band and their density were determined
using the ‘Measure’ tool. The relative density of each protein was calculated by subtracting
background and normalising to the housekeeping protein calnexin. These values were
exported to GraphPad Prism® (version 9.4.1) and significant differences in relative protein

density were calculated using a two-way ANOVA.

2.1.2.Transfection of HEK293Ts with GLUT10 plasmid

For optimisation of GLUT10 antibodies a positive control in HEK23T cells was produced.
Firstly, competent NEB-5a cells were used for GLUT10 plasmid amplification (Sino
Biological; HG13982-NF). The GLUT10 plasmid was dissolved in 50yl of autoclaved distilled
water and 0.5ul of plasmid DNA was added to thawed competent cells, followed by
incubation on ice for 30 minutes. The cells were heat-shocked at 42°C for 30 seconds, then
placed on ice for 2 minutes. Lysogeny broth was added, and cells were shaken at 37°C for 1
hour at 250 rpm. Transformed cells were plated on LB agar plates containing hygromycin

(the vector contained a hygromycin resistance gene) and incubated at 37°C overnight.

Colonies were picked for plasmid purification using a miniprep kit (Qiagen). Bacterial cells
were harvested, lysed, and plasmid DNA was isolated using a silica membrane spin column.
DNA was eluted in 50ul of buffer and quantified by the NanoDrop. The concentration of
samples was then calculated from the absorbance of the sample at 260nm. The 260/280nm

ratio of absorbance was used as an indication of DNA ‘purity’ (~1.8).

HEK293T cells were seeded at a density of 300,000 per well in 6-well plates 24 hours before
transfection. Three hours before the transfection, the media was replaced with DMEM with
5% (v/v) FBS. GLUT10 Plasmid DNA and polyethyleneimine (PEI) were mixed at a 1:7.5,
1:10 or 1:15 ratio (molar ratio of DNA phosphorus to PEI nitrogen) incubated, and added to
the cells. After 24 hours media was replaced with DMEM with 10% (v/v) FBS. Control cells
were transfected with a GFP-encoding plasmid (SinoBiological). After 48 hours, when control
well showed GFP fluorescence, cells were harvested by the removal of media, the addition
of 100pl of trypsin followed by 1ml of PBS to wash and collect cells to transfer to an
Eppendorf. The Eppendorf was centrifuged at 800 x g for 5 minutes, the supernatant

discarded, and then placed in the -80°C freezer.
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3. Investigating AA and DHA transporters in
Medulloblastoma
The association and/or differential expression of AA and DHA transporters has not yet been
investigated in medulloblastoma; thus, we first assessed their gene expression using publicly
available genomic patient datasets. To achieve this, we used the R2: Genomics Analysis
and Visualisation Platform (http://r2.amc.nl) to analyse medulloblastoma datasets (Pfister,
n=223, Northcott et al., 2017; Cavalli, n=763, Cavalli et al., 2017), along with a normal
cerebellum dataset (Roth, n=9; Roth et al., 2006).

The objective was to identify a candidate among the eight known DHA/AA transporter genes
(Table 1.3) that may potentially play a role in medulloblastoma tumour biology. Our
investigation included the overall medulloblastoma cohort but given the potential link
between AA and collagen production in the SHH subgroup, we paid particular attention to

the expression of these transporters within this subgroup.

3.1. Analysis of DHA/AA transporter expression across the
medulloblastoma subgroups and normal cerebellum
Candidate gene expression was compared across medulloblastoma subgroups and normal

cerebellum using the Pfister and Roth datasets. Significant differences were determined
using a Kruskal-Wallis test with Dunn’s multiple comparisons. The objective of this analysis
was to identify candidate transporters with differential gene expression in medulloblastoma

patients, specifically patients in the SHH subgroup.

The expression of GLUT1, GLUT3 and SVCT2 were elevated in normal cerebellum
compared to other candidate transporter gene expression, this is consistent with their
proteins established brain functions (Wohlrab et al., 2017; Figure 3.1). GLUT1, GLUTS3,
GLUT4 (excluding the WNT subgroup), GLUT10 and SVCT2 expression was significantly
differential in medulloblastoma subgroups compared to normal cerebellum (p<0.01 for all
comparisons). Notably, GLUT10 was the sole candidate among these transporters with a
significantly elevated expression in medulloblastoma subgroups compared to normal
cerebellum (p<0.01 vs Group 3 and Group 4, p<0.0001 vs SHH and WNT).
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Figure 3.1. Gene expression of AA/DHA transporter candidates in the normal cerebellum and
medulloblastoma subgroups. Log2 gene expression was determined using the normal cerebellum
Roth dataset (n=9; Roth et al., 2006) and the medulloblastoma Pfister dataset (n=223; Northcott et al.,
2017). Group 3 (yellow) n=56; Group 4 (green) n=91; SHH (red) n=59; WNT (blue) n=17. Statistical
significance of gene expression of each transporter within each subgroup compared to both other
subgroups and normal cerebellum was assessed using Brown-Forsythe and Welch analyses with
Dunnett’'s T3 multiple comparison test. ** p < 0.01, *** p < 0.001, **** p < 0.001. The larger end of the
significance bar points to the reference expression group. This figure provides a simplified
representation of the significance bars for clarity.
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There were significant differences in the gene expression of candidates between the
subgroups. Figure 3.1 displays simplified significance bars to highlight the significant
differential expression of GLUT3, GLUT10, and SVCT2 (p<0.0001 for all comparisons) in the
SHH subgroup compared to their expression in Group 3 and 4. Group 3 and 4 are
transcriptionally similar to each other but exhibit minimal genetic overlap with the SHH
subgroup, which could suggest a potential significance of these genes in SHH biology
(Cavalli et al, 2017). This analysis provides initial insights into potential target candidates,
specifically GLUT3, GLUT10 and SVCT2 which exhibit differential expression in SHH

tumours compared to other subgroups.

3.2. Analysis of medulloblastoma patient survival
outcomes associated with DHA/AA Transporter
expression

We explored the association between candidate gene expression and patient prognosis

using Kaplan-Meier survival curves from the Cavalli dataset (Cavalli et al., 2017). The

R2:KaplanScan tool divided the patient population into 'high' and 'low' expression groups for

each gene. The split between expression was based upon the most significant p-value

between the two patient groups, calculated using a log-rank test (Mantel-Cox).

To facilitate analysis of multiple Kaplan-Meier analyses, key parameters from each Kaplan-
Meier curve was plotted on a single “bubble” graph (e.g. Figure 3.2). The x-axis represents
FDR-corrected log p-values, with positive values indicating that high gene expression
correlates with better patient outcome, and negative values indicating high expression
correlates with worse outcomes. The shaded area highlights where these p-values are not
statistically relevant (p=0.05). The y-axis shows the percentage of patients in the 'high’
expression group, with shaded areas marking extremes (5% or 95%), where uneven group
sizes could compromise statistical power. Each gene is represented as a circle, with the
radius indicating average log2 gene expression and the colour reflecting differences in 5-

year survival rates between expression groups.

The initial analysis included all medulloblastoma patients (n=613) and is summarised in
Figure 3.2A, with selected individual Kaplan-Meier plots in Figure 3.2B-E. High expression of
GLUT4 (log p=-2.156) and GLUT8 (log p=-1.620) was associated with poorer outcomes
(Figure 3.2B-C). Notably, patients in the 'low' GLUT4 expression group had a 48% increase
in 5-year survival rate compared to those in the 'high' group. However, the 'high' GLUT4

group comprised only 8 patients, suggesting that while the result is statistically significant, its
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Figure 3.2. (A) Association of transporters with patient survival across a large clinical cohort of medulloblastoma (B-E) individual Kaplan-Meier
survival analysis. (A) Kaplan-Meier survival curves produced using survival data (n=612) from the Cavalli dataset on R2: Genomics analysis and visualisation
platform. The x-axis represents the FDR corrected log-transformed p-value, values plotted on the right indicates that high gene expression correlates with better
outcomes, and values on the left indicate worse outcomes. The percentage of patients within the ‘high’ expression group is plotted on the y-axis. Shaded areas
denote either p-values that are not statistically significant (>0.05) or heavily skewed sample populations. The candidate genes are plotted as circles whose
radius correlates with the log2 of average gene expression and whose colour represents the differences between the 5-year survival rates of the ‘high’ and ‘low’
expression groups. Kaplan-Meier survival analysis of B), GLUT4; C), GLUTS8; D) GLUT3; E) and GLUT10 expression on medulloblastoma patients in the Cavalli
dataset (n=612). Survival curves were compared using the Log-rank (Mantel-Cox) test. Log2 P-values were adjusted for FDR corrections amongst other
candidates. Significant differences in survival were considered those where p<0.05.
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clinical relevance may be limited to a small subpopulation. Conversely, high expression of
GLUTS3 (log p=-2.713) and GLUT10 (log p=-3.630) was linked to better outcome (Figure
3.2D-E). These results are more robust, especially for GLUT10, where patient groups were

evenly split.

The Cavalli dataset has large numbers of samples from each molecular subgroup of
medulloblastoma, this enables survival analysis to be refined to the subgroups. For Group 3
and WNT, no candidate transporter genes were significantly associated with survival. For
Group 4, high expression of GLUT1, GLUT4, and SVCT2 correlated with better prognosis,
while GLUT2 and GLUT3 were linked to worse outcomes. However, the findings of the SHH

subgroup (n=172) are of particular interest as the collagen shell is specific to this subgroup.

In the SHH subgroup, all candidates significantly impacted prognosis yet GLUT1 (log p=-
2.155) and GLUT2 (log p=-2.011) observed largely skewed patient populations (Figure
3.3A). High expression of GLUT4 (log p=-5.133), GLUT8 (log p=-2.022), SVCT1 (log p=-
2.187), and SVCT2 (log p=-2.356) were associated with worse outcomes (Figure 3.3B-E),
while high expression of GLUT2 (log p=-2.011), GLUT3 (log p =-2.414), and GLUT10 (log
p=-3.641) were associated with better outcomes (Figure 3.3F-G). The differences in 5-year
survival probabilities between expression groups were more pronounced in the SHH
subgroup, ranging from 17% to 50%. The results from the collated survival analyses
highlight GLUT3, GLUT4, GLUT8 and GLUT10 as promising candidates for further

investigation.

3.3. Correlation of candidate gene expression with genes
within relevant GO terms
To guide the selection process further, we used gene expression correlation analysis. This is
based upon the assumption that genes with significantly correlated expression may share
functional relationships, such as an involvement in similar pathways or cellular processes.
However, it is crucial to acknowledge the limitations of this approach. A correlation in gene
expression does not necessarily equate to a direct functional relationship, as gene
expression patterns may not reflect protein levels or activity. Despite these limitations, this
analysis remains a valuable tool to uncover biologically relevant relationships, particularly
when combined with other approaches. By integrating these results with the previously
collected data, we can provide stronger context and validation in identifying promising

candidate transporters.
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Figure 3.3. (A) Association of transporters with patient survival across SHH patients (B-G)
individual transporter Kaplan-Meier survival analysis. (A) Kaplan-Meier survival curves produced
using survival data (n=172) from the Cavalli dataset on R2: Genomics analysis and visualisation
platform. See figure 3.2 for detailed description. Kaplan-Meier survival analysis of B), GLUT4; C),
GLUTS; D) SVCT1; E) SVCT2; F) GLUT3; G) GLUT10 expression on medulloblastoma patients in the
Cavalli dataset (n=612). Survival curves were compared using the Log-rank (Mantel-Cox) test. Log p-
values were adjusted for FDR corrections amongst other candidates. Significant differences in survival
were considered those where log(p)<-1.3.

In order to refine our findings, we selected two GO terms for correlation analysis. The first,
'‘Antioxidant Activity' (GO:0016209, n=72), was chosen as AA is a well-established
antioxidant. Hence, we hypothesised that AA/DHA transporters would be co-expressed with
genes involved in antioxidant defence mechanisms. The second GO term 'Collagen
Metabolic Process' (GO:0032963, n=106), was chosen to investigate the hypothesis. We
hypothesised that a transporter associated with collagen production would be co-expressed

with genes involved in collagen metabolism, especially in the SHH subgroup.

We used R2 to calculate Pearson correlation coefficients (R values) to evaluate the linear
relationship between the expression of candidate genes and the genes within the specific
GO terms in medulloblastoma patients. The R value quantifies the strength and direction of
the expression relationship between two genes and ranges from -1 (perfect negative
correlation) to 1 (perfect positive correlation), with 0 indicating no correlation. Genes that
were significantly correlated with candidate gene expression (p<0.05) had their R-values
plotted on scatterplots, and an R value cut-off of £0.3 was applied to highlight meaningful
correlations (Schober et al., 2018). Genes that met this threshold were plotted in black and

those that did not were plotted in grey.

3.3.1. Antioxidant Activity

Figure 3.4 presents the scatterplot of the significant correlations between the candidate
transporter genes and the genes within the ‘Antioxidant Activity’ GO term, using gene
expression data from all medulloblastoma patients. Significant correlations were observed
for all candidate transporters (p<0.05), but most, including GLUT1-4, GLUTS8, and SVCT1,
had few genes that also met the R-value cutoff (n<7 for all candidates). GLUT10 was the
only GLUT transporter with a large number of significant correlations that satisfied this cutoff
(n=20; ~30% of the GO term), an overwhelming majority of which were positively correlated
to GLUT10 expression. SVCT2 showed a moderate set (n=12), though with a 50:50 split

between positive and negative correlations.
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Figure 3.4. Significant gene correlations between the expression of candidate transporters and
genes related to antioxidant activity. Each data point represents a gene within the GO term
‘Antioxidant Activity’ (n=72) whose expression is significantly correlated (p<0.05) with the candidate
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Figure 3.5. Significant gene correlations of interest between the expression of GLUT10 and
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Upon further investigation of the positive significantly correlated genes with GLUT10

expression, 6 genes of interest were identified (highlighted in red in Figure 3.5). TNXR1

(thioredoxin reductase) and GSR (glutathione reductase) are important enzymes for DHA
recycling to AA (Du et al., 2012; Figure 1.6), whilst CAT (catalase), GPX1, GPX7, and GPX8

(glutathione peroxidase 1, 7, and 8) are genes encoding key cellular antioxidant enzymes.

Catalase, as the key metaboliser of H2O2, has been observed to mitigate cytotoxic effects of
high-dose AA (Klingelhoeffer et al., 2012). GPx7 and GPx8 are found in the ER, similarly the
AA-dependent prolyl- and lysyl- hydroxylases are localised to the ER, suggesting AA
availability in the ER could be linked to our hypothesis (Pei et al., 2023; Table 3.1). These

genes were also investigated amongst SVCT2’s significantly correlated genes, and

contrastingly all 6 genes had a negative correlation with SVCT2 expression in

medulloblastoma patients (Figure 3.5).

Table 3.1 — The genes of interest in the significant correlations of GLUT10 and SVCT2 within the
GO Term ‘Antioxidant Activity’. References: (May et al., 1997; Pei et al., 2023; Klingelhoeffer et al.,
2012; Chen et al., 1984)

Relevance to AA

Gene Protein Function Biology
Belongs to the pyridine nucleotide disulfide
, . oxidoreductases.
Thioredoxin
TXNRD1 reductase 1 Contribute to the
Important for maintaining thioredoxin in a reduced . .
reduction of ascorbic
Etalte. 1o the FAD-dependent orotein acid to dehydroascorbic
: elongs to the ependent proteins. acid (see Figure 1.6).
GSR Glutathione o . '
reductase Important for maintaining glutathione in a reduced
state.
Catalase activity
Common enzyme that catalyses the decomposition | mitigates the pro-
CAT Catalase of hydrogen peroxide into oxygen. oxidant and cytotoxic
activity of ascorbic acid.
Glutathione peroxidases are an enzyme family that
catalyse the decomposition of ROS into water,
GPX1, Glutathione typically using glutathione as a reducing agent. Ascorbic acid can
GPX7, peroxidases - . . . increase the activity of
GPX8 1.7 and 8 GPx1 ubiquitous in cytoplasm and mitochondria. this group of enzymes.

GPx7 and GPx8 are found in the ER and play
important roles in ER stress.
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3.3.2.Collagen Metabolic Process
The analysis was replicated with genes in the GO term ‘Collagen Metabolic Process’, Figure

3.6 presents the scatterplot of the significant correlations between candidate genes and

genes within this GO term using patient data from the overall cohort.

Similar to their lack of correlation with genes in the ‘Antioxidant Activity’ GO term, GLUT1,
GLUT2, GLUT4, GLUTS, and SVCT1 exhibited minimal significant correlations that met the
R-value cutoff with genes in this GO term (n<7 for all candidates). GLUT10 (n=45, 42% of
the GO term) and SVCT2 (n=25), again, had a substantial number of significant correlations.
GLUT10 showed predominantly positive correlations, while SVCT2 exhibited predominantly
negative correlations. Interestingly, GLUT3 (n=32) also showed a moderate set of significant

correlations.

1.0—
..
)
L
» 0.5- ° o
o J o~'.~ °
% llecceceee ..9 .......................... :% ......................... ..........ﬁ ......... :. ............. ...'. .........
>
5
= 0.0-
S
£
o ™ @) e ereecceccecccccecccccelilececccccccctestecscctoccncnns @ cccecr el ? ------------------------- L gresccce
(&) 4 * o
& .0.54 * . g
[ ]
H

-1.0 1 1 1 1 1 1 1 1
GLUT1 GLUT2 GLUT3 GLUT4 GLUT8 GLUT10 SVCT1 SVCT2

Figure 3.6. Significant gene correlations between the expression of candidate transporters
and genes related to collagen metabolic process. Each data point represents a gene within the
GO term ‘Collagen Metabolic Process’ (n=106) whose expression is significantly correlated
(p<0.05) with the candidate transporter gene shown on the x-axis. The corresponding R value is
plotted on the y-axis, indicating the strength and direction of this relationship. Genes with R values
above or below the cut-off threshold of +0.3 (dotted line) are highlighted in black.
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In accordance with the previous GO term analysis, the significant gene correlations of
GLUTS3, GLUT10 and SVCT2 were further investigated (Figure 3.7). This identified six genes

that were previously identified in the collagen outer shell of SHH patients (Linke et al., 2022)

(Table 3.2). Consistent with the previous analysis, the genes were positively correlated to

GLUT10 expression, as well as GLUT3 expression, and negatively correlated to SVCT2

expression (Figure 3.7). The genes encode collagen types I, lll, and VI which have been

associated with improved survival outcomes in SHH patients (Linke et al., 2022).
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Figure 3.7. Significant gene correlations of interest between the expression of GLUT3, GLUT10
and SVCT2 and genes related collagen metabolism. For full description of scatterplot see Figure
3.6. Genes of interest (COL1A1, COL1A2, COL3A2, COL6A1, COL6A2, COL6A3) are labelled and
highlighted in red if R+0.3 and paler red if 0.3>R<-0.3.
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Table 3.2 — The genes of interest in the significant correlations of GLUT3, GLUT10, and SVCT2
within the GO Term ‘Collagen Metabolic Process. References: (Ricard-Blum et al., 2011, Linke et

al., 2023)
Relevance to SHH
Gene Protein Function Medulloblastoma
Biology
The most common type of fibril-forming collagen.
Collagen | Found in skin, tendons, ligaments, blood vessels,
COL1A1, ((11 a?]d o2 bone, |ungS, and heart. Gene expression
COL1A2 chain) associated with a better
The a1 homotrimer plays an essential role in wound | prognosis of SHH
healing. patients.
An essential fibril forming collagen in the structural
integrity of hollow organs. Present in the outer
COL3A1 Cﬂ"aﬂe.” . collagen shell
(a1 chain) Also functions in cell adhesion, migration and surrounding SHH
proliferation through integrin interactions. tumours.
COL6A1, | Collagen VI A microfibrillar collagen found in connective tissues.
ggtgﬁg (0;1 ’ ;?2 and Also has cytoprotective functions through inhibition
a3 chain) of apoptosis and oxidative damage.

We refined our investigation of GLUT3, GLUT10 and SVCT2 significantly correlated genes

within this GO term to the gene expression of SHH patients to observe if this overall

correlative relationship remains (Figure 3.8). The number of significant correlations
decreased for GLUT10 (n=14) and SVCT2 (n=10), in comparison GLUT3 retained a modest

set (n=4). We hypothesised this decrease in significant correlations could reflect the

heterogeneity of SHH tumours, thus this analysis was further refined to individual SHH

subtypes. Notably, the number of collagen-related genes correlated with GLUT10 expression
increased substantially in the SHH-a(n=31), SHH- 3 (n=17), and SHH-0 (n=22) subtypes
(Figure 3.8). In the SHH-a subtype, a subtype characterised with TP53 mutations and poor

prognosis, all six collagen genes found in the SHH-specific ECM shell were positively

correlated with GLUT10 expression (Northcott et al., 2019). Conversely, only in the SHH-y

subtype was SVCT2 expression significantly correlated with a large set of genes (n=34). The

significant gene correlations with GLUT3 within SHH subtypes was minimal, except in the
SHH-y subtype (n=16).
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Figure 3.8. Significant gene correlations between the expression of GLUT3, GLUT10, and SVCT2
with genes related to collagen metabolic process in SHH and subtypes. Each data point
represents a gene within the GO term ‘Collagen Metabolic Process’ (n=106) whose expression is
significantly correlated (p<0.05) with the specific candidate transporter gene in SHH and the SHH
subtypes (a, B, 0, and y) that are plotted on the x-axis. The corresponding R value is plotted on the y-
axis, indicating the strength and direction of this relationship. Genes with R values above or below the
cut-off threshold of +0.3 (dotted line) are highlighted in black. Genes of interest (COL1A1; COL1AZ2;
COL3A2; COL6A1; COL6A2; COL6A3) are highlighted in red if R+0.3 and paler red if 0.3>R<-0.3.

3.3.3. SVCT2 vs GLUT10 Expression

The identified genes of interest all positively correlated with GLUT10 and negative correlated
with SVCT2 (Figure 3.5 and Figure 3.7); we were interested to see if this inverse relationship
continued with the wider significantly correlated genes with SVCT2 and GLUT10 expression
in these GO terms, regardless of their meeting the R cutoff criterion. We utilised Venn
diagrams, figure 3.9, to visualise any overlap. Specifically, 23 genes overlapped from the
‘Antioxidant Activity' GO term (representing 39% of genes in the GO term) and 49 genes
from the 'Collagen Metabolic Process' GO term (representing 46% of genes in the GO term)

and). These findings strongly suggest an inverse relationship between GLUT10 and SVCT2.

Antioxidant Activity Collagen Metabolic Process

GLUT10 +ve Genes GLUT10 +ve Genes

SVCT2 -ve Genes SVCT2 -ve Genes

Figure 3.9. The reciprocal relationship of genes within the GO terms to GLUT10 and SVCT2
expression. GLUT10 significantly positively correlated genes (p<0.05; no R cutoff) (red circle) and
SVCT2 significantly negatively correlated genes (p<0.05; no R cutoff) (blue circle) in the GO terms
‘Antioxidant Activity’ and ‘Collagen Metabolic Process’

Thus, we directly investigated whether GLUT10 and SVCT2 expression per se exhibited an
inverse relationship in patient samples (Figure 3.10). This was confirmed in the overall
patient cohort, where a significant inverse correlation was observed (R =-0.325, p=3.40E-
20). However, a weaker correlation was noted among SHH patients (R=-0.183, p=0.0062).
The impact of the candidate’s expression patterns on SHH patient survival was also inverse:
patients with ‘high’ GLUT10 expression were associated with better survival outcomes, while

those with ‘high’ SVCT2 expression were linked to a poorer survival in the SHH subgroup.
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Figure 3.10. SVCT2 vs GLUT10 gene expression in A) medulloblastoma; B) SHH subgroup; C) SHH-
gamma subtype; D) 0-3 age group. The Log2 of SVCT2 expression is plotted on the left y axis (blue)
and the Log2 of GLUT10 expression is plotted on right (red). The samples are ordered on the x-axis
according to their SVCT2 expression.

Notably, there was no significant correlation found in SHH-q, -8, -, subtypes.

However, the SHH-y subtype exhibited a strong inverse correlation (R=-0.447, p=0.0017)
(Figure 3.10C). This finding is intriguing given the consistent negative correlations of SVCT2
in the SHH-y subtype. Since the SHH-y subtype predominantly consists of infants aged 0-3
years, we extended the analysis to this age group across all subtypes. The results confirmed
a significant and strong inverse correlation (R=-0.579, p=4.4E-10), which is clearly visualised
in Figure 3.10D. This is of note due to medulloblastoma originating in the developmental
stage, which may suggest developmental processes influencing the expression of these
transporters.
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3.4. GLUT10 and SVCT2 transporter genes are strong
candidates for involvement in SHH biology
The primary objective of this screen was to identify candidate transporter genes potentially

implicated in medulloblastoma biology. Selection criteria focused on; genes that exhibited

differential expression in medulloblastoma, a significant impact on patient survival and strong

significant correlations (R>+0.3) with genes associated with antioxidant activity and collagen
metabolism, Table 3.3 summarises the genes that met these criteria. GLUT10 and SVCT2

met all criteria and subsequently were chosen to further study the impact of their activity in

medulloblastoma.

Table 3.3 — The transporters and the criteria for selection for further study. If the transporter met

the criteria, the box was coloured green and if it did not the box was coloured grey.

GLUT3

Expression significantly
associated with SHH
patient survival

Differential expression
in SHH Tumours
compared to normal
cerebellum, Group 3
and Group 4)

A moderate set of
significant correlations
that met an R cutoff of
+0.3 with genes within
the GO term
‘Antioxidant Activity’

A moderate set of
significant correlations
that met an R cutoff of
+0.3 with genes within
the GO term ‘Collagen
Metabolic Process’ in

SHH patients

GLUT4

GLUT8

GLUT10

SVCT1

SVCT2

3.5. Validation of SVCT2 and GLUT10 expression in
medulloblastoma cell lines
Following the identification of SVCT2 and GLUT10 genes, we sought to investigate their
protein expression in patient-derived cell lines. We achieved this through western blot
detection of candidate protein expression in the medulloblastoma cell lines; DAQOY, ONS-76,
HD-MBO03, D425, CHLA-01 and CHLA-01R (Table 2.4; Jacobsen et al., 1985; Yamada et al.,
1989; Milde et al., 2012; Bigner et al., 1990; Xu et al., 2015). Three independently cultured
cell pellets were analysed per cell line. This analysis aimed to determine basal protein
expression in cell lines and explore potential differences in candidate expression within

medulloblastoma subgroups to guide future research directions.
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3.5.1.SVCT2 expression in medulloblastoma cell lines
To assess SVCT2 expression, a monoclonal SVCT2 primary antibody was utilised. Calnexin

served as a loading control and a housekeeping gene, and SH-SY5Y cells were used as a
positive control cell line (Uhlén et al., 2015, Human Protein Atlas proteinatlas.org). SVCT2
protein expression was observed in more than one pellet for each cell line. Notably, in two
out of three DAQY pellets, SVCT2 was either undetectable or displayed a faint band (Figure
3.11A).

Relative SVCT2 protein levels were quantified by normalising to calnexin expression using
ImageJ software. These values were plotted with error bars representing the standard error
of the mean (SEM) (Figure 3.11B). Statistical analysis using a two-way ANOVA, followed by
a multiple comparisons test, showed no statistically significant differences in SVCT2
expression between any of the cell lines. This suggests that SVCT2 expression is not

significantly subgroup specific.
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Figure 3.11. SVCT2 protein expression across medulloblastoma patient-derived cell lines.
Expression of SVCT2 in; ONS-76 and DAQOY (SHH), HD-MBO03 and D425 (Group 3), and CHLA-01 and
CHLA-01R (Group 4). A) Western blot of protein expression of one pellet repeat. Image obtained using
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a LI-COR machine. Anti-calnexin (SciGen) used as housekeeping gene. SVCT2 (50kDa; 1:2000,)
Calnexin (90kDa; 1:2000). B) Normalisation of SVCT2 protein expression with calnexin expression in
western blots using arbitrary units (AU). Error bars represent standard error of the mean. SHH cell lines
(red), group 3 (yellow), and group 4 (green). N=3. MM; molecular markers.

3.5.2.GLUT10 expression in medulloblastoma cell lines remained
elusive

Assessing GLUT10 expression proved more challenging. Initially, we obtained a GLUT10
antibody and utilised HepG2 cells (human hepatocellular carcinoma-derived cell line) as a
potential positive control due to high GLUT10 expression in liver (Uhlén et al., 2015, Human
Protein Atlas proteinatlas.org). However, despite multiple optimisation efforts, non-specific
bands were continuously observed with the strongest band at ~36kDa (GLUT10 - 57kDa)
(Figure 3.12)
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Figure 3.12. An example of the optimisation of GLUT10 antibody (1) in HepG2 cells. An example
western blot of GLUT10 in HepG2 cells investigating the effect of varied denaturing temperatures
during sample preparation. GLUT10 (57kDa; 1:1000). MM; molecular markers.

To overcome these issues, we sourced a new GLUT10 antibody and generated a positive
control by transfecting HEK-293T cells with GLUT10 plasmid. Initial antibody optimisation in
GLUT10-HEK293T cells revealed bands at the expected molecular marker (Figure 3.13A).
Despite this, non-specific bands persisted when attempting to detect GLUT10 in
medulloblastoma cell lines, even after further optimisation (Section 2.4; Figure 3.13B).
Although a band corresponding to the correct molecular weight was observed (highlighted by
a red box in Figure 3.13B), its validity is substantially compromised by the presence of non-
specific bands, limiting the reliability of this finding. Unfortunately, we could not source a
GLUT10 antibody that had been cited in literature independent to suppliers, thus were
limited to these two. In addition, there is no known evidence for alternative proteoforms in

cells (Dawson et al., 2001).
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Figure 3.13. GLUT10 Antibody (2) unable to detect GLUT10 in medulloblastoma cell lines. A)
Western blot of GLUT10 expression in HEK293T cells transfected with GLUT10 at 1:15 and 1:10
dilutions GLUT10 (57kDa; 1:1000). B) Western blot of GLUT10 expression in ONS-76 and DAQY
(SHH), HD-MBO03 and D425 (Group 3), and CHLA-01 and CHLA-01R (Group 4). A red box outlines the
hypothesised band relating to GLUT10 however there are extensive non-specific bands. GLUT10
(57kDa; 1:1000). Calnexin (90kDa; 1:2000). MM; molecular markers.

3.6 Concluding statements
In this chapter, the eight known DHA/AA transporter genes were screened in

medulloblastoma patient gene datasets (Pfister et al., 2011; Cavalli et a., 2017). This
analysis identified GLUT10 and SVCT2 genes as significantly differentially expressed in
SHH tumours, associated with survival outcomes of SHH patients and correlated with the
expression of key antioxidant and collagen genes (Figures 3.1-3.8). This suggested that
GLUT10 and SVCT2 transporter proteins could contribute to medulloblastoma biology
through regulating AA/DHA uptake into cells and their compartments. Their protein
expression was subsequently assessed using western blots, SVCT2 expression was

detected but GLUT10 expression remained elusive in medulloblastoma cell line (Figures

66



3.11-3.14). Given these challenges, alternative approaches could have been employed to
detect and quantify GLUT10 protein expression, such as mass spectrometry-based
proteomics or immunoprecipitation-based enrichment prior to western blotting. Additionally, if
the goal was to confirm gene expression rather than protein levels, RT-gPCR could have
been used to measure GLUT10 transcript levels. Due to the lack of confidence in these
results for CRISPR knock-out investigation, we shifted focus to assess the impact of varying
AA concentrations on cultured SHH spheroids. Consequently, this chapter concludes our
investigation of DHA/AA transporters but strengthens our confidence in exploring AA’s
effects in the next chapter, as GLUT10 and SVCT2 remain promising candidates in

medulloblastoma biology.
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Investigating Ascorbic Acid Action in SHH 3D

Spheroids
SHH spheroids were used as a model for assessing the effects of AA alone and in
combination with cisplatin on the growth of SHH tumours, as our hypothesis is rooted in SHH
biology. Spheroids were cultured according to the protocol outlined by Dr Roper (Roper et
al., 2022; Section 2.3; Figure 2.1). Sub-confluent DAOY and ONS-76 cells were seeded in
ULA plates on Day 0, and imaged on Day 4, 5, 6 and 7 (Figure 4.1A). Both DAOY and ONS-
76 spheroids increased in size during this period, although DAQY spheroids grew at a
quicker rate than ONS-76 spheroids (Figure 4.1B). Additionally, ONS-76 spheroids appeared
an irregular size in comparison to the more spherical DAQOY spheroids, this is most likely a
consequence of inaccurate seeding density and/or as the plates weren’t shaken, however
this morphology continues for all ONS-76 repeats. Spheroid volumes were measured at
each time point using ImageJ software to determine area. At Day 4, spheroids were treated
with the compounds of interest during a media change, and we performed a two-way
ANOVA followed by a multiple comparison’s test to assess statistical significance between
the volume of differently treated SHH spheroids at Day 5, 6 and 7.

A

Day 0 Day 4 Day 5 Day 6 Day 7

Spheroids Imaged and
Volume Measured

Day 4 Day 5 Day 6 Day 7

Figure 4.1. Day 4 to 7 Growth of DAOY and ONS-76 Spheroids. A) Experimental set up for culturing
3D medulloblastoma spheroids. Sub-confluent cells are seeded in ultra-low attachment plates in
neurosphere media at Day 0 and at Day 4 can be treated then imaged every 24 hours using a ZOE™
Fluorescent Cell Imager. B) Brightfield images of DAOY and ONS-76 spheroids at Day 4, 5, 6 and 7.
Scale bar: 100um.

DAOY

ONS-76
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4.1. Ascorbic Acid increases growth in SHH spheroids

Day 4 SHH spheroids were treated with one of three concentrations of AA: 100uM
(physiological plasma concentration; Carr et al., 1999), 1mM (physiological neuronal
concentration; Angelow et al., 2003), and 2.5mM, the high dose. Spheroid volumes at each
time point were normalised to their pre-treatment volume (Day 4) (Figure 4.2). We
hypothesised that physiological concentrations of AA (100uM and 1mM) would promote
spheroid growth by increasing collagen deposition but the high AA concentration (2.5mM)

would promote AA’s pro-oxidant activities and inhibit spheroid growth.

Contrary to this hypothesis, AA stimulated growth in DAOY spheroids at all concentrations
(Figure 4.2A). The significance of this growth compared to controls showed a concentration-
dependent effect at different time points. Physiological concentrations of AA (100uM and
1mM) induced an earlier growth response, with the most significant differences in growth
observed at Day 5 (48 hours post-treatment; p<0.0001 for both concentrations). Whereas
spheroids treated with 2.5mM AA showed a delayed significant growth response, and their
growth was most significantly different to controls at Day 7 (p<0.0001). Notably 2.5mM AA-
treated spheroids also displayed the largest overall increase in size (2.5-fold increase
relative to Day 4). The treatment of DAQOY spheroids with 2.5mM AA also led to
morphological changes, including cell dissociation (indicated by a red arrow in Figure 4.2C)
and the appearance of dark speckles (indicated by white arrows in Figure 4.2C). These dark
speckles were consistently observed across all wells treated with 2.5mM AA, in both cell
lines. We hypothesised that these speckles may represent AA crystallising out of solution at

high concentrations.

In contrast, ONS-76 spheroids displayed a generally more modest growth in response to AA
(Figure 4.2B). The largest overall increase in size observed was 1.9-fold compared to a 2.5-
fold increase in size for the DAOY spheroids and untreated spheroids only increased in size
by 1.2-fold. Only 1mM and 2.5mM AA treatment induced a significant increase in size
compared to controls and this was only observed at Day 7 (p<0.05 and p<0.001
respectively). Whilst 100uM AA (physiological plasma concentration) had no significant
effect on ONS-76 spheroid size, which suggests ONS-76 spheroids require larger
concentrations of AA to grow. Interestingly, 1mM and 2.5mM AA-treated ONS-76 spheroids

had visible protrusions (indicated by red arrows in Figure 4.2C).
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Figure 4.2. Ascorbic acid increases the size of DAOY and ONS-76 spheroids. The changes in
volume of the spheroid over the time course for A) DAOY spheroids and B) ONS-76 spheroids.
Spheroid volume was normalised to pre-treatment volume (Day 4). Error bars represent the mean
+SEM; n=3 with 3 internal replicates. Untreated control - grey; 100uM AA- pale blue; 1mM AA- blue;
2.5mM AA- midnight blue. C) Representative brightfield images of DAOY and ONS-76 spheroids at
Day 7 for all conditions. Reference brightfield image of DAOY and ONS-76 spheroid at Day 4. Red
arrows indicate structural changes in the spheroids. White arrows indicate dark hypothesised
crystallised AA. Scale bar = 100um. The results of the two-way ANOVA and multiple comparisons test
between the size of AA-treated and untreated spheroids at Day 5, 6 and 7 are symbolised by * in the
corresponding colour key. * p<0.05 ** p<0.01 *** p<0.001.

4.2. Investigating the Effect of Cisplatin and Ascorbic Acid
Co-treatment in SHH Spheroids
As high-dose AA has been reported to potentiate chemotherapy response in vitro and in
vivo, we next investigated the effect of AA in combination with cisplatin in SHH spheroids
(Tronci et al., 2021; Chen et al., 2019; Takemura et al., 2010; Ghavami et al., 2020).
Cisplatin is a platinum-based chemotherapeutic drug routinely used in the treatment of
medulloblastoma with previously established IC values for SHH spheroids (REF; Roper et
al., 2022). We used the same experimental set up as before but introduced cisplatin at
0.5uM, 1uM and 5uM concentrations alongside our previously tested concentrations of AA to
Day 4 SHH spheroids (Figure 4.1).

We hypothesised that physiological concentrations of AA (100uM and 1mM) would protect
spheroids from cisplatin-induced cytotoxicity through the inhibition of ROS production
(Huang et al., 2023). While high-dose AA (2.5mM) would enhance cisplatin-induced
cytotoxicity by increasing ROS production and decrease the size of spheroids compared to

cisplatin-only controls (Huang et al., 2023).

4.2.1.High-dose ascorbic acid potentiates the cytotoxicity of
chemotherapeutic agent cisplatin in DAOY spheroids

DAQY spheroids treated with 0.5uM cisplatin (IC+) had a reduced overall growth (1.1-fold
increase; Figure 4.3A). Co-treatment with 100pM or 1mM AA partially rescued spheroid
growth by Day 7 (1.3-fold increase), suggesting at these concentrations AA partially protect
spheroids from cisplatin-induced cytotoxicity. Co-treatment with 2.5mM AA led to a decrease
in spheroid size (0.8-fold change) with boundary disintegration and cell shedding that was
not observed in 0.5uM cisplatin alone-treated spheroids (indicated with red arrows in Figure
4.3C). However, none of the induced changes in spheroid size were statistically significant

compared to 0.5uM cisplatin alone-treated spheroids.
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Figure 4.3. High dose ascorbic acid can potentiate cisplatin response in DAOY spheroids. The
changes in volume of the spheroid over the time course for DAQY spheroids treated with A) 0.5uM
cisplatin and B) 1uM cisplatin alongside ascorbic acid conditions (100uM, 1mM and 2.5mM). Spheroid
volume was normalised to pre-treatment volume (Day 4). Error bars represent the mean +SEM; n=3
with 3 internal replicates. Untreated control - grey; Cisplatin only — red; with 100uM ascorbic acid - pale
blue; with 1mM ascorbic acid - blue; with 2.5mM ascorbic acid - midnight blue. C) Representative
brightfield images of DAOY spheroids at Day 7 for all conditions. Red arrows indicate structural changes
in the spheroids. Reference brightfield image of DAQY spheroid at Day 4. Scale bar: 100um.

1uM (ICso) cisplatin-treated DAQY spheroids reduced in overall size (0.7-fold change; Figure
4.3B) Again, co-treatment with 100uM or 1mM AA partially rescued spheroid growth (0.9-fold
and 0.8-fold, respectively), but spheroids still exhibited a net decrease in size. Spheroids co-
treated with 2.5mM AA and 1uM cisplatin showed the most pronounced shrinkage (0.6-fold),
accompanied by extensive cell shedding (identified with red arrows in figure 4.3C). However,
none of the induced changes in spheroid size were statistically significant compared to 1uM

cisplatin alone-treated spheroids. It is noteworthy that at Day 5 (24 hours post-treatment), all

AA concentrations with 1uM cisplatin led to an initial increase in spheroid size.

At the highest cisplatin concentration (5uM, 1C7s), DAQY spheroids could not accurately be
analysed as the spheroid boundary and the cells dissociating from it could no longer be
confidently discerned (Figure 4.3C). However, co-treatment with 2.5mM AA and 5uM
cisplatin produced visibly darkened spheroids, suggesting increased density and possible
cell death. This would be consistent with our previous observations in 2.5mM AA and 0.5uM

and 1uM cisplatin co-treated DAOY spheroids (Figure 4.3).

4.2.2.Enhancing cytotoxicity of high-dose ascorbic acid with
cisplatin is not observed in ONS-76 spheroids
ONS-76 spheroids treated with 0.5uM cisplatin decreased in overall size (0.9-fold change;

Figure 4.4A). When co-treated with AA at all concentrations, ONS-76 spheroids maintained
their growth (1.15-1.3-fold increase), in fact increasing AA concentration led to an increased
rescue of growth in the presence of 0.5uM cisplatin that was larger than the growth of
untreated controls (1mM and 2.5mM AA with 0.5uM cisplatin: 1.3-fold increase; untreated
controls: 1.2-fold increase). However, these differences were not statistically significant,
suggesting that while AA may counteract the growth-reducing effects of cisplatin in ONS-76

spheroids, further investigation is needed to determine the extent of this effect.
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Untreated Control Cisplatin w/100uM AA w/imM AA w/2.5mM AA

0.5uM
Cisplatin

1uM Cisplatin

5uM Cisplatin

Day 4

Day 7
Figure 4.4. 2.5mM ascorbic acid does not potentiate cisplatin response in ONS-76 spheroids.
The changes in volume of the spheroid over the time course for ONS-76 spheroids treated with A)
0.5uM cisplatin; B) 1uM cisplatin and C) 5uM cisplatin alongside ascorbic acid conditions (100uM, 1mM
and 2.5mM). Spheroid volume was normalised to pre-treatment volume (Day 4). Error bars represent
the mean +SEM; n=3 with 3 internal replicates. Untreated control - grey; Cisplatin only — red; with 100uM
ascorbic acid - pale blue; with 1mM ascorbic acid - blue; with 2.5mM ascorbic acid - midnight blue. D)
Representative brightfield images of ONS-76 spheroids at Day 7 for all conditions and at Day 4. Red
arrows indicate structural changes in the spheroids. Scale bar: 100um.
1uM cisplatin treatment, curiously, maintained ONS-76 spheroid growth (1.15-fold increase;
Figure 4.4B). Co-treatment with 100pM and 1mM AA similarly maintained growth (1.15-1.2-
fold increase) but spheroids co-treated with 2.5mM AA increased in size (1.4-fold increase).
However, this increase in growth was not statistically significant compared to cisplatin only
treatment. Observationally, TmM and 2.5mM AA co-treated spheroids displayed peripheral
protrusions similar to the ones observed in ONS-76 spheroids treated with AA alone

(indicated with red arrows in Figure 4.4D).

ONS-76 spheroids treated with 5uM cisplatin showed a marked decrease in volume,
shrinking by a mean of 0.3-fold of their original size (Figure 4.4C). This severe reduction in
volume was accompanied by extensive cell dissociation, highlighting the strong cytotoxic
effect of 5uM cisplatin on ONS-76 spheroids (Figure 4.4D). Co-treatment with physiological
concentrations of AA partially mitigated this reduction in volume (~0.5-fold change for AA
concentrations) while cotreatment with 2.5mM AA spheroids resembled cisplatin controls.
However, despite this partial recovery in volume, spheroids exhibited signs of cell
dissociation at the periphery, suggesting that AA at any tested concentration was unable to

fully rescue the integrity of the spheroid.
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4.3. Investigating the effect of ascorbic acid on reactive
oxygen species production in SHH spheroids
To determine whether the mechanism underlying the potentially enhanced cytotoxicity of
cisplatin in the presence of 2.5mM AA in DAQY spheroids was due to the pro-oxidant
activities of AA we assessed the levels of ROS produced in SHH spheroids co-treated with
AA and cisplatin. We utilised the fluorescent probe DCFH-DA to monitor ROS production
(Figure 2.2A). DCFH-DA permeates cell membranes and is acetylated intracellularly to non-
fluorescent DCFH. In the presence of ROS, DCFH can be oxidised to the highly fluorescent
compound DCF. The fluorescence intensity of this signal is proportional to ROS levels.
Although DCFH-DA is not specific for any particular oxidative species, it provides a reliable
measure of overall oxidative stress, making it appropriate for the broad investigation of ROS
in this context. The experimental set up is described in Section 2.3.4 and summarised in
Figure 2.2B.

The methodology of this assay was in accordance with previous literature (Bardyn et al.,
2021; Oh et al., 2020). SHH spheroids were loaded with DCFH-DA prior to treatment as this
allowed for us to monitor real-time changes in ROS production. We treated with AA first and
then cisplatin in order to distinguish the effects of each treatment on ROS levels, as well as
their possible interaction. We reduced the assay duration to two hours due to our interest in
capturing the acute ROS changes, which we hypothesised could be the trigger for longer-
term spheroid structural changes that were observed in size analyses (Figure 4.3 and 4.4).
We performed a two-way ANOVA followed by a multiple comparisons test to assess
statistical significance between the ROS levels of AA co-treated and cisplatin-only spheroids
at the last fluorescence read (=135 mins). Given the assumption that cisplatin treatment
would induce a significant ROS increase, we hypothesised that AA co-treatment at 2.5mM
would exacerbate ROS production, specifically in DAQY spheroids, and at physiological

concentrations (100uM and 1mM) would reduce ROS.
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4.3.1.Pre-treatment of SHH spheroids with ascorbic acid depresses
ROS levels upon addition of cisplatin

Contrary to this hypothesis, no significant increase in ROS was observed in DAOY spheroids
treated with 2.5mM AA at any dose of cisplatin (Figure 4.5). Cisplatin did not show a dose or
cell-line dependent increase in ROS - all concentrations of cisplatin led to a relatively
comparable increase of ~2-fold compared to pre-treatment levels. Pre-treatment with AA, led
to the maintenance of ROS levels following cisplatin treatment in both DAOY and ONS-76
spheroids. In fact, there was a slight trend in increasing AA concentration dampening ROS
levels more significantly. Co-treatment with 2.5mM AA in all conditions, except with 5uM in
DAOQY spheroids, led to a significant difference of p<0.001 in ROS levels compared with
cisplatin-only controls (Figure 4.5). The degree of significance was better maintained in
ONS-76 spheroids with a p<0.01 for all conditions tested. These findings suggests that AA at
all tested concentrations acted as an antioxidant, protecting the spheroid from cisplatin-

induced oxidative stress.
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Figure 4.5 Pre-treatment with ascorbic acid dampens ROS levels following cisplatin treatment.

The changes in fluorescence across 1hr treatments with ascorbic acid followed by cisplatin in DAOY and
ONS-76 spheroids, at the concentrations 0.5uM, 1uM and 5uM cisplatin. A media control background
fluorescence was subtracted at each time-point and values then normalised to the fluorescence value t=-
15. At t=-5 ascorbic acid conditions are added to the wells (first dotted line) and at t=70 cisplatin conditions
are added to the wells (second dotted line). Error bars represent the mean +/- SEM; n=3 with 3 internal
replicates. Untreated control - grey; Cisplatin only — red; with 100uM ascorbic acid - pale blue; with 1mM
ascorbic acid - blue; with 2.5mM ascorbic acid - midnight blue. The results of the two-way ANOVA and
multiple comparisons test between AA co-treated and cisplatin only ROS levels at t=-135 are symbolised
by * in the corresponding colour key. * p<0.05 ** p<0.01 *** p<0.001.

4.3.2.High-dose ascorbic acid potentially exacerbates oxidative
stress in pre-stressed DAOY spheroids

Given the previous findings, we re-evaluated the experimental setup and reversed the
treatment order, first treating with cisplatin and then AA. This was designed to test whether a
pre-stressed environment would alter AA’s role, potentially shifting 2.5mM AA to exerting
pro-oxidant effects and increasing ROS production. Considering time constraints, this was

purely exploratory, and the results shown in Figure 4.6 represent an n=1 in DAQY spheroids.
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Figure 4.6 Pre-treatment with ascorbic acid dampens ROS levels following cisplatin treatment.

The changes in fluorescence across 1hr treatments with ascorbic acid followed by cisplatin in DAOY and
ONS-76 spheroids, at the concentrations 0.5uM, 1uM and 5uM cisplatin. A media control background
fluorescence was subtracted at each time-point and values then normalised to the fluorescence value t=-15.
At t=-5 ascorbic acid conditions are added to the wells (first dotted line) and at =70 cisplatin conditions are
added to the wells (second dotted line). Error bars represent the mean +/- SEM; n=3 with 3 internal replicates.
Untreated control - grey; Cisplatin only — red; with 100uM ascorbic acid - pale blue; with 1mM ascorbic acid
- blue; with 2.5mM ascorbic acid - midnight blue.
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Following the addition of 1uM cisplatin, ROS levels gradually increased in the DAOY
spheroids. When 100uM AA was added, a suppression of ROS was observed, comparable
to untreated controls. This aligns with previously collected data suggesting that physiological
concentrations of AA may mitigate cisplatin-induced oxidative stress. In contrast, pre-
stressed spheroids treated with 2.5mM AA exhibited a marked increase in ROS levels,
particularly after 90 minutes. While this sharp rise in ROS suggests that, under conditions of
pre-existing oxidative stress, high-dose AA may act as a pro-oxidant, further experiments are
required to determine whether it directly amplifies ROS production or if other oxidative

stress-related mechanisms are involved.
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5. Discussion

Medulloblastoma is a highly malignant paediatric brain tumour with a 5-year event-free
survival rate of 70% (Ramaswamy et al., 2016). The current standard treatment strategy
includes surgical resection, craniospinal radiotherapy and high-dose chemotherapy (Millard
and de Braganca, 2016). However, these aggressive treatments come with significant long-
term side effects, particularly neurological impairments, which underscores the urgent need

for alternative or adjuvant therapies that reduce the treatment burden on young patients.

There is a growing interest in high-dose AA as a potential adjuvant therapy for a range of
cancers, this notably includes glioblastoma multiforme — a highly malignant adult brain
tumour (Allen et al., 2019). High-dose AA induces oxidative stress specifically in cancer
cells, and has been shown to synergise with chemotherapeutics, sensitise previously
chemo-resistant cells, and protect non-tumour cells from treatment-induced damage
(O’Leary et al., 2018; Schoenfeld et al., 2017; Bottger et al., 2021; Figure 1.12).

In this thesis, we were interested in the potential role of AA in two critical contexts of
medulloblastoma. Firstly, with consideration of AA’s involvement in collagen production, we
explored if AA contributed to the formation of the dense collagen-rich outer shell
characteristic of SHH medulloblastoma tumours (Linke et al., 2023). Secondly, we
investigated if the anti-tumour effects of high-dose AA both as a standalone treatment and in
combination with the chemotherapeutic agent cisplatin extended to medulloblastoma cells.
Additionally, we aimed to assess whether AA/DHA transporters play a role in these
processes to provide further insights into their potential impact on tumour behaviour and

therapy response.

5.1 SVCT2 and GLUT10 identified as potential mediators
of ascorbic acid transport in medulloblastoma

To explore potential mediators of AA uptake in medulloblastoma, we performed a

bioinformatic analysis of AA and DHA transporter genes in genomic patient datasets (Cavalli

et al., 2017; Chapter 3). This identified GLUT10 and SVCT2 as potential key players in

medulloblastoma biology, with opposing expression patterns and prognostic associations in

SHH tumouirs.
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GLUT10 expression was significantly higher in SHH tumours compared to other subgroups
and correlated strongly with DHA recycling genes and collagen-related genes, particularly
those forming the ECM-rich shell of SHH tumours. This link between GLUT10 and collagen
metabolism aligns with previous findings in arterial tortuosity syndrome (ATS), a disorder
caused by GLUT10 loss-of-function mutations that result in severe ECM disorganisation and
collagen abnormalities (Coucke et al., 2006; Callewaert et al., 2008; Zoppi et al., 2015;
Figure 5.1).

Control ATS Fibroblasts
Fibroblast | L \

GLUT10

FBNs

CcoL 1

coLv 2%

DCN

Figure 5.1. Immunofluorescence analysis visualising the impact of loss of function GLUT10 on
extracellular matrix organisation in fibroblasts. In control fibroblasts the extracellular matrix is
organised into an extensive network of fibronectins, collagens and decorin. In arterial tortuosity
syndrome fibroblasts — loss of GLUT10 — collagen Ill and V are intracellularly retained and fibronectins
and decorin are not present in the extracellular matrix. FBNs, fibronectin; DCN, decorin. Figure adapted
from Zoppi et al., 2015.

SVCT2, in contrast, was also enriched in SHH tumours but was associated with worse
survival outcomes. It showed an inverse correlation with DHA recycling genes and key
antioxidant enzymes, suggesting a distinct role in redox regulation. Since high-dose AA
uptake and efficacy have been shown to depend on SVCT2 expression in various cancer
types (Wohlrab et al., 2017; Hong et al., 2012; Cho et al., 2018; Wang et al., 2017), its
negative correlation with catalase (CAT) in medulloblastoma tumours is particularly
interesting. As catalase reduces H,O, cytotoxicity (Klingelhoeffer et al., 2012), lower
catalase expression in SVCT2-high tumours could indicate an increased reliance on direct

AA uptake while heightening oxidative stress susceptibility.
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However, the most intriguing aspect of these findings is the inverse relationship between
GLUT10 and SVCT2 across multiple levels, including patient prognosis, correlation with key
genes and their expression relationship in SHH tumours. This suggests they may serve
opposing roles in SHH medulloblastoma biology. GLUT10’s association with collagen genes
may support the integrity of the prognostically beneficial ECM shell, contributing to better
survival outcomes. Conversely, SVCTZ2’s inverse correlation with antioxidant genes,
particularly catalase, could reflect a reliance on SVCT2 activity in response to heightened
oxidative burden, potentially making these tumours more aggressive yet more sensitive to

oxidative stress-based therapies.

One possible mechanism for this inverse relationship is that GLUT10-expressing tumours
depend on DHA recycling for intracellular AA supply, while SVCT2-expressing tumours rely
on direct AA uptake. This difference in AA handling could significantly influence redox
balance, antioxidant capacity and tumour response to treatment. The association of SVCT2
with poorer prognosis suggests that tumours with high SVCT2 expression might exhibit a
more unstable redox environment, potentially driving oxidative stress-mediated tumour
progression. Future functional studies will be critical to determining whether this inverse
expression pattern actively drives tumour behaviour or is a compensatory adaptation to

metabolic pressures in SHH tumours.

5.2. Investigating the hypothesis ‘ascorbic acid supports
the production of collagen in SHH medulloblastoma’
Collagen plays a complex role in tumour biology (as discussed in section 1.4), and while

collagen and it's modifying enzymes, such as MMPs and LOXs, have been studied in
various cancers, the potential contribution of AA to collagen production in cancer remains
unexplored (Huang et al., 2021). This gap is intriguing given AA not only serves as a co-
factor for collagen synthesis but also exhibits broader roles in collagen production. These
include increasing collagen mMRNA expression, stimulating fibroblast proliferation and their
secretion of ECM components including collagens, and inhibiting MMP activity (Pinell et al.,
1987; Grinell et al., 1989; Chen et al., 2011). In vivo studies have indirectly supported a
connection between AA and collagen in cancers through observations of increased collagen
expression and clearer tumour boundaries in AA-treated mice models (Polireddy et al.,
2017; Cha et al., 2013). However, these studies lack direct mechanistic insights into how AA

influences collagen.
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In the context of medulloblastoma, increased collagen and ECM deposition was observed
around SHH tumours and associated with better patient survival outcomes (Linke et al.,
2023). The collagen shell could act as a protective physical barrier to limit tumour spread
thereby enhancing prognosis. Consequently, in this thesis we aimed to investigate whether

AA contributes to collagen production in SHH medulloblastoma.

5.2.1. Ascorbic acid increased the size of SHH spheroids
Based upon previous monotherapy studies, we hypothesised that treating spheroids with

physiological concentrations of AA would lead to an increase in growth, whereas higher
concentrations would induce a ROS-driven reduction in growth (Tronci et al., 2021; Chen et
al., 2019; Takemura et al., 2010; Du et al., 2012). However, contrary to this expectation, all
tested AA concentrations significantly increased DAQOY spheroid growth, while ONS-76

spheroids exhibited a delayed significant growth response.

Based on previous monotherapy studies, we hypothesised that treating spheroids with
physiological concentrations of AA would promote growth via collagen deposition, whereas
higher concentrations would induce a ROS-driven reduction in growth (Tronci et al., 2021;
Chen et al., 2019; Takemura et al., 2010; Du et al., 2012). However, contrary to this
expectation, all tested AA concentrations significantly increased DAOY spheroid growth,

while ONS-76 spheroids exhibited a delayed but ultimately significant growth response.

A key observation was the accompanying structural changes, including cell dissociation and
protrusion formation. The peripheral dissociation could potentially be attributed to increased
mechanical force from increased collagen deposition, as ECM stiffening has been shown to
promote EMT (Fang et al., 2012). Alternatively, the protrusions suggest that AA treatment
appeared to have an effect on the cytoskeleton. However, the irregular morphology of ONS-
76 spheroids complicates this interpretation, as their shape variations may be independent

of treatment effects.

The differences in DAOY and ONS-76 spheroid response could be influenced by their SHH-
a and SHH- subgroup identities (Table 2.4). While DAQY spheroids exhibited a rapid
growth response, with significant increases as early as 24 hours post-treatment, ONS-76
spheroids responded more gradually, with significant changes only appearing at 72 hours
post-treatment. This could suggest that DAQOY spheroids are more sensitive to AA’s growth-
promoting effects, though their larger and more spherical initial morphology compared to the

smaller and more irregular ONS-76 spheroids introduces confounding variables.
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The interpretation of these results was limited by the set time point approach. Typically,
spheroids are grown over the entire growth cycle to generate a sigmoidal growth curve,
enabling assessment of parameters such as doubling time. The current analysis only
compared growth at single time points, making it difficult to determine where each spheroid
type sat within its growth phase. Future studies should assess full growth curves in the

presence of AA to better characterise its effects on specific growth dynamics.

Finally, to investigate whether the AA-induced growth effects were mediated by increased
collagen-deposition, as hypothesised, we attempted immunohistochemistry (IHC) on Day 7
AA-treated spheroids. However, technical challenges with paraffin-embedded HistoGel
sectioning precluded analysis, despite multiple protocol optimisations. Future approaches
could explore alternative ECM visualisation methods, such as immunofluorescence imaging
or directly measuring collagen by hydroxyproline quantification. Given the observed growth-
promoting effects of AA, this analysis would have been critical in distinguishing whether AA
enhances spheroid expansion via ECM remodelling or alternative pathways. The inability to
confirm collagen deposition leaves open the possibility that AA-mediated growth effects were
driven by alternative mechanisms, such as modulation of redox balance or increased

metabolite availability supporting cellular proliferation.

5.3. Investigating the hypothesis ‘Ascorbic acid at
supraphysiological concentrations is a pro-oxidant
with anti-tumour roles in medulloblastoma’

ROS plays a complex role in cancer biology; as a by-product of the increased metabolic

activity of cancer cells, ROS can drive carcinogenesis through promoting proliferation,
survival, and metastatic potential (Figure 1.11; Nakamura et al., 2012). However, an
excessive production of ROS induces chronic oxidative damage culminating in programmed
cell death (Nakamura et al., 2012). Harnessing this redox vulnerability is the basis of
numerous cancer therapies, including GSH recycling inhibitors which aim to deplete cancer
cell’s antioxidant defence as well as tyrosine kinase inhibitors which upregulate NADPH
oxidase — an ROS producing enzyme — to exacerbate ROS production (Ju et al., 2015;
Huang et al., 2021). These therapies when given in combination with standard therapies, are
cytotoxic to cancer cells, and even could sensitise a previously chemo-resistant pancreatic

cancer cell line (Ju et al., 2015).
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AA acts as a pro-oxidant at high concentrations in the presence of transition metals such as
Fe* and generates large amounts of ROS (Buettner et al., 1996). At these high
concentrations (>1mM) AA can selectively induce cell death in a range of cancer cell lines
when given alone (Tronci et al., 2021; Chen et al., 2019; Du et al., 2012) and in combination
with standard treatments (O’Leary et al., 2018; Schoenfeld et al., 2017). In combination with
standard treatment, the pro-oxidant effects of high-dose AA can amplify the oxidative stress
induced by these treatments and improve their efficacy. These promising in vitro and in vivo
studies have led to early-phase clinical trials of high-dose AA in combination with
radiotherapy and/or chemotherapy in pancreatic cancer, ovarian cancer and glioblastoma
multiforme (Bruckner et al., 2017; Ma et al., 2014; Allen et al., 2019). These trials have

reported reduced toxicity and general trends towards an improved progression-free survival.

In this thesis, we aimed to explore whether the pro-oxidant and anti-tumour properties of
high-dose AA extended to SHH medulloblastoma. We hypothesised that AA at 2.5mM would
increase ROS production and exhibit anti-tumour effects in SHH medulloblastoma spheroids.
Additionally, combining 2.5mM AA with cisplatin would exacerbate oxidative stress and
enhance cisplatin’s cytotoxicity. This study addresses a gap in medulloblastoma research by
evaluating AA's role at potentially pharmacological doses, aiming to assess its potential as

an adjuvant therapy alongside standard treatments such as cisplatin.

5.3.1. High-dose ascorbic acid enhances cisplatin-induced
cytotoxicity specifically in DAOY spheroids
We investigated whether co-treatment of AA with cisplatin in SHH spheroids, a standard
chemotherapeutic for medulloblastoma, would reveal differential concentration-dependent
effects of AA. Given that high-dose AA has shown synergy with cisplatin in cancer cell lines
(Ghavami et al., 2020), we hypothesised that cisplatin’s transition metal content could
enhance high-dose AA’s pro-oxidant effects and thus spheroids treated with this combination
would significantly decrease in growth (Marullo et al., 2013). However, SHH spheroids

exhibited complex, context-dependent responses to AA and cisplatin.

At physiological concentrations, AA appeared to partially counteract cisplatin-induced
cytotoxicity in both DAOY and ONS-76 spheroids, suggesting an antioxidant-mediated
protective effect. This aligns with previous findings that physiological AA can neutralise ROS

and mitigate chemotherapy-induced oxidative stress (Marullo et al., 2013).

86



In contrast, at 2.5mM AA, cisplatin-induced cytotoxicity was exacerbated in DAOY
spheroids, leading to increased cell shedding by Day 7. Yet, in ONS-76 spheroids, 2.5mM
AA reduced cisplatin cytotoxicity, with these spheroids retaining their size more effectively
than those treated with cisplatin alone. The contrasting responses suggest that factors
beyond baseline cisplatin sensitivity influence treatment outcomes, particularly spheroid
morphology and intrinsic biological differences. DAOY spheroids were larger and more
spherical, while ONS-76 spheroids are smaller and irregular, which could affect nutrient
diffusion, drug penetration and oxidative stress susceptibility. However, if these differences
persist under controlled morphology conditions, it would indicate that intrinsic biological

differences drive their divergent responses.

A potential determinant could be their SHH subtype identity, as DAQOY spheroids align with
SHH-a tumours and ONS-76 with SHH-f3 tumours (Table 2.4). This is particularly relevant in
the context of TP53 mutational status, as SHH-a tumours frequently harbour TP53
mutations, which influence redox regulation, apoptosis and chemotherapy resistance.
Additionally, differences in AA and DHA transporter expression between these cell lines may
alter AA uptake, metabolism and downstream effects on oxidative stress or collagen
remodelling. These molecular differences may fundamentally shape their response to high-

dose AA and cisplatin.

The additive cytotoxic effect of high-dose AA in DAOY spheroids may be attributed to its pro-
oxidant properties, where excessive ROS production overwhelms cellular antioxidant
defences, ultimately promoting oxidative damage and cell death. However, interpreting these
results was complicated by the analysis method. Total spheroid volume, while providing an
estimate of treatment effects, did not fully capture cell viability or structural changes. Notably,
at high-dose cisplatin, spheroids exhibited a darkened appearance, characteristic of
widespread cell death, yet this did not translate into complete spheroid disintegration. As a
result, high-dose AA and cisplatin’s cytotoxic effects may have been underestimated. A more
precise assessment of AA’s impact on cell survival would require complementary viability
assays, such as live/dead staining, ATP-based metabolic assays, or caspase activity
measurements. Limited by the timeframe, we decided to investigate this observation by

measuring the acute ROS production of SHH spheroids in response to treatment.
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5.3.2. Is the anti-tumour effect of high-dose ascorbic acid with
cisplatin dependent on increased ROS?
Based on both the results of the previous analysis and extensive literature outlining high-

dose AA as a pro-oxidant, we hypothesised that the addition of 2.5 mM AA would
exacerbate ROS production in DAOY spheroids when combined with cisplatin.

However, our ROS measurements using DCFH-DA revealed a surprising result: all AA
concentrations, including 2.5 mM, significantly suppressed ROS production in the presence
of cisplatin. This finding contradicted our hypothesis and suggested that AA does not act as

a pro-oxidant under these conditions.

These results prompted us to reconsider the experimental design. In particular, we
conducted a single trial that involved pre-treating DAOY spheroids with cisplatin prior to AA
treatments. In this context, addition of high-dose 2.5mM AA did not suppress ROS
production but retained ROS production compared to cisplatin controls. This could suggest a

pre-stressed environment is needed for high-dose AA to act as a pro-oxidant.

However, further investigation into the interaction between DCFH-DA and AA suggested a
potential methodological limitation. As AA is a potent electron donor, it can reduce the DCFH
intermediate, thus interfering with the oxidation process and preventing the formation of the
fluorescent product DCF. This interaction could have led to a significant underestimation of
ROS levels in the presence of AA, thereby confounding the data and hindering our ability to

interpret the true effects of AA on ROS production.

These insights underscore the importance of carefully considering the methodological
limitations when using fluorescent probes like DCFH-DA in the presence of reactive
compounds like AA. Future experiments should explore alternative ROS detection methods,
such as more specific probes or direct assays of oxidative damage, to obtain a more

accurate assessment of AA's role in modulating chemotherapy-induced oxidative stress.
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5.4. Other future work

Throughout this discussion, several future experiments have been discussed, each
stemming from the insights garnered in this study. For example, one key direction involves
investigating the mechanism behind AA-mediated growth in SHH spheroids, specifically
whether collagen deposition plays a pivotal role. Alternatively, exploring the synergistic
effects of AA and cisplatin in SHH spheroids warrants further investigation, as it could offer a
deeper understanding of how AA might enhance or modulate chemotherapy responses in

this subgroup.

Additionally, expanding this research to other medulloblastoma subgroups would be
valuable. For example, Group 3 and 4 do not deposit an ECM outer-shell so it could be
interesting to observe if this inducible through AA treatment. Exploring whether high-dose AA
all exerts potential anti-tumour effects in these subgroups could reveal further therapeutic
potential of high-dose AA as an adjuvant therapy in medulloblastoma. Another potential
expansion of this data would be by increasing tested AA concentrations above 2.5mM, as

clinical trials have reported as high as 20mM plasma concentrations achieved.

5.5. Concluding statements

The data obtained from this thesis opens several promising avenues for future research and
establishes key hypotheses of a role of AA in SHH medulloblastoma biology as well as a
therapeutic potential. Increasing concentration of AA led to increased size of SHH spheroids.
We hypothesised this to be a result of increased collagen deposition at the spheroid
boundary, a process which has observed prognostic benefits in SHH patients. Physiological
concentrations of AA partially mitigated the cytotoxic effect of cisplatin on SHH spheroid
growth and ROS production. Whereas high concentrations of AA enhanced the cytotoxic
effect of cisplatin on DAQOY spheroid growth, which we hypothesised to be due to AA’s role
as a pro-oxidant at these concentrations exacerbating ROS to induce programmed cell
death. These findings indicate a burgeoning therapeutic potential of high-dose AA in

combination with current treatments, such as cisplatin, in medulloblastoma.
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