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Summary

Glyceraldehyde (GA) is a 3-carbon monosaccharide that is present in cells as byproduct of fruc-
tose metabolism. The phosphorylated form, glyceraldehyde-3-phosphate is a key metabolite
in central carbon metabolism. Bruno Mendel and Otto Warburg proved that the application
of glyceraldehyde to cancer cells inhibits glycolysis and their growth. This phenomenon was
extensively studied up until the 1970’s. The consensus reached was that the L-isomer of glyc-
eraldehyde is a more effective glycolytic inhibitor than the D-isomer. However, the mechanism
by which this occurred was not clarified.

This thesis describes a novel mechanism by which L-GA inhibits cancer cell growth. The
work describes how L-GA induces significant changes in the metabolic profile and hinders
nucleotide biosynthesis. Gas chromatography–mass spectrometry and 13C-labelling was em-
ployed to measure the flow of carbon through glycolytic intermediates under L-GA treatment.
The data in this thesis recapitulated previous research on the inhibitory efficacy of L-GA and
D-GA. It was found that L-GA is a more potent inhibitor of glycolysis due to its targeting
of NADH-dependent reactions, leading to a redox crisis in the cancer cell. Through pro-
teomics analysis it was confirmed that redox mechanisms were modulated via L-GA. This
elucidated a specific subset of proteins harbouring oxidoreductase and anti-oxidant activity.
Further bioinformatic and molecular biology analysis suggested that the generation of reac-
tive oxygen species via L-GA activates the KEAP1-NRF2 pathway, to drive the expression of
anti-oxidant proteins.

Analysis of nucleotide pools in L-GA treated cells depicted a remarkable and previously
unreported phenotype. Nucleotide biosynthesis in neuroblastoma cells is significantly inhib-
ited upon L-GA treatment, yet the D-isomer showed minimal inhibition. Critically, this evi-
dence could be linked to findings in the proteome and metabolome. Through the application
of the antioxidant N-acetyl-cysteine in conjunction with L-GA, inhibition was relieved. This
work presents significant novel evidence for the mechanism of L-GA action in neuroblastoma
cells. Specifically, a simple sugar that inhibits the growth of cancer via dysregulating the fragile
homeostatic environment inherent to the nature of the cancerous cell.



Zusammenfassung

Glyzerinaldehyd (GA) ist ein Dreifachzucker und entsteht als Nebenprodukt im zellulären
Fruktosestoffwechsel. Die phosphorylierte Form, Glyzerinaldehyd-3-Phosphat, ist ein zen-
traler Metabolit in der Glykolyse. Bruno Mendel und Otto Warburg konnten nachweisen, dass
Glyzerinaldehyd das Wachstum und die Glykolyse in Krebszellen hemmen kann. Forschungen
zu dieser Fragestellung gab es bis in die 70er Jahre des 20. Jahrhunderts. Es konnte zweifelsfrei
nachgewiesen werden, dass die L-Konformation des Glyzerinaldehyds den Stoffwechsel und
das Wachstum von Krebszellen effektiver inhibiert als die D-Konformation, die Gründe hierfür
blieben aber unaufgeklärt.

Im Rahmen dieser Arbeit wird ein neuer Mechanismus beschrieben, auf welche Weise L-
Glyzerinaldehyd (L-GA) das Wachstum von Krebszellen inhibiert. Die Arbeit beschreibt, wie
L-GA signifikante Änderungen im zellulären Stoffwechsel herbeiführt und die Nukleotidbiosyn-
these beeinflusst. Mittels GC-MS basierten Isotopen-unterstützten Stoffwechselanalysen kon-
nten die Änderungen des Kohlenstoffflusses in der Glykolyse bestimmt werden. Die Daten,
welche in dieser Arbeit gezeigt werden, spiegeln bisher veröffentlichte Daten über die Wirkung
von L-GA wider. Weiterführend wurde gezeigt, dass L-GA ein stärkerer Inhibitor der Glykol-
yse ist als D-GA, weil ein dominanter Einfluss auf NADH abhängige Reaktionen vorliegt.
Schließlich wird eine Änderung des zellulären RedOx Zustandes in der Zelle provoziert. Dies
konnte mit Hilfe von ungerichteten Proteomanalysen bestätigt werden. Weitergehende bioin-
formatische und molekularbiologische Analysen deuten darauf hin, dass die Entstehung von
freien Radikalen durch L-GA Behandlung den KEAP1-NRF2 Signalweg beeinflusst.

Die Analyse der zellulären Nukleotidmengen unter L-GA Behandlung zeigte bemerkenswerte
und bis dahin unbekannte Änderungen des Nukleotidstoffwechsels. Die Neusynthese von
Nukleotiden wird durch Behandlung mit L-GA stark inhibiert. D-GA provozierte dem gegenüber
nur eine mäßige Veränderung in den Nukleotidmengen. Das konnte durch die gefundenen
Änderungen im Metabolome und Proteom bestätigt werden.

In dieser Arbeit werden neue Aspekte der Wirkweise von L-GA in Neuroblastomzellen
aufgezeigt. Letztendlich kann ein einfacher Zucker das Wachstum von Krebszellen vermin-
dern, indem das fragile zelluläre Gleichgewicht von Krebszellen gezielt gestört wird.
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Chapter 1

Introduction

1.1 An introduction to glyceraldehyde as a cancer therapeutic

The nature of cancer cells is that they exhibit an addiction to glucose and show high gly-
colytic activity. This observation was described by Otto Warburg in 1924 (Warburg et al., 1924).
Warburg deduced that this process was akin to fermentation, the process by which glucose is
metabolised to lactic acid. Yet, cancer cells perform this fermentation metabolism even in the
presence of oxygen, whereas normal cells convert glucose to CO2 via respiration. Indeed, this
was the first description of cancer cells harbouring a metabolic adaptation to support their high
rates of proliferation.

Five years after Warburg’s postulation, Bruno Mendel made the discovery that glycolysis can
be inhibited in Jensen sarcoma tumour cells by a simple sugar, namely glyceraldehyde. Glyc-
eraldehyde is a three carbon monosaccharide, ubiquitous in nature and existing as a racemic
molecule of D- and L- isomers. Crucial to Mendel’s experiments is that glyceraldehyde in-
hibited tumour growth without affecting normal tissue (Mendel, 1929). Following Mendel’s
discovery in 1929 and the synthesis of pure L-glyceraldehyde it was found that the D- isomer
showed less inhibitory action on glycolysis than the L- isomer of glyceraldehyde (Needham
and Lehmann, 1937; Mendel et al., 1938). This prompted the seminal research led by Warburg,
showing that glyceraldehyde was effective at curing ascites cancer in all 75 mice that were
treated (Warburg et al., 1963). Warburg found that the D-isomer was more effective in vivo than
the L-isomer. It was reported that all animals that were injected with tumour cells and treated
with D-glyceraldehyde survived the duration of the treatment. Although, this research was
not without controversy. Brock and Niekamp found that 80% of animals died from peritonitis
following D-glyceraldehyde treatment (Brock and Niekamp, 1965). One of the last published
experiments of the efficacy of DL-glyceraldehyde in vivo showed that neuroblastoma cells were
sensitive to DL-glyceraldehyde and exhibited inhibited glycolysis and cell proliferation. Fur-
thermore, neuroblastoma cell growth was inhibited to a greater degree than the non cancerous
chinese hamster ovary cells, albeit this being a questionable control when comparing murine
to human cells (Prasad, 1972).

Glyceraldehyde as a therapeutic went largely out of fashion following these competing data.
A revival of the use of glyceraldehyde occurred in the 1970’s, in the context of stimulating
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insulin secretion in pancreatic cells (Schauder et al., 1977). In the following decades, glycer-
aldehyde was only researched in relevance to its action as an insulin secretagogue (Taniguchi
et al., 2000; MacDonald et al., 2006).

It is here where this thesis resumes the research interest into glyceraldehyde as an anti-cancer
therapeutic. Most recently it has been shown that L-glyceraldehyde is effective against hepa-
tocellular carcinoma cell growth, in vitro and in vivo (Pietzke, Unpublished). Including recent
research in the Kempa laboratory, the question of glyceraldehyde has been dominated by at-
tempting to understand the mechanism by which glyceraldehyde inhibits glycolysis and ul-
timately prevents the proliferation of tumour cells (Stickland, 1941; Weinhouse et al., 1956;
Warburg et al., 1963). With novel technology, and a broader scope of question, the data herein
shows that glyceraldehyde challenges cancer cell growth by previously unexplored pathways.
This thesis presents a novel mechanism which exploits the metabolic fragility inherent to cancer
cells outside of glycolytic dependency.

1.2 The origins and development of cancer

Over the course of history from Hippocrates to Virchow to Warburg, defining the mechanisms
of cancer occurred through definitive milestones in medical and technological advancements
(Warburg, 1955; Papavramidou et al., 2010).

The origins of cancer are disputed. The consensus is that multiple mutations occur during
cancer development. Armitage and Doll (1954) stated that the epidemiology of cancer would
be consistent with sequential mutations acquired through one’s lifetime. Hanahan and Wein-
berg (2011) recapitulated this in a seminal review, positing that six essential alterations occur
during the transition from a non-cancerous to a cancerous cell state. In support of this, it may be
stated that cancer occurs through a process of ’somatic evolution’. Here genetic mutations con-
fer global cellular alterations resulting in a Darwinian selective advantage of the clonal tumour
cell population over the normal cell environment (Nowell, 1976). This ‘cell centric’ theory is
criticised when applied to a tissue environment, where the communication between cells and
their extracellular environment is critical to the understanding of cancer development (Son-
nenschein and Soto, 2013). As stated by Sonnenschein and Soto (2018), cancer is development
gone awry. In the context of this thesis, neuroblastoma is characterised by mutations in the
MYC, ALK and ATRX genes causing devastating effects in early childhood cellular develop-
ment (Matthay et al., 2016).

The description of the development of cancer is largely dominated by the characterisation of
genetic alterations. The cancerous state of the cell can be profiled on multiple levels including:
DNA, RNA, proteins, and metabolites; all of which can be attributed to specific hallmarks in re-
lation to cancer (De Berardinis and Chandel, 2016). The metabolism of a cancer cell is regarded
significantly different to that of a non-cancerous cell and has been a topic of study for almost
100 years (Warburg et al., 1924). Specifically, the genetic mutations that are acquired result in
change in the regulation of metabolic networks conferring an advantage to the proliferation
of the cancer cell. The interplay between genetic mutations and the resulting net metabolic
change is the core principle to the metabolic reprogramming of the cancer cell into a malignant
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state. This thesis aims to explore what is a pathological metabolic state and whether this state
has targetable nodes to hinder cancer development.

1.3 Metabolism in Cancer

Warburg claimed that the origin of cancer cells is to be understood through the lens of metabolism.
Warburg stated that cancer cells can be classified by their metabolic profile. It is specifically
through their preference of aerobic glycolysis over respiration to generate adenosine triphos-
phate (ATP) - the molecular currency of energy in the cell (Warburg, 1955).

This finding, termed the ‘Warburg Effect’, is common place as an opening line in litera-
ture relating to the metabolism of cancer. The phenomenon by which Warburg described the
metabolic state of the cancer cell is attributed to the production of ATP via lactate through gly-
colysis, even in replete oxygen conditions. The preference for the production of ATP via lactate
rather than oxidative phosphorylation seems counter-intuitive; 2 moles of ATP are generated
per mole of glucose via lactate, whereas oxidative phosphorylation provides 36 moles of ATP.
Warburg stated that this occurred due to the fact that mitochondria of the cancer cell have im-
paired or injured respiration. In order to compensate for the lack of ATP generated by oxidative
phosphorylation, cancer cells exhibit a high rate of aerobic glycolytic activity. Warburg’s find-
ings showed that the quotient of ATP produced via lactate was approximately 60-fold higher
in ascites tumour cells relative to the liver and kidney (Warburg et al., 1924, 1926).

Although the ‘Warburg Effect’ is a widely reported and a ubiquitously accepted theory, the
hypothesis that all cancer cells exhibit rates of aerobic glycolysis significantly above that of
non-cancerous cells has been challenged. In 1956, and readdressed in 1976, Weinhouse states
that Warburg’s studies do not explicitly show evidence that cancerous cells have impaired res-
piration. Weinhouse showed via isotope labelled substrates that: (a) that slices of mouse and
rat tumours oxidised glucose to CO2 at rates within the ranges exhibited by various normal
tissue slices; (b) that long and short chain fatty acids are oxidised to CO2 to varying extents
by slices of rat and mouse hepatomas at rates ranging from very low to rates comparable with
those displayed by host livers; and (c) that citric acid was an intermediate of glucose and fatty
acid oxidation in tumours as it is in normal tissues. These observations combined, negate the
assumption that mitochondrial respiration is impaired under the Warburg hypothesis (Wein-
house, 1976; Weinhouse et al., 1956). Weinhouse and colleagues continue, stating that high
aerobic glycolysis is a function of ’instability in the normally rigid mechanisms of gene reg-
ulation leading to profound alterations of isozyme composition’ (Weinhouse, 1951). Zu and
Guppy (2004) state that there is a lack of either: observations for the oxygen consumption of
cancer cells, or there is a lack of observations for alternative fuel sources for the production of
total ATP. They define a minimum energy budget, which permits the calculation of the pro-
portion of ATP derived from glycolysis to the total ATP produced. They summarise that: ’The
mean values for the glycolytic contribution to total ATP production are 20% for normal cells
and 17% for cancer cells. So the actual mean for the cancer cells is numerically lower, but the
means are not different (unpaired t test, p=0.46). Admittedly, this data is derived from isolated
cells and grown in vitro therefore may not represent whole tissue (Zu and Guppy, 2004).
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With this, we come back to the origins of cancer. We can interpret Weinhouse’s statement as
the instability of the mechanisms of gene regulation as a hypothesis predating the technological
requirements for theorising the metabolic reprogramming of the cancer cell. Zu and Guppy
(2004) concluded cancers follow the Pasteur Effect rather than the Warburg Effect, noting they
are glycolytic but only under hypoxic conditions. It is widely recognised that cancer cells prefer,
and maximise, their ATP production through glycolysis rather than mitochondrial oxidative
phosphorylation. Even in hypoxic environments a significant fraction of ATP production is
derived from oxidative phosphorylation (OXPHOS). It is more precise to state that the cancer
cell metabolism is reprogrammed in favour of glycolysis for anabolic precursors (Ward and
Thompson, 2012).

1.3.1 Overview: Glycolysis

As summarised by Berg, Jeremy et al. (2015) and figure 1.1, the metabolism of glucose branches
into multiple pathways: glycolysis, pentose phosphate pathway (PPP), TCA cycle, and amino
acid metabolism. These pathways support the generation of biomass and ATP. The glycol-
ysis pathway is comprised of seven reversible reactions and three irreversible enzymatic re-
actions. The first irreversible reaction is catalysed by hexokinases (HK) that consumes one
mole of adenosine triphosphate (ATP) per mole of glucose. In turn, glucose is phosphory-
lated to glucose-6-phosphate (G6P), sequestering it in the cell. G6P is isomerised to fructose-
6-phosphate (F6P) in a reversible reaction via phosphoglucose isomerase (GPI). F6P is irre-
versibly phosphorylated to fructose-1,6-bisphosphate (F1,6-BP) via phosphofructokinase (PFK1),
consuming one mole of ATP. F1,6-BP is the terminal hexose in the preparatory phase of glycol-
ysis, whereby ATP is consumed to generate two triose molecules. Aldolase cleaves F1,6-BP into
glyceraldehyde-3-phosphate (GA3P) and dihydroxyacetone phosphate (DHAP) in a reversible
reaction, triosephosphate isomerase (TPI) interconverts DHAP and GA3P. DHAP maybe con-
verted to glycerol-3-phosphate for lipid synthesis, in a reduced nicotinamide adenine dinu-
cleotide (NADH) dependent reaction. GA3P is the entry point of the pay-off phase in which 2
moles of ATP and 2 moles of NADH are produced. GA3P is phosphorylated and oxidised via
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to 1,3-Bisphosphoglycerate (1,3-BPG)
consuming 2 moles of NAD+ and 2 moles of free phosphate (Pi), generating 2 NADH. The ir-
reversible conversion of 1,3-BPG to 3-phosphoglycerate (3-PGA) via phosphoglycerate kinase
(PGK) generates 2 moles of ATP. 3-PGA is isomerised to 2-phosphoglycerate (2-PGA) or con-
verted to serine (Ser) for amino acid production. Subsequently, 2-PGA is isomerised to phos-
phoenolpyruvate (PEP) which is required for an irreversible reaction which produces pyruvate
(Pyr) and 2 moles of ATP via enolase and pyruvate kinase (PK), respectively. This terminal step
results in a net yield of 2 moles of ATP from glucose to pyruvate. In the absence of oxygen Pyr
is reversibly reduced to lactate (Lac) via lactate dehydrogenase (LDH), consuming 2 moles of
NADH. Under aerobic conditions Pyr is transported into the mitochondria to be oxidised to
CO2 in the tricaboxylic acid (TCA) cycle (Berg, Jeremy et al., 2015).
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Figure 1.1: Central carbon metabolism - Glycolysis and TCA cycle
A: Schematic depicts the central carbon metabolism composed of Glycolysis and the TCA cycle.
Glycolysis is initiated by the phosphorylation of glucose inside the cytoplasm, in a sequence of seven
reversible reactions and three irreversible enzymatic reactions: 2 moles of pyruvate, ATP and NADH
are generated. Glycolysis branches for the production of nucleotides, amino acids and lipids. Pyruvate
enters the mitochondria and is condensed to acetyl-coA. The step-wise oxidation of acetyl-CoA into
CO2, generates 3 moles of NADH, 1 mole of GTP and 1 mole of FADH2. ATP is generated via ATP
synthethase and oxidative phosphorylation in the electron transport chain (ETC) employing a H+

gradient fuelled by FADH2 and NADH oxidation. B: Schematic of proteins associated with glycolysis
and TCA cycle. Essential abbreviations provided in the list of abbreviations. Figure adapted from
(Boroughs and Deberardinis, 2015).

1.3.2 Overview: The TCA cycle and Glutamine Metabolism

Pyruvate enters the TCA cycle and is decarboxylated via pyruvate decarboxylase (PDC) and
condenses with co-enzyme A to form acetyl-CoA, requiring one mole of NAD+. Citrate syn-
thase (CS) condenses acetyl-CoA and oxaloacetate (OAA) to form the six-carbon citrate (Cit).
Through a sequence of isomerisation, oxidative decarboxylation and hydration one molecule
of acetyl-CoA yields three molecules of NADH, two molecules CO2, and one molecule GTP
and FADH2. The total eight enzymatic reactions within the TCA cycle utilise isocitrate (Isocit),
α-ketoglutarate (α-KG), succinate (Suc), fumarate (Fum) and malate (Mal).
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A complete oxidative turn of the TCA cycle, originating from acetyl-CoA, generates two
molecules of CO2, reduces three molecules of NAD+ and one molecule of FAD. The reduced
electron carriers (NADH, FADH2) are subsequently oxidised by the electron transport chain
(ETC). The ETC consists of a series of four membrane proteins (complex I-IV), each protein
facilitates the transfer of electrons from the reduced electron donors to electron acceptors, for
example O2 and Suc. This process generates a flux of protons across the inner mitochondrial
membrane resulting in an electrical potential. This potential drives the phosphorylation of
ADP to ATP via the ATPase, Protein complex V. Given that one molecule of glucose equates to
2 molecules of acetyl-CoA and two turns of the TCA cycle, 36 molecules of ATP are generated
via OXPHOS (Berg, Jeremy et al., 2015).

In addition to glucose, the TCA cycle may be fuelled by glutamine. Glutamine provides a
source of carbon and nitrogen for central carbon and nucleotide metabolism. As with pyruvate,
aspartate and β-oxidation of fatty acids, glutamine can replenish intermediates of the TCA cy-
cle via α-ketoglutarate through anaplerosis. Glutamine is initially irreversibly deaminated to
glutamate via glutaminase (GLS), subsequently glutamate enters the TCA cycle by conver-
sion to α-ketoglutarate via two possible enzymatic pathways. In one, transaminases trans-
fer the amino group from glutamate to a ketoacid, producing α-ketoglutarate and an amino
acid. In the other, glutamate is deaminated by glutamate dehydrogenase (GDH) producing α-
ketoglutarate. However, under glucose-replete conditions the former pathway is predominant
(DeBerardinis et al., 2011).

1.3.3 Nucleotide Metabolism

Nucleotide metabolism encompasses the pathways which synthesise the building blocks of
DNA and RNA. Furthermore, essential redox co-factors and cell signalling molecules such as
NADP+ and cAMP are synthesised during nucleotide metabolism. Glucose-6-phosphate (G6P)
is at the convergence point of not only glycolysis but also the pentose phosphate pathway, the
hexosamine pathway and glycogen synthesis (Hay, 2016; Lane and Fan, 2015). The pentose
phosphate pathway (PPP) is the branching of glycolysis which provides the precursor for all
nucleotides, R5P. R5P is generated as described in figure 1.2. In the oxidative PPP, G6P is
oxidised to 6-phosphoglucolactone (6-PGL) utilising the co-enzyme NADP+ and Glucose 6-
phosphate dehydrogenase (G6PD). 6-PGL is then hydrolysed to 6-phosphogluconic acid (6-
PGA) which is oxidised to ribulose-5-phosphate (Ru5P). Ru5P is isomerised to R5P, until this
point 2 moles of NADPH2 are produced per mole of G6P.

The production of R5P through the non-oxidative PPP utilises fructose-6-phosphate (F6P)
and glyceraldehyde-3-phosphate (GA3P). The 9-carbons compromising GA3P and F6P are cy-
cled to R5P and Ru5P through a sequence of carbon exchanges. Firstly, transketolase (TKT) fa-
cilitates the cycling of carbons from GA3P and F6P to erythrose-6-phosphate (E6P) and xylulose-
5-phosphate (X5P). Transaldolase (TALDO) cycles carbons from F6P and E6P to produce GA3P
and sedoheptulose-7-phosphate (S7P). Finally TKT catalyses the production of R5P and X5P
through cycling of carbons from S7P and GA3P. All reactions in the non-oxidative pathway
are reversible and the rate of reaction depends on cellular demands. Specifically, the non-
oxidative pathway is down-regulated when NADPH2 requirements are high (Lane and Fan,
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2015). R5P enters the nucleotide biosythesis pathway via its phosphorylation to phosphoribo-
syl pyrophosphate (PRPP), whereby PRPP-synthetase (PRPS) consumes 1 mole of ATP. PRPP
is the root pentose intermediate common to both purine and pyrimidine synthesis.

De novo purine synthesis

Adenosine and guanosine derived nucleotides are synthesised from IMP which is synthesised
from a complex set of reactions originating from PRPP. Initially, PRPP condenses with glu-
tamine, forming 5-phosphoribosylamine. The enzyme catalysing this reaction, glutamine phos-
phoribosyl pyrophosphate amidotransferase, is inhibited by IMP, GMP, and AMP thereby act-
ing as a rate-limiting entry point for purine synthesis. Glycinamide kinosynthase catalyses the
synthesis of glycinamide ribonucleotide (GAR) which consumes 1 mole of ATP and glycine.
In the synthesis of formylglycinamide ribonucleotide (FGAR) a formyl group is received from
N10-formyltetrahydrofolate (10-formyl THF) from the folate cycle. Through a sequence of reac-
tions the intermediate FAICAR is produced, which consumes 1 mole of: ATP, 10-formyl THF,
aspartate and glutamine. FAICAR is hydrolysed to IMP which is used to synthesise AMP and
GMP in a glutamine, aspartate, NAD+ and ATP dependent reaction. The amino acids: aspar-
tate, glutamate and glycine provide the nitrogen groups for the synthesis of the purine rings.
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Figure 1.2: Pathways of nucleotide metabolism. De novo nucleotide biosynthesis is derived from glycolysis
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De novo pyrimidine synthesis

In the first step of pyrimidine synthesis, carbamoyl phosphate and aspartate react to produce
carbamoyl aspartate. Following dehydration of carbamoyl aspartate to dihydroorotic (diORO)
it is oxidised to orotic acid (ORO) in an NAD+ dependent reaction. Orotic acid condenses
with PRPP to produce orotidine-5-phosphate (OMP). OMP is decarboxylated to UMP. UMP
is phosphorylated by 2 moles of ATP to UTP which is converted to cytidine triphosphate
(CTP) by CTP-synthetase. Thymidine mono-phosphate (dTMP) is synthesised from reduced
UMP (dUMP) via methylation of dUMP by thymidylate synthase (TYMS) consuming 1 mole
of NADPH and 10-formyl THF.

As described, GA3P is a substrate in the synthesis of nucleotides. It is of particular interest
that L-glyceraldehyde has been described only in the context of a glycolytic inhibitor. We must
ask how does the metabolic reprogramming in a cancer cell contribute to nucleotide biosynthe-
sis.

1.4 Metabolic reprogramming in cancer

Cells that are rapidly proliferating require sufficient rates of production of ATP, amino acids,
lipids, proteins and nucleotides for subsequent daughter cell synthesis (Tennant et al., 2009).
The complexity of metabolic reprogramming in cancer is not limited to the malignant cell but
also the environment in which the cell resides, namely the tumour microenvironment (TME).
Cells within the TME modulate surrounding cells to maintain the supply of nutrients required
for cancer cell growth (Sonveaux et al., 2008; Nieman et al., 2011). Therefore metabolic repro-
gramming and the metabolites which are involved in the development of malignancy, must be
viewed from both the ’cell-centric’ and TME viewpoints. Despite this complexity, it has been
suggested that malignancy arises from perturbations in a finite set of pathways involved in an-
abolism, catabolism and redox balance (De Berardinis and Chandel, 2016). The perturbations in
these pathways serve to satisfy the demands generated by the metabolic reprogramming of the
malignant cells. It would be excusable to state that by analysing these perturbations we would
have a definitive ’hallmark of cancer’. Yet, we observe high phenotypic heterogeneity between
cancer cells and within the TME, suggesting that no single model of cancer metabolism exists
(Cantor and Sabatini, 2012).

For the scope of this thesis we will examine the reprogramming of glycolysis and nucleotide
biosynthesis pathways. Mutations in oncogenes such as c-MYC/MYCN, AKT and p53 drive
the up-regulation of signalling pathways influencing glycolysis (Boroughs and Deberardinis,
2015; Hay, 2016). Mutations in c-MYC/MYCN and the subsequent MYC pathway up-regulate
or modulate a plethora of genes essential to biomass synthesis and glycolysis (Stine et al.,
2015; Qing et al., 2010). For example, increased MYC expression results in the stabilisation
of HIF1α. Subsequently, hexokinase synthesis increases resulting in increased glucose phos-
phorylation and up-regulated glycolysis (Doe et al., 2012; Dang, 2013). Furthermore, MYC
mutations induce up-regulated nucleotide biosynthesis. MYC can enhance glycolytic flux from
3-phosphoglycerate (3-PGA) to the synthesis of serine and glycine, which are essential nitrogen
donors for nucleotide biosynthesis (Vazquez et al., 2011).
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In addition to MYC, another canonical regulator of cancer metabolism is the PI3K/AKT/mTOR
signalling pathways. PI3K directly interacts with enzymes of glycolysis. On stimulation of
PI3K from growth factors, PI3K releases aldolase from the cytoskeleton to increase glycolysis.
(Hu et al., 2016). Downstream of PI3K are the signalling molecules AKT and mTOR. Upon en-
hanced PI3K activation, AKT and mTOR activity is up-regulated. Both AKT and mTOR have
broad effects on glycolysis. For example AKT regulates fructose 2,6-bisphosphatase (PFKFB2)
expression and enhances phase I glycolysis (Sun et al., 2011). In another example, activation
of mTOR increases pyruvate production through the activation of pyruvate kinase (PKM2)
(Dando et al., 2016). In summary, the activation of the PI3K/AKT/mTOR pathway coordinates
broad changes in cellular metabolism.

A significant hallmark of the cancer cell is its ability to evade cell cycle checkpoints, thereby
promoting aberrant cell division. The cell cycle is an energetically demanding process which re-
quires synthesis of proteins, lipids and nucleic acids. Anabolism of these molecules are highly
dependent on the flux of carbon and nitrogen metabolism. The appropriate signalling path-
ways confer their availability to cell cycle regulators. The cell cycle occurs in precise phases,
namely: the G0/G1 and phase when cells grow and synthesise biomass, the S-phase during
which DNA is replicated, and the G2/M phase when cells observe mitosis and cytokinesis
(Kalucka et al., 2015). Each phase is regulated by a complex network of cyclin-dependent ki-
nases (CDKs) and E3 ubiquitin ligases. The major Cdks regulate the cell cycle in the follow-
ing fashion: cyclin D–CDK 4/6 regulates G1/S, cyclin E–CDK2 regulates S-phase, and cyclin
B–CDK1 regulates G2/M phase transition (Salazar-Roa and Malumbres, 2017). CDKs and E3
ubiquitin ligases modulate glycolysis and oxidative phosphorylation at discrete stages in the
cell cycle. For example, in the late G1 phase 6-phosphofructo-1-kinase (PFK1) and Hexoki-
nase (HK) are activated by the ligase anaphase-promoting complex or cyclosome (APC/C) and
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, isoform 3 (PFKFB3). These enzymes
coordinate to induce an up-regulation in glycolytic flux. Conversely, in the S-phase glycolysis
is inhibited by the Skp1–Cul1–F-box protein (SCF) by degrading PFKFB3 and glutaminolysis
is increased by glutaminase 1 (GLS1) activation (Kalucka et al., 2015).

In addition to the cell cycle regulating glycolysis, glycolytic enzymes and metabolites also
regulate the cell cycle. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) has been shown
to regulate the G2/M transition by directly inducing cyclin B/CDK1 activity (Carujo et al.,
2006). Furthermore, the glycolytic enzyme, PKM2 is known to interact with a wealth of cell
cycle regulators such as MYC, ERK1/2 and CCND1 (Keller et al., 2014). Ratios of the metabo-
lites AMP/ATP and NAD+/NADH are known to be indicators of cellular energy and redox
states. The ratio of AMP/ATP is registered by AMP-activated protein kinase (AMPK). Upon
high AMP levels AMPK is activated thereby reducing metabolic processes, promoting oxida-
tive phosphorylation and phosphorylating p53 to induce cell cycle arrest. Furthermore, AMPK
is known to regulate nucleotide biosynthesis by negatively regulating PRSP, which converts
R5P to PRPP (Qian et al., 2018). In addition, the ratio NAD+/NADH is essential to maintain-
ing cellular homeostasis. Upon NADH depletion and oxidative stress the NAD-dependent
deacetylase sirtuin-1 (SIRT1) protein activates a range of cell cycle proteins, including p53, E2F
and FOXO3. The coordination of these proteins generate a cell cycle arrest and up-regulate
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anti-oxidant mechanisms (Mandal et al., 2010).

It is apparent that the cross talk between the energy state of the cell - inferred by the level of
ATP and NAD+/NADH ratio - and the cell cycle is tightly linked. Mutations in the cell cycle
machinery are common given that cancer cells exhibit a unique energy demand. Furthermore,
the cell must be able to maintain its homeostasis to enable the evasion of cell cycle checkpoints
in order to support proliferation.

1.5 Maintaining Cellular Homeostasis

Rapid but inefficient production of ATP via glycolysis comes at the cost of an increased ox-
idative state (Kroemer and Pouyssegur, 2008). Cancer cells in proliferative states require a
metabolic adaptation to accommodate the increase of reductive and oxidative cellular pro-
cesses (redox). Specifically, reactive oxygen species (ROS) accumulate due to the increase in
metabolic processes. The cancer cell therefore requires mechanisms to detoxify the cell of ROS
and maintain a homeostatic redox balance. This system is finely tuned for cancer cell growth
and presents opportunities for therapeutic targets.

1.5.1 The generation and function of ROS in cancer

Central to the generation and function of ROS generation is that its cellular function is de-
pendent on the concentration within the cell, with increasing ROS concentrations becoming
more toxic as described in figure 1.3 (Galadari et al., 2017; Vučetić et al., 2017). Low levels
of ROS modify protein structure and function by reversibly oxidising thiol groups. This post-
translational modification of proteins can act as a signalling mechanism (Schumacker, 2015). As
ROS concentrations increase oxidative damage occurs at the DNA, protein and lipid levels re-
sulting in growth inhibition, genomic instability and cell death. To alleviate oxidative damage,
cells initiate oxidative stress responses through metabolic reprogramming and transcription of
stress response genes (Liou and Storz, 2010; Circu and Aw, 2010).

The majority of ROS are generated during mitochondrial OXPHOS, yet they are also gen-
erated in response to xenobiotics, cytokines, and bacterial invasion. During OXPHOS in the
mitochondria, ATP is produced via electron transport chain (ETC) generating H+ which re-
duces O2 to water. Although this is a highly efficient process, ROS are generated upon partial
reduction of O2. The possible reactive species produced in this partial reduction include: super-
oxide anion (O2˙), hydrogen peroxide (H2O2), and hydroxyl radical (OH•) (Kamata and Hirata,
1999). This occurs due to the mitochondria being a redox hub at the ETC complex, which in
part leaks electrons to molecular oxygen thereby generating ROS (Kardeh et al., 2014).

ROS may act as cell signalling molecules to drive activation of growth pathways including
mitogen activated protein kinases (MAPK), phosphatidylinositol 3-kinase (PI3/K) and phos-
pholipase C gamma (PLCgamma). Through a phosphorylation cascade and translocation of
transcription factors to the nucleus, ROS stimulates gene expression of growth promoting genes
(Kamata and Hirata, 1999; Cadenas and Boveris, 2005). However as ROS concentrations reach
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their toxicity thresholds, apoptotic responses are initiated. As the scales slide against the clear-
ance of ROS by antioxidants, pro-apoptotic signalling molecules, such as ASK1, JNK, p53 and
p38 are activated (Kardeh et al., 2014; Yang et al., 2018). Therefore we arrive at the crossroad of
how cancer cells, relating to the ROS concentration, evade cell death via oxidation.
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Figure 1.3: The role of increasing ROS levels in cells. A: As ROS levels increase in cells they induce DNA
damage and oxidation of lipids and proteins. In normal cells, increased ROS levels induce antioxidant
response pathways to balance ROS levels (green and red scales, respectively). Cancer cells employ a
moderate state of ROS stress, greater than that of normal cells, favouring their survival. This state is
still maintained due to mutations in antioxidant pathways, up-regulating ROS scavenging
mechanisms. However, if ROS levels exceed the cells antioxidant capacity cells initiate programmed
cell death. B: KEAP1 and NRF2 are maintained in a complex and is ubiquitinated under normal
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1.5.2 Mechanisms of ROS regulation and cell fate

Generation of ROS induces metabolic reprogramming in cancer cells, inhibiting multiple gly-
colytic enzymes, including glyceraldehyde 3-phosphate dehydrogenase, pyruvate kinase M2,
and phosphofructokinase (Mullarky and Cantley, 2015). To prevent the inhibition of glycolytic
enzymes via ROS, the cell redirects glycolytic flux to produce antioxidants. Specifically, gly-
colytic inhibition promotes flux into the oxidative branch of the pentose phosphate pathway
(PPP) to generate nicotinamide adenine dinucleotide phosphate (NADPH) via glucose-6-phosphate
dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD). NADPH is critically
important, as it provides the reducing power that fuels the protein-based antioxidant systems
(Ciccarese and Ciminale, 2017). NADPH is a co-factor for the ROS scavenging systems: thiore-
doxin/peroxiredoxin (TRX/PRX) and glutathione/glutathione peroxidase (GSH/GPX) which
reduces H2O2 to H2O. Specifically, thioredoxin and glutathione act as electron donors in the
process of reducing oxidised molecules, NADPH is utilised by their relative reductases to re-
store reducing power. As stated, NADPH pools are maintained in the cytosol via the PPP.
However, NADPH pools in the mitochondria must be maintained via alternate mechanisms
as NADPH does not cross the mitochondrial membrane. NADPH is generated via six path-
ways utilising: (i) NADP+ transhydrogenation by nicotinamide nucleotide transhydrogenase
(NNT); (ii) glutamate conversion to α-ketoglutarate by glutamate dehydrogenase 1 (GDH1);
(iii) NADH phosphorylation by mitochondrial NAD kinase (NADK2); (iv) isocitrate dehydro-
genase 2 (IDH2); (v) malic enzymes (ME2/3); and (vi) the mitochondrial folate cycle (Petrosillo
et al., 2003).

The regulation of NADPH generation is tightly controlled via a number of pathways (Mit-
suishi et al., 2012). A prime example is the regulation of the KEAP1-NRF2 pathway, a major
regulator of cytoprotective response to ROS stress. In detail, the nuclear factor erythroid 2-
related factor 2 (NRF2) binds to the antioxidant response element (ARE) and regulatory regions
of KEAP1 (Kelch ECH associating protein 1), in response to ROS elevation. NRF2 is negatively
regulated by KEAP1 via the ubiquitiation of the NRF2 and KEAP1 complex under normal con-
ditions. As ROS levels increase, the structural conformation of the cysteine-rich KEAP1 protein
is modified, releasing NRF2 and preventing its degradation. Upon translocation to the nucleus,
NRF2 initiates the expression of a plethora of antioxidant enzymes such as: NAD(P)H quinone
oxidoreductase 1 (NQO1), haemeoxygenase 1 (HMOX1), glutamate-cysteine ligase (GCL) and
glutathione S transferases (GSTs) (Kansanen et al., 2013). In addition to stimulating ARE genes,
NRF2 is also known to redirect glucose and glutamine to anabolic pathways via activation of
the PI3K-AKT signalling pathway (Sporn and Liby, 2012).

Cancer cells often up-regulate or harbour mutations that confer constitutive expression of
antioxidant dependent mechanisms (Sporn and Liby, 2012). NRF2 hyper-activation confers
several advantages to cancer cell survival. The oncogenic properties of NRF2 can be exempli-
fied by its targets NQO1 and GST, the overexpression of these proteins confer drug resistance in
cancer cells (Meijerman et al., 2008). The consequence of NRF2 hyperactivity and its associated
targets result in, but not limited to: angiogenesis, proliferation via metabolic reprogramming,
chemoresistance and inhibition of apoptosis (Sporn and Liby, 2012).
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1.5.3 Targeting mechanisms of ROS reduction for cancer therapy

As aforementioned, low levels of ROS production facilitates cancer cell growth through the
activation of survival pathways and activating proliferation (Sena and Chandel, 2012). Muta-
tions in oncogenes such as c-MYC have shown to not only promote ROS production but also
stabilise NRF2 to activate antioxidant systems (Denicola et al., 2011). In addition, mutations
in NRF2 liberate it from the control of KEAP1, thereby promoting cancer survival in high ROS
conditions (Shibata et al., 2008). Given that cancer cells promote antioxidant pathways- and
indeed depend on such pathways for survival- we may investigate whether these pathways
offer therapeutic targets.

A number of studies have shown that inhibitors of antioxidant pathways are effective at lim-
iting cancer cell growth. Glutathione (GSH) and thioredoxin (TXN) are crucial for antioxidant
pathways. Inhibiting the pathways of GSH and TXN synthesis has been shown to cause syn-
ergistic cancer cell death (Harris et al., 2015). Furthermore, blocking the uptake of the GSH
precursor via cysteine/glutamate antiporter significantly affects cancer cell survival (Lo et al.,
2008). In a similar manner, providing the cell with an inactive glutathione mimetic (NOV-002)
results in an increase in oxidative stress and cancer cell survival is decreased (Townsend et al.,
2008). Interestingly, when cancer cells are treated with the thioredoxin inhibitor, auranofin,
oxidative stress increases. This phenotype could be reversed with the ROS scavenger N-acetyl-
cysteine, confirming that indeed oxidative stress is involved in cancer cell death (Sobhakumari
et al., 2012).

The process of programmed cell death (PCD) is tightly linked to ROS generation and ROS-
induced apoptosis. PCD encompasses apoptosis, autophagy and necrosis. With credit to the
global cellular functions of ROS, it is not surprising that ROS act upon all three PCD modes.
Briefly, ROS stimulates the caspase cascade to induce apoptosis; inhibits mTORC1 to induce
autophagy and via RIP3 to stimulate necrosis (Zhang et al., 2009; Perillo et al., 2020).

In the context of this thesis, glyceraldehyde has been shown to dysregulate ROS produc-
tion in pancreatic cells (Takahashi et al., 2004). Furthermore, MYCN amplified neuroblastoma
cells were shown to have increased ROS production (Wang et al., 2018). Given that MYCN in-
creases glutaminolysis and thereby increased ROS production, sensitivity to ROS is increased.
Therefore, there is certainly scope to assess the function of glyceraldehyde in relation to ROS
production.

1.6 Metabolism as a therapeutic target

Glycolysis may be regulated by metabolites, proteins and exogenous small molecules. ROS
species inhibit glycolysis by attacking cysteine-rich enzymes such as GAPDH and PKM1,2.
However, metabolites of glycolysis may also auto-inhibit their synthesis to maintain appropri-
ate glycolytic levels. As described in figure 1.4, A, metabolites such as G6P, Lac, Cit, and PEP
inhibit central glycolysis at the HK1,2 and PFK1 positions. Furthermore the pentose phosphate
pathway may be inhibited by 3-PGA originating from glycolysis II (Hay, 2016). Conversely,
F1,6-BP, Ser and SAICAR enhance the metabolism of Pyr at the PKM1,2 position. Exogenous
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small molecules can be delivered to the cell to hijack these mechanisms of regulation (figure 1.4,
B). These molecules are of particular therapeutic interest, given the dependency of the cancer
cell on the glycolytic pathway (Granchi and Minutolo, 2012).
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Figure 1.4: Regulators of glycolysis and points of therapeutic intervention A: Metabolites can either
positively or negatively regulate glycolytic enzymes, modulating glycolytic flux. Reactive oxygen
species (ROS) are known to oxidize and inhibit glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
and pyruvate kinase M2 (PKM2). Positive regulators are in green boxes and negative regulators are in
red boxes. B: Anti-metabolites or small molecules can inhibit glycolysis as competitive inhibitors or by
sequestering Pi. 2-DG sequesters Pi at the initial stage of glycolysis. L-GA is theorised to inhibit at the
ALDOA,B position and may also inhibit the TKT. Oxythiamine inhibits TKT and BrPyr inhibits
GAPDH. Abbreviations detailed in the list of abbreviations. Figure adapted from (Pietzke et al., 2014;
Hay, 2016)

1.6.1 Glyceraldehyde

Following the preamble of this thesis, and indeed the central topic, glyceraldehyde is a triose
monosaccharide existing as D- and L- isomers. Glyceraldehyde is formed through fructose
and glycerol metabolism (Hagopian et al., 2008). As shown in figure 1.1 the phosphorylated
form, GA3P is a substrate for the enzymes GAPDH, ALDO, TPI and TKT. Therefore, GA3P is
a substrate for glycolysis, glycerol metabolism and nucleotide biosynthesis. Although there is
significant amounts of data, dating back to the 1920’s, the mechanisms of L-GA action is still not
untangled. The metabolism of D-GA and L-GA via aldolase results in two distinct phospho-
rylated trioses, fructose-1-phosphate and sorbose-1-phosphate, respectively. Needham et al.
(1951) found that sorbose-1-phosphate inhibited hexokinase, thereby preventing glucose phos-
phorylation. Interestingly, D- isomers of saccharides are common in nature, whereas L- isomers
are rare. This may lend to the findings that L-GA has proven to be a more effective glycolytic
inhibitor. Both D-GA and L-GA can be phosphorylated to D-GA3P and L-GA3P via triokinase,
respectively. Whereas D-GA3P is the natural substrate for glycolysis, it is unknown whether
L-GA3P is metabolised by GAPDH. However, it is understood that aldehyde dehydrogenase
(ALDH) oxidises D-GA and L-GA to D- and L- glyceric acid. In turn glycerate kinase (GLYCTK)



1.6. Metabolism as a therapeutic target 15

phoshorylates glyceric acid to 3-PGA to be used in glycolysis (Antony et al.). In addition to in-
hibiting glycolysis, L-GA shows inhibitory effects on protein synthesis. Specifically L-GA was
shown to inhibit leucine incorporation into proteins of normal and cancer tissues, although the
mechanism was not described (Guidotti et al., 1964). Furthermore, no studies currently address
the mechanism of L-GA in the role nucleotide biosynthesis, of which this thesis will attempt to
explore.

L-Glyceraldehyde D-Glyceraldehyde

O

OH

OH O

OH

OH

1.6.2 2-D-deoxyglucose

2-D-deoxyglucose (2-DG) was introduced as an anticancer therapeutic in the 1950’s, promising
results showed inhibition of tumour growth in vivo (Ely, 1954). However, competing evidence
arose in the 1980’s claiming that 2-DG showed no efficacy against murine tumour cells (Tan-
nock et al., 1983). Further research elucidated the syngergistic effects of 2-DG. In vivo, 2-DG
enhanced the anticancer activity of adriamycin and paclitaxel in xenograft mice with human
osteosarcoma or non-small-cell lung cancer (Maschek et al., 2004). Within this study it was
found that 2-DG alone does not show anti-cancer efficacy. In vivo, 2-DG is relatively well toler-
ated with dosages up to 250mg/kg being reported as tolerable in combination with radiation
therapy (Singh et al., 2005). 2-DG has been extensively studied and has proved a valuable
tool for analysing glycolytic inhibition and as a cancer diagnostic in vitro. The fluorine modi-
fied analogue 2-FDG, is sequestered in the cell facilitating positron emission tomography (PET)
imaging of highly proliferative and glycolytic cells (Som et al., 1980).

2-DG is a synthetic glucose analog in which the 2-hydroxyl group is replaced by hydrogen.
2-DG is imported into the cell in the same manner as glucose, by GLUT1. In the cell 2-DG is
phosphorylated to 2-DG-P, which is not a substrate for glucose-6-phosphate isomerase (GPI).
Therefore, ATP is sequestered and glycolysis is halted as fructose-6-phosphate synthesis de-
creases. This mode of inhibition of glycolysis leads to cell cycle arrest, oxidative stress and cell
death (Weindruch et al., 2001; Maher et al., 2004; Coleman et al., 2008).

O

OH
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1.6.3 3-Bromopyruvate

3-Bromopyruvate (BrPyr) is a potent inhibitor of glycolysis which results in a severe depletion
of ATP. BrPyr is effective at the concentration of 100 µM, which is more potent than 2-DG which
requires millimolar concentrations (Pelicano et al., 2006).

BrPyr is a pyruvate analogue harbouring a bromine atom at the carbon 3- position. Studies
point towards as a hexokinase inhibitor yet recent work in the Kempa lab showed that it is a
potent GAPDH inhibitor (Pietzke, 2015; Cal et al., 2020; Gong et al., 2014). BrPyr causes rapid
ATP depletion, oxidative stress, and in turn, the release of cytochrome c, leading to cell death
(Pelicano et al., 2006; Ehrke et al., 2015). Animal studies showed that BrPyr has in vivo therapeu-
tic activity against liver cancer when given by infusion (Geschwind et al., 2002). Nevertheless,
BrPyr is known to present hepatotoxicity reducing its value as a therapeutic (Philippe et al.,
2012).

O

Br

OH

O

1.6.4 Oxythiamine

Oxythiamine (OT), an analogue of thiamine which is a co-factor in nucleotide biosyntheis. OT
inhibits transketolase (TKT) of the the nonoxidative pentosee phosphate pathway and synthe-
sis of ribose-5-phosphate (R5P). More recently, OT has been shown to inhibit transketolase-like
1 protein (TKTL1) (Mariadasse et al., 2016). OT has been shown to induce cell apoptosis and
causes a G1 phase arrest in vitro and in vivo (Boros et al., 1997; Raïs et al., 1999). However, there
is sparse evidence for OT being used as a clinical therapeutic. Yet, its use in elucidating the
role of TKT and TKTL1 in redox maintenance and cancer cell signalling has proven successful
(Wang et al., 2013; Tseng et al., 2018).
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1.7 Methods for measuring metabolism

As described in 1.3.1 cancer cells have specific metabolic alterations which, in theory, describe
their phenotype. Understanding and measuring these alterations require analytical methods
to extract, quantify and analyse the components of the cell. The components of metabolism
are not strictly limited to metabolites. For instance, we may measure changes in the metabolic
profile on a metabolite, protein or gene based tier. The advent of the ‘Omics‘ era is comprised
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of genomics, transcriptomics, lipidomics, proteomics and metabolomics. Whist genomics and
transcriptomics depend on DNA and RNA amplification and sequencing, the measurement
of proteomics and metabolomics depend on mass spectrometry (MS) methods (Grimm et al.,
2016). We will focus on the methods for measuring the proteomic and metabolic landscape.

1.7.1 GC-MS and Time-resolved metabolomics

Mass spectrometry methods often employ upstream chromatography for the separation of
molecules based on their functional properties. In gas chromatography (GC) biological sam-
ples are extracted from the cell, separated into polar and non-polar fractions and the metabo-
lites derivitised to add functional groups to the molecules. Compounds that contain functional
groups such as OH, NH, CO2H, and SH are difficult to analyse by GC as they are not sufficiently
volatile or are thermally unstable. In order to increase volatility samples are derivitised to add
silyl groups to the functional groups. Gas chromatography–mass spectrometry (GC–MS) is a
versatile method to quantify metabolite abundance from cell extracts. GC-MS can efficiently
distinguish between closely related isomers, for example fructose and glucose. This is essential
for the molecules of the central carbon metabolism which observe many isomerisation events.
When combined with metabolite labelling strategies, GC-MS can provide models of metabolic
pathways as a function of time.

The metabolic profile of a cell will rapidly change upon treatment with a drug, response to
external stimuli or intracellular stress. The redundancy of metabolic networks and systems
act to remedy the metabolic profile to a homeostatic state. Therefore, methods are required
to analyse the flux of metabolites in short periods of time, before the cell returns to a normal
state (Pietzke et al., 2014). By applying stable isotope labelled substrates to the cell, the flux
of carbons through downstream metabolites can be measured. Following the labelling one can
infer both the abundance of the metabolite and the percentage of isotope incorporation (Zasada
and Kempa, 2016). This principle is central to the pulsed stable isotope-resolved metabolomics
(pSIRM) method (Pietzke et al., 2014).

pSIRM allows for dynamic analysis of the flux of labelled carbons into metabolites. By
quenching labelling reactions in short intervals, or pulses, the incorporation of 13C-labelled
carbon can be resolved and traced through the metabolic network. This is in contrast to steady
state labelling in which, the incorporation of the isotope label reaches a maximum and kinetics
cannot be resolved. Simply put, when we apply a drug to the pSIRM labelling system, we wish
observe perturbations in the rate of label incorporation and metabolite abundance. With this
information we can derive the position in which the network is hindered (figure 1.5).
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Figure 1.5: Pulsed stable isotope resolved metabolomics (pSIRM) Incorporation of U-13-C-glucose is
described through 2 mins, 10 mins and 15 mins of application to cells before label quenching. The
proportion of (black) labelled metabolite relative to unlabelled (white) is indicated by the increasing
level of black gradient. Blue circles represent the U-13C-labelled carbons derived from U-13C-glucose
during glycolysis. The measurement of label incorporation and the relative metabolite pools via
GC-MS allows for estimation of pertubations in glycolytic flux during drug treatments. Abbreviations
– Cit: Citrate, F6P: Fructose-6-phosphate, Glc: Glucose, G6P: Glucose-6-phosphate, Glyc3P:
Glycerol-3-phosphate, Lac: Lactate, Pyr: Pyruvate, 3-PGA: 3-phosphoglycerate.

1.7.2 LC-MS and DI-MS-MS in proteomic and nucleotide analysis

Understanding the metabolic network depends on the characterisation of both the metabolites
and the enzymes, or proteins, responsible for their metabolism. Liquid chromatography (LC)
operates by firstly flowing a sample over a column to which they bind, then flowing a solvent
over the column. The molecules in the sample are separated by their relative affinity for the
column and the solvent. Proteins are separated and quantified from cell extracts via LC coupled
to mass spectrometry (LC-MS). By employing a shotgun proteomics: proteins are subjected to
fragmentation, identified based upon unique peptide sequences, reassembled into full protein
identifications and finally quantified. The identification of proteins from their unique peptide
sequences requires both experimentally and in silico derived data (Zasada and Kempa, 2016).
Proteomics is a valuable tool for classifying cells and tissues in disease states such as cancer.
Furthermore, proteomic data aid in the understanding different biological mechanisms, which
may be targets for drug development. As will become clear in this thesis, proteomic data allow
for the discovery of pathways that are perturbed upon drug treatment. The integration of
proteomic and metabolomic data in a systems biology approach gives deeper understanding of
the dynamics of metabolic pathways. For example, proteomic data capture isoforms of proteins
that confer advantages to the cancer cell. As described by Hsu and Hung (2018) the isoform
of pyruvate kinase, PKM2, directly and strongly correlates with aggressiveness and glycolytic
efficiency in cancer cells. By quantifying and classifying proteins and their isoforms cancer
metabolism can be characterised on multiple tiers.
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For nucleotide analysis, we may use direct infusion MS-MS (DI-MS-MS) (Banoub and Lim-
bach, 2009). This method employs no chromatography but fragmentation of a selected parent
ion to uniquely identify nucleotides with similar masses. Initially nucleotides are enriched
from cell extracts and dissolved in methanol. This sample is directly injected into the mass
spectrometer which selects the parent ion which in turn is fragmented to give the unique mass
of the nucleotide. Both transitions, are used to quantify the amount of nucleotide in the sample
(Quinn et al., 2013).

1.8 Neuroblastoma

Neuroblastoma is a paediatric solid tumour occurring in the developmental sympathetic ner-
vous system. The neuroendocrine tumour arises from any neural crest element which results
in the developments of tumours in the adrenal glands and/or sympathetic ganglia. Of all
childhood cancers, neuroblastoma accounts for 15%, making it the most commonly diagnosed
malignancy in the first years of life (Matthay et al., 2016). Approximately 90% of neuroblastoma
tumours are diagnosed in children under the age of 10, with a median age of 18 months. Less
than 5% of cases occur in adolescents (Cheung et al., 2012). Metastasis are frequently found in
bone marrow, lymph node, skin and liver. Over 50% of cases show metastatic tumours (Whittle
et al., 2017).

Neuroblastoma is stratified into a staging system of risk developed by the International Neu-
roblastoma Risk Group (INRG), as described in table 1.1.

Stage Description

L1 Localised tumour which is confined to a body com-
partment. The tumour does not involve vital struc-
tures as defined by image-defined risk factors.

L2 Localised regional tumour with presence of one or
more image-defined risk factors.

M Distant metastatic disease.

MS Metastatic disease in children younger than 18
months with metastases confined to skin, liver,
and/or bone marrow

Table 1.1: Risk stratification of neuroblastoma from INRG, table adapted from (Cohn et al., 2009)

Neuroblastoma risk is further simplified into 3 risk categories based upon INRG staging,
age, histologic category, grade of tumor differentiation, MYCN amplification, 11q aberration
and ploidy to divide patients into pre-treatment risk groups. Very low risk is defined as an
event-free survival of >85%, low risk is 75–85%, intermediate risk is 50–75% and high risk is
<5% (Park et al., 2013). In the low and intermediate risk patients there is a high overall survival
of greater than 90% with minimal invasive therapy. However in the high risk groups long-
term survival is below 50%. Furthermore, the treatment regimens are severe and invasive with
chemotherapy, surgery, radiation and stem cell transplantation (Baker et al., 2010; Whittle et al.,
2017). Therapies for high risk groups are extremely invasive and often toxic to the patient. The
premise of this thesis is to investigate whether L-GA has scope for as an alternative therapy
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which shows low toxicity, is relatively cheap to synthesise and proven to be well tolerated in
vivo (Mendel et al., 1938; Bennett and Connon, 1966).

1.9 Objectives of the thesis

The work in this thesis aimed to further understand the mechanism of L-glyceraldehyde (L-
GA) as an anti-cancer therapeutic. L-GA is significantly researched as a glycolytic inhibitor.
However, as will become clear, there are many unexplored avenues of the mechanism of L-GA.
We hope that by achieving a deeper understanding of the action of L-GA its full therapeutic
value will be recognised. It is expected that L-GA will not only have therapeutic value, but
prove to be a useful analytical tool for probing metabolism. Advancements in systems biology
and ’Omic’ technology permits the analysis of the cell on multiple biological levels. We aim to
exploit these technologies to understand the action of L-GA on the metabolome, proteome and
the cell’s molecular structure.

Initially, the objective was to characterise the efficacy of glyceraldehyde against neuroblas-
toma cells. In line with previous research (Pietzke, 2015) it was aimed to show that cell growth
was inhibited and L-GA induced cell cycle arrest in neuroblastoma cells. Results elucidated
morphological changes in the cell. Staining of the cytoskeleton resulted in the hypothesis that
the glycolytic inhibition induces a dysregulation of cytoskeletal maintenance.

In the second part of the project, the aim was to measure nucleotide pools in neuroblas-
toma cells exposed to L-GA. By utilising DI-MS/MS it became apparent that ATP was not the
only nucleotide derivative to be depleted upon L-GA treatment. This generated the hypothesis
that glycolytic inhibition alone was not the sole source of cellular stress. A novel method was
devised to measure nucleotide intermediates to gain a more comprehensive picture of L-GA ac-
tion nucleotide biosynthesis. In conjunction with nucleotide analysis we aimed to characterise
the metabolic profile of L-GA treated neuroblastoma cells. Through a 13C-labelling strategy, we
were able to measure the mechanism by which L-GA inhibited NADH-dependent reactions.
This evidence provided a framework for experiments probing the effect of oxidative stress on
neuroblastoma cells when exposed to L-GA.

In the final sections of the thesis, the effect of L-GA on cellular homeostasis was investigated.
Nucleotide analysis, metabolomics, proteomics and fluorescence based techniques, were em-
ployed to provide evidence that L-GA generates oxidative stress in the cell through reactive
oxygen species. The application of the anti-oxidant N-acetyl-cysteine was investigated to pro-
vide a mechanism by which L-GA treatment could be reversed.
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Materials

A list of chemicals, kits and equipment is listed in the supplementary material 5.1.

2.1 Cellular biology methods

2.1.1 Cell lines and Cell Culture

Cell lines were maintained in Dulbeccos modified Eagle Medium (DMEM (GIBCO), without
glucose, glutamine, phenol red, and sodium pyruvate) supplemented with 10% fetal bovine
serum (FBS, v/v), 2 mM glutamine, and 2.5 g/L glucose and cultivated at 37 ◦C, 5% CO2, 21%
O2 and 85% relative humidity. To avoid contact inhibition, cells were passaged every 3-4 days.
Adherent cells at a confluence of 60-80% were washed once with 2ml 1x phosphate buffered
saline (PBS) and removed from the culture dish surface using TrypLE (Gibco). Following cell
detachment, fresh medium was added to quench the trypsin reaction. The cell suspension was
centrifuged at 350 xg, 4 min. The supernatant was discarded and the cell pellet was resus-
pended in fresh pre-warmed media. Cells were split to a ratio relative to the doubling time.
The neuroblastoma cell lines: BE-2(C), CLB-GA, GI-ME-N, IMR-32, SH-SY5Y and SK-N-AS
were purchased from ATCC and authenticated via the Multiplex human Cell line Authentica-
tion Test (Multiplexion). The active primary human foreskin fibroblasts from an infant donor
(VH7) were a gift from Petra Boukamp (German Cancer Research Center (DKFZ), Heidelberg,
Germany)

2.1.2 Cell freezing and thawing

Cells were harvested following the protocol described in section 2.1.1. The cell pellet was re-
suspended in chilled DMEM supplemented with 10% dimethyl sulfoxide (DMSO, v/v) to 1-
3e+6 cells/mL. The cell pellet was transferred to a labelled cryovial and stored in a Mr. Frosty
cooling chamber (Thermo Scientific) at −80 ◦C overnight to cool at almost exactly −1 ◦C per
minute, the optimal speed for cell preservation. Frozen cells were stored in a −80 ◦C freezer.
Prior to freezing, cells were routinely tested for mycoplasma infection using the Mycoplasma
Detection Kit ”MycoAlert™ ” (Lonza) according to the manufacturers instructions. In order to
thaw cells for seeding, cryovials were removed from the −80 ◦C freezer and placed in a 37 ◦C
water bath. Following thawing, cells were resuspended in a 15ml falcon with 10ml pre-warmed
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media. The cell suspension was centrifuged at (350 xg, 4 min), and the supernatant removed.
Cells were plated into 10 cm plates with 10 ml of fresh media.

2.1.3 Cell number determination and harvesting

Cells were trypsinised and harvested as described in section 2.1.1. Numbers of viable cells
were determined using trypan blue exclusion. A cell suspension was prepared with 50 µL
0.4% trypan blue solution (w/v) and 50 µL trypsinised cells. Following mixing 10 µL of the cell
suspension was loaded into a cell counting slide. Viability and cell number were measured
using the TC10 automated cell counter (Biorad). For protein analysis cells were harvested
following section 2.1.1, immediately after trypsinisation cells were washed with 2ml ice-cold
1X PBS, centrifuged for 4 min, 400 xg, 1◦C, then snap frozen in liquid nitrogen.

2.1.4 Cell staining and imaging

Cells were seeded on circular glass slides in 6-well plates at 1e+5 cells per well. Cells were
allowed to settle for 24hrs. Media was exchanged for treatment with 1X PBS or 1 mM L-GA
and incubated for 24 hrs. After treatment media was removed and glass slides were washed
with 500 µL 1X PBS. PBS was aspirated and 500 µL of ice-cold acetone was added to each well
containing the slides for 10 mins. Slides were then washed 3 times with PBS. 50 µL Cytopainter
Phalloidin-iFluor 488 (10X) (ab176753, Abcam) and 50 µL of Deoxyribonuclease I, Alexa Fluor
594 (1mg/ml) (D12372, Thermofischer) was added to each well and incubated for 20 mins in
the dark. Following the staining, glass slides were washed 3 times with PBS and stored at 4◦C
before scanning with a Keyence bz-x700 microscope at 594nm and 488nm filters. Images were
processed with ImageJ 1.8.0 software. For unstained cells, cells were imaged via phase contrast
microscopy at 10X magnification on a Nikon Eclipse TS2 microscope.

2.1.5 Cell Cycle Analysis

Cells were seeded at 1.5e+6 cells per 10 cm plate and allowed to settle for 24 hrs. Cells were
treated with 1 mM L-GA or 1X PBS for 24 hrs or 72 hrs. Following treatment media was col-
lected from the plate and dispensed into a 15ml Falcon tube. Cells were detached from the plate
by washing once with 2ml PBS then adding 2ml TrypLE (Gibco). Cells were transferred to the
associated Falcon tube and homogenised. Cells were counted as described in section 2.1.3.
Cells were then centrifuged for 5min at 250xg, 4 ◦C. The supernatant was aspirated and dis-
carded. The cell pellet was resuspended in 1ml ice-cold 1X PBS and transferred to a 1.5ml
eppendorf tube before centrifuging for 5min at 250xg, 4 ◦C. The supernatant was aspirated
and discarded. The cell pellet was then resuspended by adding 1 ml of ice-cold 70% ethanol
in a drop-wise fashion while gently vortexing. The cell suspension was stored overnight at
4 ◦C to fix the cells. Following fixing, cells were centrifuged for 10 mins at 200xg, 4 ◦C. The
supernatant was aspirated and discarded before washing with 1ml ice-cold 1X PBS. Cells were
then centrifuged 5 mins at 250xg, 4 ◦C. The supernatant was discarded and the cell pellet was
resuspened in 500 µL 1X PBS and 25 µL RNase A solution (10mg/ml) (Qiagen). Cells were
incubated overnight at 4 ◦C. Following incubation, 15 µL of propidium iodide (PI) (1mg/ml)
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(Thermoscientific) and incubated in the dark for 15 mins at 4 ◦C. PI Stained cells were trans-
ferred to fluorescence-activated cell sorting (FACS)-tubes (Sigma-Aldrich), for Fluorescence-
activated cell sorting (FACS) on a BD LSR Fortessa II analyzer (Becton Dickinson) running BD
FACSDIVA software v6.0 (BD Bioscience). Cell doublets were excluded by the evaluation of
the propidium iodide area (PI-A) versus propidium iodide width (PI-W) density plot. Cell de-
bris was excluded by analysing the forward scatter area and side scatter area (FSC-Area versus
SSC-Area). The distinct cell cycle phases: sub-G1, G1/GO, S and G2/M, were determined in a
propidium iodide histogram. Further data analysis was performed with the FlowJo-X software
(BD Bioscience, v10.0.7r2).

2.1.6 iCelligence cell growth analysis

Cells were seeded at 1.5e+6 cells per 10 cm plate and allowed to settle for 24 hrs. Cells were
optimised on the iCelligence™system for a seeding density which provided optimal log-phase
growth after 24 hrs from seeding. For both IMR-32 and SH-SY5Y a cell seeding density of
1.5e+4 per plate was found to be optimal. To analyse cell growth, cells from a 10 cm plate were
harvested and counted as described in section 2.1.3. The iCelligence™16-well plate was mea-
sured for background impedance and electrical contacts were checked. Cells were resuspended
to a concentration of 1.5e+5 cells/ml in fresh media, 100 µL of cell suspension was added to
each of the 16-wells of the iCelligence™plate. Each of the wells were then adjusted to 200 µL
with fresh media. The plate was left for 30 mins at room temperature. The plate was then
inserted into the iCelligence™device and cultivated in an incubator at 37 ◦C, 5% CO2, 21% O2

and 85% relative humidity. After 24 hrs media was exchanged in each well to correspond with
treatments: L-GA, 1X PBS or Oxythiamine. Impedance readings were taken in triplicate from
each well every 15 mins for 120 hrs. Data was analysed with iCelligence DA software (ACEA
Biosciences, Inc.)

2.1.7 Reactive oxygen species quantification

Approximately 3-4e+6 cells were grown and harvested from 10cm plates before seeding at
2.5e+4 cells per well in a black-walled transparent bottom 96-well plate (Corning). Cells were
allowed to attach overnight then washed once with 1X buffer provided with the DCFDA /
H2DCFDA - Cellular ROS Assay Kit (ab113851). Cells were stained with 25 µL DCFDA in
1X Buffer for 45 mins at 37 ◦C in an incubator. Staining media was removed and media was
replaced with the drug treatment program specified in section 3.7.1. Following 4 hrs incubation
plates were scanned at Ex/Em: 485/535 nm on a Spectramax iD microplate reader (Molecular
Devices). Relative fluorescence was determined relative change to control after background
subtraction

2.2 Biochemical methods

2.2.1 Preparation of whole cell lysates

Cell pellets were acquired following the protocol in section 2.1.2. Cell pellets were thawed on
ice and lysed with RIPA buffer. RIPA buffer composed of: 50 mM TrisHCl (pH 7.9), 140 mM
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NaCl, 1 mM ETDA, 1% Triton x-100 (v/v), 0.1% Na-deoxycholate (v/v), 0.1% sodium dode-
cyl sulfate (SDS, w/v) and supplemented with 1X complete Easy protease inhibitor (Roche).
Samples were sonicated for 25 s (Bandelin Sonorex Digitec DT 100) and vortexed for 10 s. This
cycle was repeated 3 times with 10 mins incubation on ice between each round of sonication.
Following sonication cells were centrifuged at 14,000 xg for 5 min, 4 ◦C). The protein concen-
tration was determined with Pierce BCA Protein Assay Kit (Thermo Scientific) as described
in section 2.2.2. Depending on the theoretical abundance of the target protein 15 to 30 µg of
protein was diluted in 2x SDS sample buffer and stored at −20 ◦C for sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis.

2.2.2 Quantification of proteins

The determination of protein concentration was performed with the colourimetric Pierce BCA
Protein Assay Kit (Thermo Scientific). Two µL of cell lysate and bovine serum albumin (BSA)
standard dilution (50-10,000 µg/mL, diluted in 1x PBS) were mixed with 100 µL of 75 µL
ddH2O and 25 µL of Bradford reagent incubated for 30 min at room temperature in the dark.
The absorbance of each sample was read at a wavelength of 562 nm (Infinite 2000, Tecan). Each
sample was measured in technical duplicates. A negative control of reagent without BSA or
cell lysate was used to deduct the background signal.

2.2.3 SDS-PAGE

SDS-PAGE was performed according to Laemmli with modifications (Laemmli, 1970; Fritsche-
Guenther et al., 2018). Fifteen to 30 µg of protein were diluted in 2x SDS sampling buffer
(50 mM TrisBase (pH 6.8), 100 mM dithiothreitol (DTT), 2% SDS (w/v), 10% glycerol (v/v),
10 g/L bromphenol blue, diluted in ddH2O) and denatured for 5 mins at 95 ◦C under constant
agitation. Samples were kept ice, centrifuged at 14,000 xg for 5 min, 4 ◦C).and pipetted into a
pre-casted SDS polyacrylamide gel. A PageRuler pre-stained protein ladder (Thermo Scientific)
was used as a molecular marker. The discontinuous electrophoresis was carried out at 60-
135 V in the Biorad Mini Protean system with 1x SDS running buffer (25 mM TrisBase, 190 mM
glycine, 0.1% SDS (w/v), diluted in H2O, pH 8.3).

2.2.4 Western blot

Following SDS-page as described in section 2.2.3, proteins were transferred to nitrocelluose or
polyvinylidene difluoride (PVDF) membrane, as per the manufacturer’s instructions for each
antibody. Proteins were transferred to membranes in a semi-dry fashion using a Biorad Trans-
Blot Turbo Transfer system for 30 min (25 V, 1 A). Nitroceullose membranes were prepared by
incubation in blotting buffer (48 mM TrisBase, 40 mM glycine, 0.075% SDS (w/v), 20% MeOH
(v/v) diluted in H2O) prior to overlay of the membrane. PVDF membranes were activated
in 100% MeOH for 25 s, then washed in H2O for 2 mins and placed in blotting buffer before
overlaying with gel. Gels removed from glass casings and placed in blotting buffer, as well as
6 sheets (3 per side of the gel) of Whatmann filter papers. Following blotting membranes were
blocked with 5% milk or 1-5% BSA (w/v) in TBS-T (1x TBS (20 mM TrisBase, 137 mM NaCl,
0.1% Tween-20 (v/v)) for 60 mins at room temperature. Incubation of the primary antibody was
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performed overnight at 4 ◦C under constant rolling in 50 ml Falcon tubes. Membranes were
washed 3 times for 10 min in TBS-T and probed for 1 hr at room temperature with an HRP-
coupled secondary antibody, corresponding to the primary antibody. Three 10 min washing
steps were performed with TBS-T, before application of an 1:10 dilution of Amersham ECL
Western Blotting detection solution (GE Healthcare). Membranes were exposed on a Fusion FX
chemiluminescence microscope system (VILBER).

2.3 Proteomics

2.3.1 Sample preparation of protein lysates and digests

Cells were harvested by scratching cells in 2 ml ice-cold 1X PBS on ice and transferred to a
2 ml tube, cells were centrifuged at 14,000 xg for 5 mins, 4 ◦C. Cell pellets were lysed in 300 µL
urea buffer (8 M Urea, 100 mM TrisHCl (pH 8.5). Samples were sonicated as described in sec-
tion 2.2.1 and centrifuged at 14,000 xg for 5 mins, 4 ◦C. Lysates were incubated for 10 mins
at 4 ◦C under constant agitation. Lysates were centrifuged at 14,000 xg for 5 mins, 4 ◦C, su-
pernatants removed and protein concentration determined via the protocol described in sec-
tion 2.2.2.
Proteins were alkylated and denatured by addition of 2 mM DTT for 30 min at 25 ◦C, followed
by addition of 11 mM iodoacetamide for 15 min at room temperature in the dark. Following
the calculation from the BCA assay 100 µg of protein was aliquoted and digested using Lys-C
(Wako, 1:40 (w/w) and immobilised trypsin beads (Applied Biosystem, 5-10 µL, 4 hrs under
rotation, 30 ◦C). Digested proteins were diluted with 50 mM ammonium bicarbonate before
tryptic digestion. Digestion was halted with 5 µL of triflouracetic acid (TFA). Twenty µg of di-
gested sample was then desalted and purified on in-house prepared stage tips, the remaining
protein digest was stored at −20 ◦C. Stages tips were primed with 50 µL 100% methanol and
50 µL 0.5% acetic acid (v/v). Stage tips were centrifuged at 300 xg for 7 mins then digests were
loaded into the tips and washed once with 50 µL 0.5% acetic acid (v/v). Peptides were eluted
by addition of 10µL 0.5% acetic acid (v/v) in 80% acetonitrile. Eluates were dried by centrifu-
gation under vacuum then resuspended in 10 µL 0.5% acetic acid (v/v) and sonicated at room
temperature for 5 mins.

2.3.2 Analysis of peptides via liquid-chromatography mass spectrometry (LC-MS)

Peptide mixtures processed via the protocol described in section 2.3.1, were analysed by LC-
MS following a shotgun proteomics method (Yates, 2013). LC-MS was performed on an au-
tomated high performance liquid-chromatograph (NanoLC 415, Eksigent) coupled to tandem
mass spectrometry (Q Exactive HF, Thermo Fisher Sci- entific). Samples were pipetted into 5 µL
aliquots into a 96-well plate to be acquired in two technical replicates. Samples were loaded
on the column with a flow rate of 450 nL/min. Elution was performed with a flow rate of
400 nl/min using a 240 mins gradient ranging from 5% to 40% of buffer B (80% acetonitrile and
0.1% formic acid) in buffer A (5% acetonitrile in 0.1% formic acid). Chromatographic separation
was performed on a 200 cm long MonoCap C18 HighResolution 2000 column (GL Scientific).
The nanospray source of the Q Exactive HF was maintained at 2.4 kV and the downstream ion
transfer tube at 260 ◦C. Data were acquired in data-dependent mode with one survey MS scan
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(resolution: R=120,000 at m/z 200) followed by a maximum of ten MS/MS scans (resolution:
R=30,000 at m/z 200, intensity threshold: 5,000) of the most intense ions.

2.3.3 Data analysis of LC-MS derived proteomics data

Raw data were analyzed using the MaxQuant proteomics pipeline (version 1.5.3.30) and the
built in Andromeda search engine with the human Uniprot database (Tyanova et al., 2016). Car-
bamidomethylation was set as a fixed modification, oxidation of methionine as well as acety-
lation of N-terminus as variable modifications. The search engine peptide assignments were
filtered at 1 % FDR. Peptides with a minimum length of seven amino acids and a maximum
of two miscleavages were further processed. Peptides were matched between runs. Label-free
quantification (LFQ) was performed for all samples, using razor peptides to define groups of
peptides and unique proteins belonging to the razor peptides groups with the largest matches.
The software Perseus (version 1.5.6.0) was used to collate LFQ data, perform imputation and
log2 transformation of data prior to input of data into custom R script for further analysis.

2.4 Metabolomic analysis

As described in section 1.7.1, pSIRM permits the labelling of glycolytic intermediates in short
time frames. The method, developed by Dr. Matthias Pietzke and Dr. Stefan Kempa, was used
to acquire relative quantification of glycolytic intermediates, 13C-incorporation and relative
13C-labelled metabolite quantities (Pietzke et al., 2014). U-13C-labelled glutamine and U-13C-
labelled - where U denotes all carbons labelled, glucose were used to probe the TCA cycle and
glycolysis, respectively.

2.4.1 Cell culture for pSIRM analysis

Cells were seeded at 1.5e+6 cells 24 hrs prior to treatment and pSIRM. Three biological repli-
cates were used per treatment and time-point. Fresh media was exchanged 4 hrs prior to ini-
tiating pSIRM to permit high glycolytic activity and remove potential inhibitors. Cell culture
media was replaced by media containing U-13C-glucose and incubated at 37 ◦C for 2, 5, 10 or
15 mins before quenching. In the case of U-13C-glutamine labelling plates were incubated for 5,
15, 30 or 45 mins. Following incubation with the labelled substrate cells were quickly washed
with a buffer consisting of 140 mM NaCl, 5 mM HEPES, pH 7.4, supplemented with the corre-
sponding 13C-substrate and drug of interest. Immediately after removal of the wash buffer, cell
metabolism was quenched by the addition of 5 mL ice-cold 50% MeOH supplemented with
2 µg/mL cinnamic acid to the plate. Cinnamic acid served as an internal extraction standard.
The cells were scratched on ice in the plate with a cell scraper and pipetted repeatedly to ho-
mogenise the cells. The cell suspension was transferred to a 15 mL Falcon tube containing
1 ml of 100% chloroform. Falcons were shaken to initiate metabolite extraction and placed into
liquid nitrogen.
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2.4.2 Extraction of metabolites

Falcons were removed from liquid nitrogen and shaken for 1 hr at 4 ◦C. Following shaking, the
Falcon tubes were centrifuged at 14,000 xg for 10 min at 4 ◦C for extraction of polar metabolites
into the methanol phase. 4.5 ml of methanol containing the polar phase was collected and
transferred to a new 15 ml Falcon. Polar phases were dried down under vacuum in a speed
vac. After complete evaporation of the methanol, metabolites were resuspended in 600 µL of
20% MeOH, shaken for 1 hr at 4 ◦C and then centrifuged 14,000 xg for 10 min. Polar metabolites
were split into triplicate eppendorfs, dried down under vacuum and then stored at −20 ◦C until
preparation for GC-MS.

2.4.3 Measurements of metabolites via GC-MS

Sample preparation for GC-MS

Polar metabolites, identification standards and a quantification dilution series dried down in a
speed vac prior to derivatisation. Derivatisation was performed as per the following protocol
described in Kempa et al. (2009). 20 µL of methoxyamine hydrochloride solution (40 mg/mL
MeOx in 1 mL pyrimidine) were added to the samples followed by incubation in a heating
block at 30 ◦C with constant agitation at 1400 rpm for 90 mins. Following incubation, 80 µL
of N-methyl-N-[trimethylsilyl] trifluoroacetamide (MSTFA, supplemented with a C17 alkane
mixture) was added to the each of the samples, standards and quantification mixes and shaken
at 37◦C or 60 mins. Excess alkalane/MSTFA solution was dispensed into a glass vial and used
as a wash during GC-MS measurement. After incubation, samples were centrifuged at 14,000
xg for 10 mins. Supernatants were aspirated and split into duplicate glass vials for GC-MS
measurement.

GC-MS measurements

Metabolite analysis was performed on a 1D gas chromatograph coupled to time of flight mass
spectrometer (GC-ToF-MS, Pegasus IV-ToF-MS-System, LECO), samples were handled with an
auto-sampler (MultiPurpose Sampler 2 XL, Gerstel). The samples were injected in split mode
(split 1:5, injection volume 1 µL) in a temperature-controlled injector (CAS4, Gerstel) with a
baffled glass liner (Gerstel). The following temperature program was applied during sample
injection: initial temperature of 80 ◦C for 30 s followed by a ramp with 12 ◦C/min to 120 ◦C and
a second ramp with 7 ◦C/min to 300 ◦C and final hold for 2 min. Gas chromatographic sepa-
ration was performed on a Restek Rxi-5ms column (Restek, Bad Homburg Germany). Helium
was used as carrier gas with a flow rate of 1.2 mL/min. Gas chromatography was performed
with the following temperature gradient: 2 min heating at 70 ◦C, first temperature gradient
with 5 ◦C/min up to 120 ◦C and hold for 30 s; subsequently, a second temperature increase of
7 ◦C/min up to 350 ◦C with a hold time of 2 min. The spectra were recorded in a mass range of
m/z = 60 to 600 mass units with 20 spectra/s at a detector voltage of 1650 V.

Analysis of GC-MS data

The GC-MS chromatograms were processed with ChromaTOF software (LECO). To accommo-
date for the difference in retention times of metabolites between GC-MS runs and differing
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column we applied a retention index (RI) method, aligned to each of the alkanes in the C17 mix
(Kováts, 1958). Mass spectra data were extracted from the Chromatof software using propri-
etary methods and processed using the software tool MetMax1 or the in-house software Maui-
SILVIA (Kuich et al., 2015). Mass isotope distribution (MIDs) of unlabelled metabolites were
used for the correction of the natural abundance of isotopes. The theory behind the calculation
of label incorporation is described in detail in (Pietzke et al., 2014). Mass fragments were spec-
ified based upon individual metabolites and chosen to calculate the 13C-incorporation which
are listed in the supplementary material, 5.1.2.

2.5 Measurement of nucleotides via DI-MS-MS

2.5.1 Sample preparation for DI-MS-MS

Polar metabolites, including nucleotides, were extracted following the same protocol described
in 2.4.1. Nucleotide enrichment followed the protocol described by (Lorkiewicz et al., 2012),
with minor modifications. Initially, dried polar metabolites were resuspended in 5 mM hexy-
lamine buffer A (5 mM hexylamine, pH adjusted to 6.3 with acetic acid) to give 3e+5 cells in
10 µL and kept on ice. Samples and nucleotide calibration standards (10 µM - 20 nM in 5 mM
hexylamine buffer, pH 6.3) were centrifuged at 4 ◦C at 14,000 xg for 5 mins. ZipTips (Millipore)
were conditioned by aspirating five times 10 µL of 100% MeOH and, five times 10 µL of buffer
A. Samples were loaded onto the C18 solid phase of the ZipTip by 8 cycles of aspirating and
dispensing 10 µL, followed by 4 cycles of washing with 10 µL of buffer A. Elution was per-
formed by aspirating and dispensing 12 times with 10 µL of elution buffer (70% buffer A, 30%
buffer B (90% MeOH, 10% NH4AC, pH adjusted to 8.5 with NH4OH)). The eluted nucleotides
were diluted with 20 µL of MeOH before DI-MS-MS analysis.

2.5.2 DI-MS-MS acquisition

Measurement of nucleotides was performed by direct-infusion mass spectrometry on a TSQ
Quantiva triple quadrupole mass spectrometer (Thermo Scientific) coupled to a Triversa Nano-
mate nanoESI ion source (spray voltage: 1.5 kV, head gas pressure: 0.5 psi) and argon used as
collision gas (pressure: 1.5 mTorr). FWHM Resolution for both Q1 and Q3 was set at 0.7. Data
acquisition was run for 3 min per sample, using a cycle time of 3.3 sec and total acquisition of
55 SRM scans for each nucleotide. The sum of the two transitions for each of the 40 nucleotides
were measured in negative mode. All transitions and unique fragment sizes are documented
in supplmentary material 5.1.1.

2.5.3 Analysis of direct infusion MS data

The software Xcalibur (Thermo Fisher Scientific) was used to manually check the quality of
each measurement, scans which presented poor signal acquisition or stalling in scanning were
omitted. Data was further processed with an OpenMS package, and using in-house developed
R scripts.

1http://gmd.mpimp-golm.mpg.de/apps/metmax/



2.6. Statistics 29

2.6 Statistics

Statistical analysis were performed using the RStudio Desktop software (version 1.1.383). All
data are presented as mean ± SE (standard error of the mean) unless specified otherwise.
Where data was assumed to be not normally distributed, for example nucleotide analysis,
Wilcoxon statistical tests were employed using the untreated sample (PBS / 0 mM L-GA) as
a reference group, unless specified otherwise. Holm post-hoc correction was included where
multiple tests were performed. To test significance between multiple groups of parametric data,
a pairwise-T-test with Holm post-hoc correction was applied. The significance levels were set
at: ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001
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Results

3.1 Glyceraldehyde Inhibits the Growth of Neuroblastoma Cells

Previous work in the Kempa lab (Pietzke, 2015) showed that low millimolar concentrations of
L-glyceraldehyde (L-GA) inhibited the growth of T98G and HEK293 cells. Specifically, follow-
ing 24 hrs incubation of L-GA an EC50 was found at 940 µM and 920 µM for T98G and HEK293
respectively. The aim was to find, if any, the EC50 of L-GA on neuroblastoma cells: IMR-32 and
SH-SY5Y and a non cancerous control cell line VH7.

3.1.1 L-GA inhibits neuroblastoma cell growth in a concentration dependent man-
ner

In the attempt to derive an EC50 concentration of L-GA for IMR-32, SH-SY5Y and VH7 cells
were cultured in media containing increasing concentrations of L-GA (0-1.5 mM). Following
24 hrs of incubation, cells were trypsinised and viable cell counts were taken via the trypan
blue exclusion assay (Figure 3.1). The EC50 was set at the point of which the ratio of viable cells
counted relative to the 0.0 mM control was 0.5 or below. VH7 cells did not achieve an EC50 at
the highest L-GA concentration used in this experiment. IMR-32 and SH-SY5Y both achieved
a similar EC50 at L-GA concentrations: 0.76 mM and 0.55 mM respectively. Interestingly, these
results are similar to the L-GA concentrations found to inhibit glycolysis during experiments
conducted in the 1940s, whereby sub 1 mM L-GA inhibited production of lactic acid in muscle
extracts (Stickland, 1941).
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Figure 3.1: Inhibition of neuroblastoma cell growth is dependent on L-GA concentration. Cell lines VH-7,
IMR-32 and SH-SY5Y cells were incubated with varying concentrations of L-GA for 24 hours after seeding at
1.5e+5 cells per well in a 6 well plate. Viable cell counts were taken for each L-GA concentration via the trypan
exclusion method and normalised to 0.0 mM control. The EC50 is denoted by a dotted red line with errors bar
representing the ± SD of the mean for three biological replicates.

In addition to measuring the cells present via trypan blue exclusion, cells were imaged via
phase contrast microscopy (Figure 3.2). Following 24 hrs treatment of 1 mM LGA there was a
significant reduction in the amount of cells adherent to the plates, in both SH-SY5Y and IMR-32
relative to the PBS control. However, it appeared that SH-SY5Y cells were slightly less sensitive.
VH-7 showed an apparent change in morphology, yet cells remained adherent at 1 mM L-GA.
As shown, neuroblastoma cells presented significant morphological changes and reduction in
cell number following L-GA treatment. Therefore, the aim was to show that this is a rapid
process by which cellular growth is inhibited within 24 hrs.
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Figure 3.2: L-GA causes detachment of neuroblastoma cells from plates and morphological changes in VH-7
cells. Cell lines VH-7, IMR-32 and SH-SY5Y cells were incubated with 1 mM L-GA for 24 hours after seeding at
1.5e+5 cells per well in a 6 well plate. Cells were imaged via phase contrast microscopy at 10X magnification on a
Nikon Eclipse TS2 microscope.

3.1.2 L-GA is a fast acting and potent inhibitor of neuroblastoma cell proliferation

As stated, the EC50 of L-GA for IMR-32 and SH-SY5Y was in the vicinity of 0.6 mM, when
considering both cell lines. Given this, cells were treated with 1 mM glyceraldehyde for further
experiments to achieve a consistently significant and observable response.
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Figure 3.3: Inhibition of Growth by Glyceraldehyde. Cell lines IMR-32 and SH-SY5Y were seeded at a density of
1.5e+4 cells per well in a 16-well RTCA iCelligence™ chip. Three wells were used per cell line and treatment.
Cells were treated with either PBS or 1 mM L-GA 24 hrs post seeding, defined as Time 0 hrs. A: Graphs represent
the cell index normalised to the PBS control over a period of 24 hrs and 50 hrs for IMR-32 and SH-SY5Y
respectively. Measurements were taken in triplicate every 15 minutes. Error bars represent ± SD of the mean. B:
Graphs presented follow the format of those found in A. The X-axis has been curtailed to 12 hrs to show the
relative efficacy of L-GA between IMR-32 and SH-SY5Y within this time period.

The RTCA iCelligence™ system allows for triplicate measurements in 15 minute intervals to
characterise: cell adhesion, morphology and proliferation. Following the method described in
Chapter 2.1.6, IMR-32 and SH-SY5Y were treated with 1 mM L-GA over a period of 72hrs (Fig-
ure 3.3, A). Both cell lines treated with L-GA showed significant reduction in the cell index - a
measurement of the impedance in the conductivity of the iCelligence chip induced by adherent
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cells. Relative to PBS treated cells, L-GA reduced the cell index by 50% approximately 12 and
20 hrs post application of the drug for IMR-32 and SH-SY5Y, respectively. It was found that
IMR-32 approaches a baseline cell index post 20 hrs incubation. However SH-SY5Y required
a significantly longer incubation time - in excess of 40 hrs - to approach a baseline cell index
comparable to IMR-32. When examining the initial effects of L-GA, defined as sub 12 hrs, it
was apparent that L-GA is a potent and fast acting inhibitor of neuroblastoma cell growth (Fig-
ure 3.3, B). Nevertheless, there was a heterogeneous response between IMR-32 and SH-SY5Y.
Specifically, following 12 hrs incubation the cell index for IMR-32 was approximately halved
whereas the cell index for SH-SY5Y was reduced to 0.85 to that of the control.

3.1.3 L-GA is a more potent inhibitor of neuroblastoma cell growth than D-GA

Following this experiment, the comparative efficacy of the enantiomer D-glyceraldehyde was
assessed. Furthermore, the racemic mixture, DL-glyceraldehyde has been shown to be less
effective at arresting cancer cell metabolism than the L- enantiomer (Warburg et al., 1963). A
long-term treatment with D-, L- and DL-glyceraldehyde to define the relative effects on cell
growth was conducted.

Cell lines IMR-32, SH-SY5Y and VH-7 were treated over a period of 72 hrs with 1 mM of
L-, D-, or DL-GA to address the relative efficacy of each enantiomer. Viable cell counts were
assessed at 24, 48, 72 and 96 hrs using trypan blue exclusion method and semi-automated cell
counting. For IMR-32 and SH-SY5Y similar results are presented (Figure 3.4). Following 24 hrs
of incubation with L- and DL-glyceraldehyde cell counts were below detectable levels when
counted via the method described in section 2.1.3. Inhibition of cell growth persisted over
the 72 hrs incubation. Interestingly, treatment with D-GA affected IMR-32 and SH-SY5Y in a
similar manner, yet it did not ablate growth completely. The viable cell count for D-GA treated
neuroblastoma cells was between 4- to 5-fold lower than PBS treated cells after 72 hrs.

The fibroblast cell line, VH-7, showed a less extreme response to GA treatment than the
neuroblastoma cell lines. When addressing the 72 hrs incubation time point for VH-7, it was
observed that L-GA caused the greatest reduction in viable cells compared to the PBS control.
DL- and D-GA followed in relative levels of efficacy in reducing cell growth.
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Figure 3.4: Inhibition of neuroblastoma cell growth by glyceraldehyde enantiomers. Cell lines VH-7, IMR-32
and SH-SY5Y cells were incubated with 1 mM L-GA (red), D-GA (green), DL-GA (blue), or PBS (black) for 72 hrs
after seeding. VH-7 was seeded at 1.5e+4 cells; IMR-32 and SH-SY5Y were seeded at 1.5e+5 cells per well in a 6
well plate. Viable cell counts were taken every 24 hrs via the trypan exclusion method. Error bar representing the
± SD of the mean for three biological replicates.

When collating the results described so far it is postulated that L-GA causes: a rapid inhi-
bition of neuroblastoma cell growth, detachment of cells from the culture plate surface and
apparent morphological changes. Given this, the effect of L-GA on the structure and mainte-
nance of the cytoskeleton was characterised.

3.2 L-GA causes morphological and cytoskeletal aberrations

Glyceraldehyde is widely considered to be an inhibitor of glycolysis, and an inhibitor of ATP
synthesis (Stickland, 1941; Needham et al., 1951). It was hypothesised that the changes in cell
morphology shown by phase-contrast microscopy is a result of the dysregulation in the main-
tenance of the ATP-dependent microfilaments of the cytoskeleton. A mature cytoskeletal mi-
crofilament is composed of globular monomeric subunits of actin (G-actin) polymerised into
filamentous actin (F-actin). The maintenance of the F-actin polymer is an ATP-dependent reac-
tion. Therefore, the inhibitory action of L-GA on glycolysis may perturb actin polymerisation.

3.2.1 Actin polymerisation is dysregulated upon L-GA treatment

In order to assess the effect of L-GA on the cytoskeleton, cells were stained with probes for F-
actin and G-actin simultaneously for microscopic imaging. As described in more detail in 2.1.4,
phalloidin and DNase I selectively bind to F- and G-actin, respectively. Using fluorophore
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conjugated phalloidin and DNase I the cytoskeletal proteins were imaged via fluorescent mi-
croscopy. Briefly, cell lines: IMR-32, SH-SY5Y and VH-7 were treated with either PBS or 1 mM
L-GA for 24 hrs. Following treatment, cells were fixed to glass slides and probed for F- and
G-actin simultaneously. Slides were imaged via fluorescent excitation and emission (ex/em)
493/517 nm for phalloidin and 590/617 nm for DNase I (Figure 3.5, A). The total intensity
of the fluorescence from each probe was then measured for 3 individual slides from each cell
line and treatment condition. For neuroblastoma cells the fluorescence of DNase I 594 probe
(G-actin) relative to phalloidin 488 probe (F-actin) was significantly increased upon L-GA treat-
ment (Figure 3.5, B). This resulted in a decrease in the F- to G-actin ratio. For IMR-32 the ratio
of F- to G-actin decreased to 0.43 (± 0.03) upon L-GA treatment relative to PBS. SH-SY5Y pre-
sented a decrease to 0.67 (± 0.02) upon L-GA treatment relative to the PBS control.

The fibroblast cell line VH-7 did not show a significant increase in G-actin upon L-GA treat-
ment, or indeed a decrease in F-actin. Although it was not significant, there was a 1.30-fold
(± 0.06) increase in the F- to G-actin ratio upon L-GA treatment relative to PBS treated cells.
This data suggests that L-GA causes a dysregulation in the F-actin structures of neuroblas-
toma cells, yet not in the fibroblast cell line. The increase in G-actin in conjunction with F-actin
puncta is indicative of unpolymerised F-actin. This data gives weight to the argument that L-
GA depletes available ATP for actin polyermisation. Given that cellular division is a process in
which regulation of the cytoskeletal is essential, it was assessed whether cellular division is also
compromised. Nuclei of cells can be stained and imaged using 4,6-diamidino-2-phenylindole
(DAPI). The hypothesis was that by staining nuclei one would observe multiple nuclei per cell,
if cellular division was hindered. Following the method stated above, cells were treated and
fixed onto glass slides and nuclei stained with DAPI. To assist with defining cell boundaries the
phalloidin 488 probe was also used to image fixed cells (supplementary material, Figure 5.1).
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Figure 3.5: L-GA causes dysregulation of actin polymerisation. A: Cell lines VH-7, IMR-32 and SH-SY5Y were
seeded at 1.5e+5 cells per well on glass slides in a 6-well plate. Following 24 hrs settling, cells treated for 24 hrs
with 1 mM L-GA or PBS. Cells were then fixed to the glass slide with 100% acetone. Slides were incubated with
Phallodin-iFluor(F-) or Deoxyribonuclease I (G-) actin probes then imaged at 60X mag, F- Actin: 1/25s exposure G-
Actin 1/12s exposure using Keyence Bz-x700 microscope with 30% contrast enhancement. B: Intensities of probe
fluorescence were measured for Phallodin-iFluor(F-) or Deoxyribonuclease I (G-) from 3 independent slides from
each treatment condition. Ratios of F- to G- actin were calculated and normalised to PBS control. Error bars
represent the ± SD of the mean for three biological replicates. continued on next page
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Figure 3.5: (Continued from previous page,) C: Following the same method as in figure A, cells were treated with a
range of L-GA concentrations (0-1.5 mM) and multiple nuclei were counted via staining with DAPI. Data
represents the percentage of cells that were counted harbouring multiple nuclei (%). Three slides were counted per
L-GA concentration. Error bars represent the ± SD of the mean.

Cell lines: VH-7, IMR-32 and SH-SY5Y were treated with a range of L-GA concentrations
(0-1.5 mM). For each cell line nuclei from cells from 3 slides were counted, permitting the cal-
culation for the percentage of cells that harboured multiple nuclei. The percentage of neurob-
lastoma cells with multiple nuclei increased as a function of L-GA concentration (figure 3.5, C).
VH-7 exhibited less multi-nucleation events compared to neuroblastoma cells lines at equiva-
lent L-GA concentrations. Neuroblastoma cell lines exhibited similar multi-nucleation values;
IMR-32 cells treated with 1 mM L-GA showed 23% (± 4.2%) whereas SH-SY5Y presented 20%
(± 4.1%).

The combination of the dysregulation of the cytoskeleton and multi-nucleation of cells leads
to the hypothesis that cells undergo a cell cycle arrest. Indeed, it was shown in previous work at
the Kempa lab that T98G and HEK293 cells enter an S-phase arrest when exposed to L-GA for
18 hrs (Pietzke, 2015). Therefore, the aim was to assess whether this occurs in neuroblastoma
cells.

3.3 L-GA causes cell cycle arrest

Cellular division is an energetically demanding process, requiring synthesis of DNA, biomass
and macromolecules. In proliferating cells the rate of glycolysis is high to meet these energy
demands. The regulation of the cell cycle is a highly integrated and complex mechanism which
binds the metabolic input to key cell cycle activators or repressors (Seyfried and Shelton, 2010;
Buchakjian and Kornbluth, 2010).

In the event of glycolytic inhibition via L-GA the cell cycle may be arrested or dysregulated
as the cell responds to a lack of nutrient availability. Continuing from the previous section, the
aim was to gain further insight into the multi-nucleation phenotype observed and whether this
is a function of cell cycle arrest.

3.3.1 Cell cycle arrest is a common phenotype in L-GA treated cells

In cooperation with the AG Deuzber Laboratory (Charité, Berlin), a panel of neuroblastoma cell
lines, including the fibroblast control cell line VH-7, was chosen to assess whether L-GA causes
a common cell cycle phenotype. Neuroblastoma cell lines: BE(2)-C, IMR5/75, SH-SY5Y and
SK-N-AS, CLB-GA and GI-ME-N constituted the testing panel. Additionally VH-7, SH-SY5Y
and IMR-32 was tested in our laboratory.
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Figure 3.6: L-GA causes cell cycle arrest in neuroblastoma cells. A: SH-SY5Y, IMR-32 and VH-7 were treated with
1 mM L-GA or PBS for 24 hrs and subjected to flow cytometry analysis. Cells in the media and adherent to the
plates were collected and stained with propidium iodide. Cells were subjected to flow cytometric analysis and
gated for cell cycle phases: GO/G1, S and G2/M. The mean of the percentage of cells in each phase was calculated
from 3 biological replicates. Error bars represent ± SD of the mean. Cell lines: BE(2)-C, IMR5/75, SK-N-AS,
SH-SY5Y CLB-GA, GI-ME-N and VH-7 were treated for 72 hrs with 1 mM L-GA or PBS. Cells were collected and
stained as in A. Cells were subjected to flow cytometric analysis and gated for cell cycle phases: GO/G1, S and
G2/M. Sub-G1 fractions were also calculated. The mean of the percentage of cells in each phase was calculated
from 3 biological replicates. Error bars represent ± SD of the mean. P values shown: ns p ≥ 0.05; * p ≤ 0.05;
** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001. All data provided in B, was carried out by Annika Sprüssel and Daniela
Tiburtius at the AG Deuzber Laboratory (Charité, Berlin)
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Following the method described in chapter 2.1.5, cells were treated with 1 mM L-GA for
24 hrs before harvesting the media and adherent cells to collect the complete cellular popula-
tion. Cells were then stained with propidium iodide to stain for DNA and analysed by flow
cytometric analysis. Cells were gated into GO/G1, S or G2/M cell cycle phases and the distri-
bution was calculated in percentage. Cell lines: VH-7, IMR-32 and SH-SY5Y investigated as
shown in (Figure 3.6, A). IMR-32 showed an 8.1% (± 0.98%) decrease in cells in the S phase
and an increase of 5.2% (± 2.14%) for cells for in the G2/M phase upon L-GA treatment. SH-
SY5Y cells observed a 3.7% (± 0.85%) increase in the S-phase upon L-GA treatment. A panel
of neuroblastoma cell were treated for 72 hrs and subjected to flow cytometric analysis (Fig-
ure 3.6, B). Following 72 hrs incubation with 1 mM L-GA, neuroblastoma cell lines: BE(2)-C,
IMR5/75, SK-N-AS showed a significant increase in the G2/M phase. SH-SY5Y, CLB-GA and
GI-M-EN presented significant increases in the S-phase upon L-GA treatment. It is to be noted
that CLB-GA and GI-M-EN did not show a decrease in the GO/G1 phase which is discordant
with other neuroblastoma cell lines. In VH-7 there was a minute yet significant increase in the
G2/M phase in response to L-GA. All neuroblastoma cell lines except CLB-GA presented a sig-
nificant increase of cells in the sub-G1 phase, suggestive of a strong apoptotic response. VH-7
did not show an increase in the sub-G1 fraction in response to L-GA.

The cell cycle crisis that neuroblastoma cells experience lead to the hypothesis that essential
nutrients aren’t available to the cell. The regulation of the cell cycle is tightly controlled. Check-
point kinases receive input from nutrient levels to initiate entry and exit from cell cycle phases.
Consequently, the aim was to quantify nucleotide pools to assess whether L-GA reduces these
essential cell cycle molecules.

3.4 Glyceraldehyde causes a depletion of nucleotide pools

The depletion of nucleotide pools results in a stalling of DNA synthesis and cell cycle arrest.
Furthermore, the imbalance of purine and pyrimidine nucleotide pools induce pro-apoptotic
pathways and inhibit cell proliferation (Messina et al., 2004; Camici et al., 2019). As described
in 1.3.3, the de novo synthesis of nucleotides originates from the production of R5P derived from
the oxidative or non-oxidative pentose phosphate pathway (PPP). The oxidative PPP synthe-
sises R5P via G6P, 6-PGL, 6-PGA and Ru5P. Two moles of NADPH are generated via the decar-
boxlyation of 6-PGA to Ru5P, this process is essential to replenishing NADPH pools for redox
mechanisms. The non-oxidative pathway produces R5P through the cycling of carbons from
F6P and GA3P as described in figure 1.2. It is of particular interest that the non-oxidative path-
way requires GA3P as a substrate. It was hypothesised that L-GA perturbs the synthesis of
nucleotides via disruption of R5P synthesis, thereby inducing limited nucleotide availability
for correct cell cycle maintenance.

3.4.1 L-GA depletes nucleotide pools following 24 hrs incubation

Initial experiments aimed to follow previous methodology, whereby IMR-32, SH-SY5Y and
VH-7 were treated with 1 mM L-GA for 24 hrs. Cells were harvested, nucleotides enriched and
measured as described in section 2.5. In neuroblastoma cells the average nucleotide pools were
significantly depleted following 24 hrs incubation with 1 mM L-GA, (Figure 3.7). Specifically,
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IMR-32 showed a mean fold change of 0.19 (p ≤ 0.0001) relative to PBS, whereas SH-SY5Y
presented a mean reduction of 0.21 (p ≤ 0.0001). The fibroblast control cell line VH-7 showed
significantly less reduction in nucleotide pools compared to the neuroblastoma cell lines 0.83
(p ≤ 0.05).
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Figure 3.7: L-GA depletes nucleotide pools in neuroblastoma cells after 24 hrs. Cell lines VH-7, IMR-32 and
SH-SY5Y were treated with 1.0 mM LGA or 0.0 mM L-GA for 24 hrs. Nucleotides were extracted from cell lysates
and measured by DI-MS/MS. Boxplots present the mean fold change relative to 0.0 mM for ribonucleotide
intensities measured in 4 biological and 3 technical replicates. Error bars represent ± SEM. P-values were
calculated using Wilcoxon non-parametric test with 0 mM L-GA as the reference group, stars represent
ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001

When examining deoxy- and ribose derived nucleotides, ribonucleotides presented a greater
reduction following L-GA treatment in general (Figure 3.8). IMR-32 and SH-SY5Y showed a
reduction of 0.39 (p ≤ 0.01) and 0.40 (p ≤ 0.0001) for deoxyribonucleotides. Yet, there was a re-
duction of 0.38 (p ≤ 0.0001) and 0.37 (p ≤ 0.0001) for ribonucleotides in IMR-32 and SH-SY5Y,
respectively. However, in VH-7 there was no difference in the reduction of ribo- or deoxyri-
bonucleotides, On further analysis it was found that purines and pyrimidines respond differ-
ently to L-GA, (Figure 3.9, A). IMR-32 showed a 0.19 (p ≤ 0.001) mean reduction in pyrimidine
nucleotides relative to 0.17 (p ≤ 0.0001) for purine nucleotides. Similar results were found with
VH-7, pyrimidines were reduced by a mean of 0.93 (p ≥ 0.05) and 0.64 (p ≤ 0.01) for purines.
SH-SY5Y showed marginal differences between pyrimidine and purine reductions, with 0.20
and 0.21, respectively.
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Figure 3.8: L-GA depletes deoxyribonucleotides and ribonucleotides to different degrees in neuroblastoma
cells after 24 hrs. Cell lines VH-7, IMR-32 and SH-SY5Y were treated with 1.0 mM L-GA or 0.0 mM L-GA for
24 hrs. Nucleotides were extracted from cell lysates and measured by DI-MS/MS. Boxplots present the mean fold
change in deoxy- and ribonucleotide intensities relative to 0.0 mM. Data shown represents n=4 with 3 technical
replicates. Error bars represent ± SEM. P-values were calculated using Wilcoxon non-parametric test with
0.00 mM L-GA as the reference group, stars represent: ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001;
**** p ≤ 0.0001.

In all cell lines it was observed that within the purines, adenosine derived nucleotides con-
sistently showed greater reduction relative to guanosine derived nucleotides. Interestingly,
there was no observable difference in the reduction between cytosine and uridine derived nu-
cleotides. It was also found that as the phosphorylation that tri-phosphorylated nucleotides
presented significantly more depletion than mono-phosphorylated nucleotides (Figure 3.9, B).
IMR-32 presented a relative decrease of 0.4 to 0.1 from mono to tri-phosphoryated, whereas
SH-SY5Y showed a decrease of 0.32 to 0.19. VH-7 showed a reduction from 0.85 to 0.58 from
mono- to tri-phosphorylated nucleotides, although no statistical significance was found.
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Figure 3.9: L-GA depletes purine and pyrimidine, and their phosphorylation states, nucleotides to different
degrees. A: Cell lines VH-7, IMR-32 and SH-SY5Y were treated with 0.0 or 1 mM LGA for 24 hrs. Nucleotides
were extracted from cell lysates and measured by DI-MS/MS. Bar plots present the mean fold change in
Adenosine, Guanosine, Cytosine and Uridine ribonucleotides relative to 0.0 mM LGA . B: Data from A was taken
to derive each mono-, di- and tri- phosphorylated nucleotide, bar plots present the mean fold change of all
nucleotide phosphorylation states relative to 0.0 mM LGA treated cells. Data shown represents n=4 with 3
technical replicates. Error bars represent ± SEM. P-values were calculated using two-tailed T-test. Stars represent:
ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.
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3.4.2 Nucleotide depletion in neuroblastoma cells is dependent on the concentra-
tion of L-GA

In section 3.1.1 cell numbers were found to decrease at sub 1 mM L-GA concentrations. There-
fore, the aim was to assess whether L-GA reduces nucleotide pools as a function of its con-
centration. A panel of neuroblastoma cell lines were treated with a range of concentrations
(0-1 mM) for 24 hrs. VH-7 was omitted as at 1 mM L-GA there was minimal nucleotide de-
pletion. Figure 3.10 shows the fold change in nucleotide pools relative to 0.0 mM. For IMR-32
there was a significant increase (p ≤ 0.0001) in the fold change of nucleotide pools following
0.2 mM treatment with L-GA, conversely SH-SY5Y presented a significant decrease (p ≤ 0.001)
in nucleotide pools at 0.2 mM L-GA. At 0.5 mM IMR-32 presented a decrease in the fold change
of nucleotides relative to 0.2 mM L-GA, yet the fold change is significantly higher relative to
the 0.0 mM control (p ≤ 0.001). SH-SY5Y showed a significant decrease in nucleotide pools
at 0.5 mM relative to 0.0 mM L-GA (p ≤ 0.0001). As concurrent with previous experiments at
1 mM L-GA, IMR-32 and SH-SY5Y displayed a significant decrease in nucleotide pools relative
to the 0.0 mM control (p ≤ 0.0001).

**** *** ****
** **** ****

IMR-32 SH-SY5Y

0.00 0.20 0.50 1.00 0.00 0.20 0.50 1.00

0.02

0.12

1.00

8.00

)Mm( noitartnecnoC AG  −L

delacs 2gol ,]   −[ egnah
C dlo

F evitale
R nae

M

Deoxyribonucleotides Ribonucleotides

Figure 3.10: Nucleotide depletion in neuroblastoma cells is dependent on the concentration of L-GA. Cell lines
IMR-32 and SH-SY5Y were treated with a range of L-GA concentrations (0-1.5 mM) for 24 hrs. Nucleotides were
extracted from cell lysates and measured by DI-MS/MS. Boxplots present the mean fold change of nucleotide
intensities relative to 0.0 mM L-GA for 24 nucleotides intensities measured in 4 biological and 3 technical
replicates. Error bars represent ± SEM. P-values were calculated using Wilcoxon non-parametric test between
concentrations of L-GA with 0.00 mM L-GA as the reference group and Holm post-hoc correction. Stars represent
ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.
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As stated previously in the prelim of this section, the synthesis of nucleotides originates
from R5P. A protocol was devised to measure intermediates of nucleotide synthesis preceding
adenosine, cytosine, uridine and guanosine derived nucleotides. Specifically, the intermedi-
ates: R5P, PRPP, SAICAR, AICAR, IMP and UMP were measured. All nucleotides require the
intermediates, R5P and PRPP for synthesis, however SAICAR, AICAR and IMP are specifically
required for purine synthesis. Figure 3.11 shows the intermediates of nucleotide synthesis fol-
lowing treatment of L-GA for 24 hrs. Upon initial analysis the data presented a difference in
the response of the intermediates between cell lines at 1 mM L-GA. However, it was found that
IMP - the precursor to purine synthesis- was consistently lower compared to UMP in the mean
fold change relative to 0 mM L-GA, in both cell lines. This supports the evidence that purines
are affected more than pyrimidines. Furthermore, the precursor to all nucleotides - R5P - was
decreased after 1 mM L-GA treatment. It was also shown that SAICAR and AICAR are in-
creased at low L-GA concentrations in SH-SY5Y and remain the least affected intermediates at
1 mM L-GA. Similarly SAICAR was the least affected intermediate in IMR-32 cells, although
AICAR was strongly depleted. Interestingly, PRPP responded less to L-GA treatment than R5P
in both cell lines. This would seem counter-intuitive as the conversion of R5P to PRPP is an
ATP-dependent reaction. Therefore, it may be inferred that the depletion of nucleotides is not
solely due to the inhibition of glycolysis derived ATP production via L-GA. It is likely that
L-GA affects both the synthesis and the usage of nucleotide intermediates.
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Figure 3.11: L-GA selectively depletes nucleotide precursor pools in neuroblastoma cells. Cell lines IMR-32 and
SH-SY5Y were treated with a range of L-GA concentrations (0-1.5 mM) for 24 hrs. Nucleotides were extracted from
cell lysates and measured by DI-MS/MS. Boxplots present the mean fold change relative to 0.0 mM L-GA of
nucleotide precursors: SAICAR, AICAR, PRPP, R5P, IMP and UMP. Error bars represent ± SEM, n=4.
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3.4.3 L-GA induces stress on redox co-factors and reduces the phosphorylation po-
tential of neuroblastoma cells

Evidence from the previous section showed that L-GA depletes nucleotides and their inter-
mediates above 0.5 mM. It was hypothesised that cells experience stress on redox and ATP
dependent mechanisms upon L-GA treatment. In order to assess the cellular redox and phos-
phorylation state of the cell the following ratios were measured:

• AMP/ATP ratio = [AMP]
[ATP]

• ATP/ADP ratio = [ATP]
[ADP]

• NADH ratio = [NAD+]
[NADH]

• NADPH ratio = [NADP+]
[NADPH]

• Phosphorylation potential = [ATP]+×0.5[ADP]
[ATP]+[ADP]+[AMP] (Atkinson and Walton, 1967)
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Figure 3.12: L-GA depletes nucleotide pools in neuroblastoma cells after 24 hrs. Cell lines IMR-32 and SH-SY5Y
were treated with a range of L-GA concentrations (0-1.5 mM) 24 hrs. Nucleotides were extracted from cell lysates
and measured by DI-MS/MS. Boxplots present the ratio of nucleotides from equations stated in 3.4.2. Data shown
represents n=4 with 3 technical replicates.

Figure 3.12 shows the ratios of the nucleotides measured from the equations above. IMR-32
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and and SH-SY5Y presented similar results across the cell status parameters. When addressing
the ratio of AMP/ATP there was a trend of an increase as a function of L-GA concentration.
In both cell lines there was on average, a 3.7-fold increase in the ratio of AMP to ATP follow-
ing 1 mM L-GA treatment. The ATP/ADP ratio was found to be slightly reduced at 1 mM
L-GA. The NAD+/NADH ratio tended to increase as a function of L-GA concentration, im-
plying that NADH pools are decreased with increasing L-GA. This decrease in NADH hinders
NADH-dependent enzymes and causes redox stress. The NADP+/NADPH ratio is indicative
of the cells‘ response to mitigate oxidative stress. In both cell lines the NADP+/NADPH ratio
increased at 1 mM L-GA, suggestive of a depletion in reducing potential of the cell. Lastly,
the phosphorylation potential of the cell - defined as the fraction of free ATP to conduct adeno-
sine nucleotide derived phosphorylation reactions - presented heterogeneity between cell lines.
IMR-32 observed an increase in the phosphorylation potential at 0.2 and 0.5 mM L-GA. Yet at
1 mM the phosphorylation potential is drastically depleted. SH-SY5Y displayed a general trend
of a reduction in phosphorylation potential as a function of L-GA concentration. In order to
give supporting evidence for the reduction in phosphorylation potential, AMP, ADP and ATP
were measured at varying L-GA concentrations (figure 3.13). In IMR-32 and SH-SY5Y there
was a step-wise decrease in adenosine derived nucleotides relative to their phosphorylation
state at 1 mM L-GA. IMR-32 increased adenosine derived nucleotides at 0.2 mM and both cell
lines showed approximately no change at 0.5 mM. This data correlated to the phosphorylation
potential data provided in figure 3.12.
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Figure 3.13: L-Glyceraldehyde depletes adenosine derived nucleotide pools as a function of their
phosphorylation state. Cell lines IMR-32 and SH-SY5Y were treated with a range of L-GA concentrations
(0-1.5 mM) for 24 hrs. Nucleotides were extracted from cell lysates and measured by DI-MS/MS. Boxplots present
the mean fold change relative to 0 mM L-GA of adenosine derived nucleotides: AMP, ADP and ATP. Error bars
represent ± SEM.



48 Chapter 3. Results

In summary, L-GA caused, in general, a concentration dependent increase in the: AMP/ATP,
NAD+/NADH and NADP+/NADPH ratios. The phosphorylation potential of the cell is severely
inhibited at 1 mM L-GA. Taken together, it is apparent that the cell experiences redox stress and
a reduction in the ability to perform phosphorylation reactions which can be represented in the
phosphorylation states of nucleotides.

3.4.4 L-GA causes rapid depletion of nucleotides

As shown in figure 3.3, cell growth of neuroblastoma cells was rapidly inhibited upon L-GA
treatment. Given this evidence, the aim was to investigate whether the free nucleotide pool
depletes in under 8 hrs. Cells lines IMR-32 and SH-SY5Y were treated with 1 mM L-GA for 1
and 8 hrs prior to harvesting and nucleotide measurements. Figure 3.14 shows that after 1 hr
there was no significant change in nucleotide pools for IMR-32. SH-SY5Y increased nucleotides
by a median of 1.22 (p ≤ 0.0001). Following 8 hrs treatment there was a significant depletion
of nucleotides in both cell lines. IMR-32 displayed a median reduction to 0.49 (p ≤ 0.0001)
and a median reduction of 0.63 (p ≤ 0.0001) in SH-SY5Y. Identifying nucleotide intermediates
which are affected to a greater degree may elucidate a metabolic mechanism for nucleotide
depletion. As described in figure 3.15, it was found that after 8 hrs AICAR is the depleted to
the greatest degree followed by UMP, IMP and R5P. Similarly, SH-SY5Y presented a greater
depletion in R5P, UMP, AICAR and IMP relative to PRPP and SAICAR, albeit to a lesser degree
than IMR-32.
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Figure 3.14: L-GA depletes nucleotide pools in neuroblastoma cells within 24 hrs. Cell lines IMR-32 and
SH-SY5Y were treated with 1.00 mM L-GA or 0.00 mM L-GA for 1 hr and 8 hrs. Nucleotides were extracted from
cell lysates and measured by DI-MS/MS. Box plots present the mean fold change in nucleotide intensity relative to
0.00 mM L-GA. Error bars represent ± SEM. P-values were calculated using Wilcoxon non-parametric test. Stars
represent ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.
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Figure 3.15: L-GA depletes nucleotide intermediates nucleotide intermediates within 8 hrs Cell lines IMR-32
and SH-SY5Y were treated with 1 mM L-GA for 1 hr and 8 hrs. Nucleotides were extracted from cell lysates and
measured by DI-MS/MS. Box plots present the mean fold change in nucleotide intensity relative to 0.00 mM L-GA.
Boxplots present the mean fold change relative to 0.00 mM of nucleotide precursors: SAICAR, AICAR, PRPP, R5P,
IMP and UMP. Error bars represent ± SEM.

3.4.5 L-GA is a more potent inhibitor of nucleotide synthesis than D-GA or DL-GA
in neuroblastoma cells

As shown in figure 3.4, L-GA inhibits neuroblastoma cell growth with greater efficacy than
D- or DL-GA. Given this, the aim was to assess whether this is reflected in the depletion of
nucleotides. Cell lines VH-7, IMR-32 and SH-SY5Y were treated with 1 mM D-, DL- or L-GA
for 24 hrs.

Figure 3.16 shows the 24 nucleotides measured following x-GA treatment. As previously
found, L-GA caused significant depletion in IMR-32, SH-SY5Y cell lines and moderate deple-
tion in VH-7. The data showed median fold changes of 0.38 (p ≤ 0.0001), 0.31 (p ≤ 0.0001)
and 0.84 (p ≤ 0.001), respectively. D-GA caused a 1.16 (p ≤ 0.0001) median increase in nu-
cleotide pools in IMR-32. However, SH-SY5Y and VH-7 showed a 0.75 (p ≤ 0.0001) and 0.53 (p
≤ 0.0001) median decrease, respectively. Interestingly, there was a median decrease of 0.41 (p
≤ 0.0001) and 0.25 (p ≤ 0.0001) upon DL-GA treatment for IMR-32 and SH-SY5Y. It is apparent
that D-GA treatment of VH-7 appears to be more effective at nucleotide depletion than L- or
DL-GA. This appears to align with the growth curves in figure 3.16 showing L-GA to be less
effective at hindering VH-7 growth.
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Figure 3.16: L-GA is a more potent inhibitor than D-GA or DL-GA. Cell lines VH-7, IMR-32 and SH-SY5Y were
treated with 1 mM LGA, D-GA, DL-GA or PBS for 24 hrs. Nucleotides were extracted from cell lysates and
measured by DI-MS/MS. Box plots present the mean fold change in intensity of deoxy-(red) and ribonucleotides
(blue) relative to PBS. Data shown represents n=6 with 3 technical replicates. Error bars represent ± SEM.
P-values were calculated using the Wilcoxon non-parametric test with PBS as the reference group and Holm
post-hoc correction. Stars represent: ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.

In summary, we conclude that L-GA, or its presence in a racemic preparation, is more ef-
fective than D-GA at depleting nucleotide pools in neuroblastoma cells. The data presented a
marginal difference in the median depletion of nucleotides following DL- and L-GA treatment.
Intriguingly, D-GA caused a greater reduction in nucleotides compared to L-GA in fibroblasts,
contrary to observations in neuroblastoma cells. This data complements findings in section
3.1.1, whereby L-GA inhibited growth more effectively than D-GA. This lead to the question as
to whether glycolytic inhibition via glyceraldehyde is solely responsible for nucleotide deple-
tion.

3.4.6 Alternate modes of glycolytic inhibition is not as effective as L-GA at deplet-
ing nucleotide pools

In the previous sections, the data presented significant decreases in all nucleotides upon L-
GA treatment, however D-GA was not as effective. In order to delineate the metabolic mode of
action of L-GA, it was examined whether the inhibition of glycolysis is the driving factor behind
nucleotide depletion. In order to discern this, cell lines IMR-32 and SH-SY5Y were treated with
the glycolytic inhibitor bromopyruvate (BrPyr) and subjected to glucose starvation (0 g/l). The
synthesis of R5P relies upon the metabolites G6P, or F6P and GA3P from the oxidative and non-
oxidative pentose phosphate pathway, respectively. It was hypothesised that starving the cells
of glucose would result in a depletion of G6P, thereby depleting R5P pools. Bromopyruvate is
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a strong inhibitor of GAPDH, as shown by (Pietzke, 2015). Given that bromopyruvate targets
downstream of routes of R5P synthesis, it was expected that bromopyruvate would deplete
ATP levels and the phosphorylation of nucleotide intermediates.

Cell lines IMR-32 and SH-SY5Y were seeded at 1.5e+6 and left to settle for 24 hrs in triplicate
plates for each treatment condition. Media was exchanged with: 1X PBS, 1 mM L-GA, 100 µM
BrPyr and glucose was removed from one treatment condition, concentrations were chosen
based on (Pietzke, 2015). Cells were incubated with each treatment condition for 24 hrs. Follow-
ing incubation with each treatment condition cells were harvested and nucleotides analysed as
per the method in section 1.3.3. Figure 3.17 shows the fold change in 24 nucleotides relative to
PBS. In IMR-32, L-GA and BrPyr caused the most significant decrease in nucleotide pools with
a median fold change reduction of 0.68 (p ≤ 0.0001) and 0.24 (p ≤ 0.0001) respectively. Starva-
tion of glucose induced a median reduction of 0.55, although not significant. SH-SY5Y showed
no significant reduction in nucleotides, except with L-GA which caused a median reduction
of 0.59 (p ≤ 0.0001). From this data we may conclude that IMR-32 and SH-SY5Y have hetero-
geneous responses to glycolytic inhibition and nucleotide biosynthesis, with IMR-32 showing
greater nucleotide depletion in response to glycolytic inhibition.
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Figure 3.17: Glycolytic inhibition depletes nucleotide pools. Cell lines IMR-32 and SH-SY5Y were treated with
1 mM L-GA, 100 µM BrPyr and 0g/l glucose for 24 hrs. Nucleotides were extracted from cell lysates and measured
by DI-MS/MS. Box plots present the mean fold change in intensity of deoxy-(red) and ribonucleotides (blue)
relative to PBS. Data shown represents n=3 with 3 technical replicates. Error bars represent ± SEM. P-values were
calculated using Wilcoxon non-parametric test with PBS as the reference group. Stars represent: ns p ≥ 0.05;
* p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.
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3.5 Glyceraldehyde inhibits glycolysis and induces
metabolic reprogramming in neuroblastoma cells

Previous work in the Kempa lab (Pietzke, 2015) showed that L-GA inhibited glycolysis of
T98G and HEK293 cells. Specifically, L-GA treatment resulted in the inhibition of the flux
of carbon from glucose into metabolites downstream of aldolase- which utilises GA3P as a
substrate. Furthermore, L-GA was shown to be more effective at inhibiting glycolysis than
D-GA. Given this, the aim was to show that neuroblastoma cells are also susceptible to gly-
colytic inhibition via L-GA. To measure the flux of carbon through metabolic pathways we
measure the change in metabolite pool sizes in cooperation with pulsed stable isotope resolved
metabolomics (pSIRM), as described in section 2.4.2. pSIRM requires U-13C-glucose to resolve
the flux of carbons through glycolysis and the TCA cycle as a function of time. The labelling of
metabolites from carbon-13 induces a mass shift in the metabolites which is then detected via
GC-MS.

3.5.1 L-GA and D-GA inhibit glycolysis downstream of aldolase

Initial experiments aimed to discern where in the glycolytic pathway L-GA targets. Pietzke
(2015) had shown that L-GA treatment results in the accumulation of fructose-1,6-bisphosphate
(F16BP) in T98G and HEK293 cells. This accumulation was hypothesised to be due to the in-
hibition of aldolase (ALDOA) via L-GA. It was aimed to show that this also occurs in neurob-
lastoma cells. Figure 3.18 shows the difference in metabolite pools between L-GA treated cells
relative to PBS. It was found that F16BP indeed accumulates, however it was also found that
pyruvate accumulates upon L-GA treatment. From this data it was hypothesised that L-GA
acts between F16BP and pyruvate. To understand the mechanism by which this accumulation
occurs pSIRM was employed to measure the flux of carbon through glycolysis.
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Figure 3.18: Effects of L-GA on glycolysis intermediates in IMR-32 and SH-SY5Y cells. A: Polar metabolites
were extracted from IMR-32 and SH-SY5Y cell lines following treatment of 1 mM L-GA for 1 hr. Samples were
processed via GC-MS and analysed to attain the abundance of metabolite pools of glycolysis intermediates.
Heatmaps show the difference in metabolite quantities (L-GA - PBS) for the glycolysis intermediates: G6P -
glucose-6-phosphate, F6P-fructose-6-phosphate, F16BP- fructose-1,6-bisphosphate, 3PGA- glyceric
acid-3-phosphate, Glyc3P- glycerol-3-phosphate, Lac- lactic acid and Pyr- pyruvic acid in cell lines IMR-32 and
SH-SY5Y. B: Schematic shows the locality of accumulated metabolites in the glycolytic pathway. F16BP and Pyr are
labelled red to denoted their accumulation. Aldolase - ALDOA, is shown in italics.

Briefly, cell lines IMR-32 and SH-SY5Y were seeded at 2e+6 cells per plate in triplicate 10cm
plates. Twenty four hours after seeding cells were treated for 1 hr with PBS or 1 mM L-, D-
GA. Within the 1 hr treatment time cell culture media was exchanged supplemented with U-
13C-glucose to initiate metabolite labelling. Labelling was quenched at 2, 5, 10 and 15 mins,
metabolites were extracted and subjected to GC-MS, the labelling strategy is exemplified in
figure 3.19, A. Two metabolites in phase I glycolysis (G6P, F6P) and 3 metabolites (3-PGA, Lac,
Pyr) in phase II glycolysis were measured. Glyc3P traverses the boundary between phase I
and phase II glycolysis, as glyceraldehyde-3-phosphate (GA3P) is the fulcrum between the two
phases. Cit was measured as a indication of flux of 13C-label into the TCA cycle derived from
U-13C-glucose. Figure 3.19, B shows the relative metabolite abundance, 13C-label incorporation
and relative of 13C-label quantity of measured metabolites after 10 mins of labelling in IMR-
32 cells. All data were normalised to the cinnamic acid internal control and mean cell count
for each condition. The labelling incorporation for all time points are found in supplementary
material section 5.2.2, figure 5.3.
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Figure 3.19: Effects of L- and D-GA on glycolysis intermediates in IMR-32 cells. A: Diagram depicts the
metabolites of the glycolytic pathway and the flow of labelled carbons from U-13C-Glucose. B: Polar metabolites
were extracted from IMR-32 cell lines following treatment of L-GA and D-GA for 1 hr. Samples were processed via
GC-MS and analysed to attain the abundance and label incorporation of U-13C-glucose following 10 mins of
labelling. Bar charts represent the fold change in relative metabolite abundance, relative 13C-label incorporation
and relative 13C-label quantity, following 10 mins labelling; ± SE, n=3. P-values were calculated using two-tailed
T-test with PBS as the reference and Holm post-hoc correction. Stars represent: ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01;
*** p ≤ 0.001; **** p ≤ 0.0001. Abbreviations: Cit-Citrate; Glc6P_BP- Glucose-6-phosphate; Frc6P_MP-
Fructose-6-phosphate; Glyc3P- Glycerol-3-phosphate; 3-PGA - Glyceric acid-3-phosphate; Lac - Lactate; Pyr -
Pyruvate

In IMR-32 cells there was no significant changes in the metabolite abundance, label incor-
poration or relative label quantity in metabolites up to 3-PGA following treatment with L- or
D-GA. When assessing Glyc3P no significant change in the relative abundance was observed.
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Although, in L-GA treated cells there was a relative reduction of 0.7 (p ≤ 0.01) to the control
in the label incorporation. Similarly, the relative label quantity was reduced to 0.65 (p ≤ 0.05).
Following both D- and L-GA treatment the data presents a significant increase in the relative
abundance of Pyr, L-GA induced a 3.7-fold (p ≤ 0.01) and D-GA a 2.9-fold (p ≤ 0.05) increase
relative to PBS. Both treatments also show a significant decrease in the label incorporation. For
L-GA and D-GA treated cells there was a reduction to 0.22 (p ≤ 0.01) and 0.26 (p ≤ 0.05) to that
of the control, respectively. No significant changes were found in the relative labelled quanti-
ties. The label incorporation and relative label quantity was reduced in Lac, to 0.64 (p ≤ 0.01)
and 0.66 (p ≤ 0.05) to that of the control, respectively. Although, the metabolite quantity was
unaffected. D-GA induced no significant changes in the Lac metabolite profile. In summary,
the flux of labelled carbons into Lac and Glyc3P decreased with L-GA treatment although no
change in the metabolite pools. Both L-GA and D-GA result in increased metabolite pools and
reduced label incorporation into Pyr, yet L-GA produced a more pronounced change in the
metabolite’s profile. This is curious given that Pyr to Lac metabolism is up-regulated in cancer
cells, one would assume that the increase in Pyr pools would generate increased Lac pools. It
is suggested that the flux of carbons from Pyr to Lac is impeded.

Figure 3.20, B shows the relative metabolite abundance, U-13C-glucose incorporation and
relative of U-13C-glucose label quantity of measured metabolites after 10 mins of labelling in
SH-SY5Y cells. The labelling incorporation for all time points are found in supplementary
material section 5.2.2, figure 5.3. As found with IMR-32, there were no significant changes in
the metabolite profiles of G6P or F6P. Although results were not significant, there is evidence
for decreased label incorporation and relative metabolite quantity in 3-PGA following D- and
L-GA treatment. Upon L-GA treatment there was decreased label incorporation and relative
labelled quantity in Gly3P. However, only the 0.66 decrease in label incorporation showed sig-
nificance (p ≤ 0.0001). Curiously, there was a significant increase in the relative abundance
and label quantity of Gly3P in D-GA treated cells. In a similar fashion, Lac showed signifi-
cant decreases in label incorporation following L-GA treatment, but not D-GA. Pyr presented
significant increases, approximately 2.5-fold, in the metabolite abundance in L-GA and D-GA
treated cells. Label incorporation is decreased to 0.24 (p ≤ 0.05) and 0.21 (p ≤ 0.05) to that of
the control for L-GA and D-GA, respectively. Although not significant, a slight increase in the
Pyr relative labelled quantity for L-GA treated cells was found. It appeared that upon L-GA
treatment carbons are routed into Cit. An approximately 2.1-fold (p ≤ 0.05) increase in the Cit
relative label incorporation, although this was not observed with D-GA.
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Figure 3.20: Effects of L- and D-GA on glycolysis intermediates in SH-SY5Y cells. A: Diagram depicts the
metabolites of the glycolytic pathway and the flow of labelled carbons from U-13C-Glucose. B: Polar metabolites
were extracted from SH-SY5Y cell lines following treatment of L-GA and D-GA for 1 hr. Samples were processed
via GC-MS and analysed to attain the abundance and label incorporation of U-13C-glucose following 10 mins of
labelling. Bar charts represent the fold change in relative metabolite abundance, relative 13C-label incorporation
and relative 13C-label quantity, following 10 mins labelling; ± SE, n=3. P-values were calculated using two-tailed
T-test with PBS as the reference and Holm post-hoc correction. Stars represent: ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01;
*** p ≤ 0.001; **** p ≤ 0.0001. Abbreviations: Cit-Citrate; Glc6P_BP- Glucose-6-phosphate; Frc6P_MP-
Fructose-6-phosphate; Glyc3P- Glycerol-3-phosphate; 3-PGA - Glyceric acid-3-phosphate; Lac - Lactate; Pyr -
Pyruvate.

In summary, L-GA and D-GA present differing metabolic modes of action. L-GA is more
efficient at inhibiting glycolytic flux of carbon-13 into Glyc3P and Lac. Both enantiomers act
in a similar manner on Pyr and conversely on 3-PGA. Metabolites upstream of aldolase - the
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putative target of L- and D-GA - show no to minimal response to glyceraldehyde treatment.
One can conclude that L-GA indeed targets glycolysis phase II. The data presented a decrease
in the the pools sizes and incorporation of labelled glucose into Lac, Glyc3P and Pyr. Gly3P
and Lac also showed decreased labelled quantities, suggestive of both decreased flux and pro-
duction of the metabolites. However, for SH-SY5Y the labelled quantity of Pyr upon L-GA
treatment was marginally increased. This is not the case with IMR-32. It is assumed that this
phenotype is the result of the accumulation of Pyr in SH-SY5Y cell lines. We may also conclude
that lactate dehydrogenase (LDH) and glycerol-3-phosphate dehydrogenase (GPD1) show re-
duced function. Both of these enzymes require NADH as a co-factor. It is hypothesised that
L-GA inhibits glyceraldehyde dehydrogenase (GAPDH) and the production of NADH result-
ing in the inhibition of LDH and GPD1. It is clear from the labelled quantities of Lac and Gly3P
that, D-GA does not break the NAD+/NADH cycling as efficiently as L-GA. This hypothesis
was recapitulated by measuring the NAD+ and NADH pools sizes after 1 hr and 8 hrs L-GA
treatment. As shown in figure 3.21 A, there is a slight decrease in NADH in IMR-32 and an
increase in NADH in SH-SY5Y following treatment. However, figure 3.21 B, shows increases
in the NAD+/NADH ratio in both cell lines following treatment, suggesting NADH depletion
relative to NAD+. This is more striking after 8 hrs L-GA treatment. In both cell lines we see an
increase in the NAD+/NADH ratio, yet SH-SY5Y shows a greater increase. This data concurs
with the hypothesis that NADH is not replenished following L-GA treatment.

The heterogeneous response of IMR-32 and SH-SY5Y at the Pyr position is indicative of ac-
cumulation of labelled Pyr in SH-SY5Y and a larger pool size of Pyr overall. Excess Pyr is
metabolised to Cit, as shown by the increased labelled quantity of Cit in SH-SY5Y cells. Given
this metabolic switch in SH-SY5Y cells, we were intrigued to know how the TCA cycle responds
to L-GA treatment. Cells may also employ glutamine as a fuel source, in the event of glycolytic
inhibition it was hypothesised that cells employ glutaminolysis to compensate for decreased
glycolysis.
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Figure 3.21: Effects of L-GA on the NAD+ and NADH pools. A. Cell lines IMR-32 and SH-SY5Y were treated
with 1 mM L-GA or PBS for 1 hr and 8 hrs. Nucleotides were extracted from cell lysates and measured by
DI-MS/MS. Box plots present the mean fold change in nucleotide intensity relative to PBS. B. Bar charts show the
ratios of NAD+/NADH following 1 hr and 8 hrs. Error bars represent ± SEM, n=3.
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3.5.2 L-GA causes a metabolic switch to glutaminolysis

The assessment of the effect of L-GA and D-GA on the TCA cycle, with U-13C-glutamine was
performed in the same manner as described in section 3.5.2. Twenty four hours after seeding
cells were treated for 1 hr with PBS or 1 mM L-, D-GA. Within the 1 hr treatment time cell cul-
ture media was exchanged supplemented with U-13C-glutamine to initiate metabolite labelling.
Labelling was quenched at 5, 15, 30 and 45 mins, metabolites were extracted and subjected to
GC-MS, the labelling strategy is exemplified in figure 3.22, A. Figure 3.22, B shows the relative
metabolite abundance, 13C-label incorporation and relative of 13C-label quantity of measured
metabolites after 30 mins of labelling in IMR-32 cells. All data were normalised to the cinnamic
acid internal control and mean cell count for each condition. The labelling incorporation for all
time points are found in supplementary material section 5.2.2, figure 5.4.

In IMR-32 cells, no significant change in the metabolite abundance of the TCA cycle, except
for α-KG was found. Both L-GA and D-GA caused an approximately 6-fold increase in α-KG
(p ≤ 0.01). There was a significant decrease in the abundance of Glu following both L-GA and
D-GA treatment. As the flow of labelled carbons proceeds from α-KG to Suc, Fum, Mal and
Cit (M+4) there was a significant increase in the label incorporation and relative label quantity
in L-GA treated cells. The data provided for Mal displayed an increase in label incorporation
and label quantity although due to high variance no statistical significance was found for L-GA
treated cells. Interestingly, L-GA and D-GA caused significant increases in the label incorpora-
tion and relative label quantity of Cit (M+5), originating from α-KG and not via Mal (M+4).
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Figure 3.22: Effects of L- and D-GA on TCA cycle intermediates in IMR-32 cells. A: Diagram depicts the
metabolites of the TCA cycle and the flow of labelled carbons from U-13C-glutamine. B: Polar metabolites were
extracted from IMR-32 cell lines following treatment of L-GA and D-GA for 1 hr and. Samples were processed via
GC-MS and analysed to attain the abundance and label incorporation of U-13C-glutamine.Bar charts represent the
fold change in relative metabolite abundance, relative 13C-label incorporation and relative 13C-label quantity
following 30 mins labelling; ± SE, n=3. P-values were calculated using two-tailed T-test with PBS as the reference
and Holm post-hoc correction.. Stars represent: ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.
Abbreviations: Gln- Glutamine; Glu-Glutamate; α -KG-α -keto-glutaric acid; Cit- Citrate; Suc-Succinate;
Fum-Fumarate; Mal-Malate.
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Figure 3.23: Effects of L- and D-GA on TCA cycle intermediates in SH-SY5Y cells. A: Diagram depicts the
metabolites of the TCA cycle and the flow of labelled carbons from U-13C-glutamine. B: Polar metabolites were
extracted from SH-SY5Y cell lines following treatment of L-GA and D-GA for 1 hr. Samples were processed via
GC-MS and analysed to attain the abundance and label incorporation of U-13C-glutamine. Bar charts represent the
fold change in relative metabolite abundance, relative 13C-carbon label incorporation and relative 13C-carbon label
quantity,following 30 mins labelling; ± SE, n=3. P-values were calculated using two-tailed T-test with PBS as the
reference and Holm post-hoc correction.. Stars represent: ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001;
**** p ≤ 0.0001. Abbreviations: Gln- Glutamine; Glu-Glutamate; α-KG-α-keto-glutaric acid; Cit- Citrate;
Suc-Succinate; Fum-Fumarate; Mal-Malate.

Figure 3.23, B, shows the relative metabolite abundance, 13C-label incorporation and rela-
tive of 13C-label quantity of measured metabolites after 30 mins of labelling in SH-SY5Y. The
labelling incorporation for all time points are found in supplementary material section 5.2.2,
figure 5.4. As with IMR-32, there was no significant change in the metabolite abundances of
the TCA cycle intermediates. α-KG and Glu showed inverse metabolite abundances. It is to
be noted that there was very low abundance of α-KG in the PBS treated cells. Therefore, no
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statistical tests could be performed and the data quality is questionable. As we follow the la-
bel incorporation from Suc to Cit (M+4) displayed a significant increase in L-GA treated cells,
although not in D-GA treated cells. The data presents no significant increase in Cit (M+5) label
incorporation with treated cells, as found in IMR-32.

In summary, both cell lines presented increased TCA activity upon L-GA treatment but not
D-GA treatment. Indeed, the label incorporation in Suc and Fum was increased by 4-fold in
both cell lines. However, Mal and Cit (M+4) did not show the same extreme increase in label
incorporation. It is curious that both cell lines increased the relative abundance of α-KG with-
out increasing the label incorporation. This is suggestive of another mode of α-KG production,
that is independent of the Gln to Glu labelling pathway. α-KG also plays a role in the defence
against ROS. α-ketoglutarate dehydrogenase (α-KGDH) is a highly regulated enzyme, which
could determine the metabolic flux through the TCA cycle. It catalyses the conversion of α-KG,
succinyl-CoA (suc-CoA) which is metabolised to Suc and produces NADH providing electrons
for the ETC. α-KGDH is sensitive to ROS and inhibition of this enzyme could give reasoning to
the high levels of α-KG (Tretter and Adam-Vizi, 2005). However, the increase in label incorpo-
ration into Suc in L-GA treated cells shows a disconnect in this mechanism. Given that α-KG
is compartmentalised in both the cytosol and mitochondria, it is difficult to discern the rate of
conversion of α-KG to Suc.

3.6 Proteomic Analysis of L-GA treated Cells

A proteomic analysis was performed in an effort to elucidate which enzymes and their asso-
ciated pathways are up- or down-regulated upon L-GA treatment. A panel of cell lines were
chosen to give a broad view of the proteomic landscape between neuroblastoma cells. If indeed
glycolysis is hindered and ROS sensitive enzymes show inhibition, it was hypothesised that an
oxidative stress response is initiated and that it is a common phenotype between cell lines.

Cell lines SY-SY5Y, SK-N-AS, IMR-32, VH-7, GI-ME-N and BE(2)-C were subjected to shot-
gun proteomics in an effort to find metabolic pathways that are associated with L-GA treat-
ment. All cell lines were seeded at 2e+6 cells per 10cm plate in triplicates. Following 24 hrs
settling time, cells were treated with either 1 mM L-GA or PBS. Cells were harvested, proteins
extracted and analysed by LC-MS according to section 2.3. Label free quantities (LFQ) of 5,340
proteins were measured, of which 244 were annotated to be associated with 17 pathways of
interest.
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Figure 3.24: L-GA induces a change in the proteomic landscape. Proteomic analysis of cell lines: BE-2C,
GI-ME-N, VH-7, SH-SY5Y, IMR-32 and SK-N-AS treated for 24 hrs. A: Principal component analysis (PCA)
analysis was performed to show the variance of LFQ data between cell lines that were treated with L-GA. B: LFQ
data from all each protein from cell lines in A elucidated proteins with high variance in the PCA.

Initial analysis aimed to describe the differences between cell lines in their response to L-
GA treatment. Figure 3.24, A, shows the PCA analysis of all cell lines treated with L-GA.
There was apparent clustering of SH-SY5Y and IMR-32, and the independent clustering of
GI-M-EN and BE-2C. VH-7 and SK-N-AS showed the most extreme variance, suggesting that
the response of these cell lines are significantly different. Following this, the aim was to see
which proteins account for the most variance upon L-GA treatment within all cell lines. As
displayed in figure 3.24, B, SFN, TYMS and RRM2 to be clear outliers. In order to discern the
pathways in which these proteins reside, proteins were annotated by their associated pathways
as detailed in section 5.2.3. Figure 3.25 shows a heatmap of the difference of the Log2(LFQ) of
L-GA-PBS of all annotated proteins. The data presents clustering of up-regulated proteins in
the oxidoreductase pathway in IMR-32 and SH-SY5Y, although this is less pronounced in the
other cell lines. Furthermore, there is clustering of cell cycle and apoptosis pathways in all cell
lines, where cell cycle proteins are down-regulated. Interestingly, glycolysis and the TCA cycle
do not show apparent levels of clustering.
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Figure 3.25: L-GA induces a change in the proteomic landscape. Proteomic analysis of cell lines: BE-2C,
GI-M-EN, VH-7, SH-SY5Y, IMR-32 and SK-N-AS treated for 24 hrs with 1 mM L-GA or PBS and subjected to
LC-MS proteomic analysis. Hierarchical clustering of annotated proteins show clustering of pathways between
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cells, n= 3 for each cell line.
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In an effort to precisely determine which proteins show the greatest difference relative to un-
treated cells, arbitrary boundaries of > 1 and < -1, were set for annotation. Figure 3.26 shows the
Log2(LFQ) ratio of proteins relative to PBS treated cells. Upon initial analysis, Haemeoxyge-
nase (HMOX1) is the most common up-regulated protein in L-GA treated cells. HMOX1 was
upregulated in BE(2)-C, IMR-32 and VH-7. Although HMOX1 was not up-regulated in SH-
SY5Y, proteins of the same pathway - Oxidoreductase - are up-regulated upon L-GA treatment.
GI-M-EN and SK-N-AS are apparently the least responsive to L-GA treatment with polo-like
kinase 1 (PLK1) and Inositol 1,4,5-trisphosphate receptor, type 3 (ITPR3) being the only pro-
teins captured by the set boundaries. VH-7 and BE(2)-C show similar profiles with HMOX1
observing an up-regulation and a down-regulation of Stratifin (SFN). In SH-SY5Y and VH-7
the data showed a down-regulation of nucleotide synthesis proteins, Nucleoside diphosphate
kinase A (NME1) and Thymidylate synthase (TYMS), respectively. It is apparent that VH-7 is
the only cell line to show a response from proteins of the glycolytic pathway, enolase 2 (ENO2)
is up-regulated upon L-GA treatment. From the data provided, it is inferred that the oxidore-
ductase pathway is up-regulated in the majority of cell lines, with the exception of GI-M-EN
and SK-N-AS. IMR-32 and SH-SY5Y present the most amount of up-regulated proteins in the
oxidoreductase pathway. Oxidoreductase is an enzyme, or group of enzymes, that perform
redox reactions. The redox reaction constitutes the transfer of electrons from an oxidant to
reductant. This is exemplified by the NAD+/NADH and NADP+/NADPH co-factors which
are essential to redox reactions and maintaining cellular oxidative homeostasis. Within this set
of genes is the KEAP1 and NRF2 antioxidant pathway. This pathway includes HMOX1 and
NQO1 and NDUF as downstream targets. NQO1 and HMOX1 were up-regulated in IMR-32.
NQO1 and NDUF were found to be up-regulated in SH-SY5Y. It was hypothesised that the
up-regulation of proteins related to the oxidoreductase pathway was a response to a redox im-
balance or increase in oxidative stress caused by L-GA. Furthermore, the data suggests that the
NRF2 pathway is activated upon L-GA treatment. Given this, we were interested to know if
L-GA promotes an increase in reactive oxygen species.
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Figure 3.26: Elements of the oxidoreductase pathway is over-expressed in L-GA treated cells. Proteomic analysis
of cell lines: BE(2)-C, GI-ME-N, VH-7, SH-SY5Y, IMR-32 and SK-N-AS treated for 24 hrs with 1 mM L-GA or PBS
and subjected to LC-MS proteomic analysis. Analysed proteins were filtered by > 1 and < -1 difference in label free
quantity Log2(LFQ) of L-GA treated cells relative to PBS treated cells. Filtered proteins are highlighted by a red
dotted line. Proteins that show differences outside of this line are labelled by text.

3.7 L-GA induces oxidative stress in neuroblastoma cells

We aimed to quantify the production of reactive oxygen species in L-GA treated cells. This was
prompted by the observation of NAD+ and NADH depletion in section 3.4.2 and the increase
in response of the oxidoreductase pathway in the proteomics data in section 3.6. Furthermore,
the flux of carbon decreases into metabolites of glycolysis that require NADH as a co-factor
(section 3.5.2).

ROS generation can be monitored by the fluorometric analysis of the oxidation of the cell
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permeable compound, 2’,7’ –dichlorofluorescin diacetate (DCFDA) by ROS into 2’, 7’ –dichlo-
rofluorescein (DCF). DCF is highly fluorescent which can be quantified by fluorescence spec-
troscopy (Keston and Brandt, 1965; Brandt and Keston, 1965). ROS generation can be quenched
by the application of N-acetyl-Cysteine (NAC). NAC is a pro-drug to L-cysteine which is a pre-
cursor of the antioxidant glutathione. The thiol group of glutathione scavenges ROS, thereby
reducing oxidative stress (Sansone and Sansone, 2011). The experimental aim was to assess
whether L-GA induces ROS generation and if this can be rescued by NAC.

3.7.1 L-GA induces oxidative stress

Cell lines IMR-32 and SH-SY5Y were seeded at 2.5e+4 cells per well in a black walled 96-well
plate (Corning). Following 24 hrs settling time media was exchanged and supplemented with:
1X PBS, 1 mM L-GA, 100 µM H2O2, 1 mM L-GA + 5 mM NAC, 100 µM H2O2+ 5 mM NAC
and 1X PBS + 5 mM NAC. Cells were incubated for 4 hrs with each treatment condition before
DCFDA staining and fluorescence reading as described in section 2.1.7. Figure 3.27 shows flu-
orescence intensity after treatment normalised to PBS treated cells. In both cell lines 100 µM
H2O2, induces a 17- and 24-fold increase in fluorescence in IMR-32 and SH-SY5Y, respectively.
L-GA induces a 1.9- and 2.1-fold increase in IMR-32 and SH-SY5Y. The data showed that the
increase in IMR-32 is significant (p ≤ 0.05), although not in SH-SY5Y. Upon treatment with
5 mM NAC, the fluorescence of 100 µM H2O2treated cells decreases significantly. IMR-32 fluo-
rescence is reduced to 0.4 and SH-SY5Y is reduced to 0.8 to that of PBS treated cells. Similarly,
there is a significant reduction (p ≤ 0.05) in fluorescence of L-GA treated IMR-32 cells in the
presence of NAC. In SH-SY5Y cells treated with L-GA and NAC there is a reduction to 0.8 of
PBS treated cells, although this is not found to be significant. From this data, we can conclude
that 1 mM L-GA does induce an increase in DCFDA fluorescence and indicates an increase in
ROS. The application of 5 mM NAC reduces the fluorescence of L-GA and H2O2treated cells,
indicating that NAC does indeed reduce ROS in these cell lines. In section 3.1.1 it was found
that L-GA inhibits neuroblastoma cell growth, in light of this, the aim was to examine whether
NAC can rescue cell growth in L-GA treated cells.
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Figure 3.27: Quantification of reactive oxygen species following L-GA treatment. Cell lines IMR-32 and
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with Holm post-hoc correction. Stars represent: ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.

3.7.2 L-GA induces the NRF2 pathway which is rescued by NAC

To confirm the findings from the proteomics data I performed a western blot to probe for
KEAP1, NRF2, HMOX1, NQO1 and CASPIII. KEAP1 and NRF2 regulate the expression of
HMOX1 and NQO1 as described in detail in section 1.5.2. Briefly, cells were seeded at 2e+6
cells and allowed to settle for 24 hrs before treatment with 1X PBS, 1 mM L-GA or 1 mM L-
GA + 5 mM NAC. Cells were harvested following the protocol in section 2.2.1. Proteins were
extracted and prepared for western blot via the protocol described in section 2.2.4.
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Figure 3.28: The KEAP1-NRF2 pathway is induced upon L-GA treatment in IMR-32 cells. A: IMR-32 was treated
for 24 hrs with PBS, 1 mM L-GA, NAC and 1 mM L-GA + 5 mM NAC. SH-SH5Y was treated for 24 hrs with PBS,
1 mM L-GA, 1 mM L-GA + 5 mM NAC, 5 mM NAC, 100 µM H2O2, 200 µM H2O2, 100 µM H2O2 +NAC and
100 µM H2O2 + 1 mM LGA. Cell lysates were collected and subjected to SDS-PAGE probing for: KEAP1, NRF2,
HMOX1, NQO1, CASPIII using Vinculin and GAPDH (For NRF2 only) as loading controls. B: Intensity of bands
on exposed membranes were measured using ImageJ software and peak areas of each intensity were normalised to
their respective loading control. All ratios were normalised to the PBS treatment for each protein of interest. C:
IMR-32 cells were treated for 24 hrs with the treatments described, cells were imaged via phase contrast
microscopy at 10X magnification on a Nikon Eclipse TS2 microscope.

Figure 3.28, A, shows western blots and quantification of the proteins described above. In
IMR-32 cells KEAP1 was increased upon L-GA treated which was decreased in the presence
of NAC. NRF2 was constitutively expressed in all conditions although there was a decrease
in intensity in the presence of NAC. Similarly, there was a marginal decrease in the intensity
of HMOX1 when NAC was present. L-GA induced a slight increase in HMOX1 expression.
NQO1 did not appear to show any difference between treatments, it may be that its basal ex-
pression is high. The activity of CASPIII, the apoptosis marker, is inferred by its cleavage. Three
cleavage markers in which samples treated with L-GA show the high intensity of cleaved prod-
ucts are observed. NAC caused a marginal reduction in the intensity of the cleaved products
although it is not apparent if apoptosis was inhibited. SH-SY5Y cells showed less response of
KEAP1-NRF2 targets than IMR-32 when treated with L-GA. When using 100 µM H2O2 as a
positive control for NRF2 activation, there was an increase in HMOX1. Comparatively, L-GA
does not produce a strong HMOX1 response. Application of NAC reduced HMOX1 expres-
sion in H2O2 treated cells. No significant differential in NRF2, KEAP1 or NQO1 regulation was
found. Furthermore, no apoptotic markers were found from CASPIII cleavage. Figure 3.28, C,
shows phase contrast images of IMR-32 cells following 24 hrs incubation with 1X PBS, 1 mM
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L-GA and 1 mM L-GA + 5 mM NAC. Qualitatively, the data presented improved cell number,
morphology and density in cells that were treated with L-GA+NAC. Following this data, the
aim was to assess whether NAC has persistent effects on cell growth, and is able to negate the
inhibitory effect of L-GA, particularly in IMR-32 cells.

3.7.3 Cell growth is partially restored by NAC in L-GA treated cells

Cell lines IMR-32 and SH-SY5Y were treated for 72 hrs, with sampling of the cell count every
24 hrs. Cells were treated with: 1X PBS, 1 mM L-GA, 50 µM H2O2, 1 mM L-GA + 5 mM
NAC, 50 µM H2O2+ 5 mM NAC and 1X PBS + 5 mM NAC. For both cells lines, cell growth
is inhibited with 1 mM L-GA. Upon supplementation with 5 mM NAC, L-GA treated IMR-32
cells show cell growth similar to L-GA with a slightly reduced log phase. After 72hrs treatment
with 1 mM L-GA cell counts in IMR-32 were 25-fold and and 26-fold lower than counts treated
with PBS and LGA+NAC, respectively. SH-SY5Y did not show the same level of recovery when
NAC was applied with L-GA. Following 72 hrs incubation, L-GA treated cells showed a 5-fold
reduction in cell count relative to PBS, whereas NAC generates a 1.67-fold increase in cell count
when in combination with L-GA. 50 µM H2O2 does not show significant decreases in cell count
following 72 hrs incubation in either cell line. However after 48 hrs the data presented a 1.2-
fold and 1.3-fold reduction in cell counts upon 50 µM H2O2 treatment relative to PBS in IMR-32
and SH-SY5Y respectively. When supplementing H2O2treated cells with 5 mM NAC there was
a 1.3-fold increase in cell counts for both IMR-32 and SH-SY5Y relative to H2O2treated cells.
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Figure 3.29: L-GA reduces cell growth which is recovered via NAC. Cell lines IMR-32 and SH-SY5Y were treated
for 72 hrs with 1 mM L-GA, 50 µM H2O2 and 5 mM NAC and in the combinations shown. Cells were seeded at
2e+5 cells per well in a 6-well plate. Viable cell counts were taken every 24 hrs via the trypan exclusion method.
Error bar representing the ± SD of the mean for three biological replicates. Experiments were carried out by
Richard Kempa (Master student, Stefan Kempa Lab, BIMSB/ Berlin, Germany)
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In summary, NAC acts to partially restore cell growth in L-GA treated cells, although SH-
SY5Y appear to be less sensitive to NAC treatment. As L-GA has been shown to deplete nu-
cleotide pools, the aim was to assess whether NAC restores nucleotide pools when in combi-
nation with L-GA treatment.

3.7.4 Oxidative stress reduces nucleotide pools which is rescued via NAC

It was hypothesised that the application of NAC would restore nucleotide pools in cells expe-
riencing oxidative stress. Nucleotides were measured after 16 hrs treatment with 1 mM L-GA,
100 µM H2O2 and 5 mM NAC and in the combinations shown in figure 3.30. Briefly, cells were
seeded at 2e+6 cells per 10cm plate in triplicate. Cells were allowed to settle for 24 hrs before
treatment. Cells were harvested, nucleotides extracted and analysed DI-MS-MS following the
protocol described in section 2.5. Figure 3.30 shows the fold change in 40 measured nucleotides
relative to PBS. As found previously, there was a significant reduction mean fold change of
nucleotides following L-GA treatment. The data presents a median of 0.61 (p ≤ 0.0001) and
0.33 (p ≤ 0.0001) for IMR-32 and SH-SY5Y respectively. Upon 100 µM H2O2 treatment, nu-
cleotides were reduced by a median of 0.02 (p ≤ 0.0001) and 0.2 (p ≤ 0.0001) for IMR-32 and
SH-SY5Y, respectively. At 200 µM H2O2 IMR-32 cells did not survive and no nucleotides were
measured. However, SH-SY5Y cells presented a median reduction of 0.19 p ≤ 0.0001). Upon
application of 5 mM NAC to L-GA treated IMR-32 cells, the median of the mean fold change
of nucleotides is 0.94 to that of the control, which is a 1.5-fold increase from L-GA treated cells.
Similarly, SH-SY5Y presented a median of 0.62 for L-GA and NAC treated cells, which equates
to a 1.88-fold increase from L-GA treated cells. The application of NAC to 100 µM H2O2 treated
cells increased the median nucleotide pools in IMR-32 to 0.24, resulting in a 13-fold increase to
100 µM H2O2 treated nucleotides. SH-SY5Y presented a 2-fold increase in nucleotides treated
with 100 µM H2O2 and NAC, relative to 100 µM H2O2 alone. Similarly, 200 µM H2O2 and NAC
caused a 3-fold increase in nucleotide pools relative to 200 µM H2O2 alone.
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Figure 3.30: L-GA reduces nucleotide pools in a fashion similar to ROS. Cell lines IMR-32 and SH-SY5Y were
treated for 16 hrs with 1 mM L-GA, 100 µM H2O2 and 5 mM NAC and in the combinations shown. 200 µM H2O2
resulted in complete cell death in IMR-32 therefore data is not shown. Nucleotides were extracted from cell lysates
and measured by DI-MS/MS. Boxplots present the mean fold change in deoxy- and ribonucleotide intensities
relative to PBS. Data shown represents n=4 with 3 technical replicates. P-values were calculated using pairwise
Wilcoxon test with Holm post-hoc correction, stars represent: ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001;
**** p ≤ 0.0001.

The data indicated that ROS induces a depletion in nucleotides. At 100 µM H2O2 there was
a greater depletion in nucleotides than that observed with 1 mM L-GA. Therefore, at these con-
centrations H2O2 is a more potent oxidiser. Upon analysis of the cell status the NAD+/NADH
ratio, the phosphorylation potential and the AMP/ATP ratio were the most significantly af-
fected in both cell lines (figure 3.31). In IMR-32, the AMP/ATP ratio was significantly in-
creased in both L-GA and 100 µM H2O2 treated cells. Upon addition of NAC, AMP/ATP levels
returned almost to levels found with PBS treated cells. The NAD+/NADH ratio was signifi-
cantly increased with L-GA treatment in IMR-32 cells, although not with 100 µM H2O2. When
NAC was applied the NAD+/NADH ratio returns to PBS treatment levels. The phosphory-
lation potential of L-GA and 100 µM H2O2 treated cells was significantly reduced. SH-SY5Y
appeared to be more resistant to oxidative stress. This is highlighted by a less extreme response
in NAD+/NADH and NADP+/NADPH ratios following L-GA and H2O2 treatment. The data
presented a similar profile for AMP/ATP and phosphorylation potential ratios as found with
IMR-32.

In summary, oxidative stress induced by L-GA and H2O2 caused a redox imbalance and had
a significant effect on the phosphorylation potential of the cell. This phenotype is remedied
by the addition of the antioxidant NAC. It was hypothesised that NAC may restore metabolic
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function by increasing NAD+/NADH cycling and ATP production for phosphorylation poten-
tial.
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Figure 3.31: L-GA reduces nucleotide pools in a fashion similar to ROS. Cell lines IMR-32 and SH-SY5Y were
treated for 16 hrs with 1 mM L-GA, 100 µM H2O2 and 5 mM NAC and in the combinations shown. 200 µM H2O2
resulted in complete cell death in IMR-32 therefore data is not shown. Nucleotides were extracted from cell lysates
and measured by DI-MS/MS. Boxplots present the ratio of nucleotides from equations stated in 3.4.2. Data shown
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as the reference group and Holm post-hoc correction, stars represent: ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01;
*** p ≤ 0.001; **** p ≤ 0.0001.

3.7.5 NAC restores metabolic function of L-GA treated cells

In order to assess the effect of NAC and L-GA on the flux of carbon through glycolysis the
pSIRM method was employed. Briefly, cell lines IMR-32 and SH-SY5Y were seeded at 2e+6
cells per plate in triplicate 10cm plates. Twenty four hours after seeding cells were treated
for 16 hrs with 1X PBS, 1 mM L-GA or 1 mM L-GA + 5 mM NAC. Within the 16 hrs treatment
time cell culture media was exchanged supplemented with U-13C-glucose to initiate metabolite
labelling. Labelling was quenched at 2, 5, 10 and 15 mins, metabolites were extracted and
subjected to GC-MS, the labelling strategy is exemplified in figure 3.32, A. Figure 3.32, B shows
the relative metabolite abundance, 13C-label incorporation and relative of 13C-label quantity of
measured metabolites after 10 mins of labelling in IMR-32 and SH-SY5Y cells. All data were
normalised to the cinnamic acid internal control and mean cell count for each condition and
cell line. The labelling incorporation for all time points are found in supplementary material
section 5.2.2, figure 5.5.
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Figure 3.32: Effects of L-GA and NAC on glycolysis intermediates in IMR-32 and SH-SY5Y cells. A: Diagram
depicts the metabolites of the glycolytic pathway and the flow of labelled carbons from U-13C-Glucose. B: Polar
metabolites were extracted from IMR-32 and SH-SY5Y cell lines following treatment of L-GA and L-GA + NAC for
16 hrs. Samples were processed via GC-MS and analysed to attain the abundance and label incorporation of
U-13C-glucose. Bar charts represent the fold change in absolute metabolite concentration, label incorporation and
relative 13C-label quantity, relative to PBS ± SE, n=3. P-values were calculated using a two-tailed T-test with PBS
as the reference and Holm post-hoc correction. Stars represent: ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001;
**** p ≤ 0.0001. Abbreviations: Glyc3P- Glycerol-3-phosphate; Lac - Lactate; Pyr - Pyruvate.

For SH-SY5Y cells, no significant change in the relative metabolite abundance of Lac or
Glyc3P upon L-GA treatment was found. As seen with the 1 hr treatment in section 3.5.2, an
accumulation of Pyr was observed. When assessing the relative 13C-label incorporation there
was a significant reduction in Glyc3P, Lac and Pyr (p ≤ 0.01). This was also reflected in labelled
quantity of Lac and Pyr however the labelled quantity of Glyc3P was ambiguous. Upon L-GA
and NAC treatment there was no significant change in the metabolite abundances of Lac or
Glyc3P, however Pyr abundance was decreased relative to L-GA treated cells. Although this
was still significantly above PBS treated cells (p ≤ 0.05). 13C-label incorporation for Glyc3P
increased 1.2-fold relative to L-GA treated cells when NAC was present. Lac incorporation in-
creased 2.5-fold. For Pyr label incorporation increased 2.4-fold. Similar values were found for
the relative label incorporation of Lac and Pyr, however Glyc3P was ambiguous.

For IMR-32 cells there was an increase in the metabolite abundance of Glyc3P upon L-GA
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and L-GA+NAC treatment, although no significance was found with L-GA alone. No change
in the metabolite abundance of Lac with L-GA treatment was found. Contrary to findings in
section 3.5.2, the data presented no change in Pyr abundance with L-GA treatment but an in-
crease in cells treated with both L-GA and NAC. When considering 13C-label incorporation
there was a significant decrease for Glyc3P, Lac and Pyr upon L-GA treatment which was re-
covered by the addition of NAC. Addition of NAC increased label incorporation into Glyc3P
by 1.8-fold, Lac by 2-fold and Pyr by 1.25-fold. Similarly there was an increase in the labelled
quantity for Lac and Glyc3P, although no increase in Pyr when considering cells treated with
L-GA and NAC, relative to L-GA alone.

3.7.6 Serine and Glycine metabolism is not affected by L-GA

Serine and glycine metabolism is essential for the folate cycle which supplies nitrogen groups
to N10-formyltetrahydrofolate for the synthesis of the nucleotide intermediates, FAICAR from
AICAR. We suspected that glycolytic inhibition after GAPDH would inhibit 3-phosphoglycerate,
serine and glycine metabolism, thereby hindering nucleotide metabolism. Figure 3.33 shows
the relative metabolite concentrations, 13C-label incorporation and relative incorporation for
serine, glycine and alanine following 10 mins of U-13C-glucose labelling. For both cell lines no
significant difference was found in the metabolite concentrations of Ser or Gly following L-GA
treatment. Similarly, no change was found in the label incorporation, although the presence
of L-GA slightly increased the relative label quantity, suggestive of a reduction in the usage of
both amino acids. This is possibly explained by the depletion of nucleotides and less demand
for Gly and Ser. Following L-GA treatment label incorporation into Ala decreased slightly
however it is unknown how significant of a biological effect this had on the cells. It was found
that L-GA had only a marginal effect on amino acid synthesis as shown by the heat maps in
supplementary material figure 5.6. The data provided here suggests that Ser and Gly are not a
source of nucleotide depletion upon L-GA treatment.
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Figure 3.33: L-GA does not effect synthesis of serine and glycine. A: Diagram depicts the metabolites of the
glycolytic pathway and the flow of labelled carbons from U-13C-Glucose. B: Polar metabolites were extracted from
IMR-32 and SH-SY5Y cell lines following treatment of L-GA and L-GA + NAC for 16 hrs. Samples were processed
via GC-MS and analysed to attain the abundance and label incorporation of U-13C-glucose. Bar charts represent
the fold change in absolute metabolite concentration, label incorporation and relative 13C-label quantity.
Abbreviations: Ala- Alanine Gly- Glycine; Ser - Serine.

In summary, when applying NAC in the presence of L-GA, NAC restores the incorporation of
13C-label into Glyc3P, Lac and Pyr. From the evidence provided in section 3.7.4, L-GA depletes
NADH pools, as shown by an increase in the NAD+/NADH ratio. NADH is produced via
GAPDH and utilised by LDH and GPDH to produce Lac and Glyc3P from Pyr and DHAP,
respectively. It is that L-GA inhibits GAPDH, likely through oxidation of its cysteine rich active
site, breaking NADH cycling. NAC acts to protect oxidation of GAPH thereby restoring NADH
cycling. The fate of L-GA metabolism is shown in figure 3.34. In both cell lines L-GA was
metabolised to glyceric acid and glycerol with no difference between NAC presence or without.
In the presence of NAC, there were increased levels of 3-PGA in IMR-32 cells but not in SH-
SY5Y. Glycerol-3-phosphate showed no difference in metabolite abundance with or without
NAC. The metabolism of L-GA to glycolic and glyoxylic acid accumulated in both cell lines
without the presence of NAC. This is of particular interest as the metabolism of glyoxylic acid
via glyoxylate reductase is an NAD(P)+/NAD(P)H dependent reaction, which L-GA inhibits.
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Figure 3.34: The fate of glyceraldehyde metabolism in the presence of NAC. Diagram depicts the metabolites of
the glycolytic pathway and the flow of labelled carbons from U-13C-glucose. B: Polar metabolites were extracted
from IMR-32 and SH-SY5Y cell lines following treatment of L-GA and L-GA + NAC for 16 hrs. Samples were
processed via GC-MS and analysed to attain the abundance and label incorporation of U-13C-glucose. Bar charts
represent the fold change in absolute metabolite concentration, label incorporation and relative 13C-label quantity,
relative to PBS ± SE, n=3. Abbreviations: Glyc3P- Glycerol-3-phosphate; Lac - Lactate; Pyr - Pyruvate.
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Chapter 4

Discussion

It is expected that in excess of 50% of patients with high-risk neuroblastoma will relapse, de-
spite intensive multi-modal therapeutic strategies (Morgenstern and Irwin, 2019). As high-risk
neuroblastoma requires successive rounds of aggressive treatment, therapy often results in se-
rious jeopardy to the health of the patient and may drive development of resistant clonality
(Scatena et al., 2008; Pelicano et al., 2006). Current treatment strategies such as chemo- and
radiotherapy typically have very low therapeutic index, therefore there is scope for novel ther-
apeutic development.

The understanding of cancer cell metabolism is paramount in supporting the development
of novel therapeutic avenues, or indeed reviving historical anti-tumoural compounds. As has
been described, the cancer cell harbours a unique phenotype. In the context of this thesis,
the metabolic phenotype defines the nature of the cancer cell and presents a viable therapeu-
tic target. Cells utilise carbohydrates, amino acids and fatty acids for the production of ATP,
and intermediates for the biosynthesis of macromolecules. In order to support high rates of
anabolism for proliferative growth, tumour cells possess up-regulated metabolic pathways to
produce abundant precursors and metabolite intermediates (De Berardinis and Chandel, 2016).
Compounds that are able to perturb cancer cell metabolism, specifically glycolysis, may confer
high therapeutic value. Glyceraldehyde has been shown to inhibit the growth of tumour cells,
inhibit glycolysis and be well tolerated at high concentrations in vivo (Warburg et al., 1924;
Stickland, 1941; Needham et al., 1951; Warburg et al., 1963). Furthermore, it has been shown to
be effective at reducing growth in neuroblastoma cell lines in vitro (Prasad, 1972).

The work presented in this thesis describes how L-GA inhibits neuroblastoma cell growth. L-
GA induces significant changes and the metabolic profile and hinders nucleotide biosynthesis.
In addition, L-GA generates oxidative stress, likely through breaking of redox mechanisms. In
response to this global effect on the cell, the regulation of the cell cycle is arrested and there is
evidence for the initiation of apoptosis. We will discuss the results presented and the molecular
mechanism by which L-GA presents its potential therapeutic efficacy.

4.1 Growth inhibition and cell cycle arrest

In figure 3.1 L-GA is shown to inhibit neuroblastoma cell growth at millimolar concentrations.
This data is concordant with the findings presented by Prasad (1972), in which neuroblastoma
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cell growth was inhibited by 100% after 24 hrs treatment with 1 mM DL-glyceraldehyde. In
the same paper it was found that the non-cancerous control cell line CHO-K1 was not as pro-
foundly inhibited as the neuroblastoma cells, despite having a higher growth rate. The findings
in this thesis concur. The non-cancerous control cell line (VH-7) did not show the same level of
inhibition of growth at equimolar L-GA concentrations as IMR-32 and SH-SY5Y. Interestingly,
we also found that growth rate did not correlate with the EC50 of L-GA in IMR-32, IMR-32
presented a slightly higher EC50, although the doubling time is more than half that of SH-SY5Y
(Tumilowicz et al., 1970; Ross et al., 1983). In addition to the work presented by Prasad (1972)
and competing data on the efficacy of the L- and D-glyceraldehyde isomers, we showed that L-
GA is more effective at inhibiting neuroblastoma cell growth than D-GA. The work presented
in this thesis is the first to use the pure L-glyceraldehyde isomer in neuroblastoma cells. The
superiority of L-GA over DL- or D-GA correlates with results found in T98G and HEK293 cells
(Pietzke, 2015). Prasad (1972) state that DL-glyceraldehyde caused an 88% neuroblastoma cell
growth inhibition with 10 hrs. The RTCA iCelligence™ system permitted monitoring of cell
growth in 15 minute intervals. It was shown that L-GA inhibits growth by 50% after approxi-
mately 11 hrs for IMR-32 and 22 hrs for SH-SY5Y.

4.1.1 Neuroblastoma cells produce a heterogeneous cell cycle response to L-GA

The progression of the cell cycle is maintained via the cross talk between metabolic feed-
back mechanisms and cell cycle regulators (Huber et al., 2020). The coordination of metabolic
pathways ensure that sufficient abundances of metabolites, co-factors and macromolecules are
present at specific cell cycle phases. The inhibition of these pathways result in cell cycle arrest.
Cell lines SK-N-AS, IMR-32, IMR 5/75 and BE(2)-C were arrested in the G2/M phase follow-
ing L-GA treatment. In an example of neuroblastoma heterogeneity, SH-SY5Y, CLB-GA and
GI-ME-N cell lines were arrested in the S-phase. The cell cycle is regulated via cyclins and their
associated cell cycle dependent kinase (CDK). Cyclin A-CDK2 drives progression in S, cyclin
A-CDK1 in G2 phase, and cyclin B-CDK1 regulates progression from through the G2/M phase
(Casimiro et al., 2014). The G2/M checkpoint is significant as it is an indicator of DNA damage
and cell stress. Under these conditions cells will not enter mitosis and initiate apoptosis. Fur-
thermore, the requirement of ATP during the late G2 phase is high and glycolytic enzymes are
up-regulated to provide an ’ATP’ boost (DiPaola, 2002). From the data provided in figure 3.6 we
postulate that L-GA causes DNA damage which modulates the G2/M checkpoint and apop-
totic pathways in the cell lines described. The G2M checkpoint receives information about the
DNA integrity of the cell via the ATR-CHK1 and p53 pathway. Upon DNA damage CHK1
negatively regulates the mitotic activator, cdc2. Although there is no comparative research on
the mechanism L-GA in relation to cell cycle arrest, glycolytic inhibitors have been shown to
induce cell cycle arrest. The glycolytic inhibitor 2-DG induces GO/G1 arrest and apoptosis in
SW60 colorectal cancer cells (Muley et al., 2015). 2-DG induces an in increase p53 expression,
although this was found to be independent of its inhibitory function on glycolysis. BrPyr has
been shown to induce cell cycle arrest in the S-phase in THP-1 leukaemia cells (Cal et al., 2020).
The authors claim that BrPyr induces double stranded breaks in DNA through an increase in
ROS, resulting in cell cycle arrest. Although, the mechanism is not described, it would not be
gratuitous to assume that the p53/ATR pathway suppresses cell cycle progression.
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In 3 out of the 7 neuroblastoma cell lines treated with L-GA, the cell cycle is arrested in the
S-phase. During the S-phase cells synthesise DNA. The hallmark of S-phase arrest is the slow-
ing of DNA replication, yet not the complete ablation (Rhind and Russell, 2000). This is in
contrast to G2/M arrest in which cells have completed DNA synthesis but contain damaged
DNA. We therefore deduce that SH-SY5Y, GI-ME-N and CLB-GA halt DNA synthesis when
exposed to L-GA. Despite this, a significant increase in the fraction of apoptotic cells was ob-
served. Apoptosis is known to occur in S-phase arrest via PI3K/Akt/mTOR, p53, MAPK and
E2F-1 mediated pathways (Pizarro et al., 2011; Segerström et al., 2011; Qiao et al., 2012). It is
unclear which pathway, or pathways, L-GA activates in neuroblastoma cells. However, the
chemotherapeutics resveratrol and doxorubicin are known to induce S-phase arrest in neurob-
lastoma cells via DNA damage and activation of ATR/ATM apoptotic pathways (Chen et al.,
2004; Rahman et al., 2012). It is possible that L-GA acts in a similar manner.

In summary, we find a heterogeneous response in cell cycle arrest in the neuroblastoma cell
lines tested with L-GA. The research shows that there is a common increase in the fraction of
sub-G1 cells, synonymous with apoptosis. Cell lines SK-N-AS, IMR-32, IMR 5/75 and BE(2)-C
appear to evade the S-phase arrest checkpoint and enter G2/M phase in which they are ar-
rested. When addressing the genetic profile, it is known that the MYCN status varies between
neuroblastoma cell lines (Lodrini et al., 2017). Cell lines that exhibit G2/M arrest harbour am-
plified MYCN copy numbers, whereas cell lines that exhibit S-phase arrest harbour MYCN gain
or MYCN diploid status. Although, SK-N-AS is an exception as it harbours MYCN diploid, yet
arrests in the G2/M phase. MYCN drives the transition from G1/S to G2/M, the amplification
of MYCN further forces this transition. It has been shown that application of anti-tumoural
drugs to MYCN amplified cells causes the accumulation of cells in the G2/M phase. Con-
versely, non-amplified MYCN cells accumulated in the G1/S phase upon treatment (Paffhausen
et al., 2007). High MYCN expression is also linked to increased cyclin D and E2F to drive G1/S
progression (Bell et al., 2007). MYCN is shown to cause the up-regulation of CHK1, an impor-
tant regulator of S-phase and G2/M checkpoints (Cole et al., 2011). It is suspected that cells
with high MYCN expression evade S-phase arrest, via MYCN influence on G1/S checkpoint
associated regulators.

The fibroblast cell line, VH-7 presented G2/M arrest, although no significant increase of the
apoptotic fraction. It is reported that low concentrations of oxidants can induce cell cycle arrest
in fibroblasts to a senescent like state (Dumont et al., 2000; Debacq-Chainiaux et al., 2005).
Analysis of the cell growth, cell imaging and cell cycle upon L-GA treatment of VH-7 cells,
suggests transition to a senescent state. L-GA did not causes detachment of VH-7 from plates
but hindered growth rates. Upon cell imaging, the research shows that cellular morphology
was altered yet this appeared non-toxic to the cell. As we have found L-GA to present oxidative
stress, it is likely that L-GA inhibits VH-7 growth and induces senescence.

Dysregulation of the actin cytoskeleton

In correlation to cell cycle arrest and inhibited cell growth we found that L-GA causes dysreg-
ulation of the cytoskeleton (figure 3.5). The maintenance of the cytoskeleton is an ATP depen-
dent reaction as the monomeric G-actin polymerises to F-actin utilising ATP. Currently, there
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is a sparsity of research on the effect of glyceraldehyde and the cytoskeleton. However, we
may look to research conducted by Huang et al. (2015) for a common mechanism. Glycolytic
inhibition via 2-DG has been shown to dysregulate actin polymerisation. In concordance with
our data, 2-DG was found to inhibit the formation of lamellipodia and filopodia and causes
dysregulation of F-actin. Furthermore, it has been reported that the blocking of the glycolytic
activator PFKFB3 also induces F-actin dysregulation (De Bock et al., 2013). Interestingly, the
authors state that F-actin dysregulation is a result of a depletion of glycolysis derived ATP and
mitochondrial ATP was not sufficient to maintain F-actin structure. Our data provides a novel
insight. We find that not only is F-actin structure dysregulated but polymerisation is inhib-
ited, as shown by the increase in the G-action fraction. As described by Galluzzi et al. (2014)
the cytoskeleton responds to and can initiate apoptotic signals. Specifically, BIM and BMF
sense damage of the cytoskeletal and translocate to the mitochondria to induce caspase activity
and mitochondrial outer membrane permeabilisation (MOMP) (Schmelzle et al., 2007; Galluzzi
et al., 2014). In further support of the data provided in this thesis, the cytoskeleton is sensi-
tive to oxidative stress. The actin bound protein cofillin A (CFL) dissociates from actin under
oxidative stress and translocates to the mitochondria to induce necrosis, apoptosis or anoikis
(the process of detachment of cells from a substrate) (Dalle-Donne et al., 2001; Leadsham et al.,
2010).

During the analysis of the cytoskeleton we found that multinucleation of cells was a hallmark
of L-GA treated cells. Multinucleation has been reported to be induced in response to DNA
damage, mitotic spindle damage and to cause apoptosis and cell cycle arrest (Hart et al., 2020).
We found that with increasing concentrations of L-GA the percentage of multinucleation in
neuroblastoma cells positively correlated. Interestingly, this was not observed in fibroblasts.
Cytotoxic compounds such as paclitaxel, doxorubicin and cisplatin generate DNA damage,
cell cycle arrest and multinucleation, mainly through the ATR-p53-p21 pathway (Eom et al.,
2005; Murray and Mirzayans, 2020). Given this, L-GA may act in a similar way, by inducing
replicative stress, inducing cell cycle arrest and inhibition of mitotic division.

In summary, cell cycle arrest, dysregulation and growth arrest are the hallmarks of L-GA
treatment in neuroblastoma cells. Nevertheless, we find significant heterogeneity between the
cell lines in response to treatment. Further work is required to disentangle the molecular and
genetic variation between neuroblastoma cell lines. It is suggested that a phosphoproteomics
approach would elucidate activation of specific cell line specific pathways. Although hetero-
geneity is evident, it is promising that L-GA is effective at inducing cell death and apoptosis in
all neuroblastoma cells tested. Furthermore, fibroblast cells experience significantly less cyto-
toxicity in response to L-GA.

4.2 L-GA targets nucleotide biosynthesis causing severe depletion of
pools

The work presented in this thesis provides a novel role of L-GA in inhibiting nucleotide biosyn-
thesis. In order to apply reasoning for the effect of L-GA on cell cycle arrest in neuroblastoma
cells, nucleotide pools were measured following L-GA treatment in a concentration and a time
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dependent manner. In a similar manner to the results from the cell cycle analysis, we found
a heterogeneous response of the depletion of nucleotides pools in response to L-GA between
neuroblastoma cell lines. As described in figure 3.10, IMR-32 and SH-SY5Y experience min-
imal decrease in nucleotide pools below 1 mM L-GA. Curiously, at 0.2 mM L-GA increases
nucleotide pools in IMR-32. As shown in the supplementary material figure 5.7 GI-M-EN dis-
played a step-wise decrease in nucleotide pools as L-GA concentration increased. SK-N-AS
showed a resistance to L-GA treatment, even at high L-GA concentration. However, there is
uncertainty about the relationship between cell growth and nucleotide metabolism in GI-M-EN
and SK-N-AS as no growth curves were produced. VH-7 presented a significantly less severe
response to L-GA treatment. As found with the rapid reduction in cell growth, nucleotides are
depleted at a similar rate. In IMR-32 and SH-SY5Y L-GA depletes nucleotide pools within 8 hrs.
The inhibition of nucleotide synthesis in cancer cells is achieved through a select few small
molecules as described in table 4.1. The common denominator between the drugs presented,
is that they inhibit downstream of ribose-5-phosphate (R5P). Boros et al. (1997) and Raïs et al.
(1999) showed in two separate studies that oxythiamine and dehydroepiandrosterone inhibit
R5P production via transketolase inhibition in the non-oxidative pentose phosphate pathway.
Furthermore, both drugs caused cell cycle arrest in the S and G2/M phases of Ehrlich Ascites
tumour cells (Raïs et al., 1999), in a similar manner to L-GA. However, the authors found no
apoptotic response. We performed cell growth analysis of IMR-32 and SH-SY5Y in the pres-
ence of oxythiamine at concentrations above that described by Raïs et al. (1999) and found no
evidence for cell growth inhibition figure 4.1. For this reason, we did not perform analysis on
nucleotide levels following oxythiamine treatment.

Drug Mode of action

5-Fluorouracil
(5-FU)

converted to 5-fluoro-2’-deoxyuridine monophosphate and inhibits
thymidylate synthase.

Hydroxyurea
(HU)

inhibits ribonucleoside diphosphate reductase, resulting in dNTP
depletion

Methotrexate
(MTX)

A folic acid analogue that inhibits dihydrofolate reductase and
the one carbon transfer reactions required for de novo synthesis of
purines.

Mycophenolic
Acid (MPA)

Inhibits Inosine-5’-Monophosphate Dehydrogenase (IMPDH) re-
ducing purine pools

Table 4.1: An example of therapeutic inhibitors of nucleotide metabolism (Thompson Coon, 2010; Siebert et al.,
2020)
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Figure 4.1: Oxythiamine does not affect cell growth of IMR-32 cells. IMR-32 was seeded at a density of 1.5e+4
cells per well in a 16-well RTCA iCelligence™ chip. Two wells were per treatment condition. Cells were treated
with either PBS or 1 mM L-GA 0.5 mM LGA, 200 µM Oxythiamine, 100 µM Oxythiamine, 100 µM Oxythiamine +
1 mM LGA, 200 µM Oxythiamine + 1 mM LGA and 200 µM Oxythiamine + 0.5 mM LGA 24 hrs post seeding, as
shown in the graph. Measurements were taken in triplicate every 15 minutes for 72 hrs. Error bars represent ± SD
of the mean.

4.2.1 L-GA targets specific nucleotide intermediates

As stated, we did not find that inhibiting TKT via oxythiamine had an effect on neuroblastoma
cell growth. The proposed action of L-GA is both an inhibition of glycolysis and on enzymes
requiring GA3P as a substrate. The nucleotide intermediates utilised by enzymes of de novo
purine and pyrimidine synthesis are depleted upon L-GA treatment (figure 3.11). As described
in figure 1.2, R5P is the root metabolite required for nucleotide biosynthesis. The synthesis of
R5P via the non-oxidative pathway requires GA3P as a substrate. The inhibition of glycolysis
at the GA3P position via L-GA may have a profound effect on nucleotide biosynthesis. The
data shows that the nucleotide intermediates which presented the largest depletion were IMP
and UMP, the terminal nucleotide intermediates before pyrimidine and purine synthesis. In-
terestingly, AICAR and SAICAR are found to be the least affected intermediates in SH-SY5Y
cells and SAICAR and PRPP in IMR-32 cells. This suggests that the co-factors that are required
for the synthesis of nucleotides after SAICAR are depleted. Qian et al. (2018) provide a possible
explanation for depletion of specific nucleotides. They state that glucose deprivation activates
AMPK which in turn inhibits phosphoribosyl pyrophosphate synthetase 1 (PRPS1). PRPS1
catalyses the metabolism of PRPP from R5P. It is possible that glyceraldehyde acts in a similar
manner to target PRPS1 via AMPK. Glycolysis supplies ATP needed for nucleotide phospho-
rylation. L-GA affects mono-, di- and tri- phoshorylated nucleotides in a step-wise fashion,
suggestive of depleted available ATP. In support of this, a significant increase in the AMP/ATP
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ratio as a function of L-GA concentration is observed. In order to delineate the effect of gly-
colytic inhibition on nucleotide biosynthesis and the role of L-GA in the pentose phosphate
pathway IMR-32 and SH-SY5Y cells were treated with BrPyr and starved of glucose. L-GA
treatment resulted in a more severe nucleotide depletion than alternate modes of glycolytic de-
pletion. In agreement with Pietzke (2015) and Ihrlund et al. (2008) there is a severe depletion of
ATP when neuroblastoma cells were treated with BrPyr. In addition, the D-isomer does not af-
fect nucleotide depletion as significantly as the L-isomer. This data correlates with the relative
level of growth inhibition observed in figure 3.16 and with the glycolytic inhibitory potential
of L- over D-GA (Mendel et al., 1938).

To summarise, L-GA targets nucleotide biosynthesis via glycolytic inhibition and by possi-
ble reduction of co-factors required for nucleotide intermediates. Glycolytic inhibition alone
does not result in the same severity of nucleotide depletion as L-GA presents. The relative ef-
ficacy of D- and DL-GA correlates with previous research. In line with cell cycle data, there is
a heterogeneity between the response nucleotide depletion between neuroblastoma cell lines.
However, the data does not provide sufficient evidence to explain this heterogeneity. As pre-
viously described, the cell lines tested harbour varying MYCN expression. IMR-32 presents
the highest MYCN expression followed by SH-SY5Y, GI-M-EN and SK-N-AS. MYCN has been
reported to target and up-regulate enzymes of pathways including: nucleotide biosynthe-
sis, RNA metabolism, DNA replication and repair, amino acid and one-carbon metabolism
(Huang et al., 2019). When considering nucleotide biosynthesis, Huang et al. (2019) found:
guanine monophosphate synthase (GMPS), IMP cyclohydrolase (ATIC), phosphoribosyl py-
rophosphate amidotransferase (PPAT) and thymidylate synthetase (TYMS) to be targets of
MYCN. Curiously, GI-M-EN has the most sensitive nucleotide response to L-GA treatment,
whereas SK-N-AS is the least sensitive. Therefore, it is unlikely that the MYCN status of the
cell correlates with sensitivity to nucleotide depletion on L-GA treatment.

4.3 The impact of L-GA on the metabolic profile of neuroblastoma
cells

The function of glyceraldehyde as a glycolytic inhibitor has dominated the focus of its previous
research. In line with Lardy et al. (1950) and Pietzke (2015), the data presented in this thesis
shows that L-GA causes a significantly greater inhibition of glycolysis than D-GA. Yet, the data
elucidates a novel mechanism by which L-GA inhibits neuroblastoma metabolism. Employing
the pSIRM strategy enabled the discovery that L-GA decreases the carbon flow into metabolites
that require NADH as a co-factor. Through the integration of GC- and DI- mass spectrometry
data sets, it was found that L-GA breaks the cycling of cytosolic NAD+/NADH. This break-
age impacts the redox state of the cell thereby inhibiting cellular metabolism. The following
sections describe the process by which L-GA targets neuroblastoma metabolism.

4.3.1 L-GA targets NAD+/NADH cycling

In order to measure the perturbations in the rapidly changing central carbon metabolism we
employed an instationary heavy isotope labelling approach. The pSIRM method permitted
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the measurement of metabolite concentration and incorporation of 13-C labelled carbon into
metabolites in a time-dependent manner. Cell lines, IMR-32 and SH-SY5Y showed significant
inhibition of glycolysis within 1 hr of L-GA treatment (figures 3.19, 3.20).

The mode of L-GA action was found to target down stream of glucose-6-phosphate (G6P)
and fructose-6-phosphate (F6P). This data contradicts Lardy et al. (1950) whereby they claim
that L-GA, or its metabolite sorbose-1-phosphate, inhibits hexokinase and synthesis of G6P.
Pietzke (2015) describes the inhibition of glycolysis by L-GA to be located between F6P and
glyceric acid-3-phosphate (3-PGA). This observation is more fitting with the data presented
in this thesis. In IMR-32 and SH-SY5Y 13-C label incorporation was depleted in glycerol-3-
phosphate (Glyc3P), lactate (Lac) and pyruvate (Pyr). Contrary to Pietzke (2015), 3-PGA was
not significantly affected. However, the measurement of this metabolite proved to be low in
sensitivity and reproducibility, therefore we cannot claim that 3PGA is unaffected by L-GA. La-
bel incorporation into Glyc3P, Pyr, and Lac is reduced in both IMR-32 and SH-SY5Y, therefore
L-GA acts down stream of F6P. The metabolite concentrations of Lac and Gly3P are unaffected
by L-GA treated suggesting that L-GA does not affect the utilisation of these metabolites. The
inhibition of label incorporation is suggestive of an inhibition in the enzymatic reaction fuelling
Lac and Glyc3P synthesis. This data is supported by the accumulation of Pyr observed in both
cell lines upon L-GA treatment. The decrease in label incorporation and increase in metabolite
pool reflects the inability of lactate dehydrogenase (LDH) to metabolise Pyr. Although gly-
colysis is inhibited up-stream of Pyr, as denoted by the decrease in label incorporation, the
metabolism of Pyr to Lac is also inhibited by L-GA. The accumulation of Pyr resulted in the re-
routing of carbons to citrate (Cit) as shown in figure 3.19. Curiously, D-GA treatment resulted
in the accumulation of Pyr and a decrease in the label incorporation, but did not affect the label
incorporation into Lac and Gly3P. D-GA does indeed inhibit glycolysis upstream of Pyr but
does not inhibit NADH dependent enzymes.

The principle producer of NADH is glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
The data presented indicates that L-GA inhibits GAPDH- or directly upstream at aldolase-
thereby inhibiting NADH production. Maswoswe et al. (1986) showed that D-GA did not
change cytoplasmic NAD+/NADH ratio, as indicated by the unchanged Lac/Pyr ratio in hep-
atocytes. The authors suggest that ATP depletion is a result of metabolism of D-GA to fructose
and its subsequent phosphorylation to fructose-1-phosphate (F1P). Pietzke (2015) complements
this data via the observation of increased F1P concentration upon D-GA treatment. Further-
more, F1P can be metabolised to glyceraldehyde-3-phosphate to maintain glycolysis, whereas
sorbose-1-phosphate produced from L-GA is not a substrate for glycolysis (Baker, 1938; Lardy
et al., 1950; Needham et al., 1951). Although fructose-1-phosphate was not measured in this
thesis, the data agrees with Lardy et al. (1950), Maswoswe et al. (1986) and Pietzke (2015) that
L-GA is a more effective inhibitor of the CCM. We postulate that L-GA targets the NADH
dependent enzymes glycerol-3-phosphate dehydrogenase (GPD) and LDH via a mechanism
outside of glycolytic inhibition alone. This will be discussed in section 4.5.
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4.3.2 L-GA induces increased glutaminolysis

In addition to high rates of glycolysis, cancer cells up-regulate glutaminolysis to support the
biosynthesis of amino acids and nutrients for biosynthesis of macromolecules (De Berardinis
and Chandel, 2016; Ades et al., 2017). We measured the rate of glutaminolysis in neuroblas-
toma cells by employing the pSIRM method supplemented with U-13C-glutamine. The data
provided in this thesis shows that L-GA induces an increase in the utilisation of glutamine
and the flow of labelled carbons within TCA cycle intermediates increases (figures 3.22, 3.23)).
Curiously, D-GA did not increase label incorporation into intermediates of the TCA cycle.

In both IMR-32 and SH-SY5Y the U-13C-glutamine derived label incorporation into TCA
metabolites: succinate, fumarate, malate and citrate was increased upon L-GA treatment. The
increase in glutaminolysis was confirmed by the increase in label incorporation in glutamate.
However, in IMR-32 the label incorporation of α-ketoglutarate (α-KG) does not change rela-
tive to untreated cells, in SH-SY5Y it was apparently decreased. This would seem counter-
intuitive as α-KG is the initial metabolite that drives the TCA cycle derived from glutamine.
Furthermore, α-KG metabolite concentrations were significantly increased upon L- and D-GA
treatment, which is strikingly similar to the results from U-13C-glucose derived Pyruvate. Two
possible explanation for this phenotype exist. Firstly, the rate of oxidative deamination of glu-
tamate to α-KG is significantly up-regulated upon glyceraldehyde treatment resulting in an
accumulation of α-KG due to production out-weighing its consumption - or more precisely its
conversion to succinate. This theory would be supported by the reduction in metabolite con-
centration of glutamate in glyceraldehyde treated cells. It is also to be noted that the oxidative
deamination of glutamate to α-KG is an NAD+ dependent reaction, indeed if glyceraldehyde
favours the production of NAD+ thereby generating an oxidising environment; oxidising re-
actions will be favoured. This is supported by the significant increase in labelled quantity of
α-KG in L-GA treated IMR-32 cells. Secondly, we may state that unlabelled α-KG is produced
through routes independent of glutamine, which are up-regulated upon L-GA treatment. Isoc-
itrate dehydrogenase (IDH) catalyses the conversion of isocitrate to α-KG. We observed the
accumulation of pyruvate and citrate upon L-GA treatment during U-13C-glucose labelling.
Therefore, the accumulation of pyruvate and citrate would favour the forward reaction of
citrate-isocitrate-α-KG via IDH (Kaminska et al., 2019). As we will discuss in more detail,
L-GA induces a redox imbalance and an increase in oxidative stress. α-ketoglutarate dehy-
drogenase (α-KGDH) converts α-KG to succinyl-CoA (suc-CoA). We suggest that the increase
in oxidative stress, particularly in IMR-32 cells, inhibits α-KGDH and leads to α-KG accumu-
lation. In addition, NAD+/NADH ratio is a key regulator of ROS production by α-KGDH, as
α-KGDH produces H2O2 during α-KG metabolism. Tretter and Adam-Vizi (2004) postulated
that α-KGDH is not only a target of ROS but could significantly contribute to generation of
oxidative stress in the mitochondria. Therefore, it is possible there is a strong positive feedback
loop between L-GA, NAD+/NADH cycling and the production of ROS. As L-GA causes redox
stress via breakage of NAD+/NADH cycling, ROS increases and ROS-sensitive enzymes are
inhibited.

In summary, the data provided in the thesis addresses the role of glyceraldehyde within the
CCM in a novel light. To date, the effect of glyceraldehyde on glutaminolysis is unreported.
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L-GA and D-GA show significantly different modes of action on both glycolysis and the TCA
cycle when intermediates are labelled with U-13C-glucose and U-13C-glutamine, respectively.
We have elucidated a mechanism by which NADH-dependent enzymes are inhibited by L-
GA although not D-GA in a 1 hr treatment window. Further work is required to extend this
treatment window in the context of the apparent increase in TCA activity upon L-GA treat-
ment and glutaminolysis. As stated by Tretter and Adam-Vizi (2004), glutaminolysis induces
ROS production via α-KGDH. Given that L-GA increases TCA activity we may assume that
mitochondrial ROS levels continue to rise as a function of L-GA exposure time. It would be of
significant interest to test this hypothesis in relation to mitochondrial activity given the exten-
sive research on the cytosolic effect of L-GA. As stated by Wang et al. (2018), MYCN-amplified
neuroblastoma cell lines increase glutaminolysis. We may account for the apparently reduced
levels of α-KG levels in SH-SY5Y relative to IMR-32 by their MYCN status. Enzymes catalysing
reactions within the TCA cycle (CS, IDH2, α-KGDH) show enhanced mRNA and protein ex-
pression in MYCN amplified neuroblastoma cells (Otte et al., 2021). Therefore we suggest that
IMR-32 is more sensitive to ROS agents such as L-GA due to its up-regulation of ROS produc-
ing pathways.

4.4 L-GA induces perturbations in the proteome

We employed a shotgun proteomics approach to address the effect of L-GA on the proteome
and discern perturbations in metabolic pathways. The proteomic landscape of L-GA treated
neuroblastoma cells supported previous evidence that significant heterogeneity exists. Through
PCA analysis of identified proteins we identified SK-N-AS to be significantly unique, IMR-32
and SH-SY5Y showed similarity as did BE(2)-C and GI-M-EN. In line with the metabolic pro-
file, the main pathway identified in L-GA treated cells was associated with redox and ROS
pathways. Here we discuss the identities of the statistically significant proteins identified after
L-GA treatment (list of significant proteins given in supplementary material table 5.12).

4.4.1 Up-regulation of the oxidoreductase enzyme class

An oxidoreductase is an enzyme that utilises the co-factors NADP+ or NAD+ to transfer elec-
trons from a reductant to an oxidant. For example, haemeoxygenase (HMOX1) is oxidised by
O2 to mitigate oxidative stress in the cell. As shown in figures (3.24, 3.26) we found the up-
regulation of enzymes of the oxidoreductase class in 4 out 5 neuroblastoma cell lines and VH7.
SK-N-AS did not show increased oxidoreductase activity. Upon pathway annotation of the
up-regulated oxidoreductases, the KEAP1-NRF2 pathway was elucidated. The KEAP1-NRF2
pathway is initiated upon increase of ROS (Mitsuishi et al., 2012). Chemotherapeutics such as
doxorubicin and cisplatin induce ROS and DNA damage in cancer cells (Conklin, 2004; Marullo
et al., 2013). Furthermore, glycolytic inhibitors 2-deoxyglucose and bromopyruvate also induce
elevated ROS (Ihrlund et al., 2008; Wang et al., 2011). Although these studies do not address
NRF2, we show that targets of NRF2-mediated ROS response are up-regulated in L-GA treated
cells in a similar manner to other therapeutics. NRF2 induces metabolic reprogramming in can-
cer cells. Mitsuishi et al. (2012) show that NRF2 redirects glucose and glutamine into anabolic
pathways, particularly under the sustained activation of PI3K-AKT signaling. We found that



88 Chapter 4. Discussion

the NRF2 targets of antioxidant response were up-regulated (NQO1 and HMOX1) but G6PD
was not, nor did we find evidence for increased glycolytic or TCA cycle targets. The data
presented in figure 3.31 showed that NADPH production was not increased in neuroblastoma
cells. This complements the observation that glycolytic enzymes were not increased by NRF2
activation.

The KEAP1-NRF2 pathway initiates a cryoprotective response therefore it seems counter-
intuitive that we observe antioxidant mechanisms in cell lines that also show cell death upon
L-GA treatment. We suggest that this method of proteomic analysis is in fact selection. When
treating the cells for 24 hrs with 1 mM L-GA the cells that remain on the plate are of a population
of ’surviving’ cells. Therefore, we understand only that in response to L-GA cells may attenuate
oxidative stress by antioxidant mechanisms. Although, it is clear not every cell line acts with
this response.

4.4.2 Apoptotic signalling pathways are initiated in response to L-GA

Cell cycle analysis showed that after 72 hrs incubation of L-GA the sub-G1 population of all
neuroblastoma cell lines tested increased. Sub-G1 is indicative of apoptotic cells. Across cell
lines we observed an increase in apoptotic related proteins such as: BAD, MCL1, CYCS, CASP3
(sup. material, table 5.12). Interestingly, in SH-SY5Y cells we observed an increase in the NFκB
protein, suggestive of PI3K activation upon L-GA treatment. Apoptosis is also induced via 2-
DG and BrPyr in cancer cells. Xu et al. (2005) showed that the AKT-BAD mediated apoptotic
pathway is induced following 18 hrs treatment with 100 µM with BrPyr in HL-60 liver cancer
cells, furthermore increased caspase 3 cleavage occurs. Although we have not discerned the
exact pathway which initiates apoptosis we may suggest from the up-regulated protein profile
that L-GA modulates, or in part, the PI3K-AKT-mTOR mediated apoptosis and autophagy.
However, further work is required to define this hypothesis. Given the broad spectrum of
L-GA action, we postulate that many energy sensing pathways are modulated.

4.4.3 Cell cycle specific proteins correlate to cell cycle analysis

Cell cycle arrest can be defined not only by measuring the DNA content and deriving the spe-
cific cell cycle phases, but also by the expression of cell cycle specific proteins. As described
in figure 3.6 SH-SY5Y and GI-M-EN experienced S-phase arrest following L-GA treatment,
whereas IMR-32, SK-N-AS and BE(2)-C arrest in G2/M. Thymidylate synthase (TYMS) is an S-
phase specific enzyme which catalyzes the conversion of dUMP to dTMP, its inhibition leads is
known to induce S-phase arrest (Sakoff and Ackland, 2000). In line with our data, Zhang et al.
(2020) describe that the knockdown of TYMS in retroperitoneal liposarcoma cells induces sig-
nificant S-phase arrest and apoptosis. The mechanism by which L-GA down-regulates TYMS in
SH-SY5Y and GI-M-EN is not understood from the data provided in this thesis, as we cannot
dicepher whether L-GA induces TYMS down-regulation or whether TYMS down-regulation
is a facet of S-phase arrest. Interestingly, ribonucleotide reductase subunit 2 (RRM2), which
responsible for the ribonucleotide to deoxyribonucleotide conversion during the S phase, is
down-regulated in all cell lines except SY-SY5Y and GI-M-EN. We suggest that TYMS and
RRM2 are markers of S-phase arrest and depletion of deoxyribonucleotides in SH-SY5Y and
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GI-M-EN. IMR-32, SK-N-AS and BE(2)-C displayed markers of G2/M arrest. Stratifin (SFN)
is a master regulator of G2/M transition (Laronga et al., 2000). SFN prevents mitosis by se-
questering cdc2/cyclin B1 and stalling the cell cycle to allow for p53-mediated DNA damage
repair (Yang et al., 2003). In the data provided in this thesis SFN showed an extreme response
to L-GA, therefore it is suggested that the regulation of this protein be investigated in further
work. In addition we found SRC to be significantly down-regulated on L-GA treatment. As
shown by Park et al. (2009) and Hishiki et al. (2011), SRC inactivation leads to cell cycle arrest
in breast cancer cells and apoptosis in neuroblastoma cells. The authors describe that down-
regulation of SRC modulates the PI3K/AKT/mTOR pathway to induce cell death. This may
give credence to the investigation of the effect of L-GA on the PI3K/AKT/mTOR pathway.

In summary, the proteomic profile of L-GA treated cells significantly changed. In concur-
rence with anti-tumoural drugs, L-GA induces an anti-oxidant response. Although, this re-
sponse is heterogeneous between neuroblastoma cell lines, evidence is presented towards the
modulation of the PI3K/AKT/mTOR signalling pathway by L-GA. Furthermore, enzymes of
the nucleotide biosynthesis pathway show significant response to L-GA treatment. However,
the mechanism by which L-GA modulates enzymes such as TYMS, RRM2 and NME1 is unclear.
As previously discussed, it is apparent that L-GA may modulate a number of pathways which
are glycolysis dependent. Deciphering the relative importance and impact of these pathways
requires a highly integrated approach which is outside the scope of this thesis. We suggest
that a time framed phospho-proteomic method be the most appropriate way to untangle L-GA
action as a function of time.

4.5 Oxidative stress is a hallmark of L-GA treatment

The data presented in this thesis clearly shows that the oxidative stress induced by L-GA is a
factor in its anti-cancer action. Analysis of metabolites, nucleotides, proteomics and cell growth
showed that oxidative stress is induced. The application of the anti-oxidant, N-acetyl cysteine
(NAC), remedied the action of L-GA in IMR-32 and SH-SY5Y cells. The mitigation of oxidative
stress restored metabolic function and nucleotide synthesis.

Takahashi et al. (2004) reported that 2 mM D-glyceraldehyde induces ROS in Wistar rat
islets. The application of NAC reduced D-glyceraldehyde induced ROS . The data in this
thesis complements Takahashi et al. (2004) findings, although D-GA was not tested for ROS
production in neuroblastoma cells. The data provided shows that L-GA inhibits metabolism at
NAD+/NADH cycling bottlenecks and induces a redox crisis. We postulate that the increase in
ROS species generated L-GA inhibits ROS sensitive enzymes. Here we discuss the mechanism
by which L-GA induced ROS is remedied by NAC.

4.5.1 Nucleotide biosynthesis is a ROS sensitive process

Nucleotide biosynthesis has been shown to be significantly inhibited by ROS. The application
of H2O2 in IMR-32 and SH-SY5Y neuroblastoma cells induced a depletion of nucleotide pools
(figure 3.30). Through the measurement of the ratios of nucleotide intermediates it was evi-
dent that SH-SY5Y and IMR-32 respond differently to oxidative stress. IMR-32 proved to be
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much more sensitive to H2O2 with early intermediates such as PRPP depleting significantly.
Curiously, in both cell lines SAICAR was displayed accumulation upon ROS exposure (fig-
ure 4.2). This is of particular mechanistic significance as accumulation of SAICAR induces
increased PKM2 activity. Keller et al. (2014) showed that SAICAR induces the phosporyla-
tion of PKM2, driving the metabolism of phosphoenol pyruvate to pyruvate promoting cancer
cell growth. This mechanism may be additive to the accumulation of pyruvate via lactate de-
hydrogenase inhibition. The addition of NAC restores nucleotide depletion of L-GA treated
neuroblastoma cells and reduces SAICAR accumulation. This evidence supports the fact that
nucleotide biosynthesis is a ROS sensitive pathway. Adenylsuccinate lyase (ADSL) catalyses
the metabolism of SAICAR to AICAR, given that SAICAR is accumulated upon both L-GA and
H2O2 treatment. It is likely that ADSL is highly ROS sensitive.

**** ****** ns **

** *** ns ns

**** ***** ns *

**** **** ns **

ns nsns ns ns*

ns nsns ns nsns

**** ns**** ** ns****

** nsns * nsns

**** *** ns ns

* *ns ns ns

**** ***** ns ns

** ns**** ns ns**

*** ns**** * ns****

*** ***** *** *******

dTMP/dUMP
23  −RMI

dTMP/dUMP
Y5YS  −HS

AMP/IMP
23  −RMI

AMP/IMP
Y5YS  −HS

UMP/PRPP
23  −RMI

UMP/PRPP
Y5YS  −HS

AICAR/SAICAR
23  −RMI

AICAR/SAICAR
Y5YS  −HS

IMP/AICAR
23  −RMI

IMP/AICAR
Y5YS  −HS

PRPP/R5P
23  −RMI

PRPP/R5P
Y5YS  −HS

SAICAR/PRPP
23  −RMI

SAICAR/PRPP
Y5YS  −HS

PB
S AG  −L

H2O
2_

10
0

H2O
2_

20
0 CAN+AG  −L H2O
2+

NAC
NAC

PB
S AG  −L

H2O
2_

10
0

H2O
2_

20
0 CAN+AG  −L H2O
2+

NAC
NAC

PB
S AG  −L

H2O
2_

10
0

H2O
2_

20
0 CAN+AG  −L H2O
2+

NAC
NAC

PB
S AG  −L

H2O
2_

10
0

H2O
2_

20
0 CAN+AG  −L H2O
2+

NAC
NAC

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

0

5

10

15

0.0
0.5
1.0
1.5
2.0

0
1
2
3
4
5

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0
2.5

0.0
0.5
1.0
1.5
2.0

0.0
0.5
1.0
1.5
2.0

Treatment Condition

]  − [ S
B

P ot evitaler seditoelcun fo oita
R

Figure 4.2: Ratio of nucleotide intermediates following ROS exposure. Cell lines IMR-32, SH-SY5Y were treated
with treated with a range of L-GA concentrations (0-1.5 mM) or PBS for 24 hrs. Nucleotides were extracted from
cell lysates and measured by DI-MS/MS. Boxplots present the ratio of intermediates as product/substrate. Data
shown represents n=4 with 3 technical replicates. Error bars represent ± SEM. P-values were calculated using the
Wilcox test. Stars represent: ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.

Research into the effect of ROS on the nucleotide intermediate metabolism is sparse. Al-
though much is known about the effect of ROS on depletion of ATP production and DNA
damage, the research in this thesis provides novel insights to how ROS affects nucleotide inter-
mediates. We show that L-GA has a similar action to H2O2 in depleting nucleotides and which
intermediates are most affected. The application of NAC confirms that nucleotide synthesis is
indeed ROS sensitive. Further work is required to identify the specific enzymes which are most
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susceptible to ROS. It is unclear whether it is a direct action of ROS on nucleotide metabolising
enzymes or whether it is a result of signalling pathway perturbation.

4.5.2 Application of NAC restores NAD+/NADH cycling inhibited by L-GA

In order to discern whether the metabolic inhibition of neuroblastoma cells was a result of an
increase in reactive oxygen species, we supplemented L-GA treated cells with the antioxidant
NAC. Through the employment of the pSIRM method it was discovered that NAC restores the
metabolic function of NADH-dependent enzymes. Specifically, it was found that the incorpo-
ration of labelled carbon from U-13C-glucose was restored with NAC treatment into lactate,
pyruvate and glycerol-3-phosphate. Figure 3.31 showed that the phosphorylation potential of
L-GA treated cells was recovered upon NAC treatment, suggesting that glycolytic function and
ATP production was restored. Furthermore the NAD+/NADH ratio returned to untreated lev-
els upon NAC treatment. Together these results complement the hypothesis that L-GA induces
oxidative stress that inhibits NADH-dependent enzymes which serve to maintain adequate
glycolytic production of ATP. The results presented in this thesis are supported by the findings
of Uetaki et al. (2015), they showed that Vitamin C induces strikingly similar effects in MCF7
human breast adenocarcinoma and HT29 human colon cancer cells as L-GA does in liver can-
cer or neuroblastoma cells. At 1 mM Vitamin C (notice that this concentration is equivalent
to the molarity of L-GA used in this thesis) HMOX1 is up-regulated. The addition of 10 mM
NAC reduced HMOX1 to untreated levels. The authors find that there is a depletion in reduced
glutathione (a major ROS scavenger) as a function of vitamin C concentration. It is unfortunate
that we, as yet, have not measured glutathione levels in L-GA treated neuroblastoma cells.
Upon metabolic analysis the authors found that the glycolytic flux between glyceraldehyde
3-phosphate (GA3P) and D-glycerate 1,3-bisphosphate (1,3-BPG) mediated by glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was suppressed by vitamin C in the MCF7 and HT29
cells. Furthermore, vitamin C depleted NAD+ levels and inhibited dNTP synthesis. However,
and probably most crucially, vitamin C did not show global depletion of nucleotides and their
intermediates (Uetaki et al., 2015). The authors fall short in explaining the mechanism by which
vitamin C induces apoptosis through NAD+ and glycolytic depletion. We suggest that L-GA
acts in a similar way on glycolysis as vitamin C, however L-GA exhibits a more pronounced
effect on nucleotide biosynthesis and depletes NADH levels via GAPDH inhibition.

In summary, it is clear that the effects of L-GA are mitigated by the application of the antiox-
idant NAC. The metabolic profile and NADH-dependent enzyme functions are restored. As
shown in figure 3.34 we found that L-GA was not inactivated by the presence of NAC, as sim-
ilar intracellular L-GA quantities were present in the cells. Therefore, we conclude that NAC
acts to reduce L-GA induced reactive oxygen species inhibit levels. ROS inhibit multiple gly-
colytic enzymes, including glyceraldehyde 3-phosphate dehydrogenase, pyruvate kinase M2,
and phosphofructokinase-1 (Mullarky and Cantley, 2015). It is proposed that NAC restores
metabolic function in L-GA treated cells through the reduction in ROS that inhibit the catalytic
site of GAPDH, thereby restoring NADH production. In support of the data in this thesis, Le
et al. (2010) showed that the inhibition of LDH contributes to oxidative stress and the appli-
cation of NAC mitigated ROS induced cell death. The data in this thesis links oxidative stress
to nucleotide biosynthesis. It is shown that depletion of nucleotides via L-GA is reversible
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by NAC application, this is also reflected with the the strong oxidant H2O2. However, the data
only shows the effect of H2O2 on nucleotide pools, for completion it is suggested the metabolite
pools are also measured.

4.5.3 The fate of glyceraldehyde

It is in the interest of due diligence that we address the metabolites of L-GA. Pietzke (2015)
showed that the metabolite of L-GA, sorbose, does not inhibit cancer cell growth when applied
to cell culture medium. In figure 3.34 three main metabolites of L-GA were found in neurob-
lastoma cells. In line with Pietzke (2015), we found that L-GA is metabolised to glyceric acid,
glycerol and glycolic acid. Remarkably, we found that NAC did not affect the metabolism of
L-GA to glycerol or glyceric acid. However, the metabolite quantities of glycolic and glyoxylic
acid are significantly reduced in both IMR-32 and SH-SY5Y cells when NAC is present. To
further support the narrative that NADH availability is central to the mechanism L-GA action,
the NADH-dependent glyoxylate reductase enzyme metabolises glycolic acid and glyoxylic
acid (Booth et al., 2006). Accumulation of both of these metabolites is indicative of insufficient
NADH pools and both present toxicity at elevated concentrations (Baker et al., 2004).

4.6 Conclusions and limitations

The data presented provides significant reasoning for the importance of homeostasis to the
neuroblastoma cells. It is shown that L-GA causes disastrous metabolic inhibition which ei-
ther consequently, or concurrently leads to: inhibited cell growth, cell cycle arrest, depleted
nucleotides and dysregulation of the cytoskeletal structure. This multifaceted cell response ini-
tiates redox defence mechanisms. However, at the concentration of L-GA used, the metabolic
system is overwhelmed and cell death ensues. The application of the anti-oxidant NAC re-
sults in an almost complete reversal of the L-GA treated phenotype. Figure 4.3 postulates a
mechanism whereby L-GA generates ROS to deplete NADH and ATP in a positive feedback
mechanism. ROS inhibits GAPDH and initiates NRF2. The increase in AMP/ATP ratio by
deleption of ATP activates AMPK leading to cell cycle arrest and apoptosis. This section of the
mechanism needs resolving through further signalling pathway analysis. Upon application
of NAC the NAD+/NADH cycle is restored through lowering ROS and metabolic function
proceeds.
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Figure 4.3: Proposed mechanism of the action of L-GA. At adequate concentrations of L-GA, the NAD+/NADH
cycle is inhibited leading to depleted NADH and ATP pools. Depletion of NADH creates a redox crisis in the cell
leading to increased ROS levels which further inhibit NADH production at GAPDH. Phosphorylation of
nucleotides from mono- to di- to tri- is inhibited via glycolytic inhibition resulting in increased AMP levels and
activation of AMPK. Increased ROS levels stimulate NRF2 activation and an anti-oxidant response to cope with
L-GA treatment. As ROS levels exceed homeostatic levels NRF2 coordinates cell cycle arrest via ATR/CHK1
pathway (Márton et al., 2018). L-GA may also act to reduce the activity of the non-oxidative pentose phosphate
pathway. The application of NAC reduces ROS levels restoring metabolic function, nucleotide biosynthesis and
avoidance of apoptosis. Enzymes are presented in italics, metabolites and cellular responses are in Roman serif.
Pathways and metabolites that negatively effect the cell are depicted in red. Arrows indicate positive regulation
and barred ends indicate inhibition.

The work presented in this thesis has drawbacks specific to the protocol and technology
employed. Here we address the relative limitations to the project. The GC-MS pipeline re-
quires thermally stable compounds for both the process of derivitisation and for measurement.
The central carbon metabolic pathway is populated by hexose and triose phosphates and their
isomers. GC-MS has the benefit of distinguishing isomers such as fructose-6-phosphate and
glucose-6-phosphate with relative ease, given their unique retention times in the GC column
(Halket et al., 2005). However, due to the hydrolysis of the sugar-phosphate bond, low abun-
dant phosphate metabolites, such as glyceraldehyde-3-phosphate, present difficulty in mea-
suring. Furthermore, molecules must evaporate during the injection process into the machine.
High heat is inconducive to the integrity of thermolabile phosphate bonds, such as di- and
triphosphates (F1,6BP, ATP and NADPH) (Lu et al., 2017). In the context of this thesis, metabo-
lites of the oxidative and non-oxidative pentose phosphate pathway (PPP) were in most cases
unquantifiable or not reproducible. To gain better coverage over the PPP - which is integral
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to understanding the link of the action of L-GA to nucleotide biosynthesis - we suggest an al-
ternative method of analysis. The method used for nucleotide extraction and subsequent ESI
DI-MS/MS enriches for phosphorylated molecules. Although it was untested in this thesis,
it is not unlikely that PPP intermediates will be enriched along with nucleotide. However, a
drawback to this method would be the quantity of work required to select the specific MS/MS
transitions for each molecule. This is further complicated when selecting unique transitions in
a 13C-labelling protocol.

The nucleotide analysis in this thesis takes a relative concentration approach. This is effec-
tive at comparing treated to untreated samples, but does not account for the differences in total
nucleotide pools between cell types. It was chosen to take a relative approach to normalise
each nucleotide to its relative treatment condition. In the event that a researcher wishes to
compare nucleotide abundance between cell types, absolute concentration must be employed.
In addition, the hydrolysis of tri- di- to mono phosphorylated nucleotides during extraction is
difficult to account for. Future experiments may account for this by spiking in a labelled tri-
phosphorylated nucleotide and measuring the relative degradation to subsequent phosphory-
lation states.

The limitations of nucleotide and metabolite analysis links to signalling pathway analysis. To
further the research presented, it is suggested that key metabolites are investigated as modula-
tors of signalling pathways. Sid et al. (2014) showed that the nucleotide intermediate AICAR
induces NRF2 activation in hepatocarcinoma cells. Given that we observed significant effects
on both SAICAR and AICAR, elucidating their role in redox would be recommended. Pre-
liminary results, with unsuccessful reproducibility, showed activation of AMPK and AMPK
phosphorylation upon L-GA treatment (supplementary material section 5.2, figure 5.2). How-
ever, this is supported by the evidence of high AMP levels in nucleotide analysis (figure 3.31).
The quantification of AMPK phosphorylation by western blot is, by conjecture, notoriously dif-
ficult. We suggest that AMPK activity is inferred by the activity of S6K and the mTOR target-
ACC, which have proved successful in recent studies (Orozco et al., 2020).

The experiments carried out in this thesis are, and can only be, interpreted as the effect of
a compound under in vitro conditions. In vitro testing has the advantage of relatively large
sample size, which can be sampled at short intervals. In the context of pSIRM, this is essential
to understanding the kinetics of a metabolic system. However, to extrapolate in vitro kinetics
to in vivo kinetics is a fallacy. Under in vitro conditions, a synthetic environment is created in
which nutrient and oxygen availability does not reflect the system in a tumoural environment.
As described in the introduction, the tumour micro-environment (TME) varies spatially, with
oxygen availability depleting towards the centre of a tumour mass. In addition, nutrient avail-
ability is not uniform within the TME, therefore metabolism would not be uniform in cells of a
tumour mass. This caveat is linked to the choice of a non-cancerous control cell line when per-
forming in vitro experiments. It must be stressed that using a fibroblast cell line as a reference
to a neuroblastoma cell line is not an optimal comparison. It is a generally accepted issue that
there is a lack of appropriate in vitro control cell lines for neuroblastoma research. This is, in
part, due to the heterogeneous lineage of neuroblastoma cells. It is suggested that the use of
spheroid cell cultures and organoids would be an improvement on in vitro model systems.
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4.6.1 Outlook

Despite 80 years of research L-GA has yet to take hold as a viable therapeutic. When brack-
eted in a manner similar to BrPyr and 2-DG, the therapeutic concentration required is relatively
high. For comparison, in the context of neuroblastoma the conventional regimen of vincristine
[O], cisplatin [P], etoposide [E], and cyclophosphamide [C], OPEC, dosages are in the micro-
molar range. However, the therapy lasts up to 126 days. Patients experience severe side ef-
fects ranging from hair loss, appetite suppression, nausea and increased chance of resistance
(Pearson et al., 2008). Due to the the high molarity of L-GA required for potential therapy it is
unlikely to translate into a mono-therapy. However, L-GA has scope to be used as an adjunct to
provide more efficacy to OPEC regimens, reducing the concentrations and time for chemother-
apy treatment. Indeed, BrPyr and 2-DG have been explored as chemopotentiators for platinum
derived therapeutics showing promising results (Ihrlund et al., 2008). The synergistic effect
of L-GA with current neuroblastoma therapeutics needs to be explored. Indeed, it has been
shown as recently as 2014 that, 2-DG and DL-GA act in synergy to reduce tumour growth of
ehrlich ascites carcinoma (Kapoor et al., 2014). It is hoped that this research is continued in
partnership with the clinic and the laboratory, to achieve the translational potential of L-GA
and the work described in this thesis.
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Chapter 5

Supplementary Data

5.1 Materials
Table 5.1: Cell culture reagents and supplements

Name Supplier
2-Deoxyglucose Sigma-Aldrich, D - Darmstadt
3-Bromopyruvate Sigma-Aldrich, D - Darmstadt
Dimethyl sulfoxide Sigma-Aldrich, D - Darmstadt
D-Glyceraldehyde Sigma-Aldrich, D - Darmstadt
D,L-Glyceraldehyde Sigma-Aldrich, D - Darmstadt
DMEM, no glucose, glutamine, phenol red Gibco, USA - Waltham
Fetal bovine serum Gibco, USA - Waltham
Glucose Sigma-Aldrich, D - Darmstadt
L-Glutamine Gibco, USA - Waltham
L-Glyceraldehyde Sigma-Aldrich, D - Darmstadt
N-acetyl-L-cysteine Sigma-Aldrich, D - Darmstadt
Phosphate-buffered saline Gibco, USA - Waltham
Trypan Blue Solution (0.4%) Gibco, USA - Waltham
TrypLE Express Gibco, USA - Waltham
U-13C-Glucose Campro-Scientific, D - Berlin
U-13C-Glutamine Campro-Scientific, D - Berlin

Table 5.2: Chemicals

Compound Supplier
Acetic acid Fluka, D - Darmstadt
Acetonitrile VWR, USA - Radnor
Acrylamide Carl Roth, D - Karlsruhe
Ammonium bicarbonate Fluka, D - Darmstadt
Ammonium persulfate Sigma-Aldrich, D - Darmstadt
Bromphenol blue AppliChem GmbH, D - Darmstadt
BSA SERVA, D - Heidelberg
CaCl2 (1 M), nuclease-free Sigma-Aldrich, D - Darmstadt
Chloroform Sigma-Aldrich, D - Darmstadt
Chloroform-isoamyl alcohol (24:1) Carl Roth, D - Karlsruhe
Cinnamic acid Sigma-Aldrich, D - Darmstadt
DAPI Sigma-Aldrich, D - Darmstadt
DNA loading dye (6x) Thermo Fisher, USA - Waltham

Continued on next page
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Table 5.2: Continued from previous page

Compound Supplier
DTT Sigma-Aldrich, D - Darmstadt
EDTA Carl Roth, D - Karlsruhe
Ethanol (EtOH) LiChrosolv, D - Darmstadt
Formaldehyde (16%) Polysciences, USA - Warrington
Formamide AppliChem GmbH, D - Darmstadt
Formic acid Fluka, D - Darmstadt
Glucose Sigma-Aldrich, D - Darmstadt
Glycerol Carl Roth, D - Karlsruhe
Glycine Carl Roth, D - Karlsruhe
HEPES Sigma-Aldrich, D - Darmstadt
Hexylamine Sigma-Aldrich, D - Darmstadt
IAA Sigma-Aldrich, D - Darmstadt
Isopropanol Carl Roth, D - Karlsruhe
MgCl2 Sigma-Aldrich, D - Darmstadt
MeOH Merck, D - Darmstadt
MeOx Sigma-Aldrich, D - Darmstadt
Skim milk powder Sigma-Aldrich, D - Darmstadt
MSTFA VWR, USA - Radnor
NaCl Sigma-Aldrich, D - Darmstadt
Na-deoxycholate Sigma-Aldrich, D - Darmstadt
NaOAc Thermo Fisher, USA - Waltham
NH4Ac Carl Roth, D - Karlsruhe
NH4OH Sigma-Aldrich, D - Darmstadt
NP-40 Sigma-Aldrich, D - Darmstadt
Page ruler prestained protein ladder Bio-Rad, D - München
PBS (10x) Biochrom, D - Darmstadt
Phophatase inhibitor cocktail Sigma-Aldrich, D - Darmstadt
PMSF Sigma-Aldrich, D - Darmstadt
Protease Inhibitor Cocktail, EDTA-free Roche, D - Darmstadt
Pyridine Sigma-Aldrich, D - Darmstadt
Sodium acetate (3 M), pH 5.5, nuclease free Invitrogen, USA - Waltham
SDS (20%) Carl Roth, D - Karlsruhe
TEMED Carl Roth, D - Karlsruhe
Triflouracetic acid Merck, D - Darmstadt
TrisBase Carl Roth, D - Karlsruhe
TrisHCl Carl Roth, D - Karlsruhe
Triton x-100 Carl Roth, D - Karlsruhe
Trypsin Beads Aplied Biosystems, USA - Waltham
Tween-20 Carl Roth, D - Karlsruhe
Urea Carl Roth, D - Karlsruhe

Table 5.3: SDS-PAGE gel preparation

Component 4% 8% 10% 12%

H2O 6.1 mL 4.6 mL 4.0 mL 3.3 mL
Acrylamide 30% 1.33 mL 2.7 mL 3.3 mL 4.0 mL
0.5 M Tris (pH 6.8) 2.5 mL - - -
1.5 M Tris (pH 8.8) - 2.5 mL 2.5 mL 2.5 mL
SDS 10% 100 µL 50 µL 50 µL 50 µL
Ammonium persulfate 10% 50 µL 50 µL 50 µL 50 µL
TEMED 10 µL 6 µL 4 µL 4 µL
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Table 5.4: Commercial kits

Kit Supplier
DCFDA / H2DCFDA - Cellular ROS Assay Kit abcam, UK-Cambridge
ECL Prime Western Blotting Detection Reagent GE Healthcare, UK - Little Chalfont
MycoAlert Mycoplasma Detection Kit Lonza, CH - Basel
Pierce BCA Protein Assay Kit Thermo Fisher, USA - Waltham

Table 5.5: Antibodies

Antibody Cat.-No Manufacturer
Anti-AMPK 2793 Cell Signaling
Anti-AMPK-phospho(Thr172) 2531 Cell Signaling
Anti-Caspase III ab13847 abcam, UK-Cambridge
Anti-GAPDH ab9485 abcam, UK-Cambridge
Anti-Heme Oxygenase 1 ab137749 abcam, UK-Cambridge
Anti-Keap1 ab196346 abcam, UK-Cambridge
Anti-Nrf2 ab137550 abcam, UK-Cambridge
Anti-NQO1 antibody ab34173 abcam, UK-Cambridge
Mouse, horseradish peroxidase-linked 7075 Cell Signaling
Goat, horseradish peroxidase-linked 7074 Cell Signaling
Rabbit, horseradish peroxidase-linked 7076 NEB, DE, Frankfurt am Main
Vinculin V9131 Sigma-Aldrich, D - Darmstadt

Table 5.6: Consumables

Name Supplier
Cell lifter Sigma-Aldrich, D - Darmstadt
Counting slides Biorad, D - München
Gas liner, CI34 Gerstel, D - Mühlheim an der Ruhr
Glass vials Th.Geyer, D - Berlin
Nytran N Blotting Membrane GE Healthcare, UK - Little Chalfont
PVDF membrane GE Healthcare, UK - Little Chalfont
Whatman Blotting paper Biorad, D - München

Table 5.7: Equipment

Name Manufacturer
Autosampler - MPS2XL-Twister Gerstel, DE - Mühlheim an der Ruhr
Autosampler, ESI ion source - TriVersa NanoMate Advion, DE - Ithaca
Blotting device - TransBlot Turbo Biorad, DE - München
Cell counter - TC20 Biorad, DE - München
Centrifuge - 5417R Eppendorf, DE - Hamburg
Centrifuge - 5430 Eppendorf, DE - Hamburg
Electrophoresis system - ReadySub-Cell Biorad, DE - München
Electrophoresis system - Protean Tetra cell Biorad, DE - München
Gas chromatograph - Agilent 78903 LECO, USA - St. Joseph

Continued on next page
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Table 5.7: Continued from previous page

Name Manufacturer
Imager - Vilber fusion GE Healthcare, UK - Little Chalfont
Mass Spectrometer - Q Exactive Plus Thermo Fisher, USA - Waltham
Mass Spectrometer - TSQ Quantiva Thermo Fisher, USA - Waltham
Mass Spectrometer-TOF - Pegasus IV LECO, USA - St. Joseph
Microplate reader-Infinite M200 Tecan, CH - Männedorf
Microplate reader- Spectramax iD microplate reader Molecular Devices, USA, California
Microscope- Keyence Bz-x700 Keyence
Japan, Osaka
Microscope-Eclipse TS2 microscope Nikon, DE- Düsseldorf
Nano Liquid Chromatograph 400 Eksigent, DE - Darmstadt
pH meter - VMS C7 VWR, USA - Radnor
Power supply - PowerPac Universal Biorad, DE - München
Vacuum concentrator - 2-33 CD plus Christ, DE - Osterode
Sonicator - Sonorex Digitech DT 100 Bandelin, DE - Berlin
Tube roller - SRT6D Stuart, UK - Staffordshire

Table 5.8: Software

Name
ChromaToF (Version 4.51.6.0)
FlowJo (Version.10)
Fuji
Adobe Illustrator (Version 5.6)
ImageJ
MAUI-SILVIA (Version 1.0.5)
MaxQuant (Version 1.5.3.30)
MetMax
Perseus (Version 1.5.6.0)
RStudio Desktop (Version 1.1.383

5.1.1 Nucleotides
Table 5.9: Direct infusion MS transition parameters

Compound Precursor Product Collision Energy RF lens
[m/z] [m/z] [V] [V]

ADP 426.02 134.06 24 92
ADP 426.02 158.92 27 92
AICAR 337.00 79.00 29 93
AICAR 337.00 97.00 20 93
AMP 346.06 107.08 47 80
AMP 346.06 134.06 31 80
ATP 505.99 158.96 29 92
ATP 505.99 408.04 20 92
cAMP 328.02 107.08 44 78
cAMP 328.02 134.07 25 78
CDP 402.01 159.03 25 94
CDP 402.01 272.94 23 94

Continued on next page
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Table 5.9: Continued from previous page

Compound Precursor Product Collision Energy RF lens
[m/z] [m/z] [V] [V]

CMP 322.04 79.03 26 72
CMP 322.04 97.01 22 72
CTP 481.98 159.05 29 85
CTP 481.98 383.93 20 85
dADP 410.09 158.94 25 94
dADP 410.09 256.96 24 94
dAMP 330.09 134.12 27 68
dAMP 330.09 194.94 27 68
dATP 490.05 158.94 26 136
dATP 490.05 256.96 29 136
dCDP 86.05 158.96 23 78
dCDP 86.05 177.01 22 78
dCMP 306.08 97.00 23 80
dCMP 306.08 110.11 23 80
dCTP 66.01 158.94 26 111
dCTP 466.01 256.80 28 111
dGDP 426.05 158.96 24 99
dGDP 426.05 176.94 24 99
dGMP 346.09 79.00 22 73
dGMP 346.09 150.07 25 73
dGTP 506.11 159.03 28 120
dGTP 506.11 238.97 26 120
dTDP 401.05 158.94 24 82
dTDP 401.05 256.96 23 82
dTMP 321.11 125.05 22 69
dTMP 321.11 194.95 16 69
dTTP 480.98 158.94 30 90
dTTP 480.98 256.84 15 90
GDP 442.00 158.93 26 105
GDP 442.00 343.96 16 105
GMP 362.05 133.05 40 83
GMP 362.05 150.06 29 83
GTP 522.03 240.96 29 163
GTP 522.03 320.90 26 163
IMP 347.00 97.07 22 80
IMP 347.00 135.05 27 80
NAD+ 622.09 272.91 34 68
NAD+ 622.09 539.94 15 68
NADH 664.07 396.94 31 231
NADH 664.07 407.94 31 231
NADP+ 742.05 272.92 40 80
NADP+ 742.05 619.88 16 80
NADPH 744.06 272.92 33 97
NADPH 744.06 407.94 16 97
PRPP 389.00 621.66 16 75
PRPP 389.00 177.00 18 75
SAICAR 453.00 294.00 21 124
SAICAR 453.00 355.00 17 124
UDP 402.99 158.91 22 95

Continued on next page
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Table 5.9: Continued from previous page

Compound Precursor Product Collision Energy RF lens
[m/z] [m/z] [V] [V]

UDP 402.99 272.89 22 95
UMP 323.03 79.04 28 70
UMP 323.03 97.02 23 70
UTP 482.98 158.93 28 118
UTP 482.98 403.01 24 118

5.1.2 Metabolomics
Table 5.10: GC-MS masses used for quantification. Peak areas under the indicated masses, were summed and
normalised to Cinnamic acid and cell counts.

Metabolite Derivate RI Quantification masses [m/z]
Alanine (2TMS) 1106 110;133;114;100;188;190
Aspartic acid (2TMS) 1442 160
Cinnamic acid, trans- (1TMS) 1555 205
Citric acid (4TMS) 1848 149.0;273.0;183.0;133.0;211.0;275.0;277.0;278.0
Cysteine (3TMS) 1574 116;100;132;218;220
Dihydroxyacetone-phosphate (1MEOX)(3TMS) 1773 133;103;142;89;315;400;403
Fructose-1,6-diphosphate (1MEOX)(7TMS) 2795 217;299;387;315;129;220
Fructose-6-phosphate (1MEOX)(6TMS) 2385 129;217;299;315;103;220
Fumaric acid (2TMS) 1369 143;246;133;115;245;247;249
Gluconic acid (6TMS) 2060 292
Gluconic acid-6-phosphate (7TMS) 2512 129;299;133;387;101;220
Glucose-6-phosphate (1MEOX)(6TMS) 2420 160;299;129;387;133;220;162;132
Glutamic acid (3TMS) 1640 246
Glutaric acid, 2-hydroxy- (3TMS) 1596 129
Glutaric acid, 2-oxo- (1MEOX)(2TMS) 1596 156;112;170;89;198;200;203
Glyceric acid (3TMS) 1362 189
Glyceric acid-3-phosphate (4TMS) 1840 211;227;299;101;133;357;359
Glycerol (3TMS) 1303 205
Glycerol-3-phosphate (4TMS) 1794 101;299;133;357;103;359
Glycine (2TMS) 1124 86.0;133.0;175.0;100.0;174.0
Glycine (3TMS) 1330 86.0;133.0;175.0;100.0;174.0
Isoleucine (1TMS) 1179 86
Lactic acid (2TMS) 1065 118.0; 190.0; 191.0; 117.0; 133.0;119.0; 193.0;

219.0; 222.0
Leucine (1TMS) 1158 86
Lysine (3TMS) 1867 174
Malic acid (3TMS) 1507 101;133;117;149;233;245;247;249
Methionine (2TMS) 1532 176
Phenylalanine (2TMS) 1642 192
Proline (2TMS) 1318 142

Putrescine (4TMS) 1754 174
Pyroglutamic acid (2TMS) 1534 157
Pyruvic acid (1MEOX)(1TMS) 1053 100.0 ;99.0 ;89.0; 174.0; 115.0 ;177.0
Ribose-5-phosphate (1MEOX)(5TMS) 2161 299.0;315.0;217.0;133.0;129.0;220.0
Serine (3TMS) 1391 116;218;133;204;100;206
Succinic acid (2TMS) 1336 149;247;129;133;172;249;251
Threonine (3TMS) 1417 218
Uracil (2TMS) 1363 241
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Urea (2TMS) 1253 171
Uridine (3TMS) 2506 217
Valine (2TMS) 1230 144

Table 5.11: GC-MS fragment ranges used for determination of stable isotope incorporation

Metabolite Derivate Fragment Min Fragment Max
Alanine (2TMS) 116 120
Aspartic acid (2TMS) 245 251
Citric acid (4TMS) 273 279
Fructose-1,6-diphosphate (1MEOX)(7TMS) 217 222
Fructose-6-phosphate (1MEOX) (6TMS) 217 222
Fumaric acid (2TMS) 245 251
Gluconic acid-6-phosphate (7TMS) 217 220
Glucose-6-phosphate (1MEOX) (6TMS) 217 220
Glutamic acid (3TMS) 246 250
Glutamine, DL- (3TMS) 156 163
Glutaric acid, 2-hydroxy- (3TMS) 247 252
Glutaric acid, 2-oxo- (1MEOX) (2TMS) 198 205
Glutaric acid, 2-oxo- (1MEOX)(2TMS) 288 295
Glyceric acid (3TMS) 357 361
Glyceric acid-3-phosphate (4TMS) 357 361
Glycerol (3TMS) 218 222
Glycerol-3-phosphate (4TMS) 357 361
Glycine (3TMS) 276 279
Lactic acid (2TMS) 219 224
Malic acid (3TMS) 245 251
Pyruvic acid (1MEOX)(1TMS) 174 179
Serine (3TMS) 204 208
Serine (2TMS) 116 120
Succinic acid (2TMS) 247 252
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5.2 Additional results

5.2.1 Cell biology and Western blotting

PBS L-GA 1.0 mM

Figure 5.1:
L-GA causes multi nucleation of neuroblastoma cells. Cell nuclei were stained with DAPI (blue) and
anti-aldolase (red) to count cells with multiple nuclei following L-GA treatment, exemplary images of nuclei
counting is shown with multinucleation displayed in the white window. Images acquired using Keyence Bz-x700
microscope.
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Figure 5.2: AMPK phosphorylation in L-GA, H2O2, 2-DG, AICAR and NAC treated SH-SY5Y cells. SH-SH5Y
cells were treated for 16 hrs with PBS, 1 mM L-GA, 1 mM L-GA + 5 mM NAC, 5 mM NAC, 100 µM H2O2, 100 µM
H2O2 +NAC, 100 µM H2O2 + 1 mM LGA, 2 mM 2-DG and 100 µM AICAR. Cell lysates were collected and
subjected to SDS-PAGE probing for:using AMPK-α and AMPK-phospho(Thr172) with Vinculin loading controls.
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5.2.2 Metabolomics
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Figure 5.3:
pSIRM analysis of L-GA and D-GA treated cells. Incorporation of 13C-label derived from U-13C-glucose during
pSIRM experiment into metabolites of interest. Polar metabolites were extracted from IMR-32 and SH-SY5Y cell
lines following treatment of 1 mM L-GA and D-GA for 1 hr. Samples were processed via GC-MS and analysed to
attain the percentage incorporation of 13C-label at each labelling time point for the metabolites shown.
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Figure 5.4: pSIRM analysis of L-GA and D-GA treated cells. Incorporation of 13C-label derived from
U-13C-glutamine during pSIRM experiment into metabolites of interest. Polar metabolites were extracted from
IMR-32 and SH-SY5Y cell lines following treatment of L-GA and D-GA for 1 hr. Samples were processed via
GC-MS and analysed to attain the percentage incorporation of 13C-label at each labelling time point for the
metabolites shown.
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Figure 5.5: pSIRM analysis of L-GA and NAC treated cells. Incorporation of 13C-label derived from
U-13C-glucose during pSIRM experiment into metabolites of interest. Polar metabolites were extracted from
IMR-32 cell and SH-SY5Y cell lines following treatment of 1 mM L-GA and L-GA+NAC (5 mM) for 16 hrs.
Samples were processed via GC-MS and analysed to attain the percentage incorporation of 13C-label at each
labelling time point for the metabolites shown.
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Figure 5.6: Clustering of metabolomics data for L-GA and NAC treated cells. Z scores of metabolite quantities
for IMR-32 and SH-SY5Y and hierarchical clustering of annotated metabolites show clustering of pathways.
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Figure 5.7: Nucleotide depletion in neuroblastoma cells is dependent on the concentration of L-GA. Cell lines
GI-M-EN and SK-N-AS were treated with a range of L-GA concentrations (0-1.5 mM) for 24 hrs. Nucleotides were
extracted from cell lysates and measured by DI-MS/MS. Boxplots present the mean fold change of nucleotide
intensities relative to 0.0 mM L-GA for 24 nucleotides intensities measured in 4 biological and 3 technical
replicates. Error bars represent ± SEM. P-values were calculated using Wilcoxon non-parametric test between
concentrations of L-GA with 0.0 mM L-GA as the reference group with Holm correction. Stars represent
ns p ≥ 0.05; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 0.0001.

5.2.3 Proteomics
Table 5.12: Proteins of interest with -log)pvalue >1.3 and difference between PBS/LGA >1 and <-1

Cell Line -LogPvalue PBS/LGA dif-
ference

Gene Name Pathway

IMR-32 2.551 -4.31 HMOX1 Oxidoreductase
VH-7 1.835 -3.463 TAF15 Autophagy
IMR-32 2.139 -3.331 ZFAND5 FOXO signalling
SH-SY5Y 1.833 -3.28 HIST2H3A Oxidative Stress Induced

Senescence
VH-7 2.573 -2.996 FBLL1 Ribosome biogenesis
SK-N-AS 1.8451 -2.26679 BAD Apoptosis/PI3K/AKT

signaling
IMR-32 2.982 -2.255 MSN Oxidative Stress induced

senescence
SH-SY5Y 2.039 -1.91 PRKAA1 MTOR/AMPK signalling
SK-N-AS 1.51667 -1.87567 MTCL1 Apoptosis
VH-7 3.148 -1.813 EXOSC8 Exosome synthesis
VH-7 2.443 -1.786 ZC3H13 NA
VH-7 1.596 -1.737 HMOX1 Oxidoreductase
VH-7 2.422 -1.697 SQSTM1 Mitophagy
BE(2)- C 1.32802 -1.47563 HMOX1 Oxidoreductase
IMR-32 1.815 -1.464 SQSTM1 Mitophagy

Continued on next page
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Table 5.12: Continued from previous page

Cell Line -LogPvalue PBS/LGA dif-
ference

Gene Name Pathway

GI-M-EN 2.62345 -1.31112 HMOX1 Oxidoreductase
VH-7 1.935 -1.282 CKAP2 Cytoskeleton assembly
SK-N-AS 1.75666 -1.28042 ITGA2 Integrin synthesis
VH-7 1.349 -1.279 CTSC NA
IMR-32 2.059 -1.279 SCNM1 NA
SK-N-AS 1.52469 -1.27109 RPL36AL NA
GI-M-EN 2.09455 -1.2553 CYCS Cytochrome C
VH-7 2.348 -1.253 LRWD1 NA
IMR-32 1.399 -1.223 PCYT1A NA
GI-M-EN 1.54591 -1.19121 ATP2B1 Reduction of cytosolic Ca++

levels
BE(2)- C 2.39709 -1.18558 MBD1 NA
IMR-32 2.009 -1.138 MAP1A NA
SH-SY5Y 1.864 -1.13 USP15 NA
SH-SY5Y 1.384 -1.09 NFKB2 NFKB signalling
SH-SY5Y 3.132 -1.088 ATP1B3 Ion homeostasis
VH-7 1.446 -1.087 ATP2B4 Reduction of cytosolic Ca++

levels
SH-SY5Y 1.523 -1.071 MYO1D NA
IMR-32 1.946 -1.065 WDR45B NA
SH-SY5Y 1.754 -1.063 TNC NA
SH-SY5Y 1.376 -1.054 NAGA NA
IMR-32 1.401 -1.05 KDM2A OxidoReduc
SH-SY5Y 1.702 -1.043 BRD2 NA
IMR-32 1.801 -1.021 RAB30 NA
IMR-32 1.902 -1.016 ZNF622 NA
IMR-32 1.665 -1.013 DNAJB4 NA
IMR-32 1.823 -1.005 GCLM Ferroptosis
GI-M-EN 3.39336 1.00844 CDC20 Cell_cycle
VH-7 2.713 1.016 P4HA2 NA
VH-7 1.59 1.016 TELO2 NA
BE(2)- C 1.92145 1.01715 S100A2 NA
GI-M-EN 1.30588 1.01739 RPGRIP1 NA
SH-SY5Y 1.456 1.018 KNSTRN NA
SH-SY5Y 1.403 1.023 LRP1 NA
IMR-32 1.699 1.04 PHOX2A NA
VH-7 1.775 1.041 YARS2 NA
VH-7 2.745 1.042 RRM2 p53_signalling
IMR-32 2.324 1.044 DFNA5 NA
BE(2)- C 1.33369 1.05963 PDE6D NA
SH-SY5Y 2.049 1.075 HMGCS1 NA
VH-7 2.148 1.079 COL18A1 Collagen
VH-7 1.536 1.083 ELN NA
GI-M-EN 2.1731 1.09056 HELLS NA
IMR-32 2.28 1.102 NCOR2 NA
SK-N-AS 2.21834 1.10614 MRC2 NA
VH-7 1.583 1.119 SDF4 NA
IMR-32 1.611 1.138 RRM2 p53_signalling
VH-7 2.719 1.139 GTF2I NA

Continued on next page
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Table 5.12: Continued from previous page

Cell Line -LogPvalue PBS/LGA dif-
ference

Gene Name Pathway

SK-N-AS 1.78336 1.14934 PDCL NA
VH-7 1.87 1.154 CENPF NA
SH-SY5Y 1.914 1.156 MVP NA
GI-M-EN 2.19167 1.15608 DPH5 NA
SH-SY5Y 2.538 1.183 TIMM8B NA
VH-7 1.969 1.194 RPL22L1 NA
GI-M-EN 2.31194 1.19471 GSDMD NA
BE(2)- C 1.91508 1.19542 COL1A1 Collagen
SH-SY5Y 1.405 1.198 USP11 NA
SH-SY5Y 1.761 1.204 TYMS Nucleotides
GI-M-EN 1.43935 1.20662 NUDT16L1 NA
BE(2)- C 1.6022 1.20666 COL5A1 NA
VH-7 1.884 1.238 WDHD1 NA
GI-M-EN 2.76915 1.26097 TYMS Nucleotides
IMR-32 1.98 1.309 CTHRC1 NA
VH-7 1.717 1.31 SMC4 NA
IMR-32 1.331 1.357 ARNT NA
IMR-32 1.302 1.374 PCBP4 NA
SH-SY5Y 2.079 1.379 LGALS3BP NA
IMR-32 2.489 1.383 SDF4 NA
SH-SY5Y 1.591 1.396 PCOLCE NA
IMR-32 2.025 1.41 MFGE8 NA
VH-7 2.313 1.437 DNMT1 Nucleotides
IMR-32 1.82 1.466 NBAS NA
VH-7 2.641 1.466 TPM1 NA
VH-7 1.395 1.487 PCOLCE NA
VH-7 2.122 1.494 ANKRD17 NA
VH-7 1.89 1.508 TYMS Nucleotides
VH-7 1.41 1.515 GTF3C1 NA
VH-7 1.635 1.539 PQBP1 NA
IMR-32 2.015 1.55 CHGA NA
VH-7 2.21 1.564 COL5A1 NA
VH-7 2.476 1.576 CEMIP NA
SK-N-AS 1.71052 1.57724 PCYOX1 OxidoReductase
SK-N-AS 1.69886 1.59297 PDLIM1 NA
VH-7 1.342 1.61 URI1 NA
SK-N-AS 1.47504 1.61953 ELOVL1 NA
VH-7 2.23 1.636 COL12A1 NA
SH-SY5Y 1.675 1.679 NRCAM NA
SH-SY5Y 1.523 1.708 PKD2 NA
SH-SY5Y 1.415 1.731 CTHRC1 NA
VH-7 1.537 1.733 UNC119B NA
SH-SY5Y 2.056 1.79 LAMC1 NA
IMR-32 1.924 1.808 LRP1 NA
VH-7 1.801 1.815 MKI67 NA
SH-SY5Y 2.032 1.989 GNB4 G-protein effector
VH-7 1.626 2.011 IVNS1ABP NA
VH-7 1.514 2.041 UHRF1 NA
IMR-32 3.47 2.135 TCF3 Notch signalling

Continued on next page
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Table 5.12: Continued from previous page

Cell Line -LogPvalue PBS/LGA dif-
ference

Gene Name Pathway

IMR-32 1.873 2.324 P4HA2 Collagen synthesis
VH-7 1.541 2.485 COL1A2 Collagen synthesis
SH-SY5Y 1.547 2.544 AHCYL1 1-C Metabolism
SH-SY5Y 1.586 3.025 COL1A1 Collagen
IMR-32 2.991 3.24 SRC PI3K/AKT pathway
IMR-32 1.458 3.782 RNF213 Wnt signalling
VH-7 1.862 3.916 COL1A1 Collagen
SH-SY5Y 1.408 4.346 H3F3A Chromatin remodelling
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