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Abstract

Glioblastoma multiforme (GBM) are the most common and most malignant
brain tumours. Despite treatment advances, average survival remains un-
acceptably low with 15-months [49], hence novel therapies are desperately
needed. Cellular metabolism plays a central role in cancers. Sensitivity
towards arginine-deprivation via treatment with pegylated arginine deim-
inase (ADI-PEG20) therapy has been identified in GBM, arresting prolif-
eration in methylated arginino-succinate-synthetase-1™ (ASS1M) and not
unmethylated ASS1 (ASS1Y) GBM cells [126]. Advances of biochemical
techniques and analysis have facilitated therapeutic target identification as
well as biomarker discovery [45] [80].

Complimentary analysis via gas-chromatography coupled with mass spec-
trometry and 'hydrogen nuclear-magnetic-resonance spectrometry of in vitro
GBM cells identified distinct metabolic profiles in ASS1 subtypes. Intracel-
lular and extracellular analysis of GBM cells exposed to ADI-PEG20 treat-
ment elucidated metabolic perturbations in the arginine, creatine, glycolytic,
uridine, citric acid, thymine and glutamine pathways, induced by arginine
deprivation.

Transcriptional analysis of perturbed pathways elucidated differentially al-
tered enzymatic expression in ASS1 GBM subtypes upon ADI-PEG20 treat-
ment. Significantly modulated enzymes included transcriptional downreg-
ulation of thymidylate synthase (TYMS) in ASSIM GBM cells, whereas
ASS1Y remained unaltered. Significantly altered enzymatic mRNA expres-
sion also identified modulation of glutamic pyruvate transaminase 2 (GPT2)
in ASSIM cells, as well as thymidine kinase 2 (TK2) and alanine-glyoxylate
aminotransferase 2 (AGXT2) in ASS1Y GBM.

Targeting the de novo thymine and creatine metabolic pathway, demon-
strated that phytic acid (IP6) arrested proliferation in GBM cells, whereas
creatine supplementation boosted proliferation. IP6 arrested proliferation
in a time- and dose-dependent manner, irrespective of ASS1 status. Com-
bining IP6 and ADI-PEG20, showed arrested proliferation was enhanced,
compared to either treatment alone in ASSIM GBM cells.
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1. Introduction

1.1. Glioblastoma multiforme overview

Glioblastoma multiforme (GBM) are the most common and most malignant
brain tumours. Treatment consists of surgery, radio- and temozolomide
chemo-therapy [124], however average survival remains unacceptably low
with only 15-months [49]. Novel therapies overcoming treatment challenges
(section 1.1.2), including tumour heterogeneity, treatment resistances and

difficulty in achieving complete resection [90|, are desperately needed.

Cellular metabolism plays a central role in cancers (section 1.2), and sensitiv-
ity towards arginine-deprivation via ADI-PEG20 therapy has been identified
in a subset of GBM cells [126] (section 1.2.3). Metabolic therapies are par-
ticularly attractive for use in GBM, overcoming some of the treatment chal-
lenges, such as the blood-brain-barrier, by acting systemically. Advances in
biochemical techniques, including GC/TOF MS and 'H NMR, and chemo-
metric analysis (section 1.3) have facilitated metabolic studies, making this
a strong approach for therapeutic target identification and biomarker dis-
covery [45], [80] (section 1.3).
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1.1.1. Prevalence of GBM

Annual incidence of GBM is low compared to other cancers, with 3 per
100,000 in the population [14], yet disease progression is fast and mortality
is high with an average survival of only 15-months [49]. The majority of
GBM arise de novo, whereas 5% of cases have clinical history of progression

from low grade gliomas and are referred to as secondary GBM [98].

GBM can occur at any age, yet de movo tumours predominantly arise in
patients in their 60’s, and secondary GBM in people in their 40’s [98]. In
the UK, brain tumours make-up 2% of all cancers, yet the prognosis for
malignant brain tumours is dismal with a one-year survival of 30% for both

males and females, and five-year survival of 15% in England and Wales [85].

Major direct causes leading to development of GBM have not been iden-
tified. Only for a small subset of patients have previous ionising radiation
exposure, for example through childhood cancer treatment, and this has
been associated as a risk factor [120]. Smoking, diet, head injury, viral
infections and mobile phone use have however not demonstrated to be sig-
nificant contributing factors [93], [49]. In less than 10% of gliomas, rare
genetic pathologies, including Li Fraumeni syndrome, type 1- and 2- neu-
rofibromatosis, Turcot- and Cowden-syndrome, predispose individuals [110],

yet numbers contributing towards total GBM incidence are low.

1.1.2. Clinical challenges in diagnosing and treating GBM

The clinical standard for diagnosis of GBM continues to rely on magnetic
resonance imaging (MRI) and histopathological tumour-staging according
to World Health Organisation (WHO) classification (figure 1.1).

Histologically features of GBM have been described as cells of astrocytic
lineage with heterogenous populations, mitotic species, diffuse cell infiltra-
tion, as well as manifestation of necrosis and angiogenesis [94] (example of

histological GBM tissue section shown in caption b. of figure 1.1).

19



(b)

Figure 1.1.: MRI and histology form part of clinical standard for
GBM diagnosis. GBM diagnosis consists of MRI imaging and histopatho-
logical tissue staining from biopsies or excised tumour. (a) Pre-operative
MRI of GBM, with tumour circled in yellow. Courtesy of Mr. Mohammed
Awad and Mr. Kevin O’Neill. (b) Histopathological tissue section of GBM
showing heterogenous cell populations, mitotic species and diffuse cell infil-
tration. Courtesy of Dr. Ilaria Bravi.
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Clinical standard of treatment follows the Stupp protocol [124] (overview in
figure 1.2), focusing on surgical resection, cycles of radio-therapy and chemo-
therapy via temozolomide. Introduction of the Stupp protocol significantly
improved treatment outcome, yet successes are limited with an increase in
median survival from 11% to 27% compared to radiotherapy and surgery
alone [124]. Surgical resection continues to be the most life-enhancing mea-
sure [124], with aggressive resection showing enhanced survival compared to
complete resection. Despite these advances, 85% of recurrences are found at
sites of resection [103] and tumour excision remains challenging through the
diffuse nature of GBM cells and presence of CD133+ cells, which are highly
resistant to apoptotic death [160].

Temozolomide (TMZ) is a DNA-alkylating agent which exerts it’s action by
methylating the O° position of the nucleobase guanine [42]. Compared to
radio-therapy and surgery alone, addition of TMZ improved median survival
by 3.5 months [33]. Despite the significant clinical advances made through
TMZ administration, resistances have been found to occur, linked to methy-
lation of O%-methylguanine-DNA methyltransferase (MGMT), which reverts
TMZ-induced methylation [14],[55]. Subsequently prognosis, response rate
and survival of patients with methylation of the MGMT gene is higher than
those with non-methylated MGMT [44].

Other chemo-therapies including the biodegradable, drug-emulting carmus-
tine wafers implanted during surgery, have been employed in order to over-
come challenges of the blood-brain-barrier (BBB). Unfortunately carmustine
wafers have not translated into wide-spread clinical success, as their use has
also been linked to infections [86].

Second-line chemotherapies also remain unsatisfactory and no standard of
treatment has been determined [44]. In the United States, bevacizumab,
an anti-VEGF monoclonal antibody, has been employed, however in view
of limited survival improvement the European Medicines Agency did not

approve use in Europe [109].
Chemo-therapies in clinical trials for GBM include small molecules, anti-

bodies, platelet-derived growth factor receptors, and other inhibitors [110].

Electric field therapies are also being tested, with clinical studies of elec-
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tric field treatment showing acceptable toxicity [125], yet only improved
treatment through a few weeks of delay in GBM disease progression [116].
Increasingly metabolic therapies for GBM are also reaching clinical testing.
Ongoing clinical trials include metabolic treatment through the ketogenic
diet and ADI-PEG20 combination treatment [129](detail on ADI-PEG20 in
section 1.2.3), where results are keenly awaited. Early case-studies applying
the ketogenic diet, a high-fat, high-protein and low-carbohydrate diet, show
this approach may be effective in controlling some disease progression [119]

and further results are awaited.

Clinical failures in GBM can be attributed to several factors, including the
heterogeneity of these tumours and lack of effective therapies. In view of
these challenges, in order to enhance patient outcome, strategies should seek
to better target and personalise therapies, using combination treatments
that exert multiple inhibitory actions [59], and identify novel therapies with

significant and prolonged impact.

Surgery/Tissue

First Presentation A .
Diagnosis

Stupp Protocol

KSymptoms: focal \KTissue biopsy, \/75mg/mz * 1-month * AdjuvantTMZ

deficits, cognitive histological TMZperday treatment every5-days, 28-
changes, seizures assessment / for 42 days pause day cycle,
diagnosis 150mg/m?, then
* Initial investigation: * RT of 60Gy in * MRI and 200 mg/m?
MRI * Surgical 2-Gy review
resection fractions, 6- * Bi-weekly MRI

k j \ / \weeks

Figure 1.2.: Stupp [124] protocol forms standard of clinical treat-
ment in GBM. Diagram provides simplified overview of GBM patient clini-
cal treatment. Initial symptoms are investigated by MRI, followed by biopsy
or direct surgical resection, leading on to cycles of chemotherapy via temo-
zolomide (TMZ) and radio-therapy (RT) of 60 Gray units (Gy).
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1.2. Cancer and metabolism

1.2.1. Overview of cancer metabolism

Cellular metabolism plays a central role in GBM. Fundamental metabolic
characteristics such as the Warburg effect [144] and enzymatic alterations
have enabled GBM and other cancer cells to acquire features utilised to
sustain proliferation and resist certain therapies. Studying and understand-
ing these metabolic characteristics has enabled their exploitation for clinical

purposes (section 1.2.2), including cancer diagnosis and disease staging.

The Warburg effect [144] (figure 1.3), first recognised in the 1920’s, is the
most widely known metabolic perturbation, whereby normal cellular energy
production via oxidative phosphorylation shifts towards aerobic glycolysis,
which is biochemically a more energy-costly process than oxidative phos-
phorylation [73]. Compared to normal cells, the Warburg effect charac-
terises cancer cells through increased glucose consumption, glycolysis and
lactate production [137]. The precise mechanism by which the Warburg ef-
fect contributes towards cancer cell survival remains to be elucidated, how-
ever increased energy access, promotion of biosynthetic pathway flux, tissue
architecture disruption and facilitated signal transduction have been pre-
sented [78].

Outside of the Warburg effect, further metabolic alterations have been iden-
tified to play an important role in GBM, including enzymatic mutations
in isocitrate dehydrogenase 1 (IDH1), succinate dehydrogenase (SDH), fu-
marate hydratase (FH) and epigenetic alterations of arginingo-succinate syn-
thetase 1 (ASS1) [95], [126] (further details section 1.2.2 and 1.2.3).

Metabolic cancer characteristics already exploited clinically for visualising
patient tumours include '8F-deoxyglucose positron emission tomography
(FDG-PET) imaging, whereby increased glucose uptake of tumours is used
to determine cancer staging and distinguish the tumour from normal cells [137].
Further labelled metabolites also used for imagine including chlorine, ac-
etate, methionine and amino-acid analogues, that have been used to show
altered uptake in cancers [50], though wide-spread clinical application re-

mains ellusive.

23



Normal cells

Cancercells

Differentiated tissue

(P29
+Oi/ \og
\

Proliferative Tumor
tissue

lllllll)»é§§g> or

Glucose Glucose

!

O, Pyruvate
Pyruvate
Lactate l
Lactate

CO,
Oxidative Anaerobic
phosphorylation glycolysis
~36 mol ATP/ 2 mol ATP/
mol glucose mol glucose

+/~0,

Glucose

i

0z Pyruvate

Lactate

Cco,

Aerobic
glycolysis
(Warburg effect)
~4 mol ATP/mol glucose

Figure 1.3.: Biochemical shift towards aerobic glycolysis in GBM
cells via Warburg effect. Cellular metabolism is central to GBM, with
the Warburg effect [144] being one of the most widely known biochemi-
cal changes that occur in cancer cells. Normal cellular energy production
shifts from oxidative phosphorylation towards aerobic glycolysis, resulting
in a metabolic cancer phenotype marked by increased glucose intake, gly-
colysis and lactate production. Figure adapted from Vander Heiden et al.

(2009) [137].
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1.2.2. Oncometabolites

Cancer cells display altered metabolic features and requirements compared
to normal cells. Central changes include altered nutrient consumption as well
as production of certain metabolites, required to support cellular growth,
proliferative demand and cell survival [137|. The term oncometabolites has
been used to describe metabolites associated with cancers, with 2-hydroxy-
glutarate (2HG) as one of the most prominent and extensively studied on-
cometabolites, associated with altered gene transcription [135]. Further im-
portant metabolic perturbations in cancers include glutamine, fumarate, suc-
cinate, serine, asparagine and arginine (overview in figure 1.1, and arginine

is discussed in section 1.2.3).

Production of the oncometabolite 2HG is the result of mutations found in
enzymes IDH1 and IDH2 [156]. In normal cells these two enzymes produce
alpha-ketoglutarate (a-KG), however when these mutations are present 2HG
is produced instead [156]. It was been found that in a subset of gliomas 2HG
impacts DNA and histone methylation, altering gene transcription including
hypoxia inducible factor-1-alpha (HIF1a), contributing towards tumourige-
nesis and this cancer phenotype [135] (figure 1.4).
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Figure 1.4.: Features of oncometabolite 2-hydroxuglutarate in
glioma. In normal cells enzymes isocitrate dehydrogenase-1 (IDH1) and
isocitrate dehydrogenase-2 (IDH2) produce alpha-ketoglutarate (a-KG),
yet in gliomas mutated IDH1 and IDH2 produce the oncometabolite 2-
hydroxuglutarate (2HG), resulting in genome-wide changes of histone and
DNA methylation and increased hypoxia inducible factor-1-alpha (HIF1a),
contributing towards tumorigenesis and cancer phenotype.

Glutamine addiction, with a dependency on extra-cellular glutamine, has
been demonstrated in several cancers, despite this being a non-essential
amino-acid, that can be synthesised intracellularly [148] [91]. Mechanisms
have been in part attributed to the role of glutamine as a nitrogen donor,
required for synthesis of nucleotides and amino-acids [91|. Further mecha-
nism include a role in facilitating animo-acid update, as well as sustained

activation of cell-cycle regulator mTOR [148].

Fumarate and succinate accumulation has been attributed to mutations
of TCA cycle enzymes fumarate hydratase (FH) and succinate dehydro-
genase (SDH) in several cancers [157], [95]. Screening for these enzymes
has found clinical application for detecting familial predisposition to cancer

and metastatic phenotypes [48].

Serine is a non-essential amino-acid, metabolised by the mitochondrial en-

zyme serine hydroxyl-methyl-transferase 2 (SHMT2), to glycine, which is
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required for nucleotide synthesis [76]. Over-expression of SHMT?2 has been
identified in several cancers and been associated with poor prognosis [76].
Further, over-expression of serine metabolism enzymes has been demon-

strated in melanoma, colorectal and breast cancer [106], [95].

Asparagine dependency of acute lymphoblastic leukaemia (ALL) and some
acute myeloblastic leukaemia (AML) cells has translated into some clini-
cal successes, particularly for childhood ALL. Despite some reported side
effects [54], up to 90% of children with ALL are now treatable since in-
troduction of l-asparaginase into chemotherapy regimes [95]. Underlying
mechanisms of this dependency for extracellular asparagine is due to lack of

the enzyme asparagine synthase [112].

Targeting genes associated with oncometablites and exploitation of metabolic
features in cancers demonstrates great clinical utility. Key therapeutic-drugs
already employed for cancers include use of anti-pyrimidine 5-fluorouracil,
anti-asparagine l-asparaginase, anti-folate methotrexate [95] and further ap-

plication has also been demonstrated for imaging, as outlined in section 1.2.1.

As the clinical significance of oncometabolites is increasingly being recog-
nised, further advances have been made in understanding the role that im-
portant metabolic perturbations including the glutamine, serine, proline,
asparagine and arginine metabolism have in cancer. Further understanding
underlying mechanisms and vulnerabilities of the cancer metabolism will

ultimately lead to novel diagnostic, prognostic and treatment approaches.
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1.2.3. Arginine, ASS1 and arginine deprivation therapy by
ADI-PEG20

Arginine is a semi-essential amino-acid and epigenetic investigations by Syed
et al. [126] have identified metabolic alterations in GBM, whereby 30% of de
novo GBM tumours display methylation-dependent silencing of the arginino-
succinate-synthetase-1 (ASS1) gene. ASS1 is the rate-limiting enzyme of de
novo intra-cellular arginine synthesis, central to the arginine metabolism (see
figure 1.7) and links to multiple important metabolic pathways, including
the tricarboxylic acid (TCA) cycle, nitric oxide pathway, urea cycle, energy

storage, creatine and polyamine synthesis [51].

Arginine is synthesised by ASS1 together with arginino-succinate-lyase (ASL)
in a two-step process, from citrulline [39]. It is a semi-essential amino-acid
as during periods of rapid proliferation, such as childhood growth and in
certain cancers, there is a high cellular demand that can not be met through
endogenous synthesis, hence requiring extracellular supply [39].

Cells which display methylation-specific silencing of the ASS1 gene (ASS1M)
are auxotrophic for arginine, making them dependent on extra-cellular argi-
nine supplies, whereas unmethylated ASS1 cells (ASS1Y) can synthesise their

own arginine to meet cellular demands [39].

Identifying these two ASS1 subtypes is of great clinical significance. Studies
by Syed et al. [126] demonstrate that methylation of ASS1 is associated with
significantly worse prognosis in GBM, and further studies in other cancers
also conclude that ASS1 is a tumour suppressor 71|, [4], [62]. Importantly,
ASSIM GBM can be targeted with arginine-deprivation therapy [122].
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Figure 1.5.: Metabolic cycle of arginine. ASS1Y GBM synthesise argi-
nine from citrulline, whereas ASS1M GBM are reliant on extracellular argi-
nine supplies. ADI-PEG20 degrades extra-cellular arginine, reducing this
to citrulline and ammonia. Key: arginase (ARG), ornithine-decarboxylase
(ODC), ornithine transcarbamoylase (OTC), ASS1, argininosuccinate lyase
(ASL) and nitric oxide synthase (NOS), tricarboxylic acid (TCA) cycle. Fig-
ure adapted from Haines et al. [51], Delage et al. [29] and Shen et al. [122]

31



Arginine-deprivation therapy via ADI-PEG20 has demonstrated clinical ap-
plication for several cancers (see figure 1.6) and is a strong candidate for
anticancer therapy in ASSIM GBM tumours. Early clinical trials for glioma,
are ongoing, and to date, 19 clinical trials are registered under the US Na-
tional Institute for Health (www.clinicaltrials.gov) for ADI-PEG20 in other
cancers including melanoma, mesothelioma, gastrointestinal cancer, non-
small cell lung-cancer and hepatocellular carcinoma [95], [104]. It should
be noted, that of the completed clinical trials (see figure 1.6), had tumours
been stratified for ASS1 methylation status, rather than expression via im-
munohistochemistry or no stratification, then the response rate may have

been improved by targeting tumours that are susceptible to ADI-PEG20.

As ADI-PEG20 degrades blood arginine systemically, this feature further
makes it an attractive therapy in GBM, overcoming challenges associated
with the blood-brain-barrier [122]. Further, clinical trials for both hepatoma
and melanoma have shown ADI-PEG20 to be well tolerated with low tox-
icities [38]. Compared to other amino acid degrading therapies, such as
l-asparaginase, ADI-PEG20 has not been associated with side effects such

as hepatitis, pancreatitis or neurotoxicity [104].

ADI-PEG20 comprises of the active ingredient arginine deiminase, which
can be isolated from Mycoplasma and further pegylated, hence reducing
antigenicity and enhancing serum half-life [36]. The enzyme exerts it’s
action, catabolising arginine to citrulline and ammonia, hence depleting
extracellular arginine and subsequently depriving intracellular availability
in ASSIM cells, which lack ability for endogenous arginine synthesis [122].
As a result of metabolic stress, arrest in proliferation ensues, cells undergo
macroautophagy, and during prolonged arginine starvation periods this leads

to caspase-independent apoptosis [122], [126].

The precise mechanism by which arginine starvation sends cells into metabolic
distress, induces macroautophagy, nuclear DNA leakage and arrests prolif-
eration is not completely understood. Macroautophagy is known to occur in
response to starvation of several nutrients in a bid to maintain homeostasis,
whereby cells recycle their organelles to liberate building-blocks and energy

[37]. Despite early autophagy (24-48 hours) being a protective response to
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cellular distress caused by arginine starvation in ASSIM cells, it has been
found that later (above 48 hours) and excessive autophagy plays a role in

regulating cell death [128].

As ADI-PEG20 progresses towards the clinic for GBM, one of the major
future challenges will be identifying ADI-PEG20 sensitive tumours using
imaging or biomarks [152]. Metabolic profiling approaches and advances in
technologies will facilitate characterisation and identification of ASS1 sub-

types in GBM and other cancers.
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Figure 1.6.: ADI-PEG20 in clinical trials. ADI-PEG20 is a strong can-
didate for use in GBM, as it has already entered late stages of clinical trials
(phase II and III) for several cancer types (www.clinicaltrials.gov). Few of
these trials (outlined in red) have stratified for ASS1 expression, whilst this is
key for targeting the therapy. Importantly, not only the immuno-histological
chemistry (IHC) expression, but specifically the methylation status is im-
portant for stratifying treatment. Response rates of trials highlighted in red
may have been improved if ASS1 methylation status had been determined
for selectively targeting patients that have ASSIM tumours. In comparison
to other amino acid degrading therapies, such as l-asparaginase, ADI-PEG20
has not been associated with side effects such as hepatitis, pancreatitis or
neurotoxicity [104].
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1.3. Metabolomics

1.3.1. Metabolomics overview and applications to GBM

Metabolites are the ultimate products of cellular processes, reflecting alter-
ations that may occur intra-cellularly at genetic, transcriptional and pro-
tein level, as well as extra-cellularly, including environmental factors and
diet [40]. Metabolomics is a powerful tool used for studying metabolites,
with successful application to basic research, preclinical and clinical studies
for elucidating biomarkers [101], [80].

Instrument run work processes include extraction of metabolites from bio-
logical samples, instrumental run, followed by computation data process-
ing and analysis, as well a biological interpretation, drawing on openly
accessible spectral libraries and databases (overview figure 1.7). Mass-
spectrometry coupled with gas-chromatography (section 1.3.2) and 'H NMR
(section 1.3.3) have become the most widely applied and established instru-
mental platforms used for metabolomic research and will be focused on in
this thesis, yet further platforms also exist, including liquid chromatography-
MS (LC MS) and high-performance liquid chromatography MS (HPLC MS).

As with genomics and proteomics, advances in computational technolo-
gies have facilitated processing and analysing large data sets acquired in
metabolomic studies. For example, a single sample analysed by GC/TOF
MS may yield over 1200 compounds in one run [99], demanding advanced
computational and statistical analysis. One of the key features of metabolomic
studies is the untargeted profiling approach, whereby multivariate statistical
methods (section 1.3.4) are applied as hypothesis-generating tools, contrast-

ing targeted biochemical analysis [47].

Despite the powerful research and clinical potential of metabolomic ap-
proaches, relatively few studies have been made in GBM. Cuperlovic-Culf et
al. [27] applied 'H NMR profiling to GBM, identifying four distinct GBM
subtypes, linked to prognostic gene expression markers including IDH1, as
well as cancer metabolic markers choline, lactate and glutamine. Wibom et
al. [145] also highlight prognostic potential, identifying metabolic markers

linked to early radiotherapy treatment response as well as detecting glucose,

35



glutamate, myo-inositol to be associated with tumour tissue compared to
non-tumour tissue. Studies by Chinnaiyan et al. [24] used metabolomic ap-
proaches to differentiate low- and high-grade gliomas, yet clinical utility for

guiding drug-treatment remains limited.

Taken together, these studies in GBM and other cancers demonstrate suc-
cesses of metabolomic application for discovering novel treatment approaches,
as well as prognostic markers. To date, no studies have been published look-
ing at ASS1 subtypes in GBM, despite the great potential for characterising
these heterogenous populations, guiding treatment approaches and identify-

ing new targets for therapy.
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Figure 1.7.: Overview of work-flow and experimental techniques
use for metabolomic profiling. Simplified overview of work-flow for
metabolomic analysis as applied to ASS1 GBM cell lines. Cells were cultured
in vitro, harvested at 48-hours, followed by sample preparation, instumental
run, data analysis and biological interpretation.
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1.3.2. GC/TOF MS

GC/TOF MS has been widely used for metabolomic profiling studies due
to its high sensitivity, which can go down to picomolar scale [107|, repro-
ducibility and powerful peak resolution, compared to other analytical plat-
forms |99]. Utilising electron impact ionisation, analytes are converted to
positively and negatively charged ions and carried under a high-temperature
vacuum gas-phase [22]. This is followed by collision of the eluted analyte
under a high-energy electron beam, fragmenting the analyte, allowing for
measurement of mass-to-size ratio (m/z) via a mass analyser [22] (overview

of instrumentation in figure 1.8).

Prior to GC/MS analytical run most metabolites require chemical derivati-
sation, which is important as it helps enhance analyte volatility and chemical
stability at high temperatures during analysis and improves chromatographic
detectability [35].

Derivatisation is a process by which the analyte is transformed into a deriva-
tive, which is a chemical product of similar chemical structure. More specif-
ically, certain functional groups (eg: O-H, COOH, N-H and S-H) within
the analyte are modified, resulting in altered properties, including chemi-
cal reactivity, solubility, boiling point and melting point [70], [52]. These
modified properties improve GC/MS chromatographic behaviour and can be
exploited for quantification and analyte separation.

Silylation, acylation and alkylation are the main derivatisation reactions
used in for GC analysis. Silylation, via methoxamine and N-methyl-n-
(trimethylsilyl)-trifluoroacetamide (MSTFA) is the most commonly applied
reaction, whereby reagents react with and modify active hydrogens in the
analyte [118].

The underlying principle of GC/MS is that different metabolites have dis-
tinct chemical properties and the speed by which they travel through the
column are used to determine m/z ratios for identification [6]. Subse-
quently metabolites can rapidly be identified in large electron ionisation
spectral libraries including the National Institute of Standards and Technol-
ogy (NIST) [9] (further description of methodology in section 2.2). GC/TOF

MS is particularly suited for studying compounds of low molecular weight,
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that are volatile and thermally stable [31], [22].

Limitations of GC/TOF MS include extensive sample preparation and high
temperatures for compound derivatisation, loss of non-volative and high-
molecular weight metabolites as well as long analytical times of up to 1-hour
per sample, restricting high-throughput application [35].

Compared to other MS platforms such as tandem MS, GC/TOF MS is how-
ever a cost-effective and easily applicable platform [97]. Further, analytical
platforms such as LC MS and HPLC MS are limited by alterations in ioni-
sation efficiency and co-eluting compounds, restricting application between

different instruments and use of mass spectral libraries [132], [154].

Combining GC/TOF MS with other instrumentation such as 'H NMR can
strengthen analytical coverage and these two techniques have been high-

lighted to compliment each other in metabolomic studies [117].
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Figure 1.8.: Schematic overview of basic GC/TOF MS instrumen-
tation. Basic components of GC/TOF MS instrumentation, whereby 1.
samples are inserted into the gas-chromatography (GC) oven, 2. separated
in the gas-chromatography column, enter the mass-spectrometer component
where 3. analytes are ionised (converted to positively and negatively charged
ions) and accelerated, carried under a vacuum gas, fragmented under an elec-
tron beam, 4. deflected, passing through the mass analyser and 5. measured
by mass-to-size ration (m/z) in the mass detector.
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1.3.3. 'TH NMR

'H NMR is a robust, reproducible instrument for non-destructive analysis of
complex biological samples. Basic concepts are centred on strong magnetic
fields and radio frequency pulses being applied to atomic nuclei of molecules,
with changes in resonance frequency being measured [35|. In comparison to
other instruments used for metabolomic analysis, 'H NMR requires simple
sample preparation and methodological approaches have been well estab-

lished, with automation allowing for high-throughput analysis [15].

The basic principle of 'H NMR is that atomic nuclei of different biologi-
cal molecules possess characteristic magnetic spins, which are measurable
as resonance frequencies under strong electromagnetic fields [81] (for instru-
mental overview see figure 1.9). The superconducting electromagnet, cooled
to very low temperatures below -200°C, together with a sample probe holder,
pulse-programmer, radio-frequency transmitter and signal receiver, form the
core elements of 'H NMR instrumentation [15]. When samples are placed
in this magnetic field, atomic nuclei with odd number of protons and neu-
trons absorb electromagnetic radiation, aligning on one axis in the magnetic
field [81].

Biological samples are high in hydrogen, which is the most commonly stud-
ied isotope in metabolomic NMR studies [35]. In 'H NMR, hydrogen nuclei
aligned under the electromagnetic field then shift via application of a radio-
frequency pulse by 90° from the axis. As nuclei return or 'relax’ into their
original position, a current is generated, and this signal, referred to as free in-
duction decay (FID), is detected by the receiver coil of the spectrometer [81].
Signal outputs of FID are presented in the form of peaks, equating to dif-
ferent hydrogen atomic nuclei [58]. FID are visualised on 'H NMR spectra
as chemical shifts in parts per million (ppm) and intensities as megahertz
(MHz) [81]. The areas under the spectral peak, referred to as integrals, are
proportionate to identical protons present in the atomic nuclei, allowing for
relative concentrations of metabolites to be measured via 'H NMR [15] (fur-

ther methodology is also described in section 2.3).

Limitations of 'H NMR include lower sensitivity in terms of metabolite range

and signal intensity, compared to other analytical platforms, which can be
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overcome by using complimentary techniques such as GC/TOF MS [99].
Clear advantages of 'H NMR are marked by stability in chemical shifts,
ease of quantification and application for obtaining more detailed chemical
structural information [99], [147]. Further, 'H NMR also involves simpler
sample preparation, less time-intensive instrumental run optimisation and

the non-destructive analytical nature allowing for sample storage and re-

analysis [99], [127], [147].
I _— Bore \
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Figure 1.9.: Schematic overview of basic 'H NMR instrumentation.
Basic components of 'H NMR instrumentation, whereby samples held in a
probe are individually inserted through the bore and transported to the
centre of the magnet, where signal is detected by the probe via the receiver
coil. Helium cools the superconducting coils and the liquid nitrogen insulates
the helium.
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1.3.4. Chemometrics

GC/TOF MS, 'H NMR and other analytical platforms used for metabolomic
analysis yield information-rich data sets, that have demanded application
and development of chemometric tools, requiring advanced computational
power. Work-flows include data pre-processing, binning (whereby data-
points are grouped in ’bins’) and alignment, normalisation, removal of noise
(eg: cutting the water signal peak), followed by multivariate statistical anal-
ysis with both supervised and unsupervised methods [153] (see also figure
1.7).

Multivariate statistics

Multivariate statistics are employed for analysis of metabolomic data, as
they deconvolute and enhance information recovery from data-rich infor-
mation sets. Further, metabolic patterns and relationships can be revealed
through the simplified weighted approaches applied in multivariate statis-

tics, using both unsupervised and supervised methods [41], [6].

Principal component analysis (PCA) is the most widely applied unsupervised
method for metabolomic data, whereby no class information (eg: treated or
untreated groups) is attributed [6] (see figure 1.10 for overview). Spectro-
scopic data has several dimensions and PCA is employed to enhance visual-
isation and highlight patterns [63].

Underpinning principles rely on ’orthogonal linear transformation’ of data,
whereby data from several dimensions is compressed into ’'principal compo-
nents’, reducing dimensionality and complexity [155]. The principal com-
ponents explain variance in the data matrix, whereby the first component
explains the greatest variance and the second principal component explains
the second largest variance, which can be projected on planes and visualised
as data points on ’score plots’ [150] (further descriptions of statistical anal-

ysis found also in section 2.3.4 and 2.2.5).
For supervised methods, partial-least squares discriminant analysis (PLS-

DA) and orthogonal partial-least squares discriminant analysis (OPLS-DA)

are widely applied to metabolomic data, whereby class information (eg:
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treatment group) are allocated to highlight features associated with sam-
ple groups [151], [6]. Separation is forced between groups and this method
is used to investigate more subtle differences between groups [41].

As with PCA, data is also transformed and projected onto new planes and vi-
sualised as data scores plots. Main differences between OPLS-DA and PLS-
DA is that OPLS-DA has an added feature, incorporating a filter, whereby
more subtle differences can be detected between groups. As over-fitting can
occur, both these supervised methods require model validation, with estab-
lished approaches including permutation validation, where class information
is randomised and compared to the original model [114] (further descriptions

of statistical analysis found in section 2.3.4 and 2.2.5).
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Figure 1.10.: Overview of principal component analysis. Principal
component analysis (PCA) reduces dimensionality of three-dimensional data
by compressing data into principal components. (A.) PC; (dashed arrow)
and PCsy (solid arrow) describe most of the variance in a dataset. These
principal components are then projected on planes and visualised as (B.)
score plots.
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1.4. Hypothesis and study aims

With arginine playing a central role in GBM metabolism, it was hypothe-

sised that metabolic consequences of arginine deprivation via ADI-PEG20

would be highlighted through an untargeted metabolic approach, helping to

identify novel treatment approaches.

Overall aims of this PhD project were to (i) characterise and determine

the metabolic profiles of ASS1 GBM subtypes with non-invasive methods,

(74) compare and elucidate metabolic alterations upon arginine deprivation

therapy and (7i7) identify novel treatment approaches in GBM.

1.5. Objectives

1.

Profiling global metabolic phenotypes of ASSIM and ASS1Y GBM cell
lines at basal levels (no ADI-PEG20 treatment) and in the presence
of ADI-PEG20 via GC/TOF MS and 'H NMR, applying multivariate
statistical analysis (using unsupervised PCA and supervised PLS-DA
and OPLS-DA) to intracellular and extracellular samples.

. Comparing transcriptional expression of enzymes associated with al-

tered metabolic pathways via RT-QPCR, both in the absence and
presence of ADI-PEG20, followed by biological interpretation, draw-
ing on public databases and literature, focusing on novel therapeutic

approaches for GBM.

Challenging GBM cell lines in wvitro with dose-titrations of novel ther-
apies identified, assessing effects on proliferation via SRB analysis, as
well as functionally validating findings via RT-QPCR, enzymatic tran-

scriptional expression.
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2. Methods and Materials

2.1. Tissue culture

2.1.1. Cell lines and culture conditions

Established glioblastoma (GBM) cell lines were obtained from the German
Collection of Microorganisms and Cell Cultures (DMSZ)(GAMG, SNB19)
and the American Type Tissue Culture Collection (ATCC)(U87, U118, LN229)
and maintained in Dulbecco’s Modified Eagle Medium (DMEM, low glu-
cose, l-glutamine)(Invitrogen, Paisley) supplemented with 10% foetal bovine

serum (Invitrogen, Paisley).

Human astrocytes (ScienCell, CA, USA) were cultured in astrocyte medium,
supplemented with 2% foetal bovine serum (FBS) and 1% astrocyte growth
supplement (ScienCell, CA, USA). Cells were incubated in an Heraeus, HER-
Acell 150 incubator (Thermo Fisher Scientific) at an atmosphere of 5% COq
at 37°C. Cells were cryopreserved under liquid nitrogen in 90% FBS and
10% dimethylsulphoxide (DMSO)(Sigma-Aldrich, St. Lois, MO, USA).

Adherent cells were subcultured, removing overlying medium and washing
the monolayer briefly with phosphate buffered saline (PBS)(Invitrogen, Pais-
ley, UK). Cells were incubated with 0.25% trypsin with 1mM Ethylenedi-
aminetetraacetic acid (EDTA)(Invitrogen, Paisley, UK) at 37°C for 2-3 min-
utes and detached from the culture flasks by gentle agitation. Trypsin was
neutralised by adding three volumes of complete media and media with cells
were pipetted 2-3 times to ensure detachment and single cell suspension.
As required, cell numbers were determined via use of a haemocytometer
chamber (Neubauer Improved, DE), using 0.4% trypan blue solution (Sigma-
Aldrich, St. Lois, MO, USA). Cells were diluted into complete medium and

seeded in culture flasks or plates.
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2.1.2. Drugs and reagents

Arginine deiminase formulated with polyethylene glycol (ADI-PEG20) was
obtained from Polaris Pharmaceuticals Inc. (San Diego, CA, USA) and
diluted (0-2ug per ml) into media. L-citrulline (Sigma-Aldrich, St. Lois,
MO, USA) was dissolved in PBS and diluted in media (1mM). Phytic acid
sodium salt hydrate (IP6)(Sigma-Aldrich, St. Lois, MO, USA) was dissolved
into media, pH adjusted to 7.4, and further diluted (0-33mM) into media.
Creatine (Sigma-Aldrich, St. Lois, MO, USA) was dissolved in media and
diluted to 0.1 — 10pM.

2.1.3. Cell proliferation assay

Cell growth and growth inhibition was tested with the sulphorhodamine B
(SRB) colourimetric assay [139]. Cells were seeded at 2x10% in triplicate
wells on 96-well plates (Corning, NY, USA) for each treatment condition
and time-points. 24-hours after seeding media was removed and drug treat-
ments were added in fresh media. Once time-point were reached, cells were
fixed with 50% trichloroacetic acid (TCA)(Sigma-Aldrich, St. Lois, MO,
USA) for 1-hour at 4°C. Plates were then washed with water and allowed
to air-dry. The plates were subsequently stained with 0.4% SRB (Sigma-
Aldrich, St. Lois, MO, USA) dissolved in 1% acetic acid (Sigma-Aldrich,
St. Lois, MO, USA) for 1 hour. Unbound dye was removed from cells by
washing with 1% acetic acid and plates were air dried. Cell-bound dye was
solubilised in 10mmol/1 Tris (pH=10.5) for 1 hour on a shaker, and colouri-
metric absorbance was measured at a wavelength of 490nm on a microplate
reader (EIx800 BioTek, Invitrogen, UK). Averages of replicates were taken
and background absorbance was subtracted. Repeat experiments were per-
formed three times. For mean comparisons of groups the T-test was used,

where p-values of below 0.05 were considered significant.

2.1.4. Luciferase assay

Cellular adenosine triphosphate (ATP) concentrations were determined via
firefly luciferase assay [84|, using the Promega Luciferase Assay System
(Promega Corporation, WI, USA). Cells were seeded at 2x10? in triplicate
wells on white walled and clear base 96-well plates (Corning, NY, USA)

for each treatment condition, exposing cells to 0.1 — 10uM creatine and
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lysed at day 5. Luciferase activity was measured according to manufac-
turer’s instructions. In brief, cell media was carefully removed, cells were
PBS washed, incubated with lysis buffer (Promega Luciferase Assay Sys-
tem (Promega Corporation, WI, USA)) and incubated with luciferase assay
reagent and luminescence was immediately read using the 96-well microplate
luminometer (GloMax 96 Micro, Promega Corporation, WI, USA).

2.1.5. Cell culture experiments for GC/TOF MS

Cells (SNB19, U87, astrocytes) were each seeded in replicate (n = 12) at
8x10* per well in a 6-well dish (Corning, NY, USA). 24-hours post seeding,
media was removed and cells were washed with 2ml PBS. Control and ADI-
PEG20 (1ug/ml) treated cells were cultured in medium containing, 1mM
citrulline and 10% FBS. ADI-PEG20 treated and control media (n = 3)
were also prepared and incubated in the absence of cells. 24- and 48-hours
post treatment replicate samples for each condition (n = 3) were harvested,
collecting cell media and adherent cells for GC/TOF MS metabolomic anal-
ysis. Further replicates (n = 3) of each condition were collected for total

cell count determination.

Removed media samples were centrifuge-spun to remove cellular debris and
rapidly frozen and stored at —80°C until subsequent analysis. The adherent
cell monolayer was washed twice with 2ml PBS and cells were quenched with
1ml ice-cold methanol (Sigma-Aldrich, St. Lois, MO, USA) for 3-5 minutes,
keeping the plates on ice. Cells were removed by scraping, followed by the
cell and methanol suspension being transferred to microcentrifuge tubes on

dry ice, followed by storage at —80°C until further analysis.

2.1.6. Cell culture experiments for 'H NMR

Cells (SNB19, GAMG, LN229, U87, U118, astrocytes) were seeded in repli-
cate (n = 12) at a density of 1.1x10°% cells per 10-cm tissue culture dish
(Corning, NY, USA). 24-hours post seeding, media was removed and cells
were washed in PBS. Control and ADI-PEG20 (1ug/ml) treated cells were
cultured in medium containing, 1mM citrulline and 10% FBS. 48-hours post
treatment replicate samples (n = 6 per condition) were harvested, collecting

cell media and adherent cells. Further replicates (n = 3) of each condition
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were collected for total cell count determination.

Removed media samples were centrifuge-spun to remove cellular debris and
rapidly frozen and stored at —80°C until subsequent analysis. The adherent
cell monolayer was washed twice with 2ml PBS and cells were quenched with
1.8ml ice-cold methanol (Sigma-Aldrich, St. Lois, MO, USA) for 3-5 min-
utes, keeping the plates on ice. Cells were removed by scraping, followed by
the cell and methanol suspension being transferred to microcentrifuge tubes
on dry ice. Samples were subsequently dried overnight in a vacuum concen-
trator (Speedvac, Eppendorf, DE) at 45°C, followed by storage at —80°C

until further analysis.
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2.2. GC/TOF MS

2.2.1. Sample preparation, metabolite extraction,

derivatisation

Cell media and extract samples for GC/TOF MS analysis were prepared
with the reference to the protocol of Chan et. al. [22]. Samples were ran-

domised, defrosted at room temperature and vortexed.

For the cell media fraction, 200ul were transferred to individual microcen-
trifuge tubes. A quality control was prepared from a pool of each sample,
and 200ul were transferred to individual microcentrifuge tubes. 1.5ml of
methanol was added to each sample, mixed for 5 minutes for protein pre-
cipitation and spun at 10,000g for 10 minutes at 4°C to pellet precipitated
protein. 1.3ml of supernatant was transferred to individual silylated glass
tubes.

For the cellular fraction, 200ul cell lysate was transferred to individual mi-
crocentrifuge tubes and 1.3ml extraction mixture [(water:MeOH [2:10]), an-
alytical grade, Sigma-Alrich, St. Louis, MO, USA], giving a final methanol
concentration of 80% together with the cell lysate. Samples were vortexed
for 5 minutes for cellular disruption and extracted on ice for 20 minutes, fol-
lowing centrifugation at 4°C at 17,500g for 10 minutes. 1.4ml supernatant
was transferred to silylated glass tubes.

Both individual and pooled standards (table 2.1) were prepared, making
a stock solution in water (10mg/ml). Individual samples were diluted in
methanol (0.005mg/ml), and 100u] were transferred to silylated glass tubes.
Pooled standards were diluted to 300ul water containing metabolite stan-
dards (table 2.1) and 200xl methanol.

All samples and standards were evaporated to dryness at 40°C under ni-
trogen gas in a concentration evaporator (Turbovap LV, Biotage, Uppsalla,
Sweden). Toluene [(100x], anhydrous)(Sigma-Alrich, St. Louis, MO, USA)]|
was added to each sample, vortexed for 1min and dried under a concentra-
tion evaporator, ensuring complete removal of water. Methoximation was
performed, adding 50l of MOX [(2% methoxamine hydrochloride in pyri-
dine), Sigma-Alrich, St. Louis, MO, USA| per sample, vortex mixing for

1min and incubation at 60°C for 2h.
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Table 2.1.: Standard stocks were prepared in water (10mg/ml) and diluted
to 0.05mg/ml.

Standard Source

L-proline Fluka Biochemika (Sigma-Aldrich, St. Lois, MO, USA)
L-alanine Fluka Biochemika (Sigma-Aldrich, St. Lois, MO, USA)
L-glutamic acid Fluka Biochemika (Sigma-Aldrich, St. Lois, MO, USA)
L-glutamine Fluka Biochemika (Sigma-Aldrich, St. Lois, MO, USA)
L-methionine Fluka Biochemika (Sigma-Aldrich, St. Lois, MO, USA)
D-glucose Supelco (Sigma-Aldrich, St. Lois, MO, USA)
D-alpha-

hydroxyglutaric Sigma-Aldrich, St. Lois, MO, USA

acid

D-lactic acid Sigma-Aldrich, St. Lois, MO, USA
Ammonium AnalR (Sigma-Aldrich, St. Lois, MO, USA)
formate

Following methoximation, samples were derivatised, adding 100ul MSTFA
(N-methyl-n-(trimethylsilyl)-trifluoroacetamide), Sigma-Alrich, St. Louis,
MO, USA] per sample, vortex mixing for 2min and incubation for 1h at 60°C
to enhance volatility and stability of metabolites. Samples were next vor-
texed for 2min, spun at 17,500g for Smin at room temperature and trans-
ferred to the GC/TOF MS autosampler vials for analysis.

2.2.2. GC/TOF MS analysis and instrumental setting

Samples were subjected to GC/TOF MS on a Pegasus GC-TOFMS (Leco
Corp., St Joseph, MI, USA), connected with an Agilent 7890 gas chromato-
graph, using a fused silica capillary column (Agilent J and W Scientific),
with 0.25um thickness and open split interface. Under helium as carrier
gas, samples were injected, with constant temperatures ( 220°C), transfer
( 280°C), ion source ( 250°C) and flow (1.5ml/min) for injection, with an

injection volume of 1ul.

Primary oven temperatures were programmed at 70°C for 0.2min, raised
to 270°C for 5min and further increased to 310°C for 11min. 70 eV electron
beams were used for the ionisation, and masses were recorded from 40 to
600 m/z at a rate of 20 spectra/sec with the detector voltage set at 1800 V.
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2.2.3. Data processing

Gas chromatographs were baseline corrected, de-convoluted, noise-reduced,
smoothed, library matched and areas were calculated with ChromaTOF
software (LecoCorp. v 4.4). Signal-to-noise above 150 ratio were analysed
and chromatographs were normalised to cell count or total peak area prior

to statistical analysis.

2.2.4. Compound identification

Putative analyte identities were found by comparing MS spectra with the
retention index (RI) of the US National Institute of Science and Technology
(NIST) library, as well as the Fiehn library, Golm Metabolome Database,
Human Metabolome Database and in-house databases. Spectral peaks with
similarity indexes (SI) of 60% or above were used as a cut-off for prelimi-
nary identification and matching putative metabolites with spectral libraries
(NIST). Mass spectra were further visually inspected and retention times
(RT) were verified with spectral libraries (NIST and in-house). Metabolic
peaks with coefficient variation higher than 30% in the QCs were also used

as a cut-off and excluded from further analysis.

2.2.5. Statistical analysis

Normalised data was imported into SIMCA (v 12.0, Umetrics, Umea, Swe-
den) for multivariate analysis. Data was scaled with standard unit variance
(peak heights divided by standard deviation) and principle component anal-
ysis (PCA) was performed for identifying clustering trends and potential
outliers subject to exclusion, based on sample processing errors or instru-
mental drift. First all data was included for PCA, followed by select grouping
(eg: treatment versus non-treatment) for both PCA and partial least squares
discriminant analysis (PLS-DA).

The validity of the model was verified for overfitting, using randomised per-
mutation tests (100 permutations) and visualising model validation plots.
Criteria for validation included Qg values of permuted data sets being higher
than Qo values of original data sets. Further criteria included a regression
line of Q2 values from data sets trending towards zero or negative values.

Discriminant lists of potential metabolites accounting for data separation
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between groups were generated from the PLS-DA analysis, using variable
importance in projection (VIP) for rankings, with cut-off values at 1.0. Uni-
variate statistics (T-tests) were applied, to determine significance between
groups, as well as Bonferroni-correction as a conservative measure of signif-

icance. Fold-changes were also calculated between groups.
Select metabolites were further interpreted in their biological context, with

the use of the Human Metabolome Database (HMDB), Kyoto Encyclopedia

of Genes and Genomes database (KEGG) or literature searches.
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2.3. 1TH NMR

2.3.1. Sample preparation and metabolite extraction

The cell media and cell pellet were prepared with reference to the protocol
of Beckonert et al [15]. For the cell pellet, 50011 cold HPLC grade methanol
(Sigma-Aldrich, St. Lois, MO, USA) was added to each randomised sam-
ple and vortexed for 30 seconds. Subsequently 130ul HPLC grade water
(Sigma-Aldrich, St. Lois, MO, USA) were added to the samples, followed
by a 30 second vortex and 20 minute incubation on ice. Samples were spun
at 13,000 rpm for 10 minutes, and the supernatant was transferred to new
microcentrifuge tubes on ice. This procedure was then repeated with the
remaining cell pellet, adding 500u] methanol, followed by water and trans-
fer of the supernatant. Samples were concentrated and dried over-night in
the a vacuum concentrator (Speedvac, Eppendorf, DE) at 45°C, followed by

storage at —80°C until further analysis or direct use.

On the day of 'H NMR analysis, dried extracts were reconstituted with
6001 phosphate buffer [0.2M , 0.043M , 7:3 deuterium oxide:water, 0.01% 3-
(Trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (T'SP)(all Sigma-Aldrich,
St.  Lois, MO, USA), pH adjusted to 7.4], vortexed and centrifuged at
13,000rpm for 5 minutes. 550ul of supernatant was transferred to bmm
NMR tubes (Sigma-Aldrich, St. Lois, MO, USA) for subsequent analysis.

For the cell media, samples were taken from —80°C and left to thaw at room
temperature. Samples were vortexed to resuspend any precipitate and then
550u] media were transferred to microcentrifuge tubes with 50ul deuterium
oxide containing 0.01% TSP. The solution was mixed by vortexing, followed
by a 13,000 rpm spin for 5 minutes. Subsequently 550ul were transferred to
5mm NMR tubes for analysis.

2.3.2. 'H NMR analysis and instrumental settings

'H NMR spectra were acquired on a Bruker Avance-600 spectrometer (MA,
USA [600.1 MHz, 1H frequency|) at a temperature of 300 K, with the use of
a Bruker TXI probe and an automated sample handing carousel (BACS-60
autosampler, Bruker). Topspin version 3.0 software (Bruker, MA, USA) was
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used for instrumental control and spectral processing.

The one-dimensional 'H NMR spectra were acquired using both Carr-Purcell-
Meiboom-Gill (CPMG) and Nuclear Overhauser enhancement spectroscopy
(NOESY) [87] pulse sequence, with fixed spin-spin relaxation delay (relax-
ation delay- 90°-[t1-900-mixing time-900|-acquire). Shimming, water sup-
pression and 90° pulse were set for the first sample, and these parameters
were applied to subsequent samples. TSP was used as a reference compound

for chemical shift.

Individual spectra were acquired with 256 scans into 12 data points with a
spectral width of 20ppm, relaxation delay of 3 sec and acquisition time of
4.5 sec. Broadening factor of 0.3Hz was also applied prior to Fourier trans-

formation.

2.3.3. Data processing

The spectra were imported and processed in MATLAB (Mathworks, Inc.
MA, USA) with in-house software (developed by Dr. Timothy Ebbels and
Dr. Hector Keun), where data was phase corrected, referenced to TSP at 0
ppm and baseline corrected. Following individual review in Topsin (version
3.0 software, Bruker, MA, USA), TSP and water peaks were removed. Spec-
tra were next aligned and subjected to probablistic quotient normalisation
with the use of in-house MATLAB scripts (courtesy Dr. Kirill Veselkov).

2.3.4. Statistical analysis

As described in GC/TOF MS statistical analysis section ( 2.2.5), processed
'H NMR spectral data was imported into SIMCA (v 12.0, Umetrics, Umea,
Sweden) for multivariate analysis. In brief, data was scaled with standard
unit variance, subjected to PCA analysis for identifying clustering trends,

and groups (eg: treatment versus non-treatment) were compared.

Spectra were further analysed, importing data into MATLAB (Mathworks,

Inc. MA, USA) for orthogonal partial least squares discriminant analysis
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(OPLS-DA), facilitating visualisation of discriminant spectral peaks from
'H NMR analysis. OPLS-DA loading plots displayed direction of variation
(eg: treatment versus non-treatment) and strength of correlation, according
to colourimetric scale (eg: red indicating high correlation and blue indiating
low correlation), as determined by correlation coefficient Ry values.

The validity of the OPLS-DA model was verified via Q? values, where higher
values indicated increased model strength and negative values were criteria

for exclusion due to poor predictive capability.

Discriminant 'H NMR spectra peaks detected via OPLS-DA analysis were
extracted manually and metabolite identities were assigned with reference
to in-house databases and use of NMR suite profiler software (Chenomx,
v8.1, Alberta, Canada).

Fold-changes were calculated and univariate statistics (T-tests) were ap-
plied, to determine significance between groups, followed by biological in-
terpretation with reference to the Human Metabolome Database (HMDB),
Kyoto Encyclopedia of Genes and Genomes database (KEGG) or literature

searches.
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2.4. Transcriptional investigations (RT-QPCR)

2.4.1. RNA extraction from cultured cells and quantification

Cells were washed with PBS, collected and stored at —80°C until subsequent
extraction. RNA was extracted using the RNeasy Mini Kit (Qiagen, Craw-
ley, UK) according to the manufacture’s protocol. Briefly, 600ul RNeasy
lysis buffer (RLT), containing guanidine salts for protein denaturation, was
added to cell samples. Cells were then homogenised, shearing genomic DNA
and cellular components with a 20-gauge needle (5-10 times), followed by
a mix with 600ul of 70% ethanol. Samples were then transferred to silica
columns and spun with a bench top centrifuge (Eppendorf 5417 R, Ham-
burg, DE), allowing RNA to bind to the column. Columns were then washed
with RW1 buffer, treated with a DNAse digestion (Qiagen, Crawley, UK),
followed by a further RW1 wash and two washes with RPE buffer. RNA was
eluted in 50l RNAse free water, concentrations were quantified and purity
was assessed with the NanoVue 4282 Spectrophotometer (Fischer-Scientific,
UK). Absorbance was measured at 260 and 280nm. Samples were kept on
ice and used immediately for complementary DNA (¢cDNA) conversion or
storage at —80°C.

2.4.2. Reverse transcription and cDNA conversion

cDNA was synthesised according to the M-MLV Reverse Transcriptase pro-
tocol (Promega, WI, USA). In brief, 2ug RNA was added to 1ug random
primers (Invitrogen, Paisley, UK) and a total of 15ul water. The mix was
heated to 70°C for 5 minutes to melt secondary structures in the template
and chilled to 4°C. A mix containing the 5x reverse transcriptase buffer, de-
oxynucleoside triphosphates (dNTPs), ribonuclease inhibitors, M-MLV en-
zyme and water were added to the RNA sample, mixed and incubated for

60 minutes at 37°C. Samples were used immediately or stored at —20°C.

2.4.3. Quantitative real-time PCR and analysis

40ng ¢cDNA was added for the amplification of each gene in triplicate on
a 96-well QPCR plate. For every sample the target and reference gene
(TBP1) were tested. QPCR was performed with 2xSYBR Green Fast mix

(Invitrogen, Paisley, UK), 0.1ul forward and reverse primers (Invitrogen,
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Paisley, UK), DEPC treated water. Primer sequences were taken from the
qPrimerDepot database (https://primerdepot.nci.nih.gov) and sequences are
listed in table 2.2.

QPCR was performed using the Bio-Rad CFX96 Detection System instru-
ment and software (Bio-Rad, Hemel Hempstead, UK). The following cycling
conditions were used to amplify all genes: 95°C for 10 minutes, 50 cycles
of 95°C denaturation (15 seconds) and 60°C annealing (1 minute), followed
by an extension at 65°C (5 seconds) and final extension to 95°C. Threshold
cycle values (C7) were calculated with use of the Bio-Rad CFX Manager 3.1

and target genes were normalised to the reference gene (TBP1).
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3. Results: Metabolic
characterisation of ASS1 GBM

subtypes

3.1. Introduction

Understanding arginine-depleting agents in a metabolic context as well as
identifying metrics have been presented as key questions for the success of
arginine-depleting agents in cancer treatment [128]. As described in sec-
tion 1, 30% of de novo GBM tumours are ASSI™ (Syed et al. [126]), ren-
dering these cells auxotrophic for arginine. Further, in ASS1Y cells, ASS1
is the rate-limiting enzyme of de novo synthesis. Arginine links into multi-
ple important metabolic processes, including the TCA cycle, NO pathway
and polyamine synthesis. ADI-PEG20 is a strong therapeutic candidate
for GBM, degrading blood arginine systemically, thereby overcoming chal-
lenges of the BBB, and it is currently in late stage clinical trials for several

cancers [104].
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3.1.1. Aims

Metabolic profiling via GC/TOF MS and 'H NMR, was applied to in vitro
GBM cell lines in the absence of treatment and presence of ADI-PEG20
treatment. The aim of these studies was to (i) characterise ASS1 subtypes,
(74) compare and elucidate metabolic alterations induced upon arginine de-
privation therapy in GBM cell lines, as well as a (i4i) identifying cellular

vulnerabilities that could lead to novel treatment approaches.

3.1.2. Objectives

1. Characterising metabolic profiles of ASS1M (SNB19, GAMG, LN229)
and ASS1Y (U87, U118) cell lines via GC/TOF MS and 'H NMR at
basal levels and in response to arginine deprivation via ADI-PEG20 in

vitro.

2. Comparing global metabolic profiles amongst cell lines of ASS1 sub-
types at basal levels and upon ADI-PEG20 treatment, using untar-
geted PCA statistical analysis.

3. Elucidating and identifying specific differences amongst groups in both
intracellular and extracellular (growth media) fractions of GBM cells,
using OPLS-DA and PLS-DA statistical analysis as well as spectral

libraries to determine metabolite identities.
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3.2. Results

3.2.1. Establishment of conditions for cell culture

experimentation

Proliferation of ASS1 GBM subtypes upon arginine
deprivation via ADI-PEG20

Optimal ADI-PEG20 treatment conditions and harvest time-points were de-
termined in GBM cell lines, for capturing early consequences of arginine
deprivation treatment. Cells were subjected to ADI-PEG20 titration of 0-
2ug/ml (ADI-PEG20 is concentrated in saline solution and does not require
DMSO or other drug vehicle). Cells were further harvested at different time-
points (day 0-5) and subjected to SRB proliferation analysis.

In line with previous findings by Syed et al. [126], SRB analysis (figure 3.1)
confirmed that proliferation of ASSIM GBM cell lines is arrested upon ADI-
PEG20 treatment and ASS1VY cells continue to proliferate. Additionally, a
slight dose-dependent effect was also observed in ASS1M cells, which became
pronounced from 1ug/ml on day 5.

A dosage of 1ug/ml and time-points between day 1 and 3 were chosen for
subsequent experiments, as this was the lowest dose that suppressed growth
in all ASSIM cells, whilst also capturing control and ASS1M cells before they

reached confluency.

In the non-GBM line (astrocytes), which have methylation of ASS1, ADI-
PEG20 was found to arrest proliferation. GBM stem from the same cell
lineage as astrocytes and are the closest non-malignant control. These results
were interpreted with the consideration that astrocyte cell lines have their
limitations in representing true physiological conditions (eg: evidence by
non-malignant cells not proliferating at the same rate as malignant cells in
vivo). Highlighting the need for better in vitro controls in the wider research
community, astrocytes were however included in subsequent studies as a non-
GBM control, accepting their limitation and interpreting results accordingly

with this consideration.
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Figure 3.1.: GBM cell proliferation and sensitivity to ADI-PEG20.
Dose-response curves of ADI-PEG20 treated (0-2ug/ml) GBM cell lines.
SRB proliferation assay shows ASS1M are sensitive to ADI-PEG20 as demon-
strated by arrested proliferation from day 1, whereas ASS1Y continue to
proliferate, making use of their capacity to synthesise arginine. ADI-PEG20
concentrations of 1ug/ml and early time-points of 24-48 hours were selected
for subsequent experiments as this was the dose and time where ADI-PEG20
suppressed growth in ASSIM cells, whilst capturing ASS1V before they
reached confluency. Cells were plated in triplicate and values shown are
averages with standard error. Optical densities were read at 490nm and
units are relative to day 0. ASSIM ghN229, GAMG, SNB19), ASS1Y(U87
and U118), and non-GBM (astrocyte) cells. Error bars represent standard
error *p < 0.05.



3.2.2. GC/TOF MS: Metabolic characterisation of ASS1
GBM subtypes

Experimental parameters
Establishing cell count at harvest for GC/TOF MS analysis

Having determined via SRB assay that ADI-PEG20 concentration at 1ug/ml
and a cell harvest window between day 1 and 3 (section 3.2.1) to be suit-
able for analysis, cell culture time-points and cell count were more precisely
determined for GC/TOF MS. Cell count was assessed at 24 and 48 hours
of treatment for GBM cell lines (figure 3.2). Harvest at 48 hours was cho-
sen for subsequent analysis, as viable cell count was significantly decreased
in ASS1IM (SNB19) cells upon ADI-PEG20 treatment. These results also
further validated the SRB results (section 3.2.1), showing that ADI-PEG20
arrests proliferation in ASSIM cells and not ASS1Y cells. Viable cell count

also decrease in astrocytes, as expected, based on SRB results.

24h 48h

1.59 1.51

relative cell count
relative cell count

Il control
mm  'Hg/ml ADI-PEG20

Figure 3.2.: Cell count determination in ASS1 GBM subtypes for
GC/TOF MS analysis. ASSIM (SNB19), ASS1Y(U87), and non-GBM
control (astrocyte) cells (n = 3) were harvested at 24 and 48 hours in the
presence and absence of ADI-PEG20 (1ug/ml) for GC/TOF MS analysis.
Viable cells were counted with use of trypan blue and a haemocytometer,
showing at 48 hours viable cell count of ASSIM cells significantly decreased,
whereas no significant change was observed in ASS1Y cells. Values shown
are relative to control and error bars represent standard error *p < 0.05.
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3.2.3. Profiling via GC/TOF MS

GC/TOF MS detected a total of 4,389 distinct metabolites in cell extract and
9,366 in cell media samples. Peaks with high variance (CV>30% in QCs)
were removed and 2,310 metabolites featured in cell extract and 5,775 in
cell media were imported into SIMCA for further statistical analysis. Close
clustering of QC samples (figure 3.3), as indicated by grouping of all indi-
vidual QC samples in the same region of the PCA scores plot, demonstrated
consistency and robustness in instrumental run (i.e. no significant analytical
variability) as well as sample preparation and processing. Clustering of sam-
ple groups (eg: non-treated cell line), via PCA analysis also demonstrated
reproducibility amongst biological replicates for both cell extract and cell

media samples.
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Figure 3.3.: GC/TOF MS highlighting quality control. This figure
focuses on the quality control, to verify the consistency and robustness of
the GC/TOF MS instrumental run, which is demonstrated by the PCA
scores plot (PC1 vs PC2) showing clustering of quality controls (red circles,
consisting of all pooled samples) amongst analysed metabolic profiles of
GBM (SNB19, U87), and astrocyte cells (n=3) harvested at 48 hours in
the presence and absence of ADI-PEG20 (1ug/ml). Individual cell lines are
presented in subsequent figures. (a) Cell extract; R?2=0.945, Q2=0.931 and
(b) Cell media; R2=0.799, Q?=0.719.
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3.2.4. GC/TOF MS: Distinct basal metabolic profile of
ASS1 subtypes in GBM cell lines as determined by
PCA and PLS-DA

PCA analysis showed that under normal growth conditions (absence of ADI-
PEG20 treatment, here forth also referred to as basal levels), the global
metabolic profile of GBM (SNB19 and U87) cells differed from non-GBM
(astrocyte) cells in both extract (figure 3.4a) and cell media (figure 3.4b)
fractions. There was a further separation between global profiles of ASS1M
and ASS1Y GBM subtypes. These results were also reflected in both the

cell extract and cell media component.
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Figure 3.4.: GC/TOF MS: Distinct metabolic profile of ASS1 sub-
types at basal levels. PCA scores plot (PC1 vs PC2), showing distinct
global metabolic profile of ASSIM (SNB19), ASS1V(U87), and non-GBM
(astrocyte) cells (n = 3) harvested at 48 hours in absence of ADI-PEG20 and
analysed via GC/TOF MS. Spectral peaks were normalised to cell count. (a)
Cell extract; R2=0.942, Q?—0.881 and (b) Cell media; R?=0.787, Q?=0.635.

PLS-DA highlights discriminant metabolites between ASS1
subtypes analysed via GC/TOF MS

Differences between metabolic profiles of ASS1 subtypes (ASSIM versus
ASS1Y) were further explored using PLS-DA, with PLS-DA models being
validated by permutation tests. For the cell extract fraction (figure 3.5),
ASSIM versus ASS1Y group comparisons passed model validation criteria,

where (i) Q? values of permuted data were higher than those of the original
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data sets and (i7) Q? values intersected the y-axis below zero. For the cell

media fraction (appendix figure A.1), PLS-DA did not pass model validation

and were hence excluded from further analysis.
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Figure 3.5.: GC/TOF MS: PLS-DA and permutation test of
ASSIM and ASS1V extracts at basal levels. (a) PLS-DA was used
to investigate the metabolic profiles of ASSIM (SNB19) and ASS1Y (U87)
cells from the cell extracts at basal levels. (b) Permutation test (100 permu-
tations) was used for validating PLS-DA model, as determined here, where
Q? values of permuted data were higher than those of the original data sets
and Q? values trending towards intersection of the y-axis below zero.
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GC/TOF MS: Tabulating basal level discriminant
metabolites between ASS1 subtypes

Data from cell extract comparison (ASS1M versus ASS1Y), which had passed
PLS-DA model validation was taken forward, generating a list of putative
discriminant metabolites (table 3.1). Metabolites with VIP below 1 and p-

values above 0.05 were removed, as described in section 2.2.5.

A total of 7 putative metabolites passed this cut-off criteria in the cell extract
fraction and could be attributed to separation between ASS1IM and ASS1Y
cells. Of these discriminant metabolites only 1 metabolite, malonic acid,
passed the stringent Bonferroni-correction p-value of 0.00045 (table 3.1).
Results tabulated show that when comparing basal extract metabolites of
ASSIM and ASS1Y cells, the majority of those passing the cut-off criteria

were amino acids.

Table 3.1.: GC/TOF MS: Putative discriminant metabolites of
ASS1 subtypes. Tabulation of putative differential metabolites derived
from PLS-DA model of GC/TOF MS analysis of ASSIM (SNB19) versus
ASS1V (U87) cell extract samples. Harvested at 48 hours and normalised
to cell count, xp < 0.00045 passed Bonferroni correction. Fold-changes are
relative to ASSIM (SNB19), all metabolites were ranked according to vari-
able importance in projection (VIP) value and reached a similarity index of
at least 60% with spectral libraries.

Sample Metabolite VIP Fold-change P — value

extract Malonic acid 1.08 2.0 < 0.00045%
L-threonine 1.03 1.8 < 0.01
Alanine 1.03 3.2 < 0.01
L-valine 1.00 1.5 < 0.01
L-proline 1.00 1.8 < 0.05
Cholesterol 1.00 1.5 < 0.05
L-leucine 1.00 1.8 < 0.05
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3.2.5. Arginine deprivation alters global metabolic profile of
ASS1M GBM cell lines

The effects of ADI-PEG20 on the metabolome of ASS1M and ASS1Y GBM
cells were next analysed via GC/TOF MS. PCA analysis (figure 3.6) showed
that upon ADI-PEG20 treatment, there was a clear separation in the global
metabolic profile of ASSIM GBM cells.

This stood in contrast to observations in ASS1Y GBM, where there was
no separation upon treatment, indicating there were few spectral differences
and hence little global alteration in metabolic profile at 48 hours of exposure
to ADI-PEG20. Results from SRB analysis in section 3.2.1 had shown that
ASS1Y cells continue to proliferate in presence of ADI-PEG20. GC/TOF
MS analysis provided further information of the cellular processes, showing
that any metabolic alterations, such as those that could have been induced

as cells start to synthesise arginine were limited in ASS1Y cells.

Astrocyte cells, which also display methylation of ASS1 showed separation
upon treatment, as expected based on observations from cell count (fig-
ure 3.2). These results were seen in both the cell extract and cell media
fraction of samples analysed by GC/TOF MS (figure 3.6). It should also
be noted that replicate samples clustered closely, indicating similar spectral

peaks and good biological reproducibility.
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Figure 3.6.: GC/TOF MS: Global metabolic alteration upon ADI-
PEG20 treatment in ASS1M GBM cell line profiles. PCA scores
plots (PC1 vs PC2) showing alterations in global metabolic profile of ASS1M
(SNB19) and non-GBM (astrocyte) cells upon ADI-PEG20 (1ug/ml) treat-
ment. ASS1Y (U87) do not show separation upon treatment. Cells were
harvested at 48 hours and spectra were normalised to cell count. (a) Cell
extract; R2=0.907, Q®=0.869 and (b) Cell media; R2=0.804, Q2=0.719.

GC/TOF MS: PLS-DA highlights discriminant metabolites
between untreated and ADI-PEG20 treated samples

Differences between metabolic profiles of groups (eg: non-treated control

versus treatment) were further explored using PLS-DA, with models being
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validated by permutation tests (representative figure 3.7).

For the cell extract fraction, PLS-DA models generated from ASSIM (fig-
ure 3.7) cells passed model validation and were taken further, tabulating pu-
tative discriminant metabolites (see next section). For ASS1Y and non-GBM
(astrocyte) extracts, samples did not pass model validation as determined
by permutation test, as described in materials and methods (section 2.2.5),
where Q2 values of permuted data sets were higher than those of original
data sets (appendix figure A.2), and were hence excluded from further anal-
ysis.

For the cell media fraction, all group comparisons and models generated
passed permutation validation criteria (appendix figure A.3), as determined
by Q? values of permuted data sets being higher than those of original data
sets. Having passed model validation, metabolites were ranked according to

VIP value above 1 and p-value below 0.05 (see next section).
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Figure 3.7.: GC/TOF MS: Representative PLS-DA and permuta-
tion test plot of cell extract in presence of ADI-PEG20. Represen-
tative plot (SNB19, extract samples) of (a) PLS-DA; R2=0.958, Q*=0.994
and (b) Y-permuted model validation (100 permutations) test for group
comparison of non-treated versus treated (ADI-PEG20, 1pg/ml) GBM cell
lines.
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GC/TOF MS: Tabulating discriminant metabolites upon
treatment

For groups passing PLS-DA model validation, lists of putative discriminant
metabolites were generated, removing metabolites with VIP below 1 and
p-values above 0.05 as in section 3.2.4 (see appendix table A.1 and A.2 for
raw data list).

In ASSIM (SNB19) GBM cells, 8 putative discriminant metabolites passed
the cut-off criteria in the cell extract fraction, and could be attributed to
separation between non-treated and treated cells (table 3.2). Of these dis-
criminant metabolites, 5 also reached the Bonferroni p < 0.00045. For the
cell media fraction, 26 putative metabolites passed this cut-off criteria and
11 also passed the stringent Bonferroni p-value of below 0.0002 (table 3.3).
For ASS1Y (U87) GBM cells, in the cell media fraction, 6 putative discrim-
inant metabolites reached the cut-off criteria, and one metabolites, trypto-
phan, passed the Bonferroni p-value (table 3.4).

In non-GBM (astrocyte) cells, 35 discriminant metabolites shown by PLS-
DA reached the cut-off criteria, with one metabolite, malonic acid, passing

the stringent Bonferroni p-value (table 3.5).

Regarding the fold-change upon treatment, both in cell extract and media,
there was a uniform increase upon treatment in ASSIM GBM. This stood
in contrast to observations in ASS1Y GBM, where in the media treatment
resulted in both increased and decreased fold-changes amongst metabolites.

Fold-changes in metabolites of astrocytes followed the same trend as ASS1M
GBM.
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Table 3.2.: GC/TOF MS: Putative discriminant metabolites of un-
treated control versus ADI-PEG20 treated ASS1IM cell extract.
Differential Metabolites derived from PLS-DA model of GC/TOF MS anal-
ysis between non-treated ASSIM (SNB19) and ADI-PEG20 treated cells.
Fold-changes uniformly show metabolites were higher in treated samples
compared to non-treated samples. Harvested at 48 hours and normalised to
cell count. For cell extract *p < 0.00045 passed Bonferroni value. All
metabolites were ranked according to variable importance in projection
(VIP) value and reached a similarity index of at least 60% with spectral
libraries.

Sample Metabolite VIP Fold-change P — value

extract Malic acid 1.03 2.9 < 0.00045x%
Malonic acid 1.03 3.4 < 0.00045x%
Cholesterol 1.03 3.6 < 0.00045%
Glucosamine 1.02 3.4 < 0.00045x
L-Valine 1.01 4.0 < 0.00045x%
Galactose 1.01 2.5 < 0.001
L-Proline 1.01 4.1 < 0.001
Glycine 1.00 4.1 < 0.01
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Table 3.3.: GC/TOF MS: Putative discriminant metabolites of un-
treated control versus ADI-PEG20 treated ASS1M cell media. Dif-
ferential Metabolites derived from PLS-DA model of GC/TOF MS analysis
between non-treated ASSIM (SNB19) and ADI-PEG20 treated cells. Fold-
changes uniformly show metabolites were higher in treated samples com-
pared to non-treated samples. Harvested at 48 hours and normalised to cell
count. For cell media xp < 0.0002 passed Bonferroni value. All metabolites
were ranked according to variable importance in projection (VIP) value and
reached a similarity index of at least 60% with spectral libraries.

Sample Metabolite VIP Fold-change P — value

media Maltose 1.15 4.2 < 0.0002%
D-Galactose 1.15 4.1 < 0.0002%
Pyridine 1.15 3.6 < 0.0002x
Malonic acid 1.14 4.6 < 0.0002x
L-Proline 1.14 3.9 < 0.0002x
L-Valine 1.14 4.4 < 0.0002x
Ribitol 1.14 3.4 < 0.0002x
D-Glucose 1.14 3.9 < 0.0002x
Pyrimidine 1.14 3.8 < 0.0002%
L-Leucine 1.14 4.4 < 0.0002x
Myo-inositol 1.14 3.5 < 0.0002x
L-Isoleucine 1.13 4.6 < 0.001
Malic acid 1.13 4.2 < 0.001
Cholesterol 1.13 3.1 < 0.001
Serine 1.13 3.1 < 0.001
D-Gluconic acid 1.12 2.9 < 0.001
Inositol 1.12 3.4 < 0.001
L-Cysteine 1.12 2.8 < 0.001
L-Threonine 1.11 3.4 < 0.005
Phenylalanine 1.11 4.0 < 0.005
L-Methionine 1.10 4.4 < 0.005
D-Turanose 1.08 6.4 < 0.005
L-Aspartic acid 1.08 4.5 < 0.01
Purine 1.03 4.2 < 0.05
D-Fructose 1.01 3.7 < 0.05
L-Asparagine 1.01 4.2 < 0.05
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Table 3.4.: GC/TOF MS: Putative discriminant metabolites of
control versus ADI-PEG20 treated ASS1Y cells. Differential Metabo-
lites derived from PLS-DA model of GC/TOF MS analysis between ASS1Y
(U8T7) control and ADI-PEG20 treated cells. Fold-changes show metabolites
both increased and decreased upon treatment. Harvested at 48h and nor-
malised to cell count, *xp < 0.0002 passed Bonferroni correction. All metabo-
lites were ranked according to variable importance in projection (VIP) value
and reached a similarity index of at least 60% with spectral libraries.

Sample Metabolite VIP Fold-change P — value

media Tryptophan 1.56 7.0 < 0.0002x
Maltose 1.48 0.1 < 0.01
Glycine 1.52 11.0 < 0.01
Ribitol 1.42 2.3 < 0.01
Malic acid 1.35 0.8 < 0.01
D-Galactose 1.33 0.8 < 0.01
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Table 3.5.: GC/TOF MS: Putative discriminant metabolites of
control versus ADI-PEG20 treated astrocyte cells. Differential
Metabolites derived from PLS-DA model of GC/TOF MS analysis between
non-GBM (astrocytes) control and ADI-PEG20 treated cells. Fold-changes
uniformly show increased metabolites in treated samples compared to non-
treated samples. Harvested at 48 hours and normalised to cell count,
xp < 0.0002 passed Bonferroni correction. All metabolites were ranked
according to variable importance in projection (VIP) value and reached a
similarity index of at least 60% with spectral libraries.

Sample Metabolite VIP Fold-change P — value

media Malonic acid 1.14 1.9 < 0.0002%
Inosine 1.14 3.1 < 0.0005
Glycine 1.13 2.4 < 0.0005
L-Aspartic acid 1.13 5.4 < 0.0005
Ribitol 1.13 34 < 0.001
D-Fructose 1.13 3.7 < 0.001
Tryptophan 1.13 2.9 < 0.001
L-Methionine 1.12 3.8 < 0.001
Maltose 1.12 2.0 < 0.005
L-Asparagine 1.12 8.2 < 0.005
Myo-inositol 1.12 2.3 < 0.005
L-homoserine 1.12 3.5 < 0.005
Cholesterol 1.12 2.1 < 0.005
D-Gluconic acid 1.11 2.1 < 0.005
Malic acid 1.11 2.1 < 0.005
D-Galactose 1.11 2.2 < 0.005
2-keto-D-gluconic
acid 1.10 4.3 < 0.005
Pyridine 1.10 2.2 < 0.005
D-Galactose 1.10 2.2 < 0.005
L-Leucine 1.09 2.8 < 0.005
Phenylalanine 1.09 2.6 < 0.005
L-Isoleucine 1.08 2.6 < 0.005
L-Proline 1.08 2.1 < 0.01
Glucosamine 1.08 5.8 < 0.01
Glycoside 1.08 5.2 < 0.01
Pyrimidine 1.08 2.1 < 0.01
L-Threonic acid 1.08 2.0 < 0.01
L-Valine 1.06 24 < 0.01
L-Cysteine 1.06 4.4 < 0.01
Mannose 1.05 3.7 < 0.05
D-Glucose 1'0%8 2.0 < 0.05
Urea 1.04 1.9 < 0.05
D-Fructose 1.01 2.1 < 0.05

Purine 1.01 2.4 < 0.05




3.2.6. 'TH NMR: Complementary metabolic characterisation
of ASS1 GBM subtypes

3.2.7. Experimental parameters

'H NMR was performed in order to expand the scope of metabolite cover-
age and validate global trends observed in GC/TOF MS. The strength of
using two different analytical instruments lies in the complimentary cover-
age of metabolites across these platforms [12]. Overlap also exists for some

compounds, allowing for validation across two instruments.

Cell count of non-treated and ADI-PEG20 treated cells at
48 hour harvest for 'H NMR analysis

As with the GC/TOF MS (section A.2), parameters for optimal cell culture
conditions were established for 'H NMR analysis. This included optimisa-
tion of the cell seeding density and ensuring cell harvest yield of at least
1x108 at 48 hours, to have sufficient sample volume and biological material

for 'H NMR instrumental analysis.

In line with the parameters and cells used in GC/TOF MS analysis, ASS1M
(SNB19), ASS1Y (U87) and non-GBM (astrocyte) cells were harvested at 48
hours and cell count was determined (figure 3.8). In keeping with previous
SRB (section 3.2.1) and cell count analysis (section A.2), harvest for 'H
NMR analysis at 48 hours confirmed that ADI-PEG20 significantly decreases
viable cell count in ASSIM cells and not ASS1V cells. As in GC/TOF
MS cell harvest, viable cell count in astrocytes decreased upon ADI-PEG20
treatment at 48 hours, however contrary to previous results (section A.2)

this was not significant.
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Figure 3.8.: Cell count determination at 48 hours in ASS1 GBM
subtypes for 'H NMR analysis. ASS1M (SNB19), ASS1Y(US87), and
non-GBM (astrocyte) cells (n = 3) were harvested at 48 hours in the pres-
ence and absence of ADI-PEG20 (1ug/ml) for 'H NMR analysis. Cells were
counted via a haemocytometer with use of trypan blue, showing that at
48 hours viable cell count of ASSIM cells significantly decreased, whereas
no significant change was observed in ASS1Y or non-GBM (astrocyte) cells.
Values shown are relative to control and error bars represent standard error
*xp < 0.05.

Profiling via 'TH NMR

Data from 'H NMR analysis was normalised via probabilistic quotient nor-
malisation, as this approach has been shown to be more accurate than

widespread normalisation approaches used for 'H NMR [32].

Confirmation of ADI-PEG20 treatment effect

In order to validate the expected arginine decrease upon ADI-PEG20 treat-
ment, levels were interrogated. Cell media samples showed that arginine
decreased in ADI-PEG20 treated samples, relative to non-treated (control)
samples (figure 3.9). The observed decrease was significant, however smaller
than anticipated. This could be attributed to the fact that the amino-acid
lysine, also a constituent of DMEM media [34], rest at the same spectral

region as arginine, making it difficult to distinguish between the spectral
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detection of these two amino acids.

Citrulline, one of the by-products released during arginine degradation, was
therefore also interrogated. In line with the expected treatment effect, cit-
rulline increased by a fold-change of 1.2 - 1.3 upon treatment (figure 3.9).
These results suggest that citrulline is a clearer indicator for detecting ADI-
PEG20 effect via 'H NMR, as it rests in a spectral region where there are

no other metabolites.

arginine levels in media citrulline levels in media
* 1.5 *
1.04 * *
2 >
5 £ 1.01
£ E
'g 0.5 .g
= T 0.54
4 &
0.0- 0.0-
D @ N Q) o
Q N N N ) &
> v F S 2
ASS1M ASS1Y non-GBM ASS1M ASS1Y non-GBM
E=] ADI-PEG20
[ ] Control

Figure 3.9.: 'H NMR: Control of ADI-PEG20 treatment effect via
arginine and citrulline. Arginine decreases and citrulline increases upon
ADI-PEG20 treatment (1pg/ml ADI-PEG20). Averages (n = 3) of integral
intensities calculated at 48 hours in media of untreated control and treated
GBM cell line samples. Standard deviation marked with error bars and
significance between treated and non-treated lines marked with *p < 0.05.

3.2.8. 'H NMR validates global GC/TOF MS observations:
Distinct basal metabolic profile of ASS1 subtypes in
GBM cell lines

In order to validate global GC/TOF MS findings and enhance the scope of
metabolic coverage, PCA was performed on 'H NMR data. PCA showed a
separation in the global metabolic profile of ASSIM and ASS1Y GBM cell
lines at basal levels (figure 3.10). These findings validated the global trend
observed at basal level in GC/TOF MS analysis.
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Figure 3.10.: 'H NMR: basal metabolic profile. PCA scores plots
(PC1 vs PC2) of ASSIM (SNB19), ASS1Y (U87) and non-GBM (astrocyte)
cells (n = 3), harvested at 48 hours in the absence of ADI-PEG20 treatment
and analysed via 'H NMR. As demonstrated by clear separation amongst
cells, results in both media and extract show distinct global metabolic pro-
file between ASS1Y, ASSIM and non-GBM (astrocyte) cells. Probabilistic
quotient normalisation. (a) Cell extract; R2=0.457, Q*=0.076 and (b) Cell
media; R?=0.621, Q2=0.197.
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'H NMR: OPLS-DA highlights discriminant metabolites at
basal levels

Specific differences between metabolic profiles of ASS1 subtypes (ASS1M
versus ASS1Y) were further explored using OPLS-DA in MATLAB. OPLS-
DA is frequently applied to metabolomic data and similar to the PLS-DA
model applied in GC/TOF MS analysis (section A.2). Additional features
include that more subtle differences can be detected between data-sets of

groups, and model visualisation is improved [12] [146].

Discriminant metabolites between ASS1 subtypes were highlighted with
OPLS-DA, by showing (i) the direction of variation (eg: elevated in ASS1Y)
and (i) strength of correlation, as shown by colourimetric R? correlation
coefficient indicator (red for high correlation and blue for no correlation).
Validity of OPLS-DA models was determined through Q2 values, with 1 be-
ing the highest score and negative Q? values disqualifying OPLS-DA models

due to lack of predictive power.

Both cell extract (figure 3.11) and cell media (figure 3.12) group comparisons
(ASSIM versus ASS1Y) passed model validation. OPLS-DA highlighted dis-
criminant metabolite peaks and those with high correlation coefficients were
extracted. Metabolites were matched with standards in the Chenomx spec-
tral library (Chenomx NMR suite 8.1 Profiler, Canada) and discriminant

metabolites are listed in table 3.6.
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Figure 3.11.: 'H NMR: OPLS-DA correlation coefficient plot of
cell extract from ASS1 subtypes. OPLS-DA correlation coefficient plot
from 'H NMR spectra. Comparison of ASS1™ (SNB19) and ASS1Y (U87)
GBM cell extract at basal levels (absence of treatment), showing limited
discriminatory metabolites as indicated by colour scale of Pearson correla-
tion coefficient R?, where red indicated strong correlation and blue poor
correlation. Upward pointing peaks are positively correlated with ASS1Y
cells and downward pointing peaks are positively correlated with ASS1M.
Metabolites including lactate and uridine were associated with ASSIM cell
extract, whereas glutamate was associated with ASS1U cell extract. Prob-
abilistic quotient normalised. Cumulative values R?=0.889 and Q2?—0.440.
Key: A.u (arbitrary units), ppm (parts per million).
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Figure 3.12.: 'H NMR: OPLS-DA correlation coefficient plot of
media from ASS1 subtypes. OPLS-DA correlation coefficient plot from
'H NMR spectra. Comparison of ASS1M (SNB19) and ASS1Y (U87) GBM
cell media at basal levels (absence of treatment), showing limited discrim-
inatory metabolites as indicated by colour scale of Pearson correlation co-
efficient R?, where red indicated strong correlation and blue poor correla-
tion. Metabolites including glucose were associated with ASS1M cell media,
whereas arginine and lactate were associated with ASS1V cell media. Up-
ward pointing peaks are positively correlated with ASS1Y cells and down-
ward pointing peaks are positively correlated with ASSIM. Probabilistic
quotient normalised. Cumulative values R?=0.999 and Q?—0.889. Key:
A.u (arbitrary units), ppm (parts per million).
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Table 3.6.: OPLS-DA: discriminant metabolites amongst ASS1
subtypes at basal level. Differential metabolites derived from OPLS-
DA model of ASSIM (SNB19) and ASS1V (U87) cell extract and media
comparison at basal levels (absence of treatment) from 'H NMR analysis.
Metabolites listed were positively correlated with ASS1 subtypes.

Cell extract Cell media
ASS1Y ASSIM ASS1Y ASS1M
uridine glutathione arginine glucose
uridine species glutamine lactate glutamate
lactate glutamate pyruvate
tyrosine leucine
choline taurine
taurine .?)-hydroxy—
isovalerate
beta-alanine isoleucine
2-hydroxyl-
valerate
ribose

3.2.9. 'H NMR: Metabolic alteration upon ADI-PEG20

treatment

Having investigated samples at basal levels, metabolic profiles upon ADI-
PEG20 treatment were next studied. PCA of ASSIM cells showed, that
upon treatment, there was a clear separation in the global metabolic profile
of cell extracts, and a marginal separation in cell media (figure 3.13).

This stood in contrast to observations in extract and media of ASS1Y GBM
cells, where there was no separation, indicating little global metabolic alter-
ation upon treatment. These observations validated global trends observed
in GC/TOF MS analysis (section A.2).

In astrocytes, 'H NMR. of cell media and cell extract showed that there
was no separation upon ADI-PEG20 treatment, which stood in contrast
to GC/TOF MS results. For both the PCA (figure 3.13) and cell count
(figure 3.8), astrocytes followed the pattern observed in ASS1Y (U87) cells.
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Figure 3.13.: 'H NMR: metabolic profile upon ADI-PEG20 treat-
ment. PCA scores plots (PC1 vs PC2) from global metabolic profile of
ASS1Y (U87), ASSIM (SNB19) and non-GBM (astrocyte) cells (n = 3) at
48 hours in the presence and absence of ADI-PEG20 (1ug/ml) treatment
from 'H NMR, analysis. Probabilistic quotient normalisation. (a) Cell ex-
tract; R?=0.335, Q?=0.130 and (b) Cell media; R2=0.496, Q?>—0.077.

'H NMR: OPLS-DA highlights discriminant metabolites
upon ADI-PEG20 treatment

As described in the previous section (section 3.2.8), OPLS-DA was also ap-
plied to treated groups (eg: non-treated control versus ADI-PEG20 treated
groups). Specific differences between metabolic profiles of groups were high-
lighted via colourimetric scale along spectral axis (figure 3.14).

All group comparisons passed model validation. OPLS-DA highlighted dis-
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criminant metabolite peaks and those with high correlation coefficients were
extracted. Figure 3.14 and 3.15 display representative OPLS-DA plots of cell
extract and media accordingly in ASS1M (SNB19) cells. Further OPLS-DA
plots are found in the appendix (section A A.3). Metabolites were matched
with the standards in the Chenomx spectral library (Chenomx NMR suite

8.1 Profiler, Canada) and discriminant metabolites are listed in table 3.7.
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Figure 3.14.: '"H NMR: Representative OPLS-DA correlation co-
efficient plot of cell extract in ASSIM control versus treatment.
OPLS-DA correlation coefficient plot from 'H NMR spectra in ASS1M
(SNB19) cells harvested at 48 hours. Comparison of control and ADI-
PEG20 treated (1ug/ml) cell extract samples (n = 3), highlighted discrim-
inant metabolites including glutamate, alanine and lactate. Discriminatory
metabolites were highlighted as indicated by colour scale of Pearson corre-
lation coefficient R?, where red indicated strong correlation and blue poor
correlation. Upward pointing peaks are positively correlated with treated
samples and downward pointing peaks are positively correlated with un-
treated control samples. Probabilistic quotient normalised. Cumulative val-
ues R%2=0.903 and Q?=0.558. Key: A.u (arbitrary units), ppm (parts per
million).
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Figure 3.15.: 'H NMR: Representative OPLS-DA correlation coef-
ficient plot of cell media in ASS1M control versus treatment. OPLS-
DA correlation coefficient plot from 'H NMR spectra in ASS1M (SNB19)
cells harvested at 48 hours. Comparison of control and ADI-PEG20 treated
(1pug/ml) cell media samples (n = 3), showing discriminatory metabolites,
including citrulline, alanine and glucose, as indicated by colour scale of
Pearson correlation coefficient R?, where red indicated strong correlation
and blue poor correlation. Upward pointing peaks are positively correlated
with treated samples and downward pointing peaks are positively correlated
with control samples. Probabilistic quotient normalised. Cumulative val-
ues R2=0.983 and Q?=0.925. Key: A.u (arbitrary units), ppm (parts per
million).
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Table 3.7.: OPLS-DA: discriminant metabolites amongst ASS1
subtypes. Differential metabolites derived from OPLS-DA model of ASS1M
(SNB19), ASS1V (U87) and non-GBM (astrocyte) cell extract and media
from 'H NMR analysis. Comparison in the presence and absence of ADI-
PEG20 treatment (1ug/ml). Metabolites listed were positively correlated
with groups (i.e: metabolites listed under control column were higher in
control compared to treated group).

Cell line Extract Media
control treatment control treatment
ASS1M glutathione glycoproline p?ltlenylala— citrulline
nine
SNB19 lactate glucose thymine
creatine serine alanine
myo-inositol 3-methyl-2- sn-glycero-3-
or AMP oxovalerate phosphocholine
alanine choline tyrosine
3-hydroxy-3- .
aspartate citrate
methylglutarate
pyrogluta- ) .
mate proline succinate
glutamate pyrogluta- proline
mate
glycoproline valine
threonine lysine
thymidine
glycocholate
ASS1Y UDP-glucose citrulline arginine citrulline
Us7 glycocholate glucose creatine
phosphate
glucose glutamate
glutamate methionine
succinate
glutamine
Non-GBM | glycine glutamate arginine citrulline
3-
Astro hydroxyiso- glucose thymidine
valerate
lactate
proline
glutathion-
ine
formate
valine
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3.2.10. Validation of trends in ASS1 GBM subtypes via 'H
NMR analysis

3.2.11. Experimental parameters

In order to verify 'H NMR findings (section 3.2.6), enhance biological cov-
erage and strengthen experimental parameters, an 'H NMR validation ex-
periment was performed. In addition to the cell lines used in previous 'H
NMR analysis (SNB19, U87 and astrocytes), further cell lines were added.
For ASS1M this included GAMG and LN229, and for ASS1Y this included
U118. In order to strengthen statistical analysis, replicate samples were in-

creased fromn =3 ton = 9.

Cell count of non-treated and ADI-PEG20 treated cells at
48 hour harvest for 'H NMR analysis

Cells were plated and harvested at 48 hours, using optimal conditions es-
tablished in previous 'H NMR analysis (section 3.2.6). In line with earlier
GC/TOF MS and 'H NMR experiments, cell count was determined, parallel

to harvest for metabolomic analysis.

Results of cell count confirmed ADI-PEG20 treatment effect, in decreas-
ing viable cell count at 48 hours in ASSIM cells and not ASS1Y cells (fig-

ure 3.16). Corresponding trends were demonstrated both in previously used
cells (SNB19 and U87) and the added cell panel (GAMG, LN229 and U118).

Viable cell count of astrocytes significantly decreased upon ADI-PEG20
treatment. These results reflected the same trend observed in the previ-
ous 'H NMR, SRB and GC/TOF MS analysis.
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Figure 3.16.: Cell count determination at 48 hours in ASS1 GBM
subtypes for 'H NMR validation. ASSIM (GAMG, LN229, SNB19),
ASS1Y(U87, U118), and non-GBM (astrocyte) cells (n = 3) were harvested
at 48 hours in the presence and absence of ADI-PEG20 (1ug/ml) for 'H
NMR analysis. Cells were counted via a haemocytometer with use of trypan
blue, showing that at 48 hours viable cell count of ASSIM cells significantly
decreased, whereas no significant change was observed in ASS1Y cells. Val-
ues shown are relative to control and error bars represent standard error

*p < 0.05.

Profiling via 'TH NMR

'H NMR spectra were acquired for each sample with both 1D NOESY and
CPMG pulse sequence programmes. CPMG spectra were taken forward
for subsequent analysis, as more metabolites could be detected. Represen-
tative spectra (figure 3.17) shows how protein suppression of the CPMG
programme allowed for low-molecular weight metabolite metabolites such
as tryptophan to be detected. In line with previous 'H NMR analysis (sec-

tion 3.2.6), spectra were normalised via probabilistic quotient normalisation.
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Figure 3.17.: Representative CPMG and 1D NOESY 'H NMR
spectra: Representative 'H NMR spectra demonstrate CPMG spectra (red)
allowed for more low-molecular weight metabolites such as tryptophan to be
detected in GBM samples (from SNB19 media) than 1D NOESY (blue) pulse
sequence programmes. A.u. (arbitrary units), ppm (parts per million).

Confirmation of ADI-PEG20 treatment effect

ADI-PEG20 treatment effect was further validated by interrogating argi-
nine and citrulline levels. Blank and cell media samples confirmed that
upon treatment, arginine decreased and citrulline increased at 48 hours (fig-
ure 3.18). LN229 (ASS1M) cells, were however an exception, showing that
arginine did not significantly decrease upon treatment. As outlined in sec-
tion 3.2.7, this may be attributed to the fact that the amino-acid lysine rest
at the same spectral region as arginine, and citrulline is a clearer indicator
of ADI-PEG20 treatment effect via 'H NMR in this in vitro model.
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Figure 3.18.: 'H NMR validation: Internal control of ADI-PEG20
effect. Arginine decreases and citrulline increases upon ADI-PEG20 treat-
ment (1pug ADI-PEG20). Averages (n = 9) of integral intensities calculated
at 48 hours in media of control and treated GBM cell line samples. Stan-
dard deviation marked with error bars and significance between treated and
non-treated lines marked with xp < 0.05 for arginine and *p < 0.001 for
citrulline.

3.2.12. 'H NMR: Validation of global basal level trends in
ASS1 subtypes

PCA analysis validated observations made in previous 'H NMR analysis
(section 3.2.6) and also provided further insights into global metabolic trends
in ASS1 subtypes.

For the cell extract fraction, astrocytes were excluded from PCA, as sufficient
information could not be gained from low spectra signal in these samples.
This was due to lower count at harvest compared to other GBM lines and
previous 'H NMR analysis. These results highlight the limitations of using
primary astrocyte cell lines in 'H NMR analysis of cell extract studies, as

large quantities of cells are required for detection (over 1x10°).

For the cell media fraction, PCA showed that the global profiles of GBM
cell lines separated from non-GBM (astrocyte) cells (figure 3.19). In order
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to interpret clustering trends amongst GBM lines and enhance visualisation,

astrocytes were removed from cell media PCA plots.

Having excluded astrocytes, PCA showed that in the absence of treatment,
the global profiles of SNB19 (ASS1M) and U87 (ASS1Y) separated in both
the cell extract and media fraction (figure 3.20). This was in-line with the ob-
servations of previous 'H NMR and GC/TOF MS analysis. Further, ASS1M
cells (SNB19, LN229, GAMG) clustered together, indicating similarities in
their global profile amongst both cell extract and media sample fractions.

Clustering of ASS1M cells was particularly pronounced in cell media samples.

PCA also showed that under normal growth conditions, U118 (ASS1Y) cells
clustered with ASSIM cells (SNB19, LN229, GAMG), highlighting that in

the presence of extra-cellular arginine not all ASS1 subtypes separate.
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Figure 3.19.: 'H NMR validation: PCA of metabolic profiles in
media. PCA scores plots (PC1 vs PC2) from global metabolic profile of
ASS1Y (U87, U118), ASSIM (SNB19, GAMG, LN229) and non-GBM (as-
trocyte) cell media (n = 4 —9) at 48 hours in the presence and absence of
ADI-PEG20 (1ug/ml) from 'H NMR analysis. R?—0.386, Q2-0.353. Prob-
abilistic quotient normalisation.
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Figure 3.20.: 'H NMR validation: PCA of basal metabolic profiles.
PCA scores plots (PC1 vs PC2) showing global metabolic profile of ASS1M
(SNB19, GAMG, LN229), ASS1Y (U87, U118) and non-GBM (astrocyte)
cells (n =4 —9) at 48 hours in the absence of ADI-PEG20 and analysed via
'H NMR. Probabilistic quotient normalisation. (a) Cell extract; R?=0.264,
Q%=0.194 and (b) Cell media; R?=0.292, Q?=0.243.
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'H NMR: OPLS-DA highlights discriminant metabolites at
basal levels

Specific differences between metabolic profiles of ASS1 subtypes were further
explored using OPLS-DA. All group comparisons passed model validation
as determined by positive Q? values.

At basal level, OPLS-DA of the cell extract highlighted more metabolic
differences of high correlation between ASS1 subtypes (figure 3.21), than the
cell media fraction (figure 3.22). Peaks of high correlation were all positively
associated with ASS1Y (U87, U118) cells, indicating they were metabolically
more active than ASSIM cells.

Discriminant metabolites positively associated with ASS1Y included uridine,
uridine-associated metabolites (UDP-galactose, UDP-glucuronate, UDP-glucose,
UDP-n-acetylglucosamine, y-glutamylphenylalanine), glucose, lactate and
glutamate (table 3.8).

For cell media, OPLS-DA correlation coefficient plot showed there were
limited metabolic alterations of high correlation between ASSIM (GAMG,
SNB19, LN229) and ASS1Y (U87, U118) GBM (figure 3.22). This reflected
the trend observed via PCA (figure 3.20), where U118 clustered with ASS1M

cells.

As indicated by colourimetric scale, metabolites of higher correlation were
highlighted by the model and identities were assigned. These included alpha-
ketoisovalerate and pyroglutamate. The former being a product of valine
degradation, a compound not present in cell media or synthesised by human
cells and was hence discarded as an artefact. The later, was positively cor-
related with ASSIM cells and is a metabolite associated with glutathionine
(an antioxidant) synthase deficiency [100]. Methanol was also identified as

a contaminant.

Discriminant metabolites matched with the standards in the Chenomx spec-
tral library (Chenomx NMR suite 8.1 Profiler, Canada) are listed in table 3.8.
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Figure 3.21.: 'H NMR validation of extract: OPLS-DA correlation
coefficient plot. OPLS-DA correlation coefficient plot obtained from 'H
NMR spectra. Comparison of ASSIM (SNB19, LN229, GAMG) and ASS1Y
(U87, U118) GBM cell extract at basal levels (absence of treatment), showing
limited discriminatory metabolites as indicated by colour scale of Pearson
correlation coefficient R?. Harvest at 48 hours and probabilistic quotient
normalised. Cumulative values R?=0.862 and Q?=0.560. Key: A.u (arbi-
trary units), ppm (parts per million).
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Figure 3.22.: '"H NMR validation: OPLS-DA correlation coeffi-
cient plot of media from ASS1 subtypes. OPLS-DA correlation coefli-
cient plot obtained from 'H NMR spectra. Comparison of ASSIM (SNB19,
LN229, GAMG) and ASS1Y (U87, U118) GBM cell media at basal levels
(absence of treatment), showing limited discriminatory metabolites as indi-
cated by colour scale of Pearson correlation coefficient R2. Harvest at 48
hours and probabilistic quotient normalised. Cumulative values R?=0.545
and Q?=0.680. Key: A.u (arbitrary units), ppm (parts per million).
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Table 3.8.: OPLS-DA: discriminant metabolites amongst ASS1
subtypes at basal levels. Differential metabolites derived from OPLS-
DA model of ASSIM (SNB19, LN229, GAMG) and ASS1YV (U87, U118).
Cell extract and media harvested at 48 hours and comparison was made
at basal levels (absence of treatment) from 'H NMR analysis. Metabolites
listed were positively correlated with ASS1 subtypes.

Cell extract Cell media
ASS1Y ASSIM ASS1Y ASSIM

sn-3-

2-deoxyadenosine  glycerophospho- | citrate pyroglutamate
choline
3-methyl-

oxovalerate

uridine

lactate
myoinositol
citrulline

glutathionine

glutamine
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Validation of 'H NMR analysis trends: ASS1 subgroup
comparison upon ADI-PEG20 treatment via PCA and
OPLS-DA

Specific differences between metabolic profiles of groups (eg: control versus
treatment) were further explored using PCA. All group comparisons passed
model validation as determined by positive Q? values.

In order to allow for visualisation and explore clustering trends upon ADI-
PEG20 treatment via PCA, groups were individually analysed. PCA of 'H
NMR showed, that upon treatment, global metabolic profiles of all ASS1M
cell extract (figure 3.23) and media (figure 3.24) separated from control cells.
As observed in previous 'H NMR and GC/TOF MS results, US7 (ASS1Y)
cells did not separate upon treatment. U118 (ASS1V) cells did also not
separate in the extract fraction, yet interestingly there was a separation in

cell media upon treatment.
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Figure 3.23.: 'H NMR validation: PCA of extract group compar-
ison upon ADI-PEG20 treatment: Individual PCA scores plot (PC1
vs PC2) of global metabolic profile in ASS1™ (GAMG, LN229, SNB19) and
ASS1Y (U87 and U118) cells (n = 4—9) harvested at 48 hours in the presence
and absence of ADI-PEG20 (1ug/ml). Probabilistic quotient normalisation.
A. SNB19; R?= 0.261, Q*>= 0.194, B. LN229; R?>= 0.449, Q%= 0.016, C.
GAMG; R2= 0.393, Q?= 0.027, D. U8T; R?= 0.350, Q*= 0.102, E. U118;
R?= 0.333, Q= 0.062.
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Figure 3.24.: 'H NMR validation: PCA of media group compari-
son upon ADI-PEG20 treatment: Individual PCA scores plot (PC1 vs
PC2) of global metabolic profile in ASSTM (GAMG, LN229, SNB19) and
ASS1Y(U87 and U118) cells (n = 6 — 9) harvested at 48 hours in the pres-
ence and absence of ADI-PEG20 (1ug/ml). Probabilistic quotient normal-
isation. A. SNB19; R?=0.287, Q?=0.153 B. LN229; R?=0.383, Q>=0.195.
C. GAMG; R?=0.365, Q*=0.071. D. U8T7; R2=0.328, Q?=0.067 E. U118;
R2=0.406, Q®>=0.058. F. Astro; R?=0.350, Q®=0.153.
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'H NMR validation: OPLS-DA highlights discriminant
metabolites upon ADI-PEG20 treatment

GBM cell lines were individually analysed via OPLS-DA, in order to high-
light discriminant metabolites between control and ADI-PEG20 treated sam-
ples. Representative plots of cell extract and media fractions can be seen in
figure 3.25 and 3.26 accordingly, with further plots in appendix (section A.4).
Highly correlated peaks were extracted and metabolites were matched with
the standards in the Chenomx spectral library (Chenomx NMR suite 8.1
Profiler, Canada). Discriminant metabolites are separately listed for ASSIM
(table 3.9), ASS1Y (table 3.10) and non-GBM cells (table 3.11). In accor-
dance with the expected treatment effect, all group comparisons showed that

citrulline was positively correlated with treated samples.
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Figure 3.25.: Representative 'H NMR: OPLS-DA correlation co-
efficient plot of cell extract upon treatment. OPLS-DA correlation
coefficient plot from 'H NMR spectra in ASSIM (SNB19) cells harvested
at 48 hours. Comparison of control and ADI-PEG20 treated (1ug/ml) cell
extract samples (n = 9), showing discriminatory metabolites as indicated by
colour scale of Pearson correlation coefficient R?, where red indicated strong
correlation and blue poor correlation. Upward pointing peaks are positively
correlated with treated samples and downward pointing peaks are positively
correlated with control samples. Probabilistic quotient normalised. Cumu-
lative values R?=0.988 and Q?=0.770. Key: A.u (arbitrary units), ppm
(parts per million).
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Figure 3.26.: Representative 'H NMR: OPLS-DA correlation co-
efficient plot of cell media upon treatment. OPLS-DA correlation
coefficient plot from 'H NMR spectra in ASS1M (SNB19) cells harvested
at 48 hours. Comparison of control and ADI-PEG20 treated (1ug/ml) cell
media samples (n = 9), showing discriminatory metabolites as indicated by
colour scale of Pearson correlation coefficient R?, where red indicated strong
correlation and blue poor correlation. Upward pointing peaks are positively
correlated with treated samples and downward pointing peaks are positively
correlated with control samples. Probabilistic quotient normalised. Cumu-
lative values R?=0.982 and Q?=0.838. Key: A.u (arbitrary units), ppm
(parts per million).
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Table 3.9.: OPLS-DA: discriminant metabolites amongst ASS1M

cells.

Differential metabolites derived from OPLS-DA model of ASS1M

(SNB19, LN229, GAMG) cell extract and media from 'H NMR analysis.
Comparison in the presence and absence of ADI-PEG20 treatment (1pg/ml).
Metabolites listed were positively correlated with groups (control or treat-

ment).
Cell line Extract Media
control treatment control treatment
ASS1M glutathionine  citrulline arginine citrulline
SNB19 threonine tyrosine formate glucose
lactate glucose lactate
glycolate or )
aspartate citrate
galactarate
glutamate glutathionine | pyruvate
alanine su-glycero- . alanine
phosphocholine
creatine or
creatinine
phenylalanine
ASS1M glutathione citrulline pyruvate citrulline
LN229 lactate UDP glucose formate ribose
myoinositol glucose lactate glucose
sn-glycero-
glutamate . galactonate
phosphocholine
taurine glycolate thymidine
alanine creatine
beta alanine glycocolate
creatine uracil
aspartate
ASS1M arginine citrulline arginine citrulline
UDP-N-
GAMG lactate acetyl- formate glucose
glucosamine
myoinositol proline lactate thymidine
uridine glycolate alanine
glycine glucose glycine
beta-alanine choline glutamine
creatine UDP-glucose pyruvate
glutathionine  creatine
glutamate
isovalerate
lactate
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Table 3.10.: OPLS-DA: discriminant metabolites amongst ASS1Y
cells. Differential metabolites derived from OPLS-DA model of ASS1Y
(U8T) cell extract and media from 'H NMR analysis. Comparison in the
presence and absence of ADI-PEG20 treatment (1ug/ml). Metabolites listed
were positively correlated with groups (control or treatment).

Cell line Extract Media
control treatment control treatment
ASS1Y N- citrulline arginine citrulline
acetylglutamate
usr triglycine glucose glutathionine
beta-alanine glutamine
ASS1Y arginine citrulline arginine citrulline
U118 myo-inositol glucose galactonate

Table 3.11.: OPLS-DA: discriminant metabolites amongst Non-
GBM cells. Differential metabolites derived from OPLS-DA model of non-
GBM (astrocyte) cell extract and media from 'H NMR analysis. Comparison
in the presence and absence of ADI-PEG20 treatment (1ug/ml). Metabolites
listed were positively correlated with groups (control or treatment). N/A
(non-applicable).

Cell line Extract Media
control treatment control treatment
Non- .. . .
N/A arginine citrulline
GBM
3-methyl-2-
Astro formate Y
oxovalerate
lactate inosine
alanine glucose
pyruvate
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3.3. Discussion

3.3.1. Basal profiles present limited metabolic differences
amongst ASS1 subtypes in GBM cell lines

Overall, comparing ASSIM and ASS1Y GBM cells in the absence of ADI-
PEG20 via GC/TOF MS and *H NMR revealed limited specific metabolic
differences amongst ASS1 subtypes via PLS-DA and OPLS-DA. These re-
sults were anticipated, as under normal growth conditions, where arginine is
in ample supply in the media, large variation in the metabolic profile based
on the methylation specific silencing of one gene was not expected. Study-
ing GBM subtypes via GC/TOF MS and 'H NMR, did however reveal that
variation amongst GBM cell line profiles can be detected via metabolomic

approaches, which has also been observed by others [27].

In the absence of ADI-PEG20 treatment, metabolic profiles (here forth also
described as basal or control profiles) of cell extracts showed that metabo-
lites including lactate, alanine and uridine were elevated in ASS1Y cells,
compared to ASSIM cells (table 3.12). Lactate and alanine are known
biomarkers for increased glycolysis and cancer metabolism [3], indicating
that these ASS1V cells were metabolically more active than ASSIM GBM.
Further, with uridine being an important building-block of RNA, these find-
ings could indicate that ASS1V cells analysed here were transcriptionally
more active, which is interesting, given that ASSI™ GBM have been found

to be clinically more aggressive (Syed et al. [126]).

Basal level '"H NMR analysis also displayed glutamate to be associated with
media of ASSIM GBM cell lines. Extracellular glutamate release has been re-
ported in GBM and other cancers [82] [159], and cellular glutamate excretion
has been proposed as a contributing mechanism in cancer metastasis [121].
Consequently, it could be hypothesised that extracellular glutamate is a fac-
tor contributing towards aggressiveness and poorer survival in ASSIM cells,
compared to ASS1Y GBM [126]. Interestingly, ASS1 loss has also been as-
sociated with decreased metastasis-free survival in osteosarcoma [71] as well

as more aggressive phenotypes in other cancers [62].
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Table 3.12.: Comparative summary: Putative discriminant
metabolites of GC/TOF MS and 'H NMR analysis. Summary of
top five putative differential metabolites derived from PLS-DA and OPLS-
DA of GC/TOF MS and 'H NMR analysis of ASSIM (SNB19) versus ASS1Y

(U8T7) cell extract and media samples (summary of table 3.1,3.6, 3.8).

Sample | GC/MS 'H NMR 'HNMR  validation
malonic . o . 2-deoxy- myo-
extract . l-valine uridine choline ] T
acid adenosine  inositol
l-threonine l-proline | lactate taurine uridine citrulline
alanine tyrosine lactate
media | n/a arginine leucine citrate
lactate taurine
pyruvate
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3.3.2. Arginine deprivation via ADI-PEG20 alters global
metabolic profile in ASS1™ GBM cell lines

Analysis of GBM cell lines repeatedly demonstrated that upon ADI-PEG20
treatment there were global metabolic alterations in ASSIM cells and not
ASS1Y cells. Syed et al. [126] demonstrated that ASSIM (and not ASS1Y)
GBM cell lines undergo autophagy upon ADI-PEG20 treatment, hence find-
ings presented here also reflect a snapshot of cells undergoing this metabolic
process. Comparing the top discriminant metabolites of the GC/TOF MS
and two 'H NMR experiments, consistently showed elevated citrulline upon
ADI-PEG20 treatment in cell media of ASSIM, ASS1Y and astrocyte cells
(table 3.13, 3.14, 3.15).

Interrogating specific metabolic alterations upon treatment showed that a
higher number of metabolites were altered in ASSIM than ASS1Y cell lines.
Interestingly in GC/TOF MS analysis all metabolites that passed the cut-
off criteria were higher in ADI-PEG20 treated samples for ASSIM cells.
Arginine deprivation is known to result in protein breakdown, mitochondrial
damage and nuclear DNA leakage in cancer cells [128], and in an effort to
maintain homeostasis, excretion of nucleosides has also been reported in
other cells undergoing autophagy [61]. Trends observed via GC/TOF MS
could therefore be attributed to stress induced by treatment, where ASS1M
cells released and ceases to consume metabolites, including those which are

important for proliferation, such as pyrimidine, pyridine and purine.
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Table 3.13.: ASS1M comparative summary: Putative discriminant
metabolites of GC/TOF MS and 'H NMR analysis upon ADI-
PEG20 treatment. Summary of top five putative differential metabolites
derived from PLS-DA and OPLS-DA of GC/TOF MS and 'H NMR analysis
of GBM cell lines ASSIM (SNB19, LN229, GAMG) cell extract and media

samples (summary of table 3.2, 3.3, 3.7, 3.9).

Sample | GC/MS 'H NMR 'H NMR  validation
. . glucos- glyco- . .
SNB19 | malic acid . . citrulline glycolate
amine proline
malonic . . glutathio-
extract ) l-valine tyrosine .
acid nine
cholesterol glucose
. glycero-
. malonic . . . .
media maltose d citrulline  phospho- | citrulline
aci
choline
galactose l-proline | thymine tyrosine glucose
pyridine alanine
LN229 | n/a n/a citrulline glycolate
extract glucose creatine
glycero-
phospho-
choline
alacto-
media n/a n/a citrulline 8
nate
ribose thymidine
glycose
CAMG n/a n/a citrulline glycolate
glucos-
extract . glucose
amine
proline
media n/a n/a citrulline
glucose
thymidine
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Table 3.14.: ASS1Y comparative summary: Putative discriminant
metabolites of GC/TOF MS and 'H NMR analysis upon ADI-
PEG20 treatment. Summary of top five putative differential metabolites
derived from PLS-DA and OPLS-DA of GC/TOF MS and 'H NMR anal-
ysis of GBM cell lines ASS1V (U87, U118) cell extract and media samples
(summary of table 3.4, 3.4, 3.7, 3.9).

Sample | GC/MS 'H NMR 'H NMR validation
U87 n/a citrulline citrulline
extract triglycine
bete-
alanine
. trypto- - N N
media ribitol citrulline citrulline
phan
malic . gluta-
maltose . creatine o
acid thionine
. phos- .
glycine glytamine
phate
U118 n/a n/a citrulline
extract
media n/a n/a citrulline
galacto-
nate
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Table 3.15.: Astrocyte comparative summary: Putative discrim-
inant metabolites of GC/TOF MS and 'H NMR analysis upon

ADI-PEG20 treatment.

Summary of top five putative differential

metabolites derived from PLS-DA and OPLS-DA of GC/TOF MS and 'H
NMR analysis of astrocyte cell extract and media samples (summary of table

3.5, 3.7, 3.9).
Sample | GC/MS 'H NMR 'H NMR  validation
luta-
Astro n/a & n/a
mate
3-
extract hydroxy-
isovalerate
. l-
. malonic . . . . .
media d aspartic citrulline citrulline glucose
acl
acid
. 3-methyl-
L . thymi-
inosine ribitol . 2-0x0- pyruvate
dine
valerate
glycine inosine
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3.3.3. Modulation of arginine, glycolytic, citric acid,
thymine and glutamine pathway in GBM cell lines
upon ADI-PEG20 treatment

Discriminant metabolites identified by GC/TOF MS and 'H NMR analyses
demonstrated alterations in the arginine, glycolytic, citric acid, thymine and
glutamine pathways. Changes observed in arginine pathway metabolites,
namely via consistent arginine decrease and citrulline increase, were to be
expected based on the ADI-PEG20 treatment effect (further detail section
3.3.4).

For ASSIM subtypes, cell extract and media analysed by 'H NMR (sec-
tion 3.2.10) showed that metabolites of the glycolytic pathway, lactate and
alanine, were continuously higher in control than ADI-PEG20 treated cells,
indicating that these cells were metabolically more active. Glucose, a con-
stituent of DMEM |[34], was also continuously lower in control sample media,
which indicated more glucose was being consumed, which further supported
these observations.

GC/TOF MS also revealed that malic acid, an intermediate of the TCA
cycle, decreased in extracts of ASS1Y cells upon treatment. ASSIM showed
the inverse, with malic acid increasing upon treatment. Interestingly suc-
cinate, a further intermediate of the TCA cycle was also found to be lower
in ADI-PEG20 treated extract samples of ASS1Y cells, via 'H NMR (sec-
tion 3.2.6), though these results were not validated in subsequent 'H NMR
analysis (section 3.2.10). Observations made via malic acid and succinate in
ASS1VY cells suggest that control cells were metabolically more active in this
pathway and ADI-PEG20 treatment impacted the TCA cycle. Caneba et
al. |20] showed that arginine deprivation led to decreased nitric oxide synthe-
sis, and nitric oxide regulates TCA cycle flux in ovarian cancer cells. Though
the ASSI1 status of cells in the study by Caneba et al. are not known, it
could be hypothesised that arginine deprivation perturbed the TCA cycle in
ASS1Y cells via nitric oxide.

Thymidine, a metabolite important in DNA synthesis and cellular prolifer-
ation, was shown to also be perturbed, as demonstrated by elevated thymi-
dine in the media of ADI-PEG20 treated ASSIM cells. Allen et al. [4] also
identified thymidine to be perturbed upon arginine-deprivation therapy in

bladder cancer cell lines, though this was reported in the intracellular sam-
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ples and not cell media. Interestingly, formate, a metabolite involved in
purine nucleotide synthesis [2], also was elevated in control media of ASS1M
and not ASS1Y subtypes upon treatment. Extracellular thymidine could
be attributed to nuclear DNA leakage [128]| and excretion of thymidine and
formate could be linked to cellular efforts to maintain homeostasis, prior the
lead-up of ADI-PEG20 induced autophagy [61].

Glutamate, an intermediate of the glutamine metabolism [57], was elevated
in cellular extracts of ASSIM GBM cells via 'H NMR (section 3.2.10). These
observations made at basal level suggest that ASSIM GBM cell lines are
metabolically more active in the glutamine pathway, as indicated by gluta-
mate. High glutamine consumption has been associated with highly prolifer-
ative cancer phenotypes [148|, though comparisons made between metabolic
profiles or proliferation rates (section 3.2.1) in ASS1 subtypes do not sug-
gest differences in glutamate consumption or proliferation amongst GBM

cell lines.

3.3.4. Metabolic techniques for studying ADI-PEG20
treatment response

Identifying clinical metrics for monitoring arginine-depleting treatment has
been presented as a key aspect for determining success in cancer ther-
apy [128]. This chapter presents use of chemometric approaches and two
chemical instruments; GC/TOF MS and 'H NMR for studying the effects
of ADI-PEG20 treatment as an untargeted research tool. Observations in
this chapter support and confirm the strength and suitability of applying
these approaches for research studies into the metabolism of GBM cell lines.
Further, by using two complementary instruments wider metabolic coverage
was attained.

Despite advances being made, clinical application of metabolomic approaches
remains limited. Lessons learned through these analyses, such as citrulline
being a better indicator of ADI-PEG20 effect than arginine via 'H NMR,
could however help direct future application or development of cost-effective
biochemical assays. Given further in wvivo and clinical validation, observa-
tions made in these studies show potential for arginine deprivation treatment

to be monitored via biochemical assays in the clinic.
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3.3.5. Study limitations

Informative insights were gained from a total of six different cell lines in these
anaylses. Enhancing the biological scope of cell line coverage would have
been desirable, yet this was limited due to time and availability of resources.
Further, despite efforts taken to minimise passage number in primary astro-
cyte cultures, the proliferative qualities of these cells have properties that
distinguish them from their representative physiological counterpart as a
control. Results observed in astrocytes were hence regarded with this con-
sideration.

This chapter presents a snap-shot of metabolic profiles studied at 48-hours.
Different time-points as well as isotopically labelled molecules (eg: 3C glu-
cose) would have been insightful for understanding dynamics of cellular
metabolism upon ADI-PEG20 treatment.

The focus of this research was to detect metabolic alterations in a biological
context, using several different cell lines. ASS1 knock-down studies in the
same cell line would however have been insightful for better understanding
mechanisms of arginine deprivation specifically attributed to the ASS1 gene.
Finally, despite ADI-PEG20 being used in clinical trials for several cancers
(www.clinicaltrials.gov) and there being substantial clinical interest, it does
not currently form part of the standard of care in GBM patients [59]. For
ADI-PEG20 to make it’s way into the clinic for GBM, it will need to be inte-
grated alongside existing standard of care; radio- and temozolomide chemo-
therapy. This study established fundamental findings of the metabolic profile
in an in vitro GBM model, however profiling studies in combination with
radio- and temozolomide chemo-therapy would provide further insights into

possible combination treatments.
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3.3.6. Conclusions

This chapter presents three main findings, contributing to the field of GBM

and cancer metabolism research.

First, profiling the global intracellular and extracellular metabolism of GBM
cells in vitro provides novel insights, contributing to the characterisation of
ASS1 subtypes.

Second, identifying early metabolic alterations in ASS1 GBM subtypes upon
arginine deprivation will be helpful in understanding underlying physiolog-
ical processes (eg: autophagy) and cellular consequences of ADI-PEG20
treatment. Modulation of the arginine, glycolytic, thymine and glutamine
pathways were identified so be associated with ADI-PEG20 treatment in
GBM.

Third, two complementary techniques, GC/TOF MS and 'H NMR, coupled
with chemometric analysis approaches were shown to be a powerful research
tool for studying GBM cells and treatment effects of ADI-PEG20 in vitro.
Lessons learned, such as citrulline being a better indicator for detecting
treatment response via 'H NMR could help direct future application or de-

velopment of cost-effective biochemical assays.

Taken together, these findings show that metabolic analysis can be employed
for validating treatment effect of arginine deprivation in GBM cell lines and
provides a basis for validating these observations in vivo and eventually the

clinic.
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4. Results: Transcriptional studies
and metabolic pathway

investigations

4.1. Introduction

Having identified early metabolic consequences of arginine deprivation via
ADI-PEG20 in ASSIM and ASS1Y GBM cell lines, potential regulators of
perturbed pathways were investigated. GC/TOF MS and 'H NMR stud-
ies from chapter 3 had highlighted alterations of the glycolytic, citric acid,
thymine and glutamine pathway of ASS1 GBM subtypes upon treatment; all
of which are important for cellular respiration, proliferation and metabolism.
In order to elucidate potential modulators and further study altered path-
ways, enzymes associated with discriminant metabolites identified in chap-
ter 3 were investigated transcriptionally with the ultimate purpose of iden-

tifying targets for therapy.

Some of the greatest advances in brain tumour research, including discovery
of IDH 1 mutations, have been made through enzymatic studies. IDH1 mu-
tations, associated with secondary GBM and low grade glioma, have been
found to incur a metabolic switch from synthesis of alpha-ketoglutarate to
2-hydroxyglutarate [65]. Not only do IDHI1 mutations result in widespread
epigenetic changes, but they are also believed to be one of the most im-
portant mutations contributing towards oncogenesis in gliomas [156]. Fur-
ther, understanding enzymatic expression has also demonstrated clinical
utility for predicting treatment response in GBM, as demonstrated by O°-
alkylguanine DNA alkyltransferase (AGT). Expression of AGT has been
associated with poor response to temozolomide (TMZ), whereas epigenetic

silencing of MGMT, the gene encoding AGT, has been associated with
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favourable response to TMZ [56].

RT-QPCR is a well established method for studying cellular mRNA signal
in molecular biology. Combining the conversion of RNA to ¢cDNA, PCR
amplification and real time fluorescent detection has become the preferred
method for RNA quantification[92]. In addition to sequence specificity, ben-
efits also include speed of analysis, affordability (eg: compared to costs of

antibodies required for Western blotting) and tailored probing [30].

Based on collective findings from chapter 3, the importance that enzymatic
alterations play in GBM and the advantages of using RT-QPCR, enzymes
associated with the glycolytic, citric acid and thymine pathway were tran-
scriptionally studied in ASS1 GBM subtypes in response to ADI-PEG20

treatment.
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4.1.1. Aims

RT-QPCR was employed to study in vitro GBM cell lines challenged with 48
hours of ADI-PEG20 treatment. The aims of studies presented here were to
(1) identify changes in expression of enzymes involved in metabolic pathways
altered by arginine deprivation, (ii) explore key enzymes in a biological con-
text, focusing on therapeutic potential, (iii) elucidate enzymatic differences
between ASSIM and ASS1Y GBM subtypes.

4.1.2. Objectives

1. Probing mRNA of ASS1M (SNB19) and ASS1Y (U87) cell lines via RT-
QPCR for transcriptional expression from a panel of enzymes, com-
prising of those associated with the glycolytic, citric acid, thymine and
glutamine pathway at basal levels and in response to ADI-PEG20 in

vitro.

2. Comparing most significantly altered enzymes in ASS1 subtypes from
the panel screen and providing a synthesis of information, comprising
of public databases and literature review, with a focus on extracting
information of biological significance, including enzyme function, links

to cancer and available inhibitors.

3. Assess candidate enzyme transcriptional expression in a wider cell line
panel of ASSIM (GAMG, SNB19, LN229), ASS1Y (U118, U87) and
non-cancer (astrocyte and melanocyte) cells in the presence and ab-
sence of ADI-PEG20.
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4.2. Results

4.2.1. Transcriptional expression of enzymes associated with
altered GBM metabolism

Consulting the KEGG database (http://www.genome.jp/kegg), enzymes as-
sociated with metabolic pathways perturbed upon ADI-PEG20 treatment
in ASS1M and ASS1V cells were investigated using RT-QPCR. In vitro ex-
perimental parameters established for 'H NMR analysis were applied for
RT-QPCR analysis, harvesting cells after 48-hours of ADI-PEG20 treat-
ment from 10-cm dishes. KEGG database provided information on which
enzymes were associated with metabolic pathways identified in chapter 3,

and a panel of enzymes were screened for their mRNA expression.

Transcriptional analysis showed that from the enzyme panel listed in fig-
ure 4.2, mRNA expression ranged from a fold-increase of 3.2 to fold-decrease
of 0.89 upon ADI-PEG20 treatment in ASS1M cells. GPT2, an enzyme as-
sociated with glycolysis displayed the highest transcriptional increase, and
TYMS, an enzyme associated with the thymine pathway presented the great-
est decrease.

For ASS1Y cells, RT-QPCR analysis showed that from the screened enzyme
panel (figure 4.1), all mRNA levels increased upon ADI-PEG20 treatment
by a fold-increase of 1 to 7. TK2, an enzyme of the thymine pathway had the
greatest transcriptional increase, and AGXT2, an enzyme of the glycolytic

pathway had the lowest increase.
These results highlight that the transcriptional induction of the screened

gene panel was smaller by fold-change in ASS1M than ASS1Y GBM cells in

vitro.
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Figure 4.1.: ASS1M RT-QPCR: ADI-PEG20 modulates expres-
sion of enzymes associated with citric acid, glycolytic and thymine
pathways in ASS1M cells. Enzymatic mRNA expression of ADI-PEG20
(1ug/ml) treated ASSIM (SNB19) cells (n = 3), relative to non-treatment
control at 48 hours. mRNA levels were determined by RT-QPCR and
normalised to TBP1 expression. Error bars represent standard deviation,
xp < 0.05. See table 4.1 and 4.2 for overview of enzyme function and path-

way.
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Figure 4.2.: ASS1Y RT-QPCR: ADI-PEG20 modulates expression
of enzymes associated with citric acid, glycolytic and thymine
pathways in ASS1Y cells. Enzymatic mRNA expression of ADI-PEG20
(1ug/ml) treated ASS1Y (U118) cells (n = 3), relative to non-treatment
control at 48 hours. mRNA levels were determined by RT-QPCR and
normalised to TBP1 expression. Error bars represent standard deviation,
xp < 0.05. See table 4.1 and 4.2 for overview of enzyme function and path-
way.

4.2.2. Biological interpretation

Having identified transcriptional alterations upon ADI-PEG20 treatment
amongst GBM cell lines, enzymes were further interpreted, consulting pub-
licly accessible databases and peer-reviewed literature.

Information on enzyme function, protein expression and other findings of
biological significance (eg: associated therapies or inhibitors) was collected
from UnitProtKB (www.unitprot.org), The Human Protein Atlas (www.proteinatlas.org),
and Pubmed (www.ncbi.nlm.nih.gov/pme) in a systematic manner. Ta-
ble 4.1 provides an overview of findings from UnitProtKB and The Hu-
man Protein Atlas, and further synthesis of the literature review is found in
table 4.2. Enzymes displaying the greatest alteration by fold-change in the
RT-QPCR screen amongst ASS1 subtypes were first focused on and included
GPT2, TYMS, TK2 and AGXT2.
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GPT?2 is a mitochondrial enzyme that can reversibly transfer an amino group
between alanine + 2-oxoglutarate and glutamate + pyruvate, linking it to
glycolysis and the TCA cycle [2]|. Histological tissue staining from The Hu-
man Protein Atlas showed that in 8 out of 12 clinical glioma cases (11 of
which high-grade), GPT?2 protein expression was not detected, and the same
was true for non-cancer sections (table 4.1). GPT2 expression has been re-
ported in brain and muscle tissue [21], though relatively little is known about
the enzyme. GPT?2 is believed to be modulated by pyroxidine, a form of vi-
tamin Bg, though clinical supplementation studies remain inconclusive [21].
TYMS is a key nuclear and mitchondrial enzyme of the thymine pathway,
where it is responsible for de novo synthesis of deoxythymidylate monophos-
phate (dTMP), which is an essential building-block for DNA [83] [7]. Fur-
ther, histological tissue staining from The Human Protein Atlas showed
that most clinical glioma cases (n = 12, 11 of which high-grade) displayed
moderate TYMS protein expression, whereas non-cancer sections did not
detect protein expression (table 4.1). The literature review also highlighted
TYMS to be the target of therapies including 5-fluorouracil, pemetrexed and
raltitrexed (table 4.2).

TK2 is a mitochondrial enzyme involved in the salvage thymine pathway,
converting thymidine to dTMP. Increased TK activity has been suggested
to reflect enhanced DNA synthesis [53]. Histological tissue staining from
The Human Protein Atlas uniformly showed no TK2 protein expression
in gliomas, whereas non-cancer sections did display low protein expression
(table 4.1).

AGTX2 is a mitochondrial enzyme with several functions, amongst which
amino group transfer from alanine + glyoxylate to pyruvate + glycine [113],
linking it to the glycolytic pathway. Isoenzyme AGTX1 has been well stud-
ied in relation to hyperoxaluria type I pathogenesis, though little is known
about AGTX2 and links to cancer have not been reported. Interestingly,
AGTX2 has also been proposed to act as a regulator of endogenous methy-
larginines which are derived from hydrolysis of cellular proteins [113|. His-
tological tissue staining from The Human Protein Atlas uniformly showed
no AGTX2 protein expression in gliomas as well as non-cancer sections (ta-
ble 4.1). Two inactivators, clinically used 5-fluorouracil and 6-azauracil, as

well as several competitive endogenous inhibitors have been reported in as-
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sociation with AGTX2 [72]. Competitive inhibitors include beta-alanine,
(R)-3-aminoisobutyric acid, 5-aminolevulinic acid, methylarginine, and (S)-

2-aminobutyric acid.

Combining results from chapter 3, the RT-QPCR screen (section 4.2.1), as
well as the literature and database review, findings highlighted TYMS and
the thymine pathway to be biologically altered and a promising target for
therapy.

The RT-QPCR screen had shown TYMS to be the most down-regulated
transcript by fold-change in the ASSIM enzyme panel (figure 4.1), and results
in chapter 3 had also demonstrated increased extracellular thymidine upon
treatment in parallel to arrested proliferation. Further, the database review
presented TYMS protein expression to be higher in glioma cases compared
to non-cancer sections, and the literature review highlighted several targets
for therapy in TYMS and the thymine pathway. Based on these observations

TYMS was selected for further transcriptional investigation and validation.
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Table 4.1.: Overview of enzyme pathway, catalytic reaction and
protein expression. Publicly accessible databases were reviewed. Infor-
mation was extracted from: ; UnitProtKB (www.unitprot.org) and 2 The
Human Protein Atlas (www.proteinatlas.org). 3 tumour section n = 12 of

which 11 high-grade and 1 low-grade, 4 non-cancer glial cell section.

Protein expressions

Enzyme Catalytic Reaction;
] Non-
Gliomas
cancery
Succinate + a quinone = fumarate + a
SDH A . d medium low
o quinol
E electron transfer; succinate to ubiquinone
& SDH C
5 (coenzyme Q)
Acetyl-CoA + H20 + oxaloacetate =
& cs . Y * medium medium
citrate + CoA
FH malate = fumarate + H20 medium low
MDH?2 malate + NAD+ = oxaloacetate + NADH medium medium
Pyruvate + [dihydrolipoyllysine-residue
acetyltransferase| lipoyllysine = ‘
no
.. PDHA 1  [dihydrolipoyllysine-residue low
3 detected
E acetyltransferase]
g S-acetyldihydrolipoyllysine + CO2
2 LDHA lactate + NAD+ = pyruvate + NADH low low
g A. L-alanine + glyoxylate = pyruvate +
(T'? glycine. B.
AGXT2 (R)-3-amino-2-methylpropanoate + not not
pyruvate = 2-methyl-3-oxopropanoate + detected detected
L-alanine. C. Methylarginine + glyoxylate
= alpha-keto-valeric acid + glycine [113]
GPT1 L-alanine + 2-oxoglutarate = pyruvate + not not
L-glutamate detected detected
GPT2 L-alanine + 2-oxoglutarate = pyruvate + not not
L-glutamate detected detected
L not not
5, TK1 ATP + thymidine = ADP + dTMP
§ detected detected
= not
g TK2 ATP + thymidine = ADP + dTMP low
o detected
é not
5,10-methylenetetrahydrofolate + dUMP
2 TYMS . Y Y medium detected
&= = dihydrofolate + dTMP

Abbreviations: succinate dehydrogenase (SDH), citrate synthase (CS), fumarate dehydrogenase (FH), malate de-

hydrogenase (MDH), pyruvate dehydrogenase (PDHA), lactate dehydrogenase (LDH), alanine-glyoxylate amino-
transferase (AGXT), alanine aminotransferase (GPT), thymidine kinase (TK), Thymidylate synthase (TYMS),
thymidine monophosphate (dTMP). 126



Table 4.2.: Synthesis of literature review: biological interpretation.
Publicly accessible literature was systematically collected and reviewed, con-
sulting Pubmed (www.ncbi.nlm.nih.gov/pmc).

Enzyme Involvement in cancer Inhibitors and modulators
carboxin,
thenoyltrifluoroacetone, and

SDH tumour supressor [11] [68] succinate-analogue inhibitors
(malonate, malate,
oxaloacetate) [149]

knockdown defects respiration high ratios of ATP:ADP,

CS and decreases ATP, yet acetyl-CoA:CoA, NADH:NAD

increases glycolysis [79] and succinyl-CoA, citrate [123]
tumour suppressor [68]
FH mutations associated with renal  pyrvinium pamoate [115]
cell carcinoma
mutations linked to cancers (eg:
MDH prostate), overexpression linked  thyroxine [13§]
to drug-resistance
deficiency associated with better
PDH outcome in non-small cell lung
carcinoma [74]
expression associated with
tumorigenesis. Inhibition oxomate and lipid oxidation,
LDH decreases ATP and increase small molecule inhibitor;
ROS, driving proliferation and NHI-2 [5]
DNA damage
inactivators (5-fluorouracil and
6-azauracil), and inhibitors;
beta-alanine,

AGXT none reported (R)-3-aminoisobutyric acid,
5-aminolevulinic acid,
methylarginine, and
(S)-2-aminobutyric acid [72]

essential for anchorage

GPT independent growth in colon pyroxidine [21]

cancer cells [2]
increased activity correlate with
neoplasia and disease . . .
TK progression. TK serum levels zm'iovudlne [133], phytic
. acid [140]
used as measure of aggressivity
of tumours (eg: NHL) [53] [§]
up-regulation associated with .
. 5-fluorouracil, pemetrexed,
TYMS lung, breast, colon, cerv1clfaé7and

bladder cancer [43]

raltitrexed [136][4][96]

Abbreviations: succinate dehydrogenase (SDH), citrate synthase (CS), fumarate dehydrogenase (FH), malate de-

hydrogenase (MDH), pyruvate dehydrogenase (PDHA), lactate dehydrogenase (LDH), alanine-glyoxylate amino-

transferase (AGXT), alanine aminotransferase (GPT), thymidine kinase (TK), Thymidylate synthase (TYMS),

reactive oxygen species (ROS), Non-Hodgkin lymphoma (NHL), methyl 1-hydroxy- 6-phenyl-4-(trifluoromethyl)-

1H-indole-2-carboxylate (NHI-2).



4.2.3. Validating TYMS transcriptional expression

As outlined in the previous section, based on findings from section 4.2.2,
section 4.2.1 and chapter 3, TYMS was selected for further investigation.
In order to validate observations and enhance biological scope (i.e. number
of cell lines analysed), further RT-QPCR experiments were performed. The
enhanced cell line panel included ASSIM (GAMG, SNB19, LN229), ASS1Y
(U118, U87) and non-cancer (astrocyte and melanocyte) cells. It should be
clearly noted that GBM do not arise from melanocytes and that these cells
were included on the basis of providing information on non-cancer transcrip-
tional expression. Both basal levels and ADI-PEG20 challenged cells were
analysed for mRNA expression of TYMS.

4.2.4. Basal levels of TYMS in ASS1M and ASS1Y GBM
subtypes

Basal level transcriptional expression of TYMS was established in the cell
line panel and showed that there was no significant trend between ASS1M
and ASS1Y GBM cells (figure 4.3). Both subtypes fluctuated, with GAMG
and U87 showing low transcriptional expression and SNB19, LN229 and
U118 showing higher expression. Non-cancer cells (astrocytes and melanocytes)

also showed low basal level expression.
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Figure 4.3.: Basal mRNA expression of TYMS determined by RT-
QPCR. At basal levels, TYMS mRNA signal displayed no significant trend
between ASS1 subtypes. ASSIM (GAMG, SNB19, LN229), ASS1V (U118,
U87) and non-GBM (astrocyte and melanocyte) cell lines. TYMS mRNA
levels were determined by RT-QPCR and normalised to TBP1 expression.
N = 3 biological and technical triplicates harvested at 48 hours. Error bars
represent standard deviation.

4.2.5. Downregulation of TYMS in ASS1M subtypes upon
ADI-PEG20 treatment

Having verified mRNA expression of TYMS at basal levels, transcriptional
signal was next studied upon ADI-PEG20 treatment. RT-QPCR showed,
that upon treatment mRNA signal significantly decreased by more than half
in all ASSIM cells, relative to non-treated basal levels (figure 4.4). Further,
this experiment also validated observations made in the enzyme panel screen
performed on SNB19 (section 4.2.1). ASS1V treated cells (U87 and U118)
did not follow the same trend, as demonstrated by no significant change
between non-treated and treated samples. Both non-GBM cells (astrocytes
and melanocytes) followed the same trend as ASSIM cells, showing signifi-

cant transcriptional down-regulation of TYMS upon ADI-PEG20 treatment.
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Figure 4.4.: RT-QPCR expression of TYMS upon ADI-PEG20
treatment. Upon ADI-PEG20 treatment (1ug/ml), ASSIM GBM cells dis-
play significant down-regulation in transcriptional signal of TYMS, whereas
ASS1Y remain unaltered. ASSIM (GAMG, SNB19, LN229), ASS1Y (U118,
U87) and non-GBM (astrocyte and melanocyte) cell lines. N = 3 biological
and technical triplicates. Error bars represent standard error of the mean,
*p < 0.05.
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4.3. Discussion

4.3.1. Arginine deprivation alters transcriptional expression
of metabolic enzymes in ASS1 subtypes

RT-QPCR studies in section 4.2.1 showed how ASS1 subtypes differentially
alter mRNA expression of metabolic enzymes upon ADI-PEG20 treatment
in GBM cell lines. Overall, both cell lines displayed an increase in transcrip-
tion of almost all enzymes.

Uniform up-regulation was a surprising finding, particularly in ASSIM GBM.
Transcriptional and translational processes are energy costly processes [141],
hence it was anticipated that under cellular starvation and stress induced
by ADI-PEG20 treatment cellular energy would be conserved.

Though arginine has been reported to modulate intestinal gene expres-
sion [18], little is known about transcriptional regulation and broad uniform
modulation of enzymes in the glycolytic, citric acid and thymine pathway
upon arginine deprivation. An in vitro rat hepatic tumour study by Leong
et al. [77] showed that following 18-hours of arginine deprivation, 2175 genes
were altered relative to control, representing 9-14% of rat genome. More than
half of these genes analysed showed an increase in expression, highlighting
that arginine deprivation induced broad, yet not genome wide transcrip-
tional modulation. Based on these observations, it could be hypothesised
that transcriptional induction upon ADI-PEG20 treatment is likely to be
much larger than the small enzyme panel probed in section 4.2.1.

The glycolytic, citric acid and thymine pathway are evolutionary conserved
metabolic processes [102], central to cellular metabolism. Uniform transcrip-
tional induction of enzymes from these particular pathways (section 4.2.1)
could be explained through cellular efforts to not only conserve but also en-
hance important metabolic processes in a bid to maintain homeostasis. The
study by Leong et al. [77] also showed that upon arginine deprivation in-
creased expression occurred in both cancer and normal cells. This, together
with trends observed in section 4.2.1 could indicate that arginine deprivation
induces broad transcriptional induction irrespective of ASS1 status.
Individual trends, including the fold-change and ranking of most to least al-
tered enzyme upon treatment, were different amongst ASS1 subtypes. This
was anticipated, given the distinctive proliferative and metabolic treatment

effects observed in chapter 3. Enzymes displaying greatest modulation upon
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treatment included GPT2, TYMS, TK2 and AGXT2, which are largely out-

lined in their biological context in section 4.2.2 and discussed in section 4.3.2.

Overall, results from section 4.2.1 show that differential enzymatic induction
in ASS1 subtypes illustrates the complexity and versatility of stress induced
by arginine deprivation upon ADI-PEG20 treatment.

4.3.2. Systematic database and literature review presents

enzymatic roles in cancers and metabolic inhibitors

Systematic review of publicly accessible databases and peer-reviewed liter-
ature (section 4.2.2) provided an overview of enzymatic roles, insights into
protein expression from clinical samples and highlighted available inhibitors.
The most significantly altered transcripts from the RT-QPCR screen (section
4.2.1), GPT2, TYMS, TK2 and AGXT2, were first focused on and are largely
outlined in section 4.2.2. Findings from the literature review identified that
TYMS has been well studied in cancer, whereas little is known about GPT?2
and AGTX2. Relatively little is known on TK2 in relation to cancer, though
the enzymatic isoform TK1 has been well studied. It is also noteworthy, that
TYMS was the only enzyme where studies in relation to arginine deprivation
therapy have been reported [4].

TYMS was an interesting enzyme, as it showed the strongest down-regulated
of mRNA signal upon ADI-PEG20 treatment in ASSIM cells. Studies by
Szlosarek et al. [4] also identified down-regulation of TYMS both at tran-
scriptional and protein level upon ADI-PEG20 treatment. The authors then
went on to show that targeting TYMS and de novo thymine synthesis via
pemetrexed potentiated ADI-PEG20 treatment effect in ASSIM bladder can-
cer.

Using publicly accessible information, via UnitProtKB and The Human Pro-
tein Atlas, was a helpful tool for interpreting biological findings (section
4.2.2). The Human Protein Atlas has been used to facilitate biomarker
discovery [105], and findings from section 4.2.2 highlight and confirm the
strength of the it’s utility in a research capacity, particularly with regards to
rapidly accessing information from clinical samples. Drawing on resources
from a specialist central database not only ensures standardisation of his-

tological tissue preparation and staining, but also brings time and resource
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saving benefits, particularly with regards to antibody optimisation and val-
idation. Despite the allowing for valuable information to be gained and in-
ferences to be made, open access resources do not replace laboratory testing
in a research setting. It is anticipated that researchers will increasingly draw
on publicly accessible databases. Both UnitProtKB and The Human Pro-
tein Atlas are well established resources, yet a plethora of further databases
exist. In order for these to be incorporated into routine research use, it
would be recommendable for smaller, scattered databases to be united into

a single resource that is easily accessible.

4.3.3. RT-QPCR validates transcriptional down-regulation
of TYMS upon ADI-PEG20 treatment in ASS1M cells

TYMS is transcriptionally expressed in GBM cells,
irrespective of ASS1 status

RT-QPCR on an wider cell line panel (section 4.2.3) validated findings from
TYMS in the enzyme panel screen (section 4.2.1) and provided further in-
sights into TYMS mRNA expression in ASS1 subtypes.

Comparing basal level (absence of ADI-PEG20 treatment) TYMS expres-
sion in GBM cell lines showed no significant trend between ASS1 subtypes.
This was no surprise, given the favourable growth conditions where arginine
was in ample supply. With TYMS providing substrates required for DNA
synthesis [1], it was hypothesised that transcriptional expression could be
linked to cells with rapid doubling times. This was however not the case
as U87T (ASS1Y), which had the fastest doubling time amongst GBM with
only 22.4 hours, presented lower TYMS expression than LN229 (ASS1M),
which had the longest doubling time at 190.2 hours. It should also be noted
that both of these cell lines originated from high-grade tumours, discarding
potential differences on the basis of tumour grading.

Increased levels of TYMS have been identified in GBM and several can-
cers [43], [89]. Studies by Kallioniemi et al. [89] as well as Nelson et al. [134]
reported transcriptional expression of TYMS in GBM, and results from this
chapter substantiate these findings.

The study by Nelson et al. [134] showed higher transcriptional TYMS ex-
pression to be associated with GBM compared to astrocytomas, highlighting

133



this gene to be associated with more a aggressive and invasive phenotype.
Interestingly, results in section 4.2.4 display mRNA expression in astrocytes
to be comparable to that of GBM cell lines, contradicting these reports. As
outlined in the previous chapter, astrocyte cell lines have several limitations
compared to their physiological counterpart in vivo, and results should be in-
terpreted accordingly. In the study by Kallioniemi et al. [89] transcriptional
findings were also validated at the protein expression level, and histological
tissue staining from The Human Protein Atlas also showed TYMS protein
expression in glioma yet not non-cancer sections.

Taken together, these observations indicate that GBM express TYMS irre-
spective of ASS1 status.

Arginine deprivation transcriptionally down-regulates
TYMS in ASS1M GBM cells

Comparing TYMS transcriptional expression in GBM cell lines upon ADI-
PEG20 treatment (section 4.2.5) not only validated TYMS findings in cells
from the enzyme panel screen in section 4.2.1 but also provided further in-

sights into cellular response to treatment in ASS1 subtypes.

RT-QPCR results showed significant transcriptional down-regulation of TYMS
amongst all ASSIM cells upon ADI-PEG20 treatment, whereas no signif-
icant change was noted amongst ASS1UV cells. A study by Szlosarek et
al. [4] showed TYMS to be down-regulated upon ADI-PEG20 treatment
in ASSIM bladder cancer cells, corroborating findings made in ASSIM GBM
(section 4.2.5).

There is substantial research on TYMS in cancer, yet little is known about
TYMS in relation to arginine deprivation in GBM. An overview of TYMS
is already presented in section 4.2.2 and broadly discussed in section 4.3.2,
yet validation of TYMS down-regulation in a wider ASSI™M GBM cell line
panel warranted a deeper review and discussion.

As mentioned in the previous section, TYMS plays an important role in
providing substrates for DNA synthesis via thymine pools, which comprises
of the de novo and salvage pathway (figure 4.5). TYMS exerts it’s function in
the de novo route, contributing dTMP to the thymine pathway via catalysis
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of dUMP and 5,10-methylenetetrahydrofolate [96].

Results in section 4.2.5 show, that under the stress induced by ADI-PEG20
treatment, TYMS is transcriptionally down-regulated in ASS1M cells. TYMS
has been found to have a role in mitotic division [134], and results presented
here substantiated this role, as arrested division ensued in ASSIM cells, as
demonstrated in both the SRB and cell count assay in the previous chap-
ter. Based on these observations it could be hypothesised that silencing of
TYMS led to diminished de novo dTMP synthesis, contributed to arrested
proliferation in ASSIM cells.

Interestingly, TK1 and TK2, both enzymes of the salvage pathway increased
in ASSIM cells (section 4.2.1). Despite the salvage pathway also contributing
to cellular dTMP pools, cellular proliferation was not maintained in ASS1M
cells (chapter 3). Reports by Anderson et al. [7] have highlighted that the sal-
vage pathway is not sufficient to maintain dTMP pools and de novo synthesis
is needed, particularly to sustain mitochondrial DNA replication. Further,
the authors also argue that depletion of dTTP pools from de novo pathway
leads to deoxyuridine incorporation in mitochondrial and nuclear DNA, re-
sulting in genome instability and severe mitochondrial dysfunction |7]. It
should be noted that TK1 and TK2 were also transcriptionally induced in
ASS1Y cells. These results indicate that extracellular arginine deprivation
resulted in salvage pathway modulation, yet through endogenous arginine
synthesis and unaltered TYMS expression, these cells were able to continue
proliferating.

Mechanisms through which arginine deprivation modulates TYMS, TK1 and
TK2 expression in ASS1M cells have yet to be elucidated. Few mechanistic
studies exist, though arginine and other amino-acids, including glutamine,
have been reported to orchestrate regulation of gene expression through the
activation of transcription factors, including the involvement of kinases [18].
Observations presented in this chapter could lead to the hypothesis that un-
der stress induced by arginine deprivation via ADI-PEG20, de novo dTMP
production is arrested through down-regulation of TYMS. Subsequently, sal-
vage pathway up-regulation ensues via transcriptional induction of TK1 and
TK2, in an attempt to maintain intracellular thymine pools. As supplied
thymine is however not enough, uracil is incorporated into nuclear and mito-
chondrial DNA. Genomic instability and mitochondrial catastrophe follow,

contributing towards arrested proliferation.
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Taken together, findings presented in section 4.2.3 highlight that arginine
deprivation via ADI-PEG20 alters the de novo thymine pathway through
down-regulation of TYMS in ASSIM GBM cells, whereas ASS1Y remain
unaltered. To date, these are the first reports linking TYMS down-regulation
in ASSIM GBM exposed to ADI-PEG20 treatment.

thymidine

NADP+

v NADPH + H

[ thymine ]

Figure 4.5.: TYMS and thymine synthesis pathway. Schematic rep-
resentation of TYMS pathway. TYMS and TK synthesise the nucleotide
dTMP and dTTP, which is then used to produce the nucleic acid thymine.
Abbreviations: DHFR,; dihydrofolate reductase, dTMP; deoxythymidylate
monophosphate, dTTP; deoxythymidine triphosphate, dUMP; deoxyuridine
monophosphate, TK; thymidine kinase, TYMS; thymidylate synthase. Fig-
ure adapted from Anderson et al. (2011) [7].
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4.3.4. Study limitations

The enzyme screen (section 4.2.1) provided a small yet tailored view of tran-
scriptional alteration in GBM cell lines upon arginine deprivation. Probing
a larger enzyme panel and covering more isoforms would have been desir-
able, however this was limited by time and cost. Further, testing a larger
scope of cell lines would have also added more strength to the enzyme panel
analysis, yet selecting the most significantly altered enzyme followed with

validation on more cell lines (section 4.2.3) proved to be a suitable approach.

Further, despite RT-QPCR investigations providing insightful information
on transcriptional alteration, protein studies via Western blot would have
provided further confirmation of post-translational expression. In the ab-
sence of a suitable antibody, inferences on protein expression were made

from The Human Protein Atlas and literature searches.

Finally, as outlined in the previous chapter, astrocytes have notable limita-
tions as a model for their physiological counterpart, yet were included with
this consideration during analysis. Further, melanocytes were included to
gain perspectives on TYMS expression in a further non-cancer cell line yet

it should be noted that these cells arise from different cell lineages.

4.3.5. Conclusions

This chapter explored the complexity of metabolic pathways by studying en-
zymes associated with metabolites altered in chapter 3. Three main findings

presented here contribute to knowledge on GBM and the cancer metabolism.

First, GPT2, TYMS, TK2 and AGXT?2 were identified to be key altered
enzymes upon ADI-PEG20 treatment in ASS1 subtypes. Probing the en-
zyme panel mRNA expression particularly added knowledge towards un-
derstanding transcriptional processes surrounding arginine deprivation in
ASSIM cells.

Second, TYMS was shown to be transcriptionally expressed in GBM cell
lines, irrespective of ASS1 status. The literature review determined TYMS
and the de novo thymine pathway to play an important role in cellular pro-

liferation and provided a synthesis of information on enzymatic function and
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reported inhibitors. The database review also demonstrated the strength of
using publicly accessible resources such as The Human Protein Atlas for
research purposes.

Third, it was demonstrated that arginine deprivation incurs modulation of
the thymine pathway via transcriptional down-regulation of TYMS and in-
duction of TK1 and TK2 in ASS1M cells.

Taken together, results in this chapter link for the first time that ADI-PEG20
treatment results in transcriptional modulation of TYMS in ASSIM GBM
cells. Findings could help direct further validation in clinical samples and
results also present enzymes of the thymine pathway to be promising targets
for treatment in GBM.
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5. Results: IP6 arrests proliferation

and enhances effect of
ADI-PEG20 in ASS1M GBM

cells, while creatine promotes

proliferation

5.1. Introduction

ADI-PEG20 arrests proliferation and compromises several metabolic pro-
cesses, including the thymine and creatine pathway, in ASSIM GBM cells.
Thymine metabolism is an important pathway in cancer cells, supplying
nucleic acids required to meet rapid proliferation demands [83] [7] [102].
Creatine metabolism, plays a role in cellular energy buffering, maintaining
ATP levels together with phosphocreatine, essential in supplying energy for
proliferating cells [143]. Given the importance of nucleic acid synthesis and
efficient energy buffering in cancer, the thymine and creatine metabolism

were investigated in order to target rapidly proliferating GBM cells.

As arginine deprivation via ADI-PEG20 arrested proliferation and down-
regulated TYMS in the de novo thymine pathway of ASSIM GBM cells, it
was hypothesised that targeting the salvage thymine pathway could enhance
arrest of proliferation in these cells. Further, rapid proliferation is a hallmark
of cancer and failure of many chemotherapies has been attributed to lack
of specificity towards cancers, whilst preserving healthy tissue [136]. It was
therefore also hypothesised that compromising both thymine pathways and
ultimately DNA synthesis would be a selective approach for targeting highly
proliferative cancer tissues. Further, inhibition of TYMS in combination

with other agents that assert their effect on the salvage pathway has also been
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proposed to be of great clinical utility by Touroutoglou and Pazdur [133].
Several therapies asserting their action on the thymine pathway exist, includ-
ing phytic acid and zidovudine, which have been associated with inhibition
of TK in the salvage pathway [133] [140]. Phytic acid, also known as inositol
hexakisphosphate (here forth referred to as IP6), is an organic phosphate
with inhibitory effects via dephosphorylation into lower phosphates [140].
IP6 and other inositol phosphates are abundantly found in legumes and
grains, where they acts as a phosphate reserve [66]. IP6 has been reported
to exert effects against cancer in colon, leukaemic, liver, prostate and rhab-
domyosarcoma cell lines [66]. Lower phosphates of IP6 have also been found
to induce apoptosis and sensitise cells in vitro to chemotherapeutic agents
(eg: cisplatin). In wvivo ovarian carcinoma studies have shown anti-tumour
and anti-angiogenic activity with no reported toxicity [88]. Further, sub-
stantial evidence exists, showing that IP6 has protective effects, including
antioxidant properties via inhibition of free radical formation [140].
Zidovudine, also known as azidothymidine, is a thymidine analogue, that
inhibits TK [133] as well as reverse transcriptase [25]. First synthesised in
the 60’s and developed in the 80’s, it was one of the first chemotherapies
widely used to treat and prevent HIV [28]. Successes seen in HIV treat-
ment have however not been mirrored in cancer treatment. Despite initially
promising clinical findings in leukaemia treatment [46], subsequent clinical
studies resulted in treatment failure with substantial side-effects [28].
Based on the potential that IP6 has shown in pre-clinical cancer treatment
and the limited success of zidovudine, IP6 was selected for further investi-
gation in GBM.

Decreased intracellular creatine and arrested proliferation are associated
with ADI-PEG20 treatment in ASSIM cells (section 3.2.6). Literature and
KEGG database (http://www.genome.jp/kegg/pathway.html) reviews fur-
ther highlighted creatine to be of biological interest, being one of the prod-
ucts of the arginine metabolism, functioning as an ATP buffer [143|, exerting
neuroprotective effects in neuroblastomas [26], [13] and reported protective
effects from oxidative damage [69]. With ADI-PEG20 induced intracellular
creatine reduction being associated with arrested cellular proliferation and
it’s role in buffering energy supplies, it was hypothesised that creatine was

important in maintaining cellular proliferation and investigated in GBM.
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5.1.1. Aims

Proliferation assay, RT-QPCR and luciferase assay were employed for study-
ing treatment response of GBM cell lines exposed to IP6 or creatine alone
and in combination with ADI-PEG20. The aims of studies presented here
were to (i) explore effect of IP6 in ASS1 GBM subtype cells and investi-
gate effect of IP6 and ADI-PEG20 combination treatment, (ii) elucidate
enzymatic alterations in the de novo thymine pathway amongst ASS1 GBM
subtypes, (ii7) identify the role of creatine in GBM proliferation and intra-

cellular energy modulation.

5.1.2. Objectives

1. challenging GBM cells with dose-titrations of IP6 over time courses,
alone and in combination with ADI-PEG20 in vitro, determining pro-
liferative effects via SRB assay

2. assessing transcriptional expression of TYMS in ASSIM GBM cell lines
exposed to IP6 and ADI-PEG20 combination treatment, using RT-
QPCR

3. subjecting GBM cells to creatine titrations, determining proliferative
effects via SRB assay and assessing intracellular ATP via luciferase

assay.
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5.2. Results

5.2.1. IP6 arrests proliferation of GBM cell lines

Prior to investigating combination treatments, GBM cells were exposed
to solely IP6, as outlined in section 2.1.1, in order to determine stand-
alone treatment effect and establish experimental parameters for combina-
tion treatment.

Results from the SRB proliferation assay showed (figure 5.1) that IP6 ar-
rested proliferation in GBM cell lines irrespective of ASS1 subtype, in a time-
and dose-dependent manner. Seven different dosages from 0.5 — 33.0mM
were applied, in-keeping with those used in the literature [67] [66], and ef-
fects became notable from 1mM. In order to test same time-points used in
chapter 3 and chapter 4, as well as those within the literature [131], samples
were harvested at regular intervals between 0 - 8 days. Proliferative effects
were notable from day 3 and pronounced from day 5. A dosage of 1mM was
selected for subsequent experiments to study IP6 treatment effect, as this

compromised, yet did not completely arrest proliferation.
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Figure 5.1.: IP6 titration: SRB proliferation assay. Showing IP6
arrests proliferation in GBM cells in a time- and dose-dependent manner,
irrespective of ASS1 status. Cells (n = 3) exposed to IP6 titration 0—33mM
over 0 — 8 days. Error bars represent standard error of the mean xp < 0.01
(a) ASSIM (GAMG) and (b) ASS1Y (U87) cells.
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5.2.2. Enhanced effect of ADI-PEG20 via IP6 in ASS1M cell
lines

In order to investigate if there was an enhanced treatment effect by ADI-
PEG20 and IP6 combination treatment, concentrations that compromised,
yet not completely arrested proliferation in GBM cell lines were selected to
determine subtle proliferative effects. Based on results from section 3.2.1
and 5.2.1, ADI-PEG20 concentration of 0.01ug/ml and IP6 concentration of

1mM were selected to investigate combination treatment.

SRB proliferation assay showed (figure 5.2), that in ASSIM cells, the com-
bination of IP6 and ADI-PEG20 enhanced treatment effect, resulting in
stronger proliferative arrest. For GAMG (ASSIM) cells, at day 8 there was
a 53% decrease in proliferation induced by the combination treatment com-
pared to IP6 alone, and a 33% decrease compared to ADI-PEG20 alone. For
SNB19 (ASSIM) cells, arrested proliferation was also pronounced at day 8,
with a 33% decrease resulting from the combination treatment compared to
IP6 alone, and 17% decrease compared to ADI-PEG20 alone.

Amongst ASSIM cells, GAMG cells were more sensitive to IP6 than SNB19
cells. Interestingly, ADI-PEG20 treatment effect was stronger than that of
IP6 alone. Findings also confirmed ADI-PEG20 treatment effect in ASS1M
cells, in-line with previous results (section 3.2.1). For ASS1V cells, as antic-
ipated, ADI-PEG20 did not arrest or compromise proliferation.

The SRB proliferation assay also demonstrated that 1mM of IP6 treatment
compromised proliferation in both ASS1 GBM subtypes. This validated
findings made in the same cell lines used in section 5.2.1 (GAMG and U87),
as well as further cell lines (SNB19 and U118). For both GBM cell lines,
effects became notable at day 5 and pronounced at day 8.

Astrocytes were also sensitive to IP6 treatment, which was anticipated in
view of known limitations these cells display in representing their true phys-
iological counterpart (further detailed previously in section 3.2.1). Interest-

ingly, astrocyte cells were less sensitive to IP6 than ADI-PEG20 treatment.

In summary, ADI-PEG20 and IP6 combination treatment enhanced arrested

proliferation effect in ASSIM, whereas ASS1Y GBM cells were only compro-
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mised by IP6. Together these results show that effect of IP6 was not specific
to either ASS1 subtype. In oder to determine if a higher ADI-PEG20 con-
centration could have synergistic effects with IP6 in ASS1Y GBM, U118 and
U87 were also exposed to 1 and 2ug/ml ADI-PEG20 in combination with

1mM IP6 (results not shown). No enhanced effect was observed.
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Figure 5.2.: IP6 and ADI-PEG20 combination treatment: SRB
proliferation assay. IP6 and ADI-PEG20 combination treatment en-
hanced arrested proliferation effect in ASSIM GBM cells, whereas ASS1Y
were only compromised by IP6 alone. ASSIM: A. SNB19, B. GAMG, ASS1Y;
C. U118, D. U87 and E. non-GBM (astrocyte) cells (n = 3) exposed to IP6
(ImM) and ADI-PEG20 (0.01pg/ml) treatment over 0-8 days. These lower
concentrations were chosen in oder to see treatment effect, as they com-
promised, yet not completely arrestegy proliferation. Cells were plated in
triplicate and values shown are averages with standard error. Optical densi-
ties were read at 490nm and units are relative to day 0. Error bars represent
standard error of the mean xp < 0.01.



5.2.3. Combination of ADI-PEG20 and IP6 potentiates
further down-regulation of TYMS

Results in chapter 4 showed that ADI-PEG20 treatment down-regulates
transcriptional expression of TYMS in the de novo thymine pathway. This
finding, together with IP6 reported to affect the salvage thymine pathway
via TK [133], led to the hypothesis that the de novo thymine synthesis path-
way could also be modulated by IP6 via TYMS. In order to investigate early
consequences, prior to the marked proliferative changes observed from day 3
(5.2.2), and compare transcriptional expression of results in chapter 4, cells
were harvested after 48-hours of IP6 and ADI-PEG20 combination treat-
ment and TYMS transcriptional expression was analysed via RT-QPCR.

For ASSIM cells (GAMG), ADI-PEG20 treatment significantly (+p < 0.05)
compromised TYMS expression by more than half, validating results from
chapter 4. TYMS was also significantly down-regulated by IP6 alone, though
to a lesser extent than that incurred by ADI-PEG20. The combination
treatment of ADI-PEG20 and IP6 also significantly down-regulated TYMS
expression compared to (i) the control, (ii) ADI-PEG20 alone and (i)
IP6 alone. The difference between ADI-PEG20 alone and the combination
treatment was significant (xp < 0.05) yet small, indicating that ADI-PEG20
contributed towards most of the observed effect.

In ASS1Y (U87) cells, the three different treatments did not significantly al-
ter TYMS transcriptional expression at 48-hours, relative to the non-treated
control. For ADI-PEG20, this was anticipated, in-line with results from
section 4.2.1 and section 4.2.3. Despite TYMS being significantly down-
regulated by IP6 in GAMG (ASSIM) cells and IP6 arresting proliferation
in ASS1V cells (section 5.2.2), there was no transcriptional modulation of
TYMS in U87 (ASS1Y) cells after 48-hours of treatment.

Taken together, these results show that in ASSIM (GAMG) cells, TYMS
transcriptional expression is sensitive to ADI-PEG20, IP6 and combination
treatment, whereas TYMS in ASS1Y (U87) cells remains unaltered.
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Figure 5.3.: RT-QPCR: Transcriptional down-regulation of TYMS
in ASS1M, yet not ASS1Y GBM cells upon IP6 and ADI-PEG20
combination treatment. mRNA of TYMS was down-regulated upon
ADI-PEG20 alone (1ug/ml), IP6 alone (1mM) and combination treatment
in ASSIM (GAMG), whereas transcriptional expression in ASS1Y (U87) cells
was not significantly altered. mRNA levels were determined by RT-QPCR
and normalised to TBP1 expression. N = 3 biological and technical trip-
licates harvested at 48 hours. Values shown are relative to control. Error
bars represent standard error of the mean xp < 0.05.
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5.2.4. Arginine deprivation via ADI-PEG20 compromises
the creatine pathway

Creatine was one of the discriminant metabolites identified to be altered
upon ADI-PEG20 treatment intracellularly from 'H NMR analysis (sec-
tion 3.2.6). In ASSIM (SNB19) cells, with a significant fold-decrease of 0.46
upon treatment, relative to the non-treated control (figure 5.4), creatine
was the metabolite displaying the largest fold-decrease in ASSIM cells. For
ASS1Y (U8T) cells there was a 0.77 fold decrease, and non-GBM cells (as-

trocytes) displayed a 1.46 fold-increase, both of which were non-significant.

In order to further investigate creatine pathway perturbations, intermediates
and substrates of the arginine and creatine metabolism (figure 5.5) were re-
viewed, referring to discriminant metabolite findings from chapter 3. Under
normal growth conditions, arginine and glycine are metabolised via argi-
nine:glycine amidino-transferase (AGAT), which occurs up-stream of crea-
tine synthesis in this pathway [19]. Referring to GC/TOF MS analysis (sec-
tion 3.2.5), glycine had displayed a 4.1 fold-increase in ASSIM cells. ASS1Y
and astrocyte cells had shown a marginal fold-decrease and no-change, yet

these results were however non-significant as determined by student’s t-test.

Complimentary findings from 'H NMR and GC/TOF MS facilitated analysis
of the creatine pathway in ASSIM cells. Results showed that there was an
intracellular build-up of glycine, which were presumably not metabolised in
the absence of arginine, as a consequence of arginine-deprivation via ADI-
PEG20 and ASS1M cells inability for de novo arginine synthesis, resulting

in decreased creatine further downstream.
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Figure 5.4.: 'H NMR: Fold-decrease of creatine in ASS1M GBM
cells. Fold change of average values n = 3 per group of integral intensities
calculated from featured creatine present at 48 hours in extract of ASSIM
(SNB19) and ASS1V (U87) GBM and non-GBM (astrocytes) cell line sam-
ples exposed to ADI-PEG20 (1ug/ml) treatment or no treatment. Integral
intensities represented. SEM marked with error bars. Significance between
treated and non treated lines tested using student’s t-test and marked at

xp < 0.01 and * * p < 0.001.
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Figure 5.5.: Creatine metabolism via arginine and glycine. Creatine
is a cellular energy reserve, synthesised via arginine and glycine. Use of two
complimentary techniques, 'H NMR and GC/TOF MS facilitated interpre-
tation of GBM metabolic profiles. 'H NMR identified decreased creatine,
whereas GC/TOF MS identified increased glycine in ASSIM cells.
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Figure 5.6.: GC/TOF MS: Fold-increase of glycine in ASS1M GBM
cells. Fold-change upon ADI-PEG20 (1ug/ml) treatment relative to non-
treated control. Average values (n = 3 per group) of integral intensities
calculated from featured creatine present at 48 hours in extract of ASS1M
(SNB19) and ASS1Y (U87) GBM and non-GBM (astrocyte) cells. SEM
marked with error bars. Significance between treated and non treated lines
tested using student’s t-test and marked at *p < 0.01.

Creatine stimulates proliferation in GBM cell lines in a

dose-dependent manner

Having identified modulation of creatine pathway intermediates to be as-
sociated with arrested proliferation in ASSIM cells, creatine was further
investigated to understand it’s role in proliferation and test it’s protective
effects in GBM. Media of GBM cell lines was supplemented with a creatine
titration in the presence and absence of ADI-PEG20, in order to test if crea-
tine supplementation could counteract the inhibitory effect of ADI-PEG20.
In order to enhance biological scope, GBM cell lines (U118 and GAMG)

were included in addition to cell lines presented in section 5.2.4.

Surprisingly, SRB proliferation assay showed (figure 5.7) that creatine sup-
plementation not only rescued ASS1M cells from ADI-PEG20 effect, but it
also stimulated proliferation of all GBM by 8-20% beyond the ADI-PEG20

only control.
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For cells exposed to creatine only (i.e. absence of ADI-PEG20), the boost in
proliferation was even more pronounced with a 26-45% increase in prolifera-
tion. Again, this trend was observed not only ASSIM cells, but also ASS1Y
and astrocyte cells. Five different dosages from 0.1 — 10uM were applied,
in-keeping with those reported in the literature [26], and effects were notable
from 0.1pM.
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Figure 5.7.: Creatine supplementation boost proliferation in GBM
cell: creatine titration and SRB proliferation assay. Creatine stimu-
lates GBM cell line proliferation in a dose-dependent manner, demonstrating
creatine had a role in GBM proliferation. In the absence of ADI-PEG20 pro-
liferation was stimulated by 27-44% and in the presence of ADI-PEG20 by
8-20%. Percentage increase of cell lines from control with averaged values
(n = 3) of SBR proliferation assay of ASSIM (GAMG, SNB19), ASS1Y
(U87, U118), and non-GBM (astrocytes) supplemented with creatine (0-
10pM) over 5 days in the (a) absence and (b) presence ADI-PEG20. Error
bars represent SEM.
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Creatine supplementation does not affect intracellular ATP
levels

In order to study the mechanism by which creatine stimulates proliferation
and investigate the metabolite’s reported [143] involvement in buffering cel-
lular energy in GBM, ATP was measured via luciferase assay. The approach
of using luciferase assay as an approximation of cellular energy was also
applied by Berbeburg et al. [16].

Results show (figure 5.8) that relative to the control (media where no creatine
was added), creatine supplementation did not yield significantly higher ATP
content in GBM or non-GBM (astrocyte) cell lines. GBM cell lines (GAMG,
LN229, SNB19, U87, U118 and astrocytes) were subjected to 10uM creatine.
This was the concentration which had induced the highest boost in prolif-
eration from the creatine titration (section 5.2.4). Further samples were
harvested after 5-days of exposure, keeping the same conditions as in the
previous SRB assay (section 5.2.4). These results show that despite creatine
supplementation boosting proliferation, the mechanisms can not be directly
attributed to enhanced ATP levels.
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Figure 5.8.: Luciferase assay: ATP content is not enhanced by crea-
tine supplementation in GBM cells. ASSIM (GAMG, LN229, SNB19),
ASS1Y (U87, U118), and non-GBM (astrocyte) cells were grown in the pres-
ence (10uM) and absence of creatine and harvested at day 5. Values shown
are relative to the non-treated control and error bars represent SEM.
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5.3. Discussion

5.3.1. IP6 arrests proliferation in GBM cell lines

Results in section 5.2.1 demonstrated that IP6 treatment arrested prolifera-
tion of GBM cell lines. These results corroborated the IP6 treatment effect
observed by others in colon, leukaemic, liver, prostate and rhabdomyosar-
coma and breast cancer cell lines [66] [131]. A study by Karmakar et al. [67]
also found that IP6 arrested proliferation in the GBM cell line T98G. Re-
sults in this chapter substantiate observations made in a single cell line by
these authors, demonstrating that IP6 arrested proliferation in four different
GBM lines. IP6 is particularly attractive for use in GBM therapy, as no side
effects have been reported and it can be administered through addition to
drinking water [140]. Further, a pilot clinical study of IP6 in combination
with inositol has even reported an amelioration in side-effects in breast can-

cer patients undergoing chemotherapy [10].

Time- and dose-dependent growth inhibition in GBM cell lines via IP6 cor-
roborated findings made in other cancer cells [66] [131]. Treatment con-
centrations of 0.5mM IP6 and higher significantly decreased proliferation,
which was also reported by Karmakar et al. [67] and in agreement with
studies in other cancer cell lines [66]. Section 5.2.1 showed effect of IP6 was
notable from day 3 and pronounced from day 5, which was in accordance
with findings by Shamsuddin et al. [131] in breast cancer cell lines, though

these authors also reported earlier effect from day 2.

Results presented here show that IP6 arrested proliferation in GBM cells,
irrespective of ASS1 status, which are first reports of this to date. These
observations were a surprise, given that 'H NMR and RT-QPCR. results
from chapter 3 and 4 had shown ASSIM cells to be more sensitive to per-
turbations in the thymine pathway. It had hence been anticipated that with
IP6 affecting the de novo thymine pathway [140], ASS1M cells would be also
more sensitive to IP6 treatment than ASS1Y cells. It could therefore be
hypothesised that in addition to IP6 effecting the de novo thymine pathway,
further modes of action exist which have yet to be fully elucidated. Known

and hypothesised modes of action are discussed in detail in section 5.3.3.
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5.3.2. IP6 and ADI-PEG20 combination enhance arrested
proliferation in ASS1M cells but not ASS1Y

Findings in section 5.2.2 showed that IP6 and ADI-PEG20 combination
treatment enhanced arrested proliferation in ASSIM GBM cells, when com-
pared to either treatment alone. To date, these are the first studies into
this combination treatment in any cancer model. As previously mentioned
(section 5.3.1), these two agents are attractive for use in GBM therapy, as
both have been clinically tested in other cancers, with no reported side ef-
fects [10] [158].

For ASS1Y GBM cells it was anticipated that ADI-PEG20 would not have
an enhanced effect, given results in previous chapters and the fact that these
cells can synthesise their own arginine. These results did however confirm
IP6 effect in ASS1Y cells, and that arrested proliferation observed under
combination treatment could be attributed to IP6 effect alone in ASS1Y cells.
Observations made in ASS1Y cells, highlight that there is merit for further

investigating the incorporation of IP6 as a candidate in GBM treatment.

5.3.3. Combination treatment down-regulates TYMS
mRNA expression in ASS1IM GBM cells

Transcriptional down-regulation of TYMS was significantly more pronounced
by IP6 and ADI-PEG20 combination treatment than either treatment alone
in ASS1M, whereas mRNA was not significantly altered in ASS1Y cells in sec-
tion 5.2.2. This suggested that ASSIM GBM were more sensitive to pertur-
bations the de novo thymine synthesis pathway, as indicated by TYMS. En-
hanced suppression of TYMS by ADI-PEG20 in combination with thymine
pathway targeting agent 5-fluorouracil has also been reported by Cheng et
al. in hepatocellular carcinoma [23], corroborating findings made with ADI-
PEG20 and IP6 combination treatment in GBM (section 5.2.2).

Section 5.2.1 and 5.2.2 had shown IP6 treatment effect, arresting prolifer-
ation in both ASS1 GBM subtypes. The mechanism by which IP6 asserts
it’s effect if not fully understood, however amongst other mechanisms, it
has been reported to affect the salvage thymine pathway via inhibition of
TK [133] [140]. Results in section 5.2.3 showed that the de novo thymine
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pathway was modulated in ASSIM (GAMG) cells via down-regulation of
TYMS, indicating that the thymine pathway in these cells is sensitive to
IP6 treatment. Given further validation, IP6 would be an attractive candi-
date for TYMS targeted therapy in ASS1M cells, particularly as other TYMS
targeting therapies such as pemetrexed have not progressed into clinical suc-
cess in GBM [17]. Interestingly, ASS1V (U87) GBM cells did not reflect the
same trend in TYMS mRNA expression as ASS1M (GAMG) cells. As ar-
rested proliferation had however been observed in ASS1Y cells, these findings
indicate that IP6 asserts it’s effect in ASS1Y cells outside of TYMS.

Multiple modes of action have been reported in IP6, which are believed to
result from dephosphorylation of IP6 into lower phosphates [140]. These in-
clude alteration of ion channel protein transfer, glucose transporter GLUT-4,
endocytosis, exocytosis and nuclear mRNA transfer [140] [108|. Modulation
of ion channel protein transfer and exocytosis could be of particular interest
in GBM cells, given the metabolic alterations observed in chapter 3. In silico
studies also propose IP6 activation of kinase and inositol 1,4,5-triphosphate
receptor [66]. Karmakar et al. [67] report of up-regulation of mitochondria-
dependent caspase cascade in GBM cell line T98G, and IP6-induced apop-

tosis via caspases have also been found in squamous cell carcinoma lines |64].

Taken together, these findings highlight TYMS modulation is induced by IP6
in ASSIM yet the precise mechanisms by which IP6 asserts it’s proliferative
inhibition in GBM cells has yet to be elucidated.

5.3.4. Creatine stimulates proliferation, yet mechanism can
not be attributed to ATP changes

Results from section 5.2.4 demonstrated that creatine supplementation stim-
ulates proliferation in GBM cell lines, yet this can not be attributed to
enhanced ATP levels. As the reduction in creatine and arrested prolifera-
tion had been observed in ASSIM GBM under arginine-deprived conditions
(section 5.2.4), and arginine is a precursor required for de novo creatine syn-
thesis, it had been hypothesised that creatine supplementation could con-
travene the effect of ADI-PEG20. It was therefore a surprise, that creatine
supplementation not only rescued but also boosted proliferation by 8-20%
beyond the ADI-PEG20 treated control. The 26-45% enhanced proliferation
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resulting from the creatine supplementation compared to the normal growth

medium control was even more astonishing.

The role of creatine in cancer is not well understood. Of the few studies that
exist on creatine in relation to cancer, Tang et al. [130] report that upon
deprivation of the amino-acid methionine breast cancer cells transcription-
ally activated the creatine biosynthesis pathway. These findings by Tang
et al. [130] could indicate that GBM cells undergoing arginine deprivation
also had a transcriptionally activated creatine biosynthesis pathway which
was however not functional in the absence of arginine, hence displaying the
metabolic alterations in creatine and glycine in section 5.2.4. Interestingly,
dietary creatine and more specifically cyclocreatine was reported to inhibit
tumour growth in human colon adenocarcinoma xenograft mice [75], which
stands in stark contrast to results observed here, highlighting that more re-

search is required in this area.

Despite lack of information on effects of creatine supplementation in rela-
tion to cancer, the amino-acid’s role in buffering cellular energy, increasing
muscle mass and performance as well as protective effects against cellular in-
sults are well documented [142],[13]. Creatine together with phosphocreatine
also buffer cellular energy (ATP) via the enzyme creatine kinase, and crea-
tine supplementation has been found to help strengthen cellular energetics
and enhance mitochondrial function in neurodegenerative diseases [142]. In-
creased cellular ATP due to creatine supplementation could have explained
enhanced proliferation in GBM, however luciferase assay (section 5.2.4) did
not show that this was the case in GBM cell lines, demonstrating that more
research needs to be conducted into understanding the mechanism by which

creatine boosts proliferation.
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5.3.5. Study limitations

For SRB proliferation and RT-QPCR assays small panels of cell lines were
studied, limited by time and resource constraints. Particularly the multi-
ple time-points, dose-ranges and combination treatments limited feasibility
of extending this, yet ideally a wider biological scope (i.e. more cell lines)

would have been tested.

Further, despite RT-QPCR being a rapid, informative and widely used
method for studying mRNA expression, it should be clearly noted that RT-
QPCR provides information at transcriptional level. Further post-translational
modifications such as protein ubiquitination or acetylation, which could have
affected TYMS activity and that of the de novo thymine pathway were not
investigated as they were outside the scope of this study, but would have
provided helpful insights in section 5.2.3.

For section 5.2.4, luciferase was a fast and simple assay for testing cellular
energy levels in relation to creatine exposure, however as cellular ATP lev-
els are kept in homeostatic equilibrium and rapidly metabolised [16], which
may limit use of luciferase as a cellular energy measure. '"H NMR or radioac-
tively labeled creatine experiments would help shed further insights into the

mechanism by which creatine stimulates proliferation.
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5.3.6. Conclusions

Studying the effects of IP6 treatment and creatine supplementation identi-
fied two opposite effects in GBM cell lines. Whereas IP6 arrested prolifera-
tion, creatine stimulated cell growth. Results shown here uniquely investi-
gated ASS1 GBM subtypes and in the case of IP6 present novel treatment
options. Findings further our knowledge on the effect that IP6 and creatine
have on GBM and provide further insights and direction into the underlying

mechanisms of action.

Effect of thymine pathway targeting agent IP6 alone, and combination with
ADI-PEG20, was studied by investigating cellular proliferation and mRNA
expression in GBM cell lines. Three key findings from results presented here
contribute towards knowledge of IP6 treatment in GBM.

First, IP6 arrests proliferation in GBM cells irrespective of ASS1 status in a
time- and dose-dependent manner. The mechanisms for this is not known,
but demonstrates that IP6 asserts effects outside of the de novo thymine
pathway.

Second, combination treatment of IP6 and ADI-PEG20 enhanced prolif-
erative arrest in ASSIM GBM cells. These are the first studies into this
combination treatment in any cancer model.

Third, it was shown that TYMS mRNA suppression was significantly en-
hanced by IP6 and ADI-PEG20 combination treatment in ASSIM cells,
compared to either treatment alone. As TYMS modulation was specific
to ASSIM GBM cells, yet arrested treatment effect was observed in both
ASS1 subtypes, these results highlight that IP6 exerts it’s effect via multi-

ple modes of action.

Creatine supplementation studies are first reported investigations of this
amino-acid’s effect on GBM to date. The dose-dependent boost in prolifera-
tion demonstrate that creatine has a powerful effect on not just ASSIM but
also ASS1Y GBM in the presence and absence of ADI-PEG20. Despite the
role of creatine in buffering intracellular energy supplies, ATP levels were
not shown to be modulated via luciferase assay. Identifying inhibitors and
understanding the mechanisms by which creatine boost proliferation will be

key for furthering work in this area, however findings presented here high-
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light the importance of the creatine pathway in GBM cells.

Returning the focus to IP6, which presents more immediate clinically rele-
vant findings, results demonstrate that IP6 alone and in combination with
ADI-PEG20, are novel candidates for therapy in GBM and should be inves-
tigated further. Findings are first investigations of this combination treat-
ment and provide a base, directing further validation and mechanistic studies
in GBM. Given further success in identifying mechanisms and demonstrat-
ing that [P6 and combination treatment improve patient outcome, there is
strong reasoning for these therapies to be used clinically in GBM, as IP6
has already been safely used clinically as an adjuvant to breast cancer treat-
ment [10]. Findings presented here identify IP6 as a prospective adjuvant

to therapy for enhanced treatment outcome in GBM patients.
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5.3.7. Future work

With the ultimate aim of IP6 reaching the clinic for GBM treatment, several
steps lie ahead, and the most immediate would be to elucidate the mech-
anism by which IP6 arrests proliferation as observed via SRB assay and

confirm IP6 and combination treatment effect on TYMS.

SRB proliferation assay (section 5.2.1 and 5.2.2) allowed for several doses
and time-points to be tested on GBM cell lines, that enabled insights into
effects of IP6 and ADI-PEG20 combination treatment. SRB is an efficient,
robust and more cost-effective method compared to other colourimetric as-
says such as MTT [60], however measures are limited to cell proliferation,
and further assays such as flow cytometry would provide further information
on induction of cellular apoptosis as a result of treatment [111].

The down-regulation of TYMS via IP6 was identified through RT-QPCR,
and ADI-PEG20 combination treatment at transcriptional level. Confirming
down-regulation of TYMS at protein level via Western blot would validate
findings and provide insights into protein expression. Further, 48-hours was
selected for studying the early consequences of treatments on TYMS, show-
ing effect in ASSIM yet not ASS1Y GBM cells at this time-point. Probing
TYMS transcriptional expression at different time-points will help determine
changes at later time-points (day 5 and 8), when arrested proliferation was
more pronounced.

Further, comparing and testing addition of IP6 and ADI-PEG20 combina-
tion treatment to temozolomide and radio-therapy, the GBM clinical stan-
dard of care [59], will also be important in demonstrating therapeutic ad-
vantage for GBM.

Studies presented here on creatine (section 5.2.4) focused on understand-
ing the effect and mechanism by which the amino-acid boost proliferation,
however the ultimate aim would be to inhibit this pathway and arrest pro-
liferation in GBM. SRB proliferation assays (section 5.2.4) provided first
insights into the action of creatine in GBM, however given further valida-
tion of findings, future work should focus on identifying suitable inhibitors.
As there have been reports [130] of the creatine pathway being transcrip-

tionally activated upon amino-acid deprivation, verifying this trend in GBM
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subjected to arginine-deprivation could also help target specific enzymes in

the creatine pathway.
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6. Final discussion and concluding

remarks

6.1. Summary of main findings

The overall aim of this PhD project was to characterise ASS1T GBM subtypes
and identify novel treatment approaches. This was achieved by metabolic
profiling, using two complimentary biochemical techniques, statistical anal-
ysis and molecular biology techniques. Treatment response ADI-PEG20 was
determined and used to highlight cellular vulnerabilities to target with novel
treatments. Metabolic analysis was also used as an explorative tool, direct-
ing pathway investigations, which were further studied by molecular biology
techniques, in order to identify mechanisms and test possible treatment ap-
proaches.

Starting with a broad non-targeted approach, metabolic characteristics and
alterations amongst ASS1 subtypes were established in GBM cells, including
the glycolytic, uridine, citric acid, thymine and glutamine pathway. Follow-
ing these alterations, focus was directed on these select pathways, identifying
transcriptional modulations amongst subtypes. Finally investigations were
centred on thymine and creatine pathways, demonstrating IP6 as a novel
treatment approach in GBM that could be translated into clinical applica-

tion.
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6.1.1. Metabolic characterisation of ASS1 GBM subtypes

Characterisation of ASS1 GBM subtypes was achieved, using GC/TOF MS
and 'H NMR, analysing both intra- and extra-cellular metabolic profiles in
vitro in the presence and absence of ADI-PEG20.

It was demonstrated that at basal level (no ADI-PEG20 treatment) there
were limited difference between profiles of ASS1 GBM subtypes. This showed
that under growth conditions where arginine is in ample supply, methylation-
specific silencing of one gene does not exert drastic differences. More subtle
differences in the glycolytic and uridine pathway were however identified,
suggesting that ASS1Y GBM were metabolically and transcriptionally more
active than ASSIM GBM cells.

It was repeatedly shown that in ADI-PEG20 challenged ASS1M GBM cell
lines arginine-deprivation exerts extensive global metabolic alterations, whereas
limited changes occur in ASS1Y GBM cells. Significantly modulated metabo-
lites included those of the arginine, glycolytic, citric acid, thymine and
glutamine pathway. Further, metabolically important metabolites required
for proliferation, including pyrimidine, pyridine and purine were released or
ceased to be consumed in ASSIM GBM, manifesting homeostatic disequi-
librium in these cells. Through metabolic analysis it was also shown that
under normal growth conditions GBM are metabolically more active than
when challenged with ADI-PEG20, with perturbations amongst intermedi-
ates of the TCA cycle.

The strength and potential of using GC/TOF MS and 'H NMR analysis for
characterising GBM metabolic profiles was confirmed, and these are the first
report to date, demonstrating application of chemometric approaches for
monitoring ADI-PEG20 treatment response in ASS1 GBM subtypes. It was
also shown that these techniques are powerful as an untargeted research tool,
and recognised that clinical application currently remains limited due to time
and resource constraints. Clinical application of cost-effective biochemical
assays should however be pursued, and findings presented here show that
citrulline may be a better indicator for monitoring ADI-PEG20 treatment

response than arginine.
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6.1.2. Transcriptional studies and metabolic pathway
investigations

It was demonstrated, using transcriptional studies, that ASS1 GBM dif-
ferentially alter enzymatic mRNA expression upon ADI-PEG20 treatment.
Despite there being no significant differences in TYMS expression at basal
levels amongst ASS1 subtypes, it was shown that ADI-PEG20 treatment
results in significant transcriptional down-regulation of TYMS in ASS1M
and not ASS1Y cell lines, which are first accounts of this in GBM. Inter-
estingly, regarding a wider enzyme panel, RT-QPCR showed there to be
an overall increase in transcriptional activity upon treatment, irrespective
of ASSI status. Significantly altered enzymes displaying greatest transcrip-
tional modulation upon treatment including GPT2 and TYMS for ASSIM
cells and TK2 and AGXT?2 for ASS1V GBM.

Biological interpretations of altered enzymes and their associated pathways
were made, guided by publicly accessible databases and systematic litera-
ture searches, highlighting the strength of using these resources in a research
capacity. TYMS was identified to be of particular interest, given the fact
that is was not only significantly down-regulated in ASS1™ GBM cells upon
ADI-PEG20 treatment, but also in view of it’s biological significance, being
closely linked to DNA synthesis, required for cellular proliferation [1].

It was repeatedly shown and confirmed, that TYMS was significantly down-
regulated in ASSIM and not ASS1Y GBM cells upon ADI-PEG20 treatment.
TYMS and it’s role in de novo thymine synthesis has been well studied in
several cancers [43],[136],[4],|96], however results presented here are first ac-
counts associating ADI-PEG20 with down-regulation in ASSIM GBM cells.
Findings also demonstrate that ASS1Y cells, which can endogenously synthe-
sise arginine, were able to sustain proliferative activities and TYMS expres-
sion remained unaltered. It was shown that TYMS and the de novo thymine
pathway play and important role in facilitating proliferation in GBM, yet
the mechanisms by which arginine deprivation modulates TYMS have yet
to be elucidated.
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6.1.3. IP6 arrests proliferation and enhances effect of
ADI-PEG20 in ASS1M GBM cells, while creatine
promotes proliferation

Targeting the de movo thymine and creatine metabolic pathway, it was
demonstrated that IP6 treatment arrests proliferation, as evidenced by SRB
proliferation assay, whereas creatine supplementation boosts growth. Stud-
ies were first of it’s kind, investigating both treatments alone and in com-
bination with arginine-deprivation via ADI-PEG20 in ASS1 GBM subtype
cell lines. IP6 is particularly attractive for use in GBM as no clinical side-
effects have been reported from application in other pathologies. Whilst IP6
studies focused on identifying therapeutic options by targeting the de novo
thymine pathway, creatine investigations aimed to understand the effect and
mechanism by which this amino-acid exerts it’s effect in promoting prolifer-

ation.

It was established that IP6 treatment alone significantly arrests cellular pro-
liferation in a time- and dose-dependent manner in GBM cells. This effect
was identified to occur irrespective of ASS1 status, as shown by SRB prolif-
eration assay.

Combining IP6 with ADI-PEG20 treatment was found to enhance arrested
proliferation in ASSIM GBM cells, compared to either treatment alone. Re-
sults also repeatedly confirmed that ADI-PEG20 does not affect ASS1Y
GBM, yet IP6 alone does affect these cells. Studies were first investiga-
tions looking at IP6 and ADI-PEG20 combination treatment in any cell line
model. Success of IP6 in ASS1Y GBM, which do not respond to ADI-PEG20,

particularly merits further investigation as a candidate for GBM treatment.

Transcriptional down-regulation of TYMS was found to be significantly more
pronounced through IP6 and ADI-PEG20 combination treatment in ASS1M
GBM than either treatment alone, yet ASS1Y cells remained unaltered. As
indicated by TYMS, ASSIM cells were therefore more sensitive to modula-
tion of the de movo thymine synthesis pathway.

Despite TYMS down-regulation playing a role in arrested proliferation in
ASSIM GBM cells, it was demonstrated that IP6 also exerts it’s mode of ac-
tion outside of TYMS, as indicated by IP6 arresting proliferation in ASS1Y
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GBM without significant TYMS modulation. Multiple modes of action have
been reported in IP6 [140] [108|, and results presented here corroborate these
observations. Together, findings highlight that the precise mechanism by
which IP6 acts in GBM has yet to be elucidated.

Creatine supplementation studies demonstrated that not only can this amino-
acid contravene ADI-PEG20 treatment effect in ASSIM cells, but supple-
mentation even boosted proliferation by 8-20%, as determined by SRB pro-
liferation assay. Further, in the absence of ADI-PEG20 the effect was even
more pronounced, boosting proliferation by 26-45%. As creatine has a role
in buffering intracellular energy supplies [142],[13], it had been hypothesised
that enhanced ATP levels could help explain this mechanism. It was how-
ever demonstrated via luciferase assay, that creatine supplementation does
not significantly increase ATP levels in either ASS1T GBM subtypes. Re-
sults show that the mechanism by which creatine supplementation drives

proliferation in GBM has yet to be elucidated.
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6.1.4. Future directions

Following-on from this PhD research, three key areas have been identified for
future work. First, next steps for demonstrating direct clinical translation,
will require for characteristics of metabolic profiles identified from in wvitro
GBM cell lines to be validated in biological human samples. Validation of in-
tracellular characteristics could be achieved, testing tumour biopsy samples,
and those identified extracellularly through plasma. Further, as ADI-PEG20
progresses towards clinical application in GBM treatment, blood or plasma
samples would provide a minimally invasive option for monitoring treatment
response in ASS1M tumours. Citrulline had been identified as a marker for
monitoring treatment response and it will be important to demonstrate that
this can be detected amongst other metabolites present in complex human

bio-systems.

Second, validating transcriptional modulation of enzymes in at protein level
in GBM cell lines and tumour tissues. RT-QPCR was a cost-effective method
for studying enzymatic alterations at mRNA level, and next steps would in-
clude probing protein expression via Western blot. Having focused on TYMS
and it’s association with arrested proliferation in ASS1M GBM cells, it would
be interesting to further investigate this enzymes function in GBM, using
siRNA in knock-down studies. Finally, TYMS had been focused on in view
of it being one of the most significantly altered enzymes and it’s biological
relevance, however GPT2, TK2 and AGXT2 were also interesting enzymes
and inhibitors identified in the literature review also merit further investi-

gation through in wvitro proliferation studies.

Third, validating proliferative effects of IP6 in vivo and identifying crea-
tine pathway inhibitors, as well as determining mechanisms of action. IP6
showed great clinical potential, demonstrating arrested proliferation in both
ASS1 subtypes. Given further successes, IP6 could be used to treat ASS1Y
cells, which do not respond to ADI-PEG20 treatment. In order to progress
this work towards the clinic, xenograft mouse-models will be key for veri-
fying that tumours also respond in vivo, and that dietary supplementation
shows comparable potential as media supplementation. As there have not

been reported toxicities from IP6 in vivo [88], making IP6 a strong candi-
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date for therapy in GBM. Further, identifying the mechanism by which IP6
exerts it’s action outside of TYMS will also be important to demonstrate
IP6 targets.

Creatine’s ability to boost proliferation raised many questions. Identifying
the mechanism by which creatine exerts it’s action will be important in
directing further research. As enhanced ATP level generation was discarded
as a possible mechanism of action, further mRNA or protein studies should
look at induction or up-regulation of cell-cycle regulators. The ultimate aim
would however be to identify novel therapies that inhibit proliferation, hence
the real challenge will rest in identifying suitable therapeutic inhibitors and

demonstrating their clinical utility.
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6.1.5. Concluding remarks

This PhD research has directly contributed towards our knowledge and
understanding of GBM, focusing on two different GBM subtypes. Find-
ings firmly establish the central role that the arginine and other metabolic
processes have in GBM, demonstrating significant characteristic differences
amongst the cellular metabolism in ASS1 subtypes, showing enzymatic al-

terations and targeting specific pathways to arrest proliferation.

With an average GBM survival of only 15-months [49], GBM is one of the
most fatal cancers and treatment outcome remains unacceptable. Despite
advances, successes remain limited and novel treatment approaches are des-
perately needed. Complete GBM tumour resection in this anatomically dif-
ficult locations remains challenging and presence of the blood-brain-barrier
can prevent drugs reaching it’s target [90]. Metabolic therapies therefore

present particularly attractive treatment approaches.
Findings of this PhD research identify IP6 as one novel treatment approach,

and evidence further substantiates findings to help advance ADI-PEG20

treatment into the clinic in order to improve GBM patient outcome.
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A.2. Appendix to section A.2: GC/TOF MS:
Metabolic characterisation of ASS1 GBM

subtypes
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Figure A.1.: GC/TOF MS: PLS-DA and permutation test of
ASSIM and ASS1Y media at basal levels. (a) PLS-DA was used to
investigate the metabolic profiles of ASSIM (SNB19) and ASS1Y (U87) cells
from the cell media at basal levels. (b) Permutation test (100 permutations)
was used for validating PLS-DA model, as determined here, where Q2 values
of permuted data were higher than those of the original data sets and Q2
values trending towards intersection of the y-axis below zero.
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Figure A.2.: GC/TOF MS: Cell extract PLS-DA plots and permu-
tation validation upon ADI-PEG20 treatment. PLS-DA plots (left)
and y-permuted model validation (right) for group comparison of treated
(ADI-PEG20, 1pg/ml) versus non-treated cell line samples. Showing ASS1Y
(U87, figure A and B) and non-GBM (astrocytes, figure C and D) group
comparison.

ASSIM
®

ASS1Y
o
-
13

mn maime
1

Non-GBM

Figure A.3.: GC/TOF MS: Cell media PLS-DA plots and permu-
tation validation upon ADI-PEG20 treatment PLS-DA plots (left)
and Y-permuted model validation (right) for group comparison of treated
(ADI-PEG20, 1ug/ml) versus non-treated cell line samples. Showing ASS1M
(SNB19, figure A and B), ASS1Y (U87, figure C and D) and non-GBM (as-
trocyte, figure E and F) group comparison.

224



A.3. Appendix to section 3.2.6: 'H NMR:
Complementary metabolic characterisation of
ASS1 GBM subtypes
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Figure A.4.: Extract 'H NMR: OPLS-DA correlation coefficient
plot of ASS1Y control versus treatment. OPLS-DA correlation co-
efficient plot from 'H NMR spectra in ASS1V (US87) cells harvested at 48
hours. Comparison of control and ADI-PEG20 treated (1ug/ml) cell extract
samples (n = 3), showing discriminatory metabolites as indicated by colour
scale of Pearson correlation coefficient R?, where red indicated strong cor-
relation and blue poor correlation. Upward pointing peaks are positively
correlated with treated samples and downward pointing peaks are positively
correlated with control samples. Probabilistic quotient normalised. Prob-
abilistic quotient normalised. Cumulative values R?=0.988 and Q?=0.035.
Key: A.u (arbitrary units), ppm (parts per million).
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Figure A.5.: Extract 'H NMR: OPLS-DA correlation coefficient
plot of non-GBM control versus treatment. OPLS-DA correlation co-
efficient plot from 'H NMR spectra in non-GBM (astrocyte) cells harvested
at 48 hours. Comparison of control and ADI-PEG20 treated (1ug/ml) cell
extract samples (n = 3), showing discriminatory metabolites as indicated by
colour scale of Pearson correlation coefficient R?, where red indicated strong
correlation and blue poor correlation. Upward pointing peaks are positively
correlated with treated samples and downward pointing peaks are positively
correlated with control samples. Probabilistic quotient normalised. Cumu-
lative values R?2=0.072 and Q?=0.387. Key: A.u (arbitrary units), ppm
(parts per million).
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Figure A.6.: Media 'H NMR: OPLS-DA correlation coefficient plot
of ASS1V control versus treatment. OPLS-DA correlation coefficient
plot from 'H NMR spectra in ASS1M (US87) cells harvested at 48 hours.
Comparison of control and ADI-PEG20 treated (1pg/ml) cell media sam-
ples (n = 3), showing discriminatory metabolites as indicated by colour scale
of Pearson correlation coefficient R?, where red indicated strong correlation
and blue poor correlation. Upward pointing peaks are positively correlated
with treated samples and downward pointing peaks are positively correlated
with control samples. Probabilistic quotient normalised. Cumulative val-
ues R%2=0.987 and Q?=0.685. Key: A.u (arbitrary units), ppm (parts per
million).
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Figure A.7.: Media 'H NMR: OPLS-DA correlation coefficient plot
of non-GBM control versus treatment. OPLS-DA correlation coeffi-
cient plot from 'H NMR spectra in non-GBM (astrocyte) cells harvested
at 48 hours. Comparison of control and ADI-PEG20 treated (1ug/ml) cell
media samples (n = 3), showing discriminatory metabolites as indicated by
colour scale of Pearson correlation coefficient R?, where red indicated strong
correlation and blue poor correlation. Upward pointing peaks are positively
correlated with treated samples and downward pointing peaks are positively
correlated with control samples. Probabilistic quotient normalised. Prob-
abilistic quotient normalised. Cumulative values R?=0.991 and Q?=0.534.
Key: A.u (arbitrary units), ppm (parts per million).
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A.4. Appendix to section 3.2.10: Validation of
trends in ASS1 GBM subtypes via 'H NMR

analysis
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Figure A.8.: 'H NMR validation: OPLS-DA correlation coefficient
plot of U87 extract. OPLS-DA correlation coefficient plot from 'H NMR
spectra in ASS1V (U87) cells harvested at 48 hours. Comparison of control
and ADI-PEG20 treated (1ug/ml) cell extract samples (n = 9), showing
discriminatory metabolites as indicated by colour scale of Pearson correla-
tion coefficient R?, where red indicated strong correlation and blue poor
correlation. Upward pointing peaks are positively correlated with treated
samples and downward pointing peaks are positively correlated with control
samples. Probabilistic quotient normalised. Cumulative values R?=0.990
and Q?—0.247. Key: A.u (arbitrary units), ppm (parts per million).
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Figure A.9.: 'H NMR validation: OPLS-DA correlation coefficient
plot of U118 extract. OPLS-DA correlation coefficient plot from 'H NMR
spectra in ASS1Y (U118) cells harvested at 48 hours. Comparison of control
and ADI-PEG20 treated (1ug/ml) cell extract samples (n = 9), showing dis-
criminatory metabolites as indicated by colour scale of Pearson correlation
coefficient R?, where red indicated strong correlation and blue poor correla-
tion. Upward pointing peaks are positively correlated with treated samples
and downward pointing peaks are positively correlated with control samples.
Probabilistic quotient normalised. Probabilistic quotient normalised. Cu-
mulative values R?=0.963 and Q2=0.168. Key: A.u (arbitrary units), ppm
(parts per million).
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Figure A.10.: 'TH NMR validation: OPLS-DA correlation coeffi-
cient plot of GAMG extract. OPLS-DA correlation coefficient plot from
'H NMR spectra in ASSIM (GAMG) cells harvested at 48 hours. Com-
parison of control and ADI-PEG20 treated (1ug/ml) cell extract samples
(n = 9), showing discriminatory metabolites as indicated by colour scale
of Pearson correlation coefficient R?, where red indicated strong correlation
and blue poor correlation. Upward pointing peaks are positively correlated
with treated samples and downward pointing peaks are positively correlated
with control samples. Probabilistic quotient normalised. Probabilistic quo-
tient normalised. Cumulative values R?=0.982 and Q?=0.813. Key: A.u
(arbitrary units), ppm (parts per million).
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Figure A.11.: 'TH NMR validation: OPLS-DA correlation coeffi-
cient plot of LIN229 extract. OPLS-DA correlation coefficient plot from
'H NMR spectra in ASSIM (LN229) cells harvested at 48 hours. Com-
parison of control and ADI-PEG20 treated (1ug/ml) cell extract samples
(n = 9), showing discriminatory metabolites as indicated by colour scale
of Pearson correlation coefficient R?, where red indicated strong correlation
and blue poor correlation. Upward pointing peaks are positively correlated
with treated samples and downward pointing peaks are positively correlated
with control samples. Probabilistic quotient normalised. Probabilistic quo-
tient normalised. Cumulative values R?=0.988 and Q?=0.823. Key: A.u
(arbitrary units), ppm (parts per million).
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Figure A.12.: 'TH NMR validation: OPLS-DA correlation coeffi-
cient plot of U87 media. OPLS-DA correlation coefficient plot from 'H
NMR. spectra in ASS1V (US87) cells harvested at 48 hours. Comparison
of control and ADI-PEG20 treated (1ug/ml) cell media samples (n = 9),
showing discriminatory metabolites as indicated by colour scale of Pear-
son correlation coefficient R?, where red indicated strong correlation and
blue poor correlation. Upward pointing peaks are positively correlated with
treated samples and downward pointing peaks are positively correlated with
control samples. Probabilistic quotient normalised. Probabilistic quotient
normalised. Cumulative values R?=0.936 and Q?=0.655. Key: A.u (arbi-
trary units), ppm (parts per million).
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Figure A.13.: 'TH NMR validation: OPLS-DA correlation coeffi-
cient plot of U118 media. OPLS-DA correlation coefficient plot from
'H NMR spectra in ASS1Y (U118) cells harvested at 48 hours. Comparison
of control and ADI-PEG20 treated (1ug/ml) cell media samples (n = 9),
showing discriminatory metabolites as indicated by colour scale of Pear-
son correlation coefficient R?, where red indicated strong correlation and
blue poor correlation. Upward pointing peaks are positively correlated with
treated samples and downward pointing peaks are positively correlated with
control samples. Probabilistic quotient normalised. Probabilistic quotient
normalised. Cumulative values R?=0.916 and Q*>=0.536. Key: A.u (arbi-
trary units), ppm (parts per million).
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Figure A.14.: 'TH NMR validation: OPLS-DA correlation coeffi-
cient plot of GAMG media. OPLS-DA correlation coefficient plot from
'H NMR spectra in ASSIM (GAMG) cells harvested at 48 hours. Com-
parison of control and ADI-PEG20 treated (1ug/ml) cell media samples
(n = 9), showing discriminatory metabolites as indicated by colour scale
of Pearson correlation coefficient R?, where red indicated strong correlation
and blue poor correlation. Upward pointing peaks are positively correlated
with treated samples and downward pointing peaks are positively correlated
with control samples. Probabilistic quotient normalised. Probabilistic quo-
tient normalised. Cumulative values R?=0.975 and Q?=0.838. Key: A.u
(arbitrary units), ppm (parts per million).
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Figure A.15.: 'TH NMR validation: OPLS-DA correlation coeffi-
cient plot of LIN229 media. OPLS-DA correlation coefficient plot from
'H NMR spectra in ASSIM (LN229) cells harvested at 48 hours. Com-
parison of control and ADI-PEG20 treated (1ug/ml) cell media samples
(n = 9), showing discriminatory metabolites as indicated by colour scale
of Pearson correlation coefficient R?, where red indicated strong correlation
and blue poor correlation. Upward pointing peaks are positively correlated
with treated samples and downward pointing peaks are positively correlated
with control samples. Probabilistic quotient normalised. Probabilistic quo-
tient normalised. Cumulative values R?=0.978 and Q?=0.863. Key: A.u
(arbitrary units), ppm (parts per million).
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Figure A.16.: 'TH NMR validation: OPLS-DA correlation coeffi-
cient plot of astrocyte media. OPLS-DA correlation coefficient plot
from 'H NMR spectra in non-GBM (astrocyte) cells harvested at 48 hours.
Comparison of control and ADI-PEG20 treated (1pg/ml) cell media samples
(n =9), showing discriminatory metabolites as indicated by colour scale of
Pearson correlation coefficient R?, where red indicated strong correlation
and blue poor correlation. Upward pointing peaks are positively correlated
with treated samples and downward pointing peaks are positively correlated
with control samples. Probabilistic quotient normalised. Probabilistic quo-
tient normalised. Cumulative values R?=0.976 and Q?=0.914. Key: A.u
(arbitrary units), ppm (parts per million).
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