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Abstract

Metabolic reprogramming is a hallmark of cancer and is partially regulated by the PI3K/Akt
pathway. Epithelial ovarian cancer (EOC) is one of the most common gynaecological cancers
and dysregulated PI3K/Akt signalling is frequently detected. However, the metabolic impact
remains unclear. Here, using the ID8 /n vitro and /n vivo model of EOC, | found that the
deletion of Pten (i.e., the negative regulator of Akt) enhanced glycolysis, and modulated NAD"

metabolism and arginine synthesis.

The enhanced glycolysis induced by the hyperactive PI3K/Akt and Ras signalling may create
a metabolic bottleneck by increasing the demand for NAD" (a key glycolytic co-factor). Indeed,
we previously showed NAD" depletion by FK866, which inhibits NAD" salvage synthesis,
sensitized EOC cells to the PARP inhibitor Olaparib. Using a panel of EOC cells, | confirmed
the higher sensitivity of the combination treatment in Ras/PI3K mutant cells. Mechanistically,
higher DNA damage and oxidative stress were observed. The combination treatment

improved median survival in the ID8 mouse model.

Lactate has been reported to fuel the TCA cycle in cancer cells. More recently, lactate acidosis
uncouples glycolysis from the TCA cycle, which the lactate metabolon model can rationalize.
Exogenous lactate forms a kinetically resolved pool from that derived from glycolysis and its
derived pyruvate enters mitochondria before mixing with the glycolysis-derived pool. To test
this hypothesis, | traced the relative contribution of glucose and exogenous lactate to citrate.
A higher correlation was observed between labelling in citrate and pyruvate compared to
exogenous lactate, which is inconsistent with the lactate metabolon model. Examining the
roles of MCT1 and MCT4 (main lactate transporters) in this phenomenon | found that MCT1
was the major lactate transporter, and they were functionally redundant, which implies dual

targeting may be necessary for therapeutic benefits.
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Chapter 1 Introduction

1.1 Metabolic reprogramming is a hallmark of cancer

Research into cancer metabolism can be traced back to more than a century ago. In 1923,
Otto Warburg made a landmark discovery that cancer cells increase glucose uptake and
metabolise it to lactate in the presence of oxygen (aerobic glycolysis or the Warburg effect)
(I). However, it was not until the early 2000s that this field gained substantial attention (2.
Later on, alterations in metabolism are observed across different cancer types, which leads to

the idea that metabolic reprogramming is a hallmark of cancer (3).

The overarching theme is that the rewired metabolism provides cancer cells with a selective
advantage during tumorigenesis (4). In this regard, cancer cells increase nutrient uptake,
upregulate the biosynthesis of macromolecules and actively maintain redox balance (5), which

in turn supports their rapid proliferation and survival.

1.1.1 Increased uptake of glucose and amino acids

Glucose and glutamine are the major carbon and nitrogen source consumed by cancer cells,
respectively. In addition to generate ATP, they provide intermediates for anabolic metabolism.
Therefore, cancer cells increase the uptake of glucose and glutamine by upregulating

transporter expression and translocation to plasma membranes.

There are two classes of glucose transporters and both have been reported to be
overexpressed in tumour cells: 1) facilitated diffusion glucose transporters (GLUT), 2) sodium—
glucose linked transporter (SGLT) (6). GLUT1 is ubiquitously expressed and has a high affinity
for glucose (7). The overexpression of GLUT1 has been shown in a variety of cancer types,
including breast, lung, pancreatic cancer (8). Cancer cells also overexpress other GLUT
proteins. The expression of GLUT3, for instance, is increased in many cancer types (e.g. ovarian,
breast and lung cancer) (9. SGLT1 is powered by the sodium gradient across the cell

membrane to mediate active transport of glucose. Its overexpression is reported in various
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tumour types, including colorectal, lung and prostate cancer (Z0).

The entry of glutamine can be mediated by multiple transporters which are upregulated in
cancer cells. Solute carrier 1A5 (SLC1A5, also known as alanine serine-cysteine transporter 2
(ASCT?2)), for instance, is a sodium-dependent neutral amino acid transporter and has a high
affinity for glutamine (Z2). Its expression has been reported to be increased in solid tumours
(12-14). Other glutamine transporters including SLC38A1 (SNAT1), SLC38A2 (SNAT2) and

SLC38A5 are overexpressed in a variety of tumours (15-20).

Additionally, cancer cells have a high demand for essential amino acids (EAA) for anabolism
and enhance the expression of EAA transporters, including SLC6A14 (27-25) and SLC7AS5 (also
known as L-type amino acid transporter (LAT))/SLC3A2 heterodimeric transporter (24).
Noticeably, SLC7A5/SLC3A2 transporter is an amino acid exchanger and imports a range of
EAA (e.g. leucine, valine, methionine) while exporting intracellular glutamine (25). Therefore,

increased glutamine uptake also supports EAA import.

1.1.2 Upregulated biosynthesis of macromolecules

The majority of nutrients are used for energy generation in resting cells. However, cancer cells
divert nutrients for anabolic metabolism to provide macromolecules (e.g. fatty acids (FAs),

proteins and nucleotides) necessary for rapid proliferation and tumour growth (5).

Fatty acids are a key component of membrane lipids and therefore, are essential for the
synthesis of plasma membrane (26). Unlike resting cells which obtain FAs from dietary intake
or FAs synthesised from the liver, cancer cells enhance FA de novo synthesis to support bulk
membrane production and tumorigenesis (26, 27). Indeed, cancer cells upregulate key
lipogenic enzymes, including acetyl-CoA carboxylase (ACC), ATP-citrate lyase (ACL) and fatty
acid synthase (FASN) (28). Various studies have shown that the inhibition of lipogenic enzymes

leads to decreased cancer cell proliferation and tumour size (29-33).

The carbon source of FAs synthesis is cytoplasmic acetyl-CoA which is formed by the ACL-
catalysed cleavage reaction of cytoplasmic citrate (Figure 1.1) (26). Of note, citrate is produced

in mitochondria as a TCA cycle intermediate and therefore, it is exported into cytosol to fuel
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FA synthesis. Next, acetyl-CoA is activated by ACC to generate malonyl-CoA which then
undergoes a series of condensation reactions catalysed by FASN to produce the 16-carbon
saturated FA palmitate (C16:0). Palmitate can be subsequently elongated by fatty acid
elongases (ELOVL1-7) to form the 18-carbon FA stearate (C18:0) (Figure 1.1). Saturated FAs
can undergo desaturation catalysed by stearoyl-CoA desaturases (SCD) or fatty acid
desaturases (FADS1-3) to produce unsaturated FAs, including palmitoleate (C16:1) and oleate

(C18:1) (Figure 1.1) (26). Collectively, they form the cellular pool of non-essential FA.

Citrate can be derived from a variety of nutrients, including glucose, glutamine, and acetate
(34-36). Glucose contributes to citrate production by oxidation of the glycolysis end-product
pyruvate through the tricarboxylic acid (TCA) cycle in mitochondria (Figure 1.1). It has been
reported as the major lipogenic acetyl-CoA source in cultured cancer cells (36, 37). However,
under conditions of mitochondrial defects (e.g. mutations in enzymes of the TCA cycle),
glutamine is the major contributor to citrate synthesis (35). In this regard, a-ketoglutarate (o-
KG) derived from glutamine undergoes isocitrate dehydrogenase (IDH)-catalysed reductive
carboxylation to generate citrate (Figure 1.1). Moreover, during hypoxia, cancer cells enhance
the expression of acetyl-CoA synthetase 2 (ACSS2) to directly generate cytoplasmic acetyl-

CoA from acetate (Figure 1.1) (38).
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Figure 1.1 FA de novo synthesis pathways in cancer cells.

The carbon sources of FA de novo synthesis include glucose, glutamine and acetate. The lipogenic
substrate is cytosolic acetyl-CoA which can be derived from citrate or acetate. Glucose is converted
to pyruvate through glycolysis and on to citrate via the TCA cycle. Glutamine can be converted
into a-KG which in turn undergoes reductive carboxylation to produce citrate. Citrate is then
exported into cytosol where it is cleaved into acetyl-CoA by ACL. Acetate can be converted to
acetyl-CoA directly via ACSS2. Acetyl-CoA is then converted to malonyl-CoA by ACC which in
turn undergoes a series of FASN catalysed condensation to produce palmitate. Palmitate can
undergo further elongation or desaturation. ACL: ATP -citrate lyase, ACSS2: acetyl-CoA synthetase
2, ACC: acetyl-CoA carboxylase, FASN: fatty acid synthase, FA: fatty acid, a-KG: a-ketoglutarate.
Metabolites and enzymes are shown in blue rectangles and purple ovals, respectively.

To sustain lipogenesis, cancer cells rely on two types of supporting metabolic processes:
anaplerosis and production of reduced nicotinamide adenine dinucleotide phosphate
(NADPH). In the TCA cycle, citrate is formed by the condensation of acetyl-CoA and
oxaloacetate (OAA). While acetyl-CoA can be supplied from pyruvate, citrate export from the
mitochondria necessitates the replenishment of OAA to ensure the continued reactions of the
TCA cycle (i.e. anaplerosis) (39). In this regard, previous studies revealed that glutamine is the
major source of OAA in cancer cells (37). Specifically, glutamine is converted to a-KG which

is subsequently processed in the TCA cycle to generate OAA.

FA de novo synthesis is highly dependent on the supply of NADPH. Indeed, 14 molecules of
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NADPH is consumed to produce one molecule of palmitate. Previous studies demonstrated
that the major source of NADPH is the pentose phosphate pathway (PPP) (40, 41). PPP
branches from the glycolysis intermediate glucose 6-phosphate and produces NADPH via the
oxidative part (Figure 1.2). Indeed, cancer cells upregulate the expression of the rate-limiting
enzyme glucose 6-phosphate dehydrogenase (G6PD) (42-44). Additionally, malic enzyme
(ME) in the cytosol produces NADPH (5). OAA in the mitochondria can be exported into the
cytosol and converted into malate. NADPH is generated by the ME-catalysed oxidation of
malate to pyruvate (Figure 1.2). Indeed, depletion or inhibition of ME reduced FA synthesis
and tumour growth (45, 46). Furthermore, cytosolic citrate can be converted to isocitrate that
is in turn converted to a-KG with the production of NADPH by IDH1 (Figure 1.2) (47). In
addition, the folate cycle is a source of NADPH production and transfers one-carbon unit
across tetrahydrofolate (THF) and its derivatives. Methylenetetrahydrofolate dehydrogenase
1 and 2 (MTHFD1/2) are two isoforms of the key enzyme MTHFD and are located in cytosol
and mitochondrial, respectively (48). Both isoforms are bifunctional and catalyse the reversible
conversion between 5,10-methylene-THF and 5,10-methenyl-THF via the dehydrogenase
function and subsequently 5,10-methenyl-THF to 10-formyl-THF via the cyclohydrolase
function (48). MTHFD1 and MTHFD2 are NADP" and NADP'/NAD"-dependent enzymes and
regulate the ratio of NADP"/NADPH and NAD/NADH (48). Indeed, shRNA knockdown of
either isoform of MTHFD resulted in increased NADP'/NADPH ratio and oxidized/reduced
glutathione ratios (GSSG/GSH), which in turn sensitises cancer cells to oxidative stress (40).
Likewise, depletion of MTHFD2 causes disrupted redox balance in colon cancer cells as

evidenced by increased NADP'/NADPH and GSSG/GSH ratio (49).
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Figure 1.2 Metabolic pathways contributing to NADPH production in cancer cells.

(A) The PPP pathway and cytosolic citrate are sources of NADPH production. The PPP pathway
branches off glycolysis at the point of glucose-6-phosphare and generates NADPH. In addition,
cytosolic citrate can be converted to oxaloacetate via the ACL catalysed cleavage reaction.
Oxaloacetate undergoes further reaction to produce malate which can be oxidised to produce
NADPH and pyruvate. Cytosolic isocitrate is derived from citrate and undergoes cytosolic IDH
catalysed reaction to produce NADPH and a-KG. (B) The folate cycle is another source of NADPH
production. In the cycle, one-carbon unit is transferred across THF and its derivatives. MTHFD1
and MTHFD2 are NADP" and NADP/NAD" dependent enzymes, respectively. The two isoforms of
MTHFD regulate NADP/NADPH and NAD'/NADH ratio. ACL: ATP-citrate lyase, PPP: pentose
phosphate pathway, IDH: isocitrate dehydrogenase, ME: malic enzyme, a-KG: a-ketoglutarate.
THF: tetrahydrofolate, MTHFD1/2: methylenetetrahydrofolate dehydrogenase 1/2. Metabolites
and enzymes are shown in blue rectangles and purple ovals, respectively. NADPH is highlighted

in red.

Protein is the most abundant cellular macromolecules and compromises almost 60% of dry
mass in a mammalian cell (4). Its synthesis is necessary for cell division and requires the supply
of essential and non-essential amino acids. While EAAs are imported from extracellular space
(as described in section 1.1.1), non-essential amino acids (NEAAs) can be synthesized using
glutamine as a source. Glutamine is a 5-carbon molecule with two amino groups (i.e. ac-amino
group and y-amide groups). The y-amide group is used as a nitrogen source for asparagine
synthesis (50). Additionally, glutamine undergoes deamidation to remove the y-amide group
and form glutamate in cancer cells, which is mainly catalysed by the mitochondrial
glutaminase (GLS). Glutamate is further converted to a-KG and NEAAs, including aspartate,
alanine, and serine (50). Previous studies demonstrated that the expression of
aminotransferases and deaminases, including phosphoserine aminotransferase (PSAT) (51),

GLS (52, 53) and asparagine synthetase (ASNS) (54), is enhanced in a wide range of cancer

types.

Protein synthesis not only requires the supply of amino acids as substrates, but also relies on
the activation of signalling pathways, mainly the mammalian target of rapamycin complex 1
(mTORC1). mTORCL1 is a key regulator of cellular anabolism, including promoting protein
synthesis (55). It is activated by the presence of various amino acids, including glutamine,
leucine, alanine, arginine, asparagine, histidine, methionine, serine, threonine, and valine (56).

Therefore, amino acids also regulate protein synthesis in cancer cells by acting as signalling
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molecules.

Cell proliferation also requires the supply of DNA which is synthesized using purine and
pyrimidine nucleotides as substrates. Nucleotides consist of nitrogen-containing bases and
deoxyribose groups covalently linked to phosphate groups (i.e. phosphoribosylamine (PRA)).
The de novo synthesis of nucleotides requires the input from multiple metabolic pathways. In
this regard, the PRA backbone is generated from ribose-5-phosphate that is an intermediate
of the non-oxidative branch of PPP (57). Previous studies found that various types of cancer
cells upregulate the expression of enzymes involved in this pathway, including ribose-5-
phosphate isomerase (RPI) (58), ribulose-phosphate 3-epimerase (RPE) (58), transketolase
(TKT) (42, 59 and transaldolase (TALDO) (60). The synthesis of purine and pyrimidine bases
requires amino acids (glutamine, aspartate and glycine) as carbon and nitrogen sources. For
purine bases synthesis, methyl group donated from the one-carbon/folate pool is also
necessary. Methylenetetrahydrofolate dehydrogenase 2 (MTHFD?2), the major mitochondrial
enzyme involved in the folate cycle, has been reported to be upregulated in multiple cancer

types (61-63).

1.1.3 Increased reliance on the maintenance of redox balance

Redox homeostasis refers to the balance of reducing and oxidizing reactions in cells and is
key to cellular biological functions (64). Therefore, cancer cells actively regulate redox
homeostasis to promote survival and tumour development (65). Reactive oxygen species
(ROS) is a group of highly reactive oxidants and free radicals that oxidize other molecules by
accepting electrons during chemical reactions. ROS is generated during oxygen metabolism
as by-products and includes superoxide anion (Oz"), hydrogen peroxide (H.0.) and hydroxyl
radical (OH") (66). To counteract ROS and balance the redox status, cells employ various
antioxidation systems, including the glutathione system (GSH) (Figure 1.3) (67). GSH
peroxidase catalyses the conversion of H.O. to water using reduced GSH as a reducing
equivalent (Figure 1.3). The oxidised GSH (GSSG) can be reduced to GSH using NADPH by

GSH reductase (Figure 1.3).
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Cancer cells modulate intracellular ROS levels to maintain cellular homeostasis because ROS
at different concentrations leads to different effects. When present at low to moderate levels,
ROS upregulate cell division and survival by reversibly oxidizing cysteine residues of kinases
and phosphatases (68- 70). However, excess amount of ROS (i.e. oxidative stress) may damage
macromolecules (e.g. proteins, lipids and DNA) and result in the loss of cellular integrity (77).
Thus, cancer cells employ antioxidation systems to tightly control ROS levels. One mechanism
is to activate the transcription factor nuclear-factor erythroid 2-related factor 2 (NRF2) and
activating transcription factor 4 (ATF4) which in turn promotes the expression of enzymes and
transporters involved in GSH de novo synthesis (Figure 1.3) (72). Of note, GSH regeneration
from the oxidized form GSSG require the supply of NADPH from the PPP pathway (as
described in section 1.1.2) (Figure 1.3). Interestingly, cancer cells not only upregulate the
capacity of NADPH re-generation from nicotinamide adenine dinucleotide phosphate
(NADP"), but also increase the pool size of total NADP (i.e. NADPH and NADP") (5). NADP" is
synthesized using nicotinamide adenine dinucleotide (NAD") as a substrate which is catalysed
by NAD kinase (NADK1 and NADK2). Previous studies have shown that the activity of NADK1

is stimulated in cancer cells to expand NADP pool size (73).
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Figure 1.3 Oxidative stress protection mechanisms in cancer cells.
Various mechanisms help cancer cells defend oxidative stress, including enhanced GSH

synthesis and NADPH production. The transcription factors NRF2 and ATF4 regulate key
enzymes involved in GSH de novo synthesis and promote the transporter xCT expression

which is a cystine/glutamate antiporter. The imported cystine is then reduced to cysteine
which is a substrate of GSH synthesis. H.O: is reduced to water by GSH peroxidase with the
production of oxidised GSSG. GSSG can be converted back to GSH catalysed by GSH
reducatase with the consumption of NADPH. For simplicity, NADPH production is not shown
and can be found in Figure 1.2. xCT: cystine/glutamate antiporter, GSH: glutathione, GSSG:
oxidised glutathione, ATF4: activating transcription factor 4, NRF2: nuclear factor erythroid 2-
related factor 2. Metabolites and enzymes are shown in blue rectangles and purple ovals,
respectively.

Moreover, cancer cells actively regulate reducing equivalents to avoid their accumulation to
excessive levels (i.e. reductive stress) which interferes with metabolism, disrupts proliferation,
and inhibits cell survival (74-76). Reductive stress can result from an imbalance of reduced
nicotinamide adenine dinucleotide (NADH)/NAD", NADPH/NADP" or GSH/GSSG (77-80).
NAD" is an essential co-factor for glycolysis and the TCA cycle. It is reduced to NADH as
carbon sources (e.g. glucose and glutamine) are oxidized. In cancer cells, the increased uptake
and oxidization of carbon sources favours the production of NADH (&7). Indeed, the
oversupply of NADH may exceed the capacity of cancer cells to regenerate NAD". Thus, the
resulting imbalance of NADH/NAD" not only causes reductive stress, but also interferes with

metabolic reactions that require NAD".
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Cancer cells possess multiple mechanisms to regenerate NAD" from NADH. The Warburg
effect is one prominent example. Pyruvate reduction to lactate is coupled with the oxidation
of NADH to NAD' (5). Therefore, the diversion of pyruvate for lactate production maintains
the constant supply of NAD" in cancer cells. In addition, the malate-aspartate shuttle facilitates
regeneration of NAD" through ETC by transporting electrons in the cytosolic NADH into

mitochondria (5).

1.2 Cancer metabolism is regulated by PI3K/Akt signalling
pathway

The PI3K/Akt signalling is one of the most commonly deregulated pathways across various
types of cancer (82). Once activated, it promotes survival, growth, and proliferation of cancer
cells. Of note, the PI3K/Akt pathway also induces metabolic reprogramming to upregulate
nutrient uptake and anabolic metabolism, which in turn supports the metabolic demands for

rapid proliferation (83).
1.2.1 The PI3K/Akt signalling pathway

The activation of the phosphatidylinositol 3-kinases (PI3K)/Akt pathway starts when receptor
tyrosine kinases (RTKs) bind to the ligands (e.g. growth factors and insulin) (Figure 1.4) (&4).
Ligand engagement induces dimerization of RTKs and juxtaposes the cytoplasmic tyrosine
kinase domains (&4). As a result, it facilitates the autophosphorylation of the tyrosine residues

which function as a binding site for downstream effectors or adaptor proteins.

PI3K is one of the effectors recruited to the activated RTKs (Figure 1.4). Based on their
structures and substrate preference, PI3K is grouped into three classes: class | (a and b), Il and
[l (85, 86). However, only class la PI3K has been demonstrated to have implications for cancer
biology (87). Class la PI3K is a heterodimer and consists of a regulatory subunit (p85a (or its
shorter variants p55a, p55y and p50a) or p85B) and a catalytic subunit (p110a, p110p or

p11038) (88). In the absence of stimulants, the regulatory subunit binds to the catalytic subunit
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to inhibit its kinase activity. However, the binding of PI3K to activated RTKs relieves such
inhibition and allows the phosphorylation of plasma membrane lipid phosphatidylinositol
4,5-bisphosphate (PIP.) to generate phosphatidylinositol 3,4,5-trisphosphate (PIPs) (Figure 1.4)
(88). The activity of the PI3K/Akt pathway can be attenuated by phosphatase and tensin
homologue (PTEN). PTEN is a phosphatase that mediates dephosphorylation of PIPs to PIP:

(Figure 1.4) (89.

PIPs is a second messenger and recruits the downstream effector with pleckstrin homology
(PH) domain, such as the serine/threonine kinase Akt (90). Once localised to plasma
membrane, Akt can be fully activated by phosphoinositide-dependent protein kinase 1
(PDPK1)-mediated threonine 308 phosphorylation (97, 92) or mechanistic target of rapamycin
complex 2 (mTORC2)-mediated serine 473 phosphorylation (Figure 1.4) (93). Subsequently,
Akt phosphorylates and modulates the activity of a wide variety of effectors. There are three
isoforms of Akt (Aktl, Akt2 and Akt3) (94) and their expression in organs differs with Aktl and
Akt2 broadly expressed and Akt3 mainly found in brain (94, 95). However, most of the

downstream effects are redundantly regulated by three isoforms of Akt (83).

Among the effectors regulated by Akt, the key regulators of cellular metabolism include
mTORC1, glycogen synthase kinase 3 (GSK3) and forkhead box O (FOXO) family of
transcription factors (FOXO1, FOXO3A and FOXO4) (Figure 1.4) (96). mTORC1 can be directly
activated by Akt-mediated phosphorylation of its component proline-rich Akt substrate of 40
kDa (PRAS40) (97). Alternatively, Akt phosphorylates tuberous sclerosis complex 2 (TSC2)
which forms a complex with TSC1 and negatively regulates mTORC1 activity in the absence
of stimulants (98, 99). Therefore, TSC2 phosphorylation disrupts the complex formation and
activates mTORCL1. Subsequently, mTORC1 phosphorylates downstream effectors including
ribosomal protein S6 kinase (S6K) and eukaryotic translation initiation factor 4e-binding
protein (4e-BP), which regulates protein and lipid synthesis (Z00). mTORC1 activation also
regulates FA synthesis via sterol regulatory element-binding protein (SREBP) family of
transcription factors (Figure 1.4) (100). MYC expression is also modulated by mTORC1

activation (Figure 1.4) (100).
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Under basal conditions, GSK3 is active and phosphorylates its targets to direct them for
proteasomal degradation (101, 102). Upon stimulation, GSK3 is phosphorylated and inhibited
by Akt. The targets of GSK3 include transcription factors which regulate cellular metabolism,

such as MYC, NRF2 and SREBP (Figure 1.4) (103).

Upon Akt phosphorylation, FOXO transcription factors are sequestered from the nucleus
which prevents the expression of their target genes (104). It has been shown that the target

genes are involved in suppressing cellular metabolism, cell growth, survival, and proliferation

(105).
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Figure 1.4 The PI3K/Akt pathway and the major downstream effectors in regulating cancer
metabolism.

Once activated by ligands (e.g., growth factors), RTKs dimerise and undergo
autophosphorylation of the cytoplasmic domain to recruit PI3K. PI3K phosphorylates PIP. to
PIPs which is a second messenger to recruit Akt. PIPs can be dephosphorylated to PIP. by
PTEN. Akt is then fully activated by PDPK1 and mTORC2 mediated phosphorylation at T308
and S473. Akt regulates cancer metabolism through three key effectors: FOXO, GSK3 and
mTORC1. mTORC1 promotes the processing and activation of SREBP and the expression of
MYC. GSK3 mediated phosphorylation of NRF2, SREBP and MYC directs them for proteasomal
degradation under basal conditions. Akt-mediated GSK3 phosphorylation inhibits GSK3
activity. PDPK1: phosphoinositide-dependent protein kinase 1, PIP2: phosphatidylinositol 4,5-
bisphosphate, PIPs: phosphatidylinositol 3,4,5-trisphosphate, RTK: receptor tyrosine kinase,
PTEN: phosphatase and tensin homologue, GSK3: glycogen synthase kinase 3, FOXO:
forkhead box O transcription factors, SREBP: sterol regulatory element-binding protein.
Phosphorylation is indicated as a P in circle.

1.2.2 The PI3K/Akt pathway enhances glucose uptake and glycolysis

Akt pathway has been shown to activate multiple control points in glucose uptake and

glycolysis (Figure 1.5). Glucose entry into cancer cells is mainly mediated by GLUT1 (106).
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Upon Akt stimulation, GLUT1 localization to plasma membrane is increased, which as a result
upregulates glucose uptake (107, 108). Such effect is mediated by Akt-induced
phosphorylation and inhibition of thioredoxin-interacting protein (TXNIP) which promotes
endocytosis of plasma membrane-bound GLUT1 (107, 108). Indeed, inhibition of TXNIP has

been demonstrated to increase glucose uptake in non-small-cell lung cancer cells (109).

Moreover, Akt stimulates glycolysis by phosphorylating and activating key glycolytic enzymes
(Figure 1.5). Hexokinase 2 (HK2) is the initial glycolytic enzyme and catalyses the
phosphorylation of glucose to glucose 6-phosphate (G6P). Because G6P cannot be exported
to extracellular space, HK2 promotes the retention of glucose in cells. HK2 is one of the rate-
limiting enzymes in glycolysis and can be activated by Akt-mediated phosphorylation (710,
111). In addition, Akt indirectly activates phosphofructokinase 1 (PFK1) which is another
important regulatory enzyme of glycolysis (7112, 113). Akt phosphorylates and stimulates the
activity of 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase (PFKFB2) to promote the
synthesis of fructose 2,6-bisphosphate (F2,6BP). F2,6BP is an allosteric activator of PFK1 and

therefore, PFK1-driven glycolysis is increased (1153).

Apart from direct activation by phosphorylation, Akt also stimulates glucose uptake and
glycolysis by modulating downstream transcription factors to regulate enzyme expression
(Figure 1.5). In this regard, mTORC1 has been demonstrated to upregulate the translation of
HIF1IA mRNA which increases the protein levels of hypoxia-inducible factor 1o (HIF1a) even
under conditions of normoxia (174-116). HIF1la is a transcription factor that is degraded
depending on cellular oxygen levels and stabilised in the absence of oxygen (117). It
upregulates the expression of GLUT1 and almost all the glycolytic enzymes and directs
glucose away from the TCA cycle by enhancing the expression of lactate dehydrogenase 1
(LDH1) and pyruvate dehydrogenase kinase 1 (PDK1) (117). Another key transcription factor
regulated by Akt is MYC which promote the expression of GLUT1 and most glycolytic enzymes
(118). Akt activation has been shown to increase the protein levels of MYC by multiple
mechanisms, including transcription, translation, and post-translational modification (PTM)
(118). The translation of MYC can be increased by mTORC1 signalling (119, 120). Under basal

conditions, GSK3 phosphorylates MYC and directs it for proteasomal degradation (121-123).
41



Therefore, Akt-mediated phosphorylation and inhibition of GSK3 stabilises MYC. In addition,
FOXO has been shown to reduce the expression of enzymes involved in glycolysis by
antagonizing MYC function (124-126). Thus, Akt-mediated phosphorylation of FOXO

abolishes the inhibitory effects on glycolysis (126).
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Figure 1.5 The PI3K/Akt pathway stimulates glucose metabolism via glycolysis in cancer cells.
The Akt signalling promotes glycolysis via direct phosphorylation and transcriptional
mechanisms. Akt enhances GLUT1 localization to plasma membrane and glucose uptake.
TXNIP promotes endocytosis of GLUT and its phosphorylation by Akt inhibits its activity. Akt
also stimulates HK to increase the retention and activation of imported glucose. HK
phosphorylates glucose to glucose 6-phosphate which cannot be exported. PFKFB2 is
phosphorylated and activated by Akt to produce fructose 2,6-bisphosphate which is an
allosteric activator of PFK1. The downstream effectors of Akt (e.g.,, mTORC1, MYC, HIFl1a)
increase the expression GLUT and most glycolytic enzymes. TXNIP: thioredoxin-interacting
protein, HK: hexokinase, GLUT: glucose transporter, PFK1: phosphofructokinase 1, PFKFB2: 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase, Glucose 6-P: glucose 6-phosphate,
Fructose 6-P: fructose 6-phosphate, Fructose 2,6-P: fructose 2,6-bisphosphate, Fructose 1,6-
P: fructose 1,6-bisphosphate. Metabolites and enzymes are shown in blue rectangles and
purple ovals, respectively. Blue solid and dashed arrows indicate Akt mediated regulation by
direct phosphorylation and transcription, respectively. Green dashed arrow indicates allosteric
activation of PFK1 by fructose 2,6-bisphosphate.
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1.2.3 The PI3K/Akt pathway promotes anabolic metabolism

The PI3K/Akt signalling has been shown to upregulate the synthesis of macromolecules,
including FAs, nucleotides, and proteins (83). Akt activation promotes de novo synthesis of
FAs to support the production of plasma membranes (Figure 1.6). Cytosolic acetyl-CoA is the
substrate for FA synthesis and is generated from ACL-catalysed cleavage of citrate (refer to
section 1.1.2 for details). Akt-mediated phosphorylation of ACLY enhances its activity, which
in turn increases the supply of acetyl-CoA for FA synthesis (Figure 1.6) (127, 128). Additionally,
Akt stimulates FA synthesis by activating transcription factor SREBP to promote the expression
of almost all the lipogenic enzymes and enzymes involved in NADPH production (Figure 1.6)
(129 130). Under basal conditions, SREBP remains as an inactive trans-membrane protein in
endoplasmic reticulum (ER). Its activation involves the transport to Golgi apparatus and
release of its N-terminal fragment by proteolytic cleavage. The N-terminal fragment is the
mature active form of SREBP and can translocate to the nucleus to induce the expression of
target gene (129). Akt signalling promotes SREBP activation via multiple mechanisms.
mTORC1 has been shown to enhance the proteolytic processing and trafficking of the mature
form of SREBP (Figure 1.6) (116, 131, 132). GSK3 phosphorylates the active form of SREBP and
directs it for proteasomal degradation and thus, Akt-mediated inhibition of GSK3 enhances
its stability (Figure 1.6) (133, 134). MYC has been recently reported to promote the expression
of SREBP and the binding of SREBP to promoters of lipogenic genes, thereby upregulating

FA synthesis (135).
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Figure 1.6 The PI3K/Akt signalling promotes de novo FA synthesis.

Akt phosphorylates and activated ACL which catalyses the cleavage of cytosolic citrate to
produce acetyl-CoA for FA synthesis. The downstream effectors mTORC1 promotes the
processing and nuclear localisation of SREBP to enhance the expression of lipogenic enzymes
(e.g., ACL, FASN, 6PGD/G6PD). GSK3-mediated phosphorylation of the mature active form of
SREBP directs it for degradation and thus, Akt-mediated phosphorylation and inhibition of
GSK3 enhances the retention of the active SREBP. MYC also induces the expression of SREBP.
ACL: ATP-citrate lyase, SREBP: sterol regulatory element-binding protein, G6PD: glucose-6-
phosphate dehydrogenase, 6PGD: 6-phosphogluconate dehydrogenase. Metabolites and
enzymes are shown in blue rectangles and purple ovals, respectively. Blue solid and dashed
arrows indicate Akt mediated regulation by direct phosphorylation and transcription,
respectively.

Additionally, Akt activation enhances de novo synthesis of nucleotides to support DNA
production in rapid proliferating cells (83). Nucleotide synthesis depends on the coordinated
input from multiple metabolic pathways which are stimulated by Akt signalling. The PPP
pathway produces ribose-5 phosphate as a substrate for the synthesis of deoxyribose moiety
of nucleotides (as described in section 1.1.2). mTORC1 activation has been shown to induce
the expression of the rate-limiting enzyme G6PD of PPP pathway (716). Akt also promotes
PPP flux by directly phosphorylating and activating the key enzyme TKT (136). The synthesis

of pyrimidine bases is enhanced by mTOCR1 which phosphorylates and activates the rate-
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limiting enzyme carbamoyl-phosphate synthetase 2, aspartate transcarbamylase and
dihydroorotase (CAD) (137, 138). The supply of one carbon units, which are necessary for
purine base synthesis, is enhanced by mTORC1-mediated stimulation of activating
transcription factor 4 (ATF4) (139). ATF4 promotes the expression of MTHFD2 which is a key
enzyme involved in the one-carbon/folate cycle (139). Akt-mediated activation of MYC also
promotes the expression of enzymes involved in purine and pyrimidine synthesis (140). The

uptake of glutamine, which serves as a nitrogen source, is increased by MYC activation (740).

Moreover, Akt signalling promotes the uptake of amino acids for protein synthesis. mTORC1 -
mediated induction of MYC upregulates the expression of amino acid transporters, including
LAT1 and SLC1A5 (741). MYC induction also increases the levels of glutamine and glutamine
dehydrogenase to enhance the entry of glutamine into the TCA cycle for production of
intermediates of NEAA synthesis (742). ATF4 induction downstream of mTORC1 activation
also promotes the expression of amino acid transporters, such as LAT1, cystine/glutamate
antiporter (xCT) and cationic amino acid transporter 1 (CAT1 or SCL7AL; transporters for

arginine, lysine, histidine) (143, 144).

1.2.4 The PI3K/Akt signalling regulates redox homeostasis

Akt pathway has been shown to promote antioxidant capacity in cancer cells by enhancing

the production of reducing equivalents, namely NADPH (83).

Akt activation upregulates the synthesis of cytosolic NADPH via multiple mechanisms (Figure
1.7A). The oxidative branch of PPP is the major source of NADPH production from NADP".
mTORC1 stimulates oxidative PPP by inducing the expression of G6PD via SREBP (716). In
addition, mTORC1-mediated activation of SREBP increases the expression of ME and IDH
which contributes to cytosolic NADPH generation (145, 146). Of note, Akt signalling also
increases the pool size of total NADP™ and NADPH available for redox reactions. NADK
catalyses NADP" production from NAD" and can be phosphorylated and activated by Akt

(Figure 1.7A) (73).

In addition, Akt stabilizes and activates NRF2 which is a key transcription factor and
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coordinates cellular antioxidation responses. GSK3 phosphorylates NRF2 and directs it for
proteasomal degradation (Z47). Thus, Akt-mediated phosphorylation and inhibition of GSK3
results in NRF2 accumulation (Figure 1.7B). NRF2 induces the expression of multiple genes
involved in ROS detoxification, including NADPH regeneration and GSH de novo synthesis
and regeneration from the oxidised GSSG (748). In this regard, NRF2 induces the expression
of G6PD, ME and IDH to support NADPH production (Figure 1.7B) (149). NRF2 also increases
uptake of cystine, a key substrate for GSH production, by transcriptional regulation of its
transporter xCT (Figure 1.7B) (150). Moreover, NRF2 positively regulates the levels of
glutamate-cysteine ligase which is the rate-limiting enzyme in GSH synthesis (Figure 1.7B)

(151, 152).
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Figure 1.7 The PI3K/Akt pathway regulates the redox balance in cancer cells.

(A) The Akt signalling promotes the production of reducing power NADPH via SREBP. The Akt
downstream effector mTORC1 stimulates the activity of SREBP which in turn induces the
expression of ME, IDH1, G6PD and 6PGD for NADPH production. Akt also increases the pool
size of total NADP by phosphorylating and activating NADK which phosphorylates NAD" to
NADP". (B) The Akt signalling enhances de novo synthesis of GSH via NRF2. Under basal
conditions, GSK3 phosphorylates and directs NRF2 for proteasomal degradation. Once

phosphorylated by Akt, GSK3 is inhibited and thus NRF2 is stabilised. NRF2 enhances the
expression of ME, G6PD and IDH to promote NADPH production. NRF2 also increases the

expression of enzymes involved in GSH de novo synthesis (e.g., glutathione synthetase) and
XxCT transporters to upregulate the uptake of cystine. xCT: cystine/glutamate antiporter, GSH:
glutathione, Glu: glutamate, Gly: glycine. Metabolites and enzymes are shown in blue
rectangles and purple ovals, respectively. Blue solid and dashed arrows indicate Akt mediated
regulation by direct phosphorylation and transcription, respectively.
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1.3 Dysregulation of the Ras and PI3K pathways are

common in epithelial ovarian cancer (EOC)

1.3.1 Introduction to ovarian cancer

Ovarian cancer is the fourth leading cause of death associated to cancer and the seventh
most common diagnosed malignancy in female in developed countries (753). In the UK, it has
been estimated that 1 in 60 women will develop ovarian cancer during their lifetime (153).
This equates to approximately 7,000 newly diagnosed cases each year in the UK (154). Of
these patients, around 4,200 patients die (154), and the high death rate is partially caused by
the late diagnosis when the disease is highly metastatic and hard to manage. Indeed, the 5-
year survival rate for patients diagnosed at early stage is 92% in comparison to 29% in those
presenting at advanced stage (755). However, ovarian cancer diagnosis is challenged by the

lack of effective screening methods and the asymptomatic nature at early stage (255).

Ovarian cancer is a group of diseases with heterogeneous molecular landscape,
clinicopathological features and developmental origins. The most common type is epithelial
ovarian cancer (EOC) which account for roughly 90% of ovarian cancer cases and can be
further divided into several subtypes (156). Approximately 70% of EOC cases are ovarian high-
grade serous carcinoma (HGSC) (157). Ovarian HGSC is characterized by genomic instability
which in turn leads to copy number alterations (158). Apart from the nearly universal loss-of-
function mutations in 7P53, oncogenic mutations in HGSC patients are relatively rare (157).
Ovarian low-grade serous carcinoma (LGSC), clear-cell ovarian cancer (CCOC), endometroid
ovarian cancer (EnOC) and mucinous ovarian cancer (MOC) are less frequent and account for
approximately 5%, 10%, 10% and 5% of all EOC cases (159). The rest 10% of ovarian cancer cases
are non-epithelial and include sex cord-stromal ovarian cancer and germ cell ovarian cancer

(159).

1.3.2 Genetic events leading to dysregulated Ras and PI3K

pathways in EOC
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Integrated genomics analysis has identified genetic signatures associated with each subtype
of EOC. However, genetic alterations in the Ras and PI3K signalling pathways are frequently
detected across EOC subtypes (760). The Ras pathway is a signalling cascade and regulates
biological processes in cancer cells, including proliferation and survival. It is activated at
upstream RTKs by growth factors, cytokines and hormones (Figure 1.8) (761). As described in
Section 1.2.1, activated RTKs dimerise and auto-phosphorylate the cytoplasmic domains
which function as docking sites for adaptor proteins. SOS (son of sevenless) is one of the
recruited proteins and functions as a nucleotide exchange factor (NEF) (Figure 1.8) (161, 162).
Ras is a GTPase and exists in its inactive guanosine diphosphate (GDP)-bound form under
basal conditions. Upon stimulation, SOS facilitates the exchange of Ras-bound GDP with
guanosine triphosphate (GTP) which in turn activates Ras (i.e., GTP bound active form) (162).
Neurofibromin 1 (NF1) is a GTPase activating protein and enhances the hydrolysis of Ras
bound GTP to GDP, which inactivates Ras (Figure 1.8) (163). GTP-bound Ras binds and
activates multiple downstream effectors, including PI3K (see section 1.2.1 for the signalling
pathway) and RAF protein family (BRAF, ARAF and c-RAF1) (161, 164). Subsequently, RAF
functions as a protein serine/threonine kinase and phosphorylates and activates MEK1/2
(Figure 1.8) (161, 164). Finally, MEK1/2 phosphorylates and activates Erk1/2, which regulates

multiple transcription factors (e.g., MYC, c-Jun and ELK1) (Figure 1.8) (161, 164).
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Figure 1.8 The Ras signalling pathway in cancer cells.

RTKs can be activated by ligands (e.g., growth factors) and undergo dimerization and
autophosphorylation. SOS is recruited to the phosphorylated cytoplasmic domains and
exchanges Ras bound GDP with Ras bound GTP to activate Ras. NF1 is a GTPase activating
protein and stimulates the hydrolysis of Ras bound GTP to Ras bound GDP. The activated
GTP-bound Ras phosphorylates and stimulates RAF, MEK and Erk1/2 in the manner of
signalling cascade. Finally, multiple transcription factors (e.g., ELK1, MYC and c-Jun) are
activated. RTK: receptor tyrosine kinase, SOS: son of sevenless, NF1l: neurofibromin 1.
Phosphorylation is indicated as a P in circle.

Multiple genetic alterations can lead to the hyperactive Ras signalling in EOC. For instance,
amplification and activating mutations in epidermal growth factor receptor 2 (ERBB2), which
functions as an RTK, are common in LGSC, CCOC and MOC. Mutations in the Ras isoform
KRas and NRas have also been reported in LGSC, EnOC, CCOC and MOC (153, 156, 159, 165,
166). Mechanistically, the Ras mutations impair the GTPase activity of Ras and cause its
constitutive activation (167, 168). In addition, amplification of KRas has been detected in HGSC
and MOC (169-171). Deletion of NF1, the negative regulator of Ras, has also been detected

in 8% of HGSC patients (Z72). BRAF mutations have been observed in LGSC and MOC (173-
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175). The majority mutation (about 90%) is the substitution of valine with glutamate (BRAF"*"™)

(173 174). c-MYC amplification is also a common genetic alteration event in EOC (169, 176).

Genetic alterations at multiple components of the PI3K pathway have been reported in EOC.
In this regard, approximately 40-50% of HGSC patients have constitutive activation of the
PI3K/Akt pathway. Amplifications in p110 subunit of PI3K (P/K3CA) and one of the AKT
isoforms (AK71-3) are detected in 20% and 15-20% of cases, respectively (177, 178). Activating
mutations in the PIK3CA and RAPTOR (encoding one component of mTORC1) are less
common but present in 4% and 4% patients, respectively (172, 179). Loss of negative regulators
in the PI3K/Akt pathway is also detected. In this regard, 8% patients harbour deleterious or
loss-of-function mutations in P7EN (179). Mutations in the regulatory subunit p85 (encoded
by PIK3R1), which binds and inhibits the catalytic subunit p110 in resting state, are present in
roughly 4% cases (172). Moreover, dysregulation of the PI3K/Akt pathway may result from
amplification or activating mutations in the upstream RTKs (e.g. EGFR, ERBB3, ERBB2 and IGF1)
which are present in about 16-21% cases (172). Hyperactivity in the PI3K pathway is also
prevalent in less frequent subtypes of EOC. PIK3CA mutations are detected in approximately
35% and 20% of clear-cell and endometroid ovarian cancer cases, respectively (180, 181).
Deletions or loss-of-function mutations in PTEN are also common and observed in roughly
40% and 20% patients with endometroid and clear-cell ovarian cancer, respectively (182).
Mutations in RTKs (i.e. ERBB2) and the Ras/Raf/Mek/Erk pathway (i.e. Ras) are frequent in

ovarian LGSC and mucinous ovarian cancer patients (183, 184).

In addition, cross-talk and feedback mechanisms exist between the PI3K/Akt pathway and the
Ras/Raf/Mek/Erk pathway. Thus, they may contribute to the hyperactivity in the Ras and PI3K

signalling.

1.4 PARP inhibitors: targeted therapy against ovarian

cancer

1.4.1 PARP1 is key to DNA damage repair
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Poly(ADP-ribose) polymerase (PARP) is a large protein family consisting of 17 members based
on similarity in sequence (185). Among these, PARP1 is essential to DNA damage repair (DDR)
in mammalian cells (186). PARP1 is localized in the nucleus and contains three domains with
different functions (Figure 1.9A) (187). In the N-terminus DNA binding domain (DBD), there
are three zinc fingers that are capable of binding to DNA strands. The first two zinc fingers
are required for binding to DNA breaks while the third one couples DNA binding to alterations
in PARP1 function (188-191). In the middle auto-modification domain (AD), there are
glutamate and lysine residues which accept ADP-ribose moieties (192, 193). There is also a
BRCAL1 carboxy-terminal (BRCT) repeat motif for protein-protein interaction. The catalytic
domain (CD) is located in the C-terminus (194). Using NAD" as a substrate, CD transfers
multiple ADP-ribose moieties to substrate proteins, thereby forming poly(ADP-ribose) (PAR)
chains (194). The CD also contains a tryptophan-glycine—arginine-rich (WGR) domain for
DNA binding and a helical domain (HD) which inhibits PARP1 activity in the absence of DNA

damage by blocking the access of NAD" to PARP1 (195).

In response to DNA damage (e.g., single strand breaks (SSBs) and double strand breaks
(DSBs)), PARP1 is recruited to the damage sites and undergoes allosteric changes in its
structure, which abolishes the inhibitory effect of HD and upregulates its catalytic activity
(Figure 1.9B) (196). As a result, poly(ADP-ribose) (PAR) chains are synthesized and attached
covalently to PARP1 itself (i.e., autoPARylation) and histones (197, 198). The PAR chains serve
as a scaffold for recruiting DDR proteins to DNA breaks through non-covalent interaction
(Figure 1.9B) (195). For example, X-ray repair cross complementing protein 1 (XRCC1) binds
to PAR chains and activates base excision repair (BER) by recruiting more BER proteins,
including gap-filling DNA polymerase 3 (POLB) and DNA ligase 3 (LIG3) (199, 200). Because
SSBs are generated as an intermediate of BER, PARP1-mediated recruitment of XRCC1 is also
essential for repair of SSBs (201). PAR chains also interact with meiotic recombination 11
(MRE11) and ataxia telangiectasia mutated (ATM) to initiate DSB repair by homologous
recombination (HR) and restart of stalled replication forks (202-204). Eventually, PARP1 is
released from the repaired DNA strands due to the negative charge of PAR chains (Figure

1.9B) (Z87). The PAR chains on PARP1 are hydrolysed by poly(ADP-ribose) glycohydrolase
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(PARG) and free ADP-ribose monomers are released (Figure 1.9B) (205).
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Figure 1.9 The roles of PARP1 in DNA damage repair in cancer cells.

(A) The domain structure of PARP1. PARP1 consists of three domains: DBD, AD and CD. There
are three zinc fingers in the DBD domain for DNA binding. The nuclear localization signal is
also in the DBD domain. A BRCT repeat motif is in the AD domain for protein-protein
interaction. The WGR and HR domains inside the CD are for DNA binding and the inhibition
of PARP1 activity in the absence of DNA damage. The PARP signature sequence is the most
conserved sequence among PARP isoforms and locates in the CD. (B) PARP1 plays a key role
in DNA damage repair. PARP1 detects and binds to damaged DNA strands and utilise NAD"
as a substrate to synthesize PAR chains on itself and histone (not shown for simplicity). The
PAR chains recruits DNA damage repair proteins which also undergo PARylation by PARP1.
After the resolution of DNA damage, autoPARylated PARP1 is released, and the PAR chains
are hydrolysed by PARG. DBD: DNA binding domain, AD: auto-modification domain, CD:
catalytic domain, Zn: zinc finger, NLS: nuclear localization signal, BRCT: BRCAL carboxy-
terminal repeat motif, WGR: tryptophan-glycine—arginine-rich domain, HD: helical domain,
PAR: poly(ADP-ribose), PARG: poly(ADP-ribose) glycohydrolase, Nam: nicotinamide.
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PARP2 has also been shown to have implications in DDR, including BER (206, 207). In this
regard, knock out of Parp2 in mice results in phenotypes similar to ParpI” mice, such as
enhanced sensitivity to alkylating agents and ionizing radiation and increased genomic
instability (207, 208). Functional redundancy between PARP1 and PARP2 has also been
suggested. Knock out of both Parpl and ParpZ genes in mice results in embryonic lethality
related to genomic instability while the depletion of either Parpl or Parp2 is not sufficient to
impair DDR (208). However, PARP2-catalysed PARylation accounts for at most 15% of total
PARylation, which suggests that PARP1 is the major PARP protein activated due to DDR (209,

210).

1.4.2 NAD' is a substrate of PARP1 and synthesized through

multiple pathways

The activity of PARP1 is dependent on the supply of its substrate NAD" and PAR chain
synthesis consumes a substantial amount of NAD". Indeed, PARP1 hyperactivation in response
to excessive DNA damage depletes cellular NAD" pool and its replenishment requires the
input of ATP (211, 212). As a result, NAD" synthesis exhausts cellular ATP content, which in
turn can lead to oncosis (212-215). Oncosis is a programmed cell death mechanism under
conditions of rapid ATP depletion (216). Consequently, ion balance across the plasma
membrane is disrupted, and membrane integrity is lost, which collectively causes cell death

accompanied by membrane blebbing (216).

In mammalian cells, there are three pathways to generate NAD": 1) the salvage pathway; 2)
the Preiss-Handler (PH) pathway; and 3) the de novo synthesis pathway (Figure 1.10) (217).
Most of cellular NAD" is synthesized through the salvage pathway which recycles the by-
product nicotinamide (Nam; also known as niacinamide) released from PARylation and other
NAD" consuming enzymes (e.g., CD38 and sirtuin (SIRT)) (217). Indeed, the NAD" turnover in
human liver is estimated to be approximately 8g per day (217). The synthesis of the same
amount of NAD" without recycling requires 1.5g Nam which is almost 100 times of the

recommended daily uptake (i.e., 15mg) (218). The rate-limiting enzyme is nicotinamide
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phosphoribosyl transferase (NAMPT; also called visfatin or Pre-B cell colony-enhancing factor
(PBEF)) which catalyses the condensation of Nam with phosphoribosyl Pyrophosphate (PRPP)
to produce nicotinamide mononucleotide (NMN) (219-227). Additionally, Nam and
nicotinamide riboside (NR) from dietary uptake are also converted to NMN which is catalysed
by nicotinamide riboside kinase (NRK) (222). Subsequently, NMN adenylyltransferases

(NMNAT) catalyses the transfer of ADP moiety from ATP to NMN and produces NAD" (217).

The PH pathway uses nicotinic acid (NA) as a source of NAD" synthesis and the rate-limiting
step is catalyzed by nicotinic acid phosphoribosyltransferase (NAPRT) (Figure 1.10) (223, 224).
The product is nicotinic acid mononucleotide (NAMN) and is generated by condensation with
PRPP. The de novo synthesis pathway starts with tryptophan (Figure 1.10) (225). The first
reaction is catalysed by rate-limiting enzymes tryptophan dioxygenase (TDO) or
indoleamine-2,3-dioxygenase (IDO) and produces N-formylkynurenine which undergoes
multiple enzymatic reactions to generate NAMN via quinolinic acid (QA). NAMN is also a
substrate of NMNAT and its adenylation produces nicotinic acid adenine dinucleotide (NAAD)
(217). The last step to synthesise NAD" requires glutamine as the second substrate and is

catalysed by NAD synthetase (NADS) (217).
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Figure 1.10 The metabolic pathways of NAD" synthesis.

The majority of NAD" is synthesized via the salvage pathway. The by-product of NAD"
consuming enzymes (e.g., PARP), nicotinamide, is recycled to produce NAD". In addition,
NAD" can also be synthesized via the de novo pathway where tryptophan is a substrate. In
the PH pathway, nicotinic acid is the substrate, and this pathway converges with the de novo
pathway at NAMN. The rate-limiting enzymes in the salvage, de novo and PH pathway are
NAMPT, IDO/TDO and NAPRT, respectively. NA: nicotinic acid, NR: nicotinamide riboside,
NAAD: nicotinic acid adenine dinucleotide, Nam: nicotinamide, QA: quinolinic acid, NAMN:
nicotinic acid mononucleotide, NMN: nicotinamide mononucleotide, NAPRT: nicotinic acid
phosphoribosyltransferase, NAMPT: nicotinamide phosphoribosyl transferase, NMNAT: NMN
adenylyltransferases, NRK: nicotinamide riboside kinase, TDO: tryptophan dioxygenase, |IDO:
indoleamine-2,3-dioxygenase. The salvage, de novo and PH pathway are shown in blue, pink
and orange rectangles. Enzymes are indicated in purple ovals.

Interestingly, NAD" synthesis is compartmentalized in mammalian cells. In this regard, there
are three isoforms of NMNAT (i.e.,, NMNAT1-3) which are localized in different subcellular
structures (226, 227). NMINAT1 exist in the nucleus and provides NAD" to fuel PARP1 activity.
Indeed, PARP1 recruits NMNAT1 to generate NAD" locally (228, 229). NMNAT3 is expressed
in mitochondria to support OXPHOS which requires NAD" as a co-factor (230). NMNAT2 is
localized to cytosol where NAD" is required for glycolysis (230). NAMPT has been shown to

exist in both nucleus and cytosol, which also supports the local demand of NAD" (230).

1.4.3 PARP inhibitors: mechanisms of action

The mechanism of PARP inhibitors is based on the concept of synthetic lethality (231). In this

model, the perturbation of target A or B alone is not sufficient to induce cytotoxicity. However,
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the perturbation of target A and B in combination leads to the loss of cell viability. In 2005,
the synthetic lethality was described between PARP inhibitors and BRCA1/2 deficiency as
evidenced by the enhanced sensitivity (i.e., greater reduction of cell survival) to PARP
inhibitors (232 233). Indeed, a 1000-fold decrease in SFs values (the dose where 50% cells
can survive) of KU0O058684, a PARP1 inhibitor, was reported in Chinese hamster ovary cells
with breast cancer gene 2 (BRCA2) deficiency (233). PARP inhibitors are designed to mimic
the structure of its substrate NAD" and inhibit the catalytic domain (234). Initially, the
proposed mechanisms are associated with the blockage of PARP1 enzymatic activity. Because
PARP1 is essential for SSB repair, such inhibition leads to the persistence of DNA damage
(232 233). When encountered by a replication fork, the SSBs can cause the collapse of the
fork, which in turn can create a DSB (233). In HR competent cells, the consequent DSBs are
repaired by the error-free HR mechanisms which requires a sister chromatid as its template
for high fidelity repair (235). However, in BRCA1/2 deficient cells, the DSBs can persist and be
lethal (232 233). Part of the DSBs remain unrepaired as chromatid breaks while the rest are
repaired by non-homologous end joining (NHEJ) pathway (232, 235). NHE] directly re-ligates
DSBs without the need for a homologous template (236). As a result, NHE] is error-prone and
increases the risks of nucleotide deletions and insertions, which in turn results in genomic
instability and cell death (237). Thus, the ability to activate HR following treatment of PARP

inhibitors is essential for its survival.

However, the above-described mechanism has been challenged by the data showing PARP1
deficient cells are resistant to PARP inhibitors (238, 239). In addition, it has been reported that
Rucaparib, Niraparib, Talazoparib and Olaparib inhibit PARP1 autoPARylation and prevent its
release from the DNA strands (238, 240-242). Therefore, a modified model of mechanism was
proposed (Figure 1.11). Once trapped on DNA by PARP inhibitors, PARP1 blocks the
progression of replication forks, which in turn leads to the formation of DSBs (Figure 1.11)
(233). The failure of BRCA1/2 deficient cells to engage the error free HR repair pathway leads
to cell death. In ovarian HGSC, approximately 50% of patients harbour deficient HR (HRD)
mainly due to loss of BRCA1 or BRCA2 (172). Therefore, PARP treatment induces genomic

instability and cancer cell death in HRD patients. Indeed, several studies established the
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correlation between PARP trapping potency of PARP inhibitors and cytotoxicity with

Talazoparib being the most effective inducer of PARP trapping and cell death (243, 244).
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Figure 1.11 Mechanisms of PARP inhibitors.

PARP inhibitors mimic the structure of NAD", the substrate of PARP. Therefore, PARP
inhibitors block autoPARylation of PARP1 which in turn causes its trapping on the DNA strands.
Trapped PARP1 blocks the progression of replication forks and induces DNA damage. In HR
proficient cells, the DNA damage can be repaired by the high-fidelity HR pathway. However,
in HR deficient cells, such DNA damage is repaired by the error-prone alternative NHEJ
pathway, which leads to genomic instability and cell death. HR: homologous recombination
pathway, NHEJ: non-homologous end joining pathway.

Other mechanisms of action of PARP inhibitors have also been reported. For example, in HRD
cancer cells, PARP inhibition enhances NHE] by upregulating the phosphorylation and
activation of DNA-dependent protein kinase (DNAPK) (245). This in turn results in large-scale
genomic rearrangement and cell death. Indeed, resistance to PARP inhibition can be observed
when NHEJ proteins (e.g., DNAPK and Ku80) are depleted (246). Interestingly, contradiction
exists in terms of the effects of PARP inhibition on replication fork progression. In this regard,
PARP inhibition upregulates the speed of replication fork progression, which increases the

chance of DSB, genomic instability and cytotoxicity (247, 248).
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1.4.4 Clinical development of PARP inhibitors

Multiple PARP inhibitors have been approved to treat ovarian cancer patients by the European
Medicine Agency (EMA) and the Food and Drug Administration (FDA) (Table 1.1). Olaparib is
the first approved PARP inhibitor in the clinic. In 2014, it was approved by FDA for advanced
ovarian cancer patients who harbour germline or somatic mutations in BRCA1/2 and have
received previous treatment of three of more lines of chemotherapy (249, 250). At the same
time, EMA approved Olaparib as maintenance therapy for ovarian HGSC patients who have
germline or somatic mutations in BRCA1/2 and show complete or partial responses to
platinum-based chemotherapy (249). The approval is supported by several clinical trials that
showed favourable responses of Olaparib. In the phase | clinical trial carried out by Fong et
al, 8 out of 15 ovarian cancer patients with BRCA1/2 mutations showed complete or partial
responses (251). Later, a phase Il clinical trial (study 42) showed an objective response rate
(ORR) of 34% (46 of 137) in ovarian cancer patients with germline BRCA1/2 mutations (252,
253). In 2018, Olaparib was approved as the first-line maintenance therapy for advanced
ovarian cancer patients with mutations in BRCA1/2 (249). The decision was based on the
SOLO-1 trial which assessed Olaparib as a maintenance therapy for newly diagnosed ovarian
cancer patients. A 70% reduction in the risk of disease progression or death was observed in

patients treated with Olaparib at three years (Olaparib = 60% vs placebo = 27%) (254).

In 2017, Olaparib was approved as a maintenance therapy for recurrent and platinum sensitive
ovarian cancer patients (249). The approval decision was based on the SOLO-2 trial and study
19. The phase Il SOLO-2 trial recruited recurrent and platinum sensitive ovarian cancer
patients with BRCA1/2 mutations. Results showed that Olaparib as a maintenance therapy
increased progression free survival (PFS) (Olaparib = 19.1 months vs placebo = 5.5 months)
(255). Study 19 is a phase |l clinical trial and recruited recurrent ovarian HGSC patients who
had received two or more lines of chemotherapy. Results showed Olaparib improved PFS
(Olaparib = 8.4 months vs placebo = 4.8 months), especially in patients with BRCA1/2
mutations (Olaparib = 11.2 months vs placebo = 4.8 months) (256). Moreover, a confirmatory

trial SOLO-3 examined Olaparib for relapsed ovarian cancer patients with mutations in
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BRCA1/2 and showed improved PFS (Olaparib = 13.4 months vs chemotherapy = 9.2 months)

and objective response rate (ORR; Olaparib = 84.6% vs chemotherapy = 61.5%) (257).

Rucaparib was approved by FDA as a maintenance therapy for ovarian cancer patients with
BRCA1/2 mutations after two or more lines of chemotherapy in 2016 (249). The approval was
based on study 10 and the ARIEL2 trial. In study 10, BRCA1/2 mutated ovarian HGSC patients
who had received more than two lines of chemotherapy were selected and an ORR of 59.5%
was observed in patients treated with Rucaparib (258). In the ARIEL2 trial, relapsed and
platinum sensitive ovarian HGSC patients were recruited and categorized into three groups:
1) mutated BRCA1/2; 2) wild-type BRCA1/2 with high levels of loss of heterozygosity (LOH);
3) wild-type BRCA1/2 with low levels of LOH. Results showed Rucaparib conferred more
beneficial responses in BRCA1/2 mutated group (median PFS: BRCA mutant = 12.8 months
vs LOH high = 5.7 months vs LOH low = 5.2 months) (259). Additionally, in the ATHENA trial,
rucaparib was assessed as a first-line maintenance therapy for newly diagnosed ovarian
cancer patients. Results showed that rucaparib significantly increased median PFS in HR
deficient (HRD) patients (Rucaparib = 28.7 months vs placebo = 11.3 months) (260). Of note,
patients with wild-type BRCA1/2 and high level of LOH were deficient in HR and showed

improved median PFS (Rucaparib = 13.6 months vs placebo = 5.4 months) (259).

In 2018, FDA approved Rucaparib as a maintenance therapy for recurrent and platinum
sensitive ovarian cancer patients (249). This is supported by the ARIEL3 trial which investigated
the efficacy of Rucaparib as a maintenance therapy for recurrent and platinum sensitive
ovarian HGSC patients. Patients with BRCA1/2 mutations showed a significant increase in
median PFS (Rucaparib = 16.6 months vs placebo = 5.4 months) (261). In the ARIEL4 trial, the
efficacy of rucaparib was compared against standard-of-care chemotherapy in relapsed
ovarian cancer patients with BRCA1/2 mutations. Clinical benefits were observed as evidenced

by the increase in median PFS (Rucaparib = 7.4 months vs chemotherapy = 5.7 months) (262).

Niraparib was approved by FDA as a maintenance therapy for relapsed and platinum-
sensitive ovarian cancer patients in 2017 (249). The approval was based on the ENGOT-

OV16/NOVA trial which recruited relapsed and platinum sensitive patients after two or more
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lines of chemotherapy. Results showed a significant increase in median PFS in BRCA1/2
mutant patients (Niraparib = 21.0 months vs placebo = 5.5 months) (263). Of note, in patients
with wild-type BRCA1/2, Niraparib also increased median PFS (Niraparib = 9.3 months vs
placebo = 3.9 months), especially in those with HRD (Niraparib = 12.9 months vs placebo =

3.8 months) (263).

In 2020, FDA approved Niraparib as a first-line maintenance therapy for advanced ovarian
cancer who show complete or partial response to platinum-based chemotherapy (249). The
decision was based on the results from the PRIMA trial which recruited newly diagnosed and
platinum sensitive advanced ovarian cancer patients. Niraparib improved median PFS
regardless of HR status (Niraparib = 13.8 months vs placebo = 8.2 months) although the
benefit was more profound in HRD patients (Niraparib = 21.9 months vs placebo = 104
months) (264). Niraparib was also investigated in the treatment of recurrent ovarian cancer in
the QUADRA trial. Patients with response to platinum-based chemotherapy were selected
and median overall survival (OS) of 15.5, 19.0 and 26.0 months was observed in patients with

negative HRD, positive HRD and BRCA mutations, respectively (265).
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1.4.5 The impact of the Ras and PI3K pathways on PARP inhibitor

responses

Aberrant activation of the Ras and PI3K pathways is associated with impaired responses to
PARP inhibitors and therefore, novel combination therapies are required. In this regard, the
ARIEL2 trial showed that the hyperactive Ras signalling and amplification of AK71/2/3 genes
impaired responses to Rucaparib in patients with wild-type BRCA (266). In pre-clinical studies,
the dysregulation of the Ras and PI3K signalling has been reported to induce resistance to
PARP inhibitors and the downregulation of the signalling is associated with enhanced
sensitivity (267). In this regard, Sun et al demonstrated that KRas mutations are correlated
with acquired resistance to the PARP inhibitor Talazoparib in EOC cells and the treatment of
MEK inhibitors re-sensitized PARP inhibitors (268). Mechanistically, MEK inhibition impaired
HR capacity by downregulating the expression of HR components (268). Moreover, Olaparib
synergises with the PI3K inhibitor BKM120 to induce DNA damage and inhibit proliferation
and survival of ovarian cancer cells with PIK3CA mutations (269). The proposed mechanism is
downregulation of BRCA1/2 levels and HR capacity due to PI3K inhibition. Moreover, in
BRCA1-deleted breast cancer cells, BKM120 enhanced Olaparib induced DNA damage and
attenuation of tumour growth (270). Indeed, several clinical trials showed promising results.
For instance, a phase | trial assessed the combination of Olaparib with an Akt inhibitor
Capivasertib. Safety and tolerability were confirmed and 50% (11 of 22) of ovarian cancer
patients showed complete/partial response or stable disease (271). Two ongoing clinical trials
assessing the combination of Olaparib with MEK inhibitor selumetinib in Ras mutant patients
(Phase | trial SOLAR, NCT03162627; Phase Il trial ComboMATCH, NCT05554328) showed

safety and anti-tumour activity (272, 273).

In addition to directly targeting the signalling pathways, dysregulated Ras and PI3K pathways
reprogramme tumour metabolism, which may be exploited to sensitize PARP inhibitor in this
subgroup of EOC patients. As described in sections 1.2.2 to 1.2.4, the PI3K signalling regulates
cancer metabolism, including enhanced glycolysis (96). Likewise, hyperactive Ras signalling

promotes glucose metabolism by upregulating the expression of GLUT1 and key glycolytic
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enzymes (e.g., HK and PFK1, section 1.2.2) (58, 274, 275). Given that NAD" is a key cofactor of
glycolysis (217), the dysregulated Ras and PI3K signalling may increase the demand for NAD"
and thus, create a metabolic bottleneck. Moreover, both Ras and PI3K pathways have been
reported to modulate cellular NAD" levels. As described in section 1.2.4, the PI3K signalling
activates NADK to enhance the production of NADP" from NAD" (73). Ras signalling also
promotes NADP" synthesis by phosphorylating and activating NADK (276). Of note, NADP”
has been reported as an endogenous inhibitor of PARP1 (277). Decreased levels of NAD" have
been reported in KRas-mutant colorectal and non-small cell lung cancer cells (278, 279). The
expression of NAMPT, the rate-limiting enzyme of the NAD" synthesis, has been reported to
be regulated by multiple transcription factors downstream of the Ras and PI3K pathways. For
instance, MYC overexpression promotes NAMPT expression at the transcription level and
increases cellular NAD" levels in colorectal cancer cells (280). STAT3-5, NF-kB and HIF-1a
also upregulate NAMPT protein levels (281-284). BRAF mutant tumours overexpress NAMPT

and display higher sensitivity to NAMPT inhibitors (282).

Given the above, one hypothesis tested in this thesis is that metabolic reprogramming by
hyperactive Ras and PI3K signalling may confer higher vulnerability to NAD" depleting agents.
Since NAD" is a substrate of PARP1, its depletion may block autoPARylation and induce PARP
trapping (234). This in turn synergies with PARP trapping induced by PARP inhibitors, which
causes enhanced DNA damage and cytotoxicity. Thus, NAD" depletion may increase the
sensitivity to Olaparib, especially in EOC cells with hyperactive Ras and PI3K signalling.
Previously, the combination of FK866, a NAMPT inhibitor, has been shown to sensitize
Olaparib in models of TNBC, Ewing sarcoma and ovarian HGSC (285-287). However, the
combination of FK866 and Olaparib has not yet been tested in EOC cells with mutations in

the PI3K/Akt pathway.

1.5 Lactate is more than a metabolic waste in cancer

1.5.1 Lactate fuels the TCA cycle in cancer cells
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Historically, lactate was considered as a ‘waste’ product of aerobic glycolysis (i.e., the Warburg
effect) in cancer cells. However, this notion is being challenged by the recent data that show
it is a metabolic fuel for cancer cells (Figure 1.12). In this regard, Chen et al reported that in
H460 human lung cancer cells, extracellular lactate is imported and oxidized to pyruvate which
in turn fuels the TCA cycle (288). Indeed, a substantial amount of lipids are synthesized using
lactate-derived citrate as a substrate. Additionally, Sonveaux et al and Pavlides et al reported
the utilization of lactate via the TCA cycle in mice tumour tissue (289, 290). Moreover, using
“Cs-lactate as a tracer, Faubert et al demonstrated that “*C enrichment into pyruvate and TCA
cycle intermediates in patients with non-small-cell lung cancer (NSCLC) (291), which provides
the direct evidence of lactate contribution to central carbon metabolism in human tumours
in vivo. Furthermore, the comparison of TCA cycle intermediates labelling from “Cs-lactate
and “Cs-glucose indicated that lactate is a preferential substrate (297). Using metabolic flux
analysis techniques, Hui et al quantitated the relevant contribution of lactate and glucose and
found that lactate contribution to central carbon metabolism exceeded that of glucose in
mice with lung tumours (292). However, there is scepticism about lactate as a preferential fuel
of the TCA cycle. In this regard, Liu et al performed metabolic flux analysis (MFA) and
demonstrated that TCA fluxes from glucose are higher than those from lactate in various
strains of mice, which suggests that glucose contributes more than lactate as the TCA cycle
substrate (2953). Additionally, Ying et al argued that isotope labelling experiments
overestimated net contribution of lactate and underestimated that of glucose due to isotope
exchange between pyruvate and lactate (294). Nevertheless, these studies provided several

lines of evidence supporting lactate as a metabolic fuel in cancer cells.
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Figure 1.12 Exogenous lactate is a carbon source of the TCA cycle in cancer cells.

In addition to utilizing glucose derived carbons for the TCA cycle, cancer cells uptake
extracellular lactate via MCT and oxidize it to pyruvate via LDH which subsequently enters the
TCA cycle. GLUT: glucose transporter, MCT: monocarboxylate transporter, LDH: lactate
dehydrogenase. Metabolites and enzymes are shown in blue rectangles and purple ovals,
respectively.

1.5.2 LDH: key enzymes in lactate metabolism

The interconversion of pyruvate and lactate is catalysed by LDH with the concomitant
interconversion of NADH and NAD" (Figure 1.13)(295). LDH is a tetramer and consists of M
and/or H subunits that are encoded by LDHA and LDHB genes, respectively (295). Thus, there
are five isoforms of LDH based on the combinations of M and H subunits: two homo-
tetramers composed of four M or H subunits (LDHA/LDH5 and LDHB/LDH1, respectively) and
three hetero-tetramers, LDH2 (1 M subunit and 3 H subunits), LDH3 (2 M subunit and 2 H
subunits) and LDH4 (3 M subunit and 1 H subunit) (Figure 1.13) (296). LDH isoforms display
various levels of expression in different types of organs. In this regard, LDH1 and LDH2 are
highly expressed in heart and LDH3 is predominantly expressed in brain and kidneys (297).

LDH4 and LDH5 are preferentially expressed in liver and skeletal muscle (297). The organ-
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specific expression pattern is linked to the metabolic needs. Although all five LDH isoforms
can catalyse the reversible conversion between pyruvate and lactate, they differ in the relative
affinity to pyruvate and lactate due to the differences in the number of charged amino acid
residues in the catalytic domain (298). LDH1 preferentially catalyses the oxidation of lactate
to pyruvate for OXPHOS and thus, is highly expressed in, the largest lactate consuming organ,
heart (299). In contrast, LDH4 and LDH5 have a greater affinity for pyruvate and preferentially
catalyse the reduction of pyruvate to lactate coupled to NAD" regeneration from NADH (295).
The high levels of LDH4 and LDH5 is essential for energy production in skeletal muscle under
anaerobic conditions. Due to insufficient oxygen supply, glycolysis instead of OXPHOS is the
main energy source. Given NAD" is a key cofactor for glycolysis, its regeneration from NADH
maintains the high glycolytic flux (298). In malignant cells, the expression of LDH with high
content of M subunit (e.g., LDH5 and LDH4) is favoured in general (295). Likewise, the rapid
regeneration of NAD" from NADH through pyruvate reduction maintains the enhanced

glycolysis activity (i.e., the Warburg effect).
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Figure 1.13 Structure and functions of LDH isoforms.

LDH consists of four subunits and catalyses the conversion of pyruvate and NADH to lactate
and NAD". LDHA and LDHB genes encode M and H subunit, respectively. The two types of
subunits differ in the amino acid residues surrounding the active sites, which impacts the
substrate affinity. LDH1 and LDH5 are homotetramers consisting of four H and M subunits,
respectively. Thus, LDH1 and LDH5 preferentially catalyse lactate oxidation and pyruvate
reduction, respectively. The three heterotetramers (i.e., LDH2-4) catalyse the reversible
conversion between pyruvate and lactate. LDH: lactate dehydrogenase.

In cancer cells, the expression of LDH isoforms is altered and regulated by a combination of
transcriptional, post-transcriptional and translational mechanisms. In this regard, several
transcription factors have been reported to modulate LDHA/LDH5 expression (298). For
instance, HIF1 binds to the hypoxia response element (HRE) in the promoter region of LDHA
gene and promotes its expression, which in turn adapts cancer cells to the hypoxic tumour
microenvironment (TME) (300). c-MYC and FOXM1 are also positive regulators of LDHA
expression (301-304). The promoter region of LDHB has been shown to undergo

hypermethylation in prostate and pancreatic cancer cells, thereby inhibiting its expression
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(305, 306). However, signal transducer and activator of transcription 3 (STAT3) and high-
mobility group box 2 (HMGB2) promote LDHB expression in some types of cancer cells (307,
308). Moreover, microRNA (miRNA) has been demonstrated to regulate mRNA levels of LDHA
and LDHB. For example, miR-200b reduces LDHA mRNA levels in glioma models, which in
turn inhibits glycolysis and promotes invasiveness (309). PTM is an additional mechanism of
LDHA and LDHB regulation. Acetylation and phosphorylation of LDHA have been shown to
inhibit and enhance its activity, respectively (310, 311). LDHB deacetylation by SIRT5 promotes

its activity and stimulates autophagy and proliferation of colorectal cancer cells (31.2).

Dysregulated expression of LDHA and LDHB is associated with enhanced cancer cell survival
and tumour progression. In this regard, pharmacological inhibition or genetic ablation of
LDHA has been shown to induce oxidative stress and inhibit cancer cell survival (313, 314).
High levels of LDHA also stimulates epithelial-mesenchymal transition (EMT), a key process
in cancer cell migration and invasion, in various types of cancer cells (315, 316). Angiogenesis

is also enhanced by elevated expression of LDHA in endometrial cancer cells (317).

1.5.3 Monocarboxylate transporters (MCTs): key lactate

transporters

MCTs are a family of 14 transporters with sequence homology and are encoded by the
SLC16A gene (318). However, only four of the MCTs (i.e., MCT1-4) have been shown to
mediate cross-membrane transport of monocarboxylate, including lactate, pyruvate and
ketone bodies (318, 319). The transmembrane trafficking mediated by MCT1-4 is coupled to
proton movement in the same direction (i.e., monocarboxylate and proton symport) and
involves an ordered mechanism (295 320). Sequential binding of protons and
monocarboxylate anions causes conformation change of MCT1-4, which in turn exposes
them to the opposite side of the plasma membrane (327-323). This is followed by sequential
release of monocarboxylate anions and protons (321-323). Of note, MCT1-4 mediated
transport can be bi-directional and the direction (i.e., influx or efflux) is dependent on the

relative levels of monocarboxylate and proton gradient across the plasma membrane (318).
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Additional ancillary proteins are necessary for the correct localization of MCT1-4 to the
plasma membrane. In this regard, basigin (CD147) binds to MCT1, MCT3 and MCT4 while

embigin (GP70), the homolog of basigin, binds preferentially to MCT2 (324).

MCT1-4 display distinct expression profile across tissue and organs. In this regard, MCT1 is
the most widely expressed MCT isoform and the expression of MCT4 is upregulated in highly
glycolytic and anaerobic tissue (e.g., white skeletal muscle) (325, 326). MCT2 expression is
mainly in neurons at postsynaptic density, red skeletal muscle and heart, and MCT3 is
expressed exclusively in retinal pigment epithelium and choroid plexus epithelia (325). The
affinity to substrates also varies across MCT1-4. MCT1 has a higher affinity for both lactate
and pyruvate than MCT4 as evidenced by a lower Kn value (i.e., the substrate concentration
where transport reaches 50% of maximum) (Table 1.2) (318 327-330). Interestingly, MCT1
shows higher affinity to pyruvate than lactate while MCT4 exhibits the opposite trend with a
much lower affinity to pyruvate (329). MCT2 shows an even higher affinity for both lactate
and pyruvate in comparison to MCT1 (318, 330). The heterogenous affinity profile correlates
with the tissue and organ expression patterns, which reflect the metabolic activities. For
example, high levels of MCT1 and/or MCT2 in heart facilitates the uptake of exogenous lactate
to fuel the TCA cycle (320). The low affinity MCT4 enriched in white skeletal muscle mediates
the secretion of high concentrations of lactate under conditions of strenuous activities while

preserving pyruvate (318, 326).

The expression of both MCT1 and MCT4 has been shown to be modulated by transcriptional
mechanisms in cancer cells. In this regard, the promoter regions of MCT1 can be bound by
several transcription factors, including MYC, PGC-1a, CREB and NRF2 (320, 326, 331, 332).
For instance, c-MYC augments MCT1 expression and lactate export by regulating the
promoter of MCT1. p53 directly interacts with MCT1 promoter and modulates the stability of
MCT1 mRNA (331). Under conditions of hypoxia, p53 loss enhances MCT1 expression and
facilitates lactate secretion in highly glycolytic cancer cells (333). Moreover, HIF-1a binds to

the promoter regions of MCT4 and enhance its expression under conditions of hypoxia (326).

In cancer cells, MCT1 and MCT4 are the major isoforms of MCT and display functional
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redundancy and heterogeneity. In this regard, Sheng et al showed that in osteosarcoma cells,
MCT1 inhibition by AZD3965 reduced the consumption rates of exogenous lactate and
blocking MCT4 by VB124 decreased lactate concentrations in media, which indicates that
MCT1 and MCT4 mainly mediate lactate uptake and release, respectively (334). However, dual
inhibition of MCT1 and MCT4 caused a further reduction in extracellular uptake and a greater
accumulation of intracellular lactate, thereby indicating the functional redundancy (334).
However, selectivity of the inhibitors of MCT1 and MCT4 is a major limitation of these studies.
In this regard, VB124 inhibits MCT4 with greater potency than MCT1 (ECse: MCT1 = 24uM vs
MCT4 = 19nM (lactate efflux)) (335). Given the high dose applied by Sheng et al (10uM),
potential off-target inhibition on MCT1 was possible (334). Another gap is the lack of data

about the functional differences between MCT1 and MCT4 in other types of cancer cells.

MCT isoforms K lactate (mM) Km pyruvate (mM)
MCT1 3-6 1-25

MCT2 0.5-1 0.02-0.1

MCT3 2-10 NA

MCT4 25-30 150

Table 1.2 Substrate affinity and gene sequence identity to MCT1 of different MCT isoforms.
MCT: monocarboxylate transporter, NA: not available. Table adapted from Draoui and Feron

(295).

1.5.4 Uncoupling of glycolysis and TCA cycle: potential subcellular

compartmentation of lactate metabolism

Multiple lines of evidence suggests that glycolysis and the TCA cycle are uncoupled at the
point of lactate. Initial observations showed that glucose catabolism via glycolysis proceed to
lactate production even under conditions of ample oxygen supply (336). In both resting and
exercising muscle, the partial pressure of oxygen (PO) is approximately 40 Torr and 3-4 Torr
respectively which is well above the critical PO for maximal mitochondrial respiration (1-2
Torr) (337-339). However, net lactate production and secretion were observed and most

lactate is re-imported by muscle and heart for oxidation in the TCA cycle (337-339). More
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recently, using “Cs-glucose and “°Cs-lactate as tracers, Hui et al found that a substantial
amount of serum lactate is derived from glucose via glycolysis and circulating lactate is the
major fuel of the TCA cycle in all mice tissues except brain (292). Furthermore, the quantitative
analysis of metabolic fluxes indicates that TCA cycle labelling from “Cs-glucose is primarily

indirect via circulating lactate in both fed and fasting mice (292).

The above-described uncoupling occurs between different tissues and/or organs.
Additionally, there is evidence of such uncoupling phenomenon in the same cell. For instance,
Bouzier et al reported lower °C enrichment in glutamate from 1-"C-glucose than that of
alanine (i.e., 36.7% and 22.5%, respectively) in glioma cells (340, 341). Given glutamate and
alanine equilibrates with a-KG and pyruvate, these data suggest the isotopic dilution effect
in central carbon metabolism due to carbon entry from unlabelled source. As lactate is the
precursor of pyruvate and if exogenous lactate mixes with glycolysis derived lactate, isotopic
dilution would be expected, and acetyl-CoA labelling would correlate with that of intracellular
lactate. However, when 3-"C-lactate was used as a tracer, higher *°C enrichment in glutamate
was observed than that of alanine (i.e., 69% and 32%, respectively) (340). Furthermore, poor
association between intracellular lactate labelling and acetyl-CoA was detected (i.e., 59% and
77.5% respectively) (340). Collectively, these data could not fit with the canonical model of
lactate metabolism and indicates the existence of two separate pools of lactate and pyruvate
(i.e., the lactate metabolome model). In addition, Biinger reported low rates of 3-"‘C-lacate
production when cardiomyocytes were incubated with 3-"“C-pyruvate at the concentration
with no evident inhibition of LDH (342). This result suggests the existence of a non-labelled

or low labelled pool of pyruvate which is separate from the imported pyruvate pool (342).

Such uncoupling phenomenon in the same cell can be rationalized by subcellular
compartmentation of lactate metabolism (i.e., the lactate metabolon model; metabolon: the
assembly of sequential metabolic enzymes and cellular structural elements (e.g., actin) into a
supramolecule complex (343)). The canonical model of central carbon metabolism states that
pyruvate derived from glucose enters mitochondria via mitochondrial pyruvate carrier (MPC)
where it condenses with oxaloacetate to fuel the TCA cycle (Figure 1.14A). Excessive pyruvate

can be reduced to lactate which is then exported to extracellular space (Figure 1.14A).
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Exogenous lactate can be imported and oxidised to pyruvate which presumably mixes with
the pool of glycolysis derived pyruvate before entering the TCA cycle (Figure 1.14A). In
contrast, the lactate metabolon model suggests that imported lactate forms a separate pool
without mixing with glycolysis-derived lactate and is readily oxidized to pyruvate which is
subsequently rapidly oxidized via the TCA cycle in mitochondria (Figure 1.14B). Thus, the
export of glucose-derived lactate and re-import of exogenous lactate uncouple glycolysis

and TCA cycle.

However, these above two studies in glioma and cardiomyocytes rely solely on isotopic
labelling patterns which could not directly imply metabolic flux, especially in non-steady state.
Additionally, they lack the support from genetic and cell imaging studies to understand the

mechanisms.

73



Glucose Lactate

I t

¥ v
Glucose Lactate

\ -~
: LDH
Glycolysis
ycoly e
Pyruvate
4 + N\
Acetyl-CoA
TCA cycle
\ Mitochondriy
\ Cytosol /
B Glucose Lactate

I pah N
v 7 N
Glucose Lactate <*> Lactate

Glycow l

Pyruvate <+—y—> Pyruvate
4 LA

Acetyl-CoA

TCA cycle

Witochondria _/
Cytosol

Figure 1.14 Two models of lactate metabolism in cancer cells.

(A) The canonical model. Glucose is converted to pyruvate through glycolysis which then
enters the TCA cycle. Excessive pyruvate can be reduced to lactate which is then released into
the extracellular space. The exogenous lactate can also be imported and oxidized to pyruvate
which mixes with the glycolysis derived pool before entry into the TCA cycle. (B) The lactate
metabolon model. Glycolysis is uncoupled with the TCA cycle. Glycolysis derived pyruvate is
preferentially converted to lactate which is then exported to the extracellular space. The
exogenous lactate can be oxidized to pyruvate to fuel the TCA cycle. Of note, the exogenous
derived lactate and pyruvate form a separate pool without mixing with the glycolysis-derived
pool. Red crosses indicate no exchange between the two pools.
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1.6 Metabolomics: a system biology tool for cancer

research

1.6.1 Metabolic profiling

Metabolomics is a high-throughput technique used to study metabolome in biological
samples, including cells, organs, tissues and biofluids. Metabolome refers to small molecule
metabolites with molecular weight between 50 and 1500Da (344). As metabolic activities are
downstream of genomic, transcriptomic and proteomic regulators, the identification and
quantitation of the metabolome offers a direct measurement of the molecular phenotypes,
which is an advantage over other omics studies (345). Therefore, metabolomics is a powerful
technique in cancer research and has been applied for quantitative phenotyping, biomarker

discovery and revealing mechanisms underlying oncogenesis (346, 347).

A typical metabolomics workflow includes experimental design, sample collection and
quenching, metabolite extraction, data acquisition, and data analysis (348, 349). During the
experiment design stage, it should be decided whether to perform targeted or untargeted
metabolomics. Targeted metabolomics identifies and quantifies a limited number of
metabolites (usually less than 100) (345). Its advantage is the use of internal standards (IS) for
validation to reduce false positives and therefore, the results are more accurate (345, 350).
However, prior knowledge and hypothesis are required to select the set of metabolites for
analysis and its partial metabolome coverage may increase the risk of misinterpretation of
metabolic activities (345). In contrast, untargeted metabolomics offers a wider coverage of
metabolome, and no prior knowledge or hypothesis are necessary (351). However, no single
method can provide whole metabolome coverage. Given that sample preparation and
analytical techniques may affect the subset of metabolites identified, the proper methods
should be chosen carefully. The choice of sample preparation method should also be based

on the nature of the biological samples (i.e., cells, organs and biofluids) (345).

The most critical steps in the metabolomics workflow are sample quenching and metabolite

extraction. Rapid quenching is necessary to terminate all metabolic activities and prevent
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perturbations of metabolite abundance (349, 352). Data acquisition can be performed on
mass-spectroscopy (MS) based techniques or nuclear magnetic resonance (NMR) techniques
(see section 1.6.3) (345). Data analysis is performed with bioinformatics tools and starts with
metabolite identification which is dependent on metabolite libraries (e.g., public library: the
Human metabolome database) (353, 354). Statistical analysis is subsequently performed to
identify significantly changed metabolites which are then linked to biological context by
enrichment and pathway analysis (354, 355). Metabolomics can also be integrated with other
omics studies (e.g., proteomics) for a deeper understanding of molecular mechanisms (354,

356).

1.6.2 Metabolic flux analysis

Although measuring metabolite concentrations is informative, these concentrations do not
necessarily align with metabolic pathway activity (i.e., metabolic flux). For example, the
accumulation of a metabolite can result from upregulated production or inhibited
consumption (357). Therefore, metabolite concentration data should be integrated with flux
data to achieve a deeper understanding of the metabolic phenotype (357). Metabolic fluxes
are inferred by isotope tracers. For instance, “Cs-glucose and “Cs-glutamine tracers are
commonly used for investigating fluxes of upper metabolism (i.e., glycolysis and PPP) and
lower metabolism (i.e., TCA cycle), respectively (358 359). The °C atoms in “C labelled
substrates are transferred to downstream metabolites and therefore, the levels of “°C

enrichment provides an intuitive interpretation of the metabolic activity (357, 360).

Additionally, metabolic fluxes can be quantitatively determined by computational models. In
this regard, isotopomer spectral analysis (ISA) is a commonly used computational tool for
analysis of de novo FA synthesis (Figure 1.15) (361). Based on the mass isotopomer
distribution (MID) data of FA from labelling studies, two parameters can be determined by
ISA. As cytosolic acetyl-CoA is a substrate for FA synthesis, the D value in ISA estimates the
fractional contribution of the isotope tracer to the pool of lipogenic acetyl-CoA (361, 362).
The g(t) value quantifies the relative proportion of FA that is newly synthesised during the

labelling time t (361, 362). Typically, ISA is performed with multiple parallel labelling
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experiments using different tracers (363). These studies reveal the relative contribution of

different nutrients for FA de novo synthesis (363).

13C4-Glucose

|

13C Acetyl-CoA 12C Acetyl-CoA

D 1-D

Acetyl-CoA
precursor pool

|

De novo FA synthesis Endogenous FA pool

a(t) 1-g(t)
Sampled FA

Figure 1.15 Isotopomer spectral analysis of FA de novo synthesis.

The ISA model is a computational model to estimate two parameters based on the MIDs of
FA. Acetyl-CoA is a substrate for FA de novo synthesis and partially labelled from the “C
tracer (e.g., “Cs-glucose in this case). The fractional contribution of the “°C tracer to lipogenic
acetyl-CoA is estimated by the parameter D. The FA pool sampled from cancer cells consists
of newly synthesized FA during the labelling study and endogenous FA. The parameter g(t)
provides an estimate of proportion of de novo synthesized FA during the exposure to the *°C
tracer. ISA: isotopomer spectral analysis, FA: fatty acid.

1.6.3 Analytical platforms used in this study

Multiple types of MS techniques are available for metabolomics (349). For simplicity, only the
analytical platforms relevant to this study are described here (i.e., gas-chromatography (GC)-
MS (single quadruple (Q)) and liquid-chromatography (LC)-MS/MS (Q-time of flight (TOF))).
Separation-based MS is a key analytical platform to study metabolomics. MS achieves
metabolite identification based on the mass-to-charge (m/2) ratio of analytes (345). Due to
the complexity of biological samples, multiple analytes may exhibit the same m7/z ratio which

limits the accuracy of identification (364). One strategy is to add another parameter: retention
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time (RT). In this regard, metabolites are first separated by chromatographic system and elute
at different timepoints for MS analysis (345). Such separation also avoids overloading MS or

ion suppression, which reduces sensitivity (365).

The chromatographic system consists of stationary phase housed in a column and mobile
phase. Due to the unique physicochemical properties of metabolites, they interact differently
with the stationary phase and therefore, separation is achieved (345). Based on the mobile
phase, the chromatographic system is divided into two categories: GC and LC. In GC, the
mobile phase is inert gas (e.g., helium and hydrogen) and the stationary phase can be a liquid
that coats the capillary column or a solid (366). Separation is achieved by gradually increasing
column temperature to facilitate the dissociation of metabolites (366). The analytes are first
vaporised and therefore, GC can be used for separation of volatile analytes (366). Given the
high boiling points of many metabolites (e.g., amino acids and TCA cycle intermediates),
chemical derivatization is required to increase the volatility and thermal stability (367). Tert-
butyldimethylsilylation and trimethylsilylation are common derivatization methods (367, 368).
LC enables the analysis of non-volatile or thermally unstable compounds which cannot be
performed by GC. Reversed-phase chromatography (RP) is a common technique which uses
non-polar stationary phase and polar mobile phase (e.g., water) (369). C18 is a widely used
RP column for metabolomics that separates various analytes, include semipolar metabolites
(e.g., phenolic acids) (370). Polar metabolites (e.g., amino acids) can be separated by the
hydrophilic interaction liquid chromatography (HILIC) technique that uses polar stationary
phase (370). By applying a high pressure and reducing the size of the particles (i.e., the
stationary phase), the resolution of LC and column capacity can be improved, and it is called

high performance liquid chromatography (HPLC) (371).

The MS system consists of an ion source, a mass analyser and a detector. After eluting out of
GC or LC, the compounds first gain positive or negative charge (i.e., ionization) in the ion
source. Electron impact ionization (El) is commonly used in GC-MS and is a type of hard
ionization method (372). In El, molecules in gaseous phase collide with high energy electrons
and are excited which subsequently dissociate to generate charged fragments. The

fragmentation pattern is highly specific (i.e., molecular fingerprint) and therefore, enables the
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identification of metabolites (372, 373). MS with an electrospray ionization (ESI) source is
commonly coupled with LC. The liquid eluting out of LC is introduced to a strong electric field
in a fine spray, which generates droplets with electric charge. By applying drying gas (i.e.,
nitrogen), the solvent in the droplets is evaporated and thus, the droplet size decreases and
the electric density increases (370, 374). Finally, columbic explosion of the droplet occurs, and

solvent-free analytes are produced (370, 374).

The charged analytes or fragments are next introduced to the mass analyser. A quadrupole
is a type of commonly used mass analyser and consists of four parallel cylindrical rods (375).
Oscillating electric field is created by applying a voltage of opposite polarity to adjacent rods
(375). Analyte ions are selected based on their trajectory stability in the oscillating filed and
the modulation of voltages allows the selection of a specific /m/zor a range of m/z(375). TOF
is another common type of mass analyser and consists of a field-free flight tube. The charged
analytes are introduced to the flight tube by applying an electric field (376, 377). All like-
charged ions reach the flight tube with the same kinetic energy but various velocity due to
different mass (376, 377). Therefore, the ions reach the detector at different timepoints and
are separated. Q mass analyser offers high sensitivity and TOF mass analyser achieves high

resolution and fast scan rates (345).

Configuration of single (MS or MS1) and tandem (MS/MS or MS2) mass analysers can be used
for metabolomics. GC is commonly coupled with a single Q while LC can be linked to tandem
configure rations (e.g., QTOF) (370). QTOF is ideal for global profiling of metabolomics (i.e.,
untargeted method) and consists of two Q coupled to a TOF (378). The first Q (Q1) operates
as a mass filter to select ions with a particular m/zor a range of m/z(379). The second Q (Q2)
is a collision cell where the precursor ions from Q1 are fragmented by bombarding with
neutral gas molecules (e.g., nitrogen) (379). This type of fragmentation is called collision
induced dissociation (CID). The ion fragments (i.e., product ions) are then analysed by TOF.
The Q2 can also operate in radio frequency (RF) only mode without fragmenting ions from
Q1. Therefore, QTOF can operate in two modes to analyse the unfragmented ions or
fragments for untargeted profiling. One data acquisition strategy is the sequential window

acquisition of all theoretical mass spectra (SWATH) (Figure 1.16) (380). SWATH is a type of
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data independent acquisition (DIA) mode where no pre-determined criteria is required (381).
SWATH starts with an initial ion scan without ion fragmentation in Q2 to collect information
about precursor ions (380). Next, the precursors ions selected in small consecutive windows
(approximately 20Da but can be adjusted) in Q1 are introduced to and fragmented in Q2
(382, 383). The precursor and product ions are then simultaneously monitored in the TOF.
The advantage is the full coverage of precursor ion mass range. However, decoding the
fragmentation patterns can be challenging and searching multiple libraries of MS1 and MS2

data may be necessary (351).
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Figure 1.16 The principle of SWATH MS.

The SWATH method is a data-independent acquisition method and is typically performed on
a hybrid MS (e.g., Q-TOF in this study). It starts with an initial survey scan where no
fragmentation in Q2 occurs. Thus, a spectrum of all the precursor ions (MS1) is recorded. This
survey scan is followed by a series of scans of the fragmented ions (MS2). In detail, the
precursor ions are selected in small consecutive windows (e.g., 25 m/2) and then introduced
to Q2 for fragmentation. The fragmented and precursor ions are then monitored and spectra
of MS2 ions are recorded. SWATH: sequential window acquisition of all theoretical mass
spectra, TOF: time-of-flight MS. Different coloured ovals indicate different precursor ions.
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NMR is an analytical tool based on the transition in energetic status of nuclear spins in a
strong external magnetic field. For nuclei with non-zero spin (e.g., ‘H: spin = 1/2), two spin
states exist: +1/2 with low energy and -1/2 with high energy (384). The difference in energy
is usually given as a frequency and correlates with the strength of the external magnetic field
(384, 385). Given the small energy difference, strong external magnetic field is necessary for
NMR. Under conditions of thermal equilibrium, there is no coherence in the nuclear spins, i.e.
no bulk signal (384, 385). However, in an NMR spectrometer, nuclear spin excitation (i.e.,
transitions from low to high energy state) can be achieved by applying a RF radiation
corresponding to the energy difference, creating a coherence in nuclear spins (384, 385). The
termination of the RF radiation allows nuclear spin relaxation to equilibrium, which generates
an oscillating and decaying signal (i.e., a free induction decay (FID)) (384, 385). The FID is a
time-domain signal and transformation into a frequency-domain signal via Fourier

Transformation is required to interpret the data (384, 385).

The protons (‘H) in metabolites are surrounded by electrons and a secondary magnetic field
is generated due to the movement of electrons in the external field. The secondary field
reduces the effective strength of the nucleus from the external applied field (i.e., shielding)
and the frequency of the oscillating signals within the FID is changed (384, 385). Therefore,
protons in different chemical environment induce distinct signals (resonances). NMR spectra
are plotted as chemical shift (&) which is based on the difference in the resonance signal
frequency relative to the reference standard (e.g., 3-(trimethylsilyl)-2,2'3,3"-
tetradeuteropropionic acid (TSP) or deuterated 4,4-dimethyl-4-silapentane-1 sulfonic acid
(DSS)) (384-386). Spin (J) coupling occurs due to the magnetic interaction between
neighbouring nuclei in different magnetic or chemical environments, which causes the
splitting of NMR signals (384, 385). Thus, a metabolite can be identified by the combination

of chemical shift and signal splitting patterns.
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1.7 Hypotheses and aims

1.7.1 Chapter 3

As described in sections 1.2.2 to 1.2.4, dysregulated PI3K/Akt signalling causes metabolic
reprogramming in cancer cells. In this regard, the PI3K/Akt pathway promotes glucose
metabolism and anabolic metabolism (e.g., de novo FA synthesis), and regulates redox
balance. In EOC patients, Gungar et al reported that the Akt inhibitor GSK795 reduces the
uptake of fludeoxyglucose F** (FDG), which is a radiotracer for monitoring glucose uptake
(387). However, little is known about glucose metabolic fate and the wider impact on cellular

metabolism in EOC cells with mutations in the PI3K/Akt pathway.

Hypothesis:

Enhanced activation of the PI3K/Akt signalling promotes glucose and glutamine uptake, and

anabolic metabolism in EOC cells.

Objectives:

- Examine the global impact of genomic activation PI3K/Akt signalling on cell metabolism

in a model of EOC.

- Probe central carbon metabolism in this model with hyperactive PI3K/Akt signalling.

1.7.2 Chapter 4

As described in section 1.4.5, NAD" depletion by FK866, the NAMPT inhibitor, enhances
sensitivity to Olaparib in multiple types of tumour cells (285, 286, 388). Also, dysregulated Ras
and PI3K pathways increases the demands for NAD" by modulating tumour metabolism,

which may create metabolic vulnerabilities and imply an improved response to the
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combination. However, the combination has not been tested in cancer cells with mutations in
the Ras and PI3K signalling pathways and thus, it remains unclear whether these cancer cells
are more vulnerable. Preliminary data from our laboratory confirmed the efficacy of the
combination in a panel of 10 EOC cell lines as evidenced by FK866 induced decreases in
Olaparib 1Cs values (Figure 1.17A). Of note, OVCAR-8 cells (KRas mutant) showed higher
sensitivity to the combination treatment as evidenced by enhanced caspase activation in
comparison to COV318 cells (wild-type (WT) in genes involved in the Ras and PI3K signalling;
referred to as ‘Ras/PI3K WT' in this thesis) (Figure 1.17B). Thus, these data warrant further

investigation.
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Figure 1.17 FK866 increased the sensitivity of Olaparib in a panel of EOC cells, especially
those with mutations in genes involved in the Ras/PI3K pathway.

(A) ICso values of Olaparib in the absence or presence of FK866. A panel of EOC cells were
treated with 1uM Olaparib and/or 100pM/500pM FK866 for 6 days. Cell density was measured
by SRB assay and ICso values were calculated by least squares fit using GraphPad Prism
(version 10.0.0). Data represent mean + 95% confidence interval from three biological repeats.
(B) Caspase-3/7 activity of COV318 (Ras/PI3K WT) and OVCAR-8 (KRas mutant) cells. The
cells were treated with 1uM Olaparib and/or 1nM FK866 for 6 days. Caspase-3/7 activity and
cell density were measured by the Caspase-Glo® 3/7 assay and SRB assay, respectively. The
caspase-3/7 readout was normalised against cell density and the data were expressed as fold
SD of three independent replicates. Statistical
significance was calculated by one-way ANOVA followed by post-hoc Tukey test. **** p<
0.0001. The data were preliminary data obtained by Dr Michael Gruet in the Keun laboratory
and the figures were re-plotted.

+

changes. Data represent the mean
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Hypothesis:

Mutations in the Ras and PI3K pathways enhance the sensitivity to combined FK866 and

Olaparib treatment in EOC cells.

Objectives:

- Investigate whether the combination of FK866 and Olaparib is more effective in EOC cells

with mutations in the Ras and PI3K signalling.

- Examine the mechanisms of the combination effect and any sensitization effects of

mutations in the Ras and PI3K signalling.

1.7.3 Chapter 5

The panel of EOC cell lines tested in chapter 4 and previously in our lab are not isogenic. Thus,
the interpretation of the data is confounded by the complex genetic landscape. Also, these
data were obtained from /n vitro studies and the efficacy of the combination should be tested
by /n vivo models. To this end, a panel of ID8 cells, which is a murine model of ovarian HGSC,
was chosen. Given the near universal loss of p53 in ovarian HGSC, 7rp53 has been deleted in
ID8 cells. CRISPR knockout technology has been applied to generate isogenic pairs with
deletion of NfI and Pten (negative regulator of the Ras and PI3K pathway, respectively).
Additionally, the ID8 cells can be injected into immunocompetent mice (i.e., syngeneic) and

develop ascites and omental metastasis which recapitulates human ovarian HGSC patients.

Hypothesis:

Loss of Nfl or Pten in ID8 cells enhances sensitivity to the combination of FK866 and Olaparib.

Objectives:
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- Investigate the responses to the combination of FK866 and Olaparib in the panel of ID8

cells.
- Examine the mechanisms of the combination in ID8 cells.

- Investigate whether the combination inhibits tumour growth and improves overall survival

in mice with ID8 7Trp53”, Pten” tumours.

- Probe the metabolic impact of the combination.

1.7.4 Chapter 6

As described in section 1.6.4, cytosolic compartmentation of lactate metabolism has been
proposed over two decades ago. However, they lack the support from genetic and cell
imaging studies and thus are largely ignored. Preliminary data from our laboratory and other
groups showed the uncoupling of glycolysis and the TCA cycle which was associated with a
discrepancy in pyruvate and citrate labelling (292, 340, 342). This phenomenon could be
rationalized by compartmentation of lactate metabolism (Figure 1.18A-B). In this regard,
using “Cs-glucose and “Cs-lactate as single tracers, the TCA cycle intermediates citrate and
a-KG were largely derived from exogenous lactate than glucose although both glucose and
lactate made similar contribution to pyruvate (Figure 1.18A-B). Therefore, these data indicate

the urgent need to further investigate the kinetics of lactate metabolism.
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Figure 1.18 Glycolysis was uncoupled from the TCA cycle in HCT116 cancer cells.

(A) Schematic showing “C labelling patterns using “Cs-glucose or “Cs-latcate as a single
tracer in parallel studies. Both “Cs-glucose or “Cs-latcate produce M+3 labelled pyruvate
which enters the TCA cycle. Thus, the TCA cycle intermediates (e.g., citrate) are labelled M+2.
Blue and empty circles indicate *°C and ““C atoms, respectively. (B) Fraction of M+3 pyruvate
and lactate, and M+2 citrate and a-KG. The HCT116 colon cancer cells were incubated with
“Cs-glucose and unlabelled lactate or “Cs-lactate and unlabelled glucose for 2h. The
concentrations of glucose and lactate were kept the same in the two labelling studies (i.e.,
5.6mM glucose and 10mM lactate). The intracellular metabolites were extracted and analysed
by GC-MS. Data represent the mean + SD of three independent replicates. Statistical
significance was calculated by t tests. »*** p< 0.0001, ns: not significant. (Data from Yitao Xu,
MRes thesis 2019 (389)).

88



MCT1 and MCT4 are the main lactate transporters in cancer cells. Our preliminary data
showed that pharmacological inhibition or genetic deletion of MCT1, but not MCT4, increased
glucose contribution to pyruvate and the TCA cycle intermediate citrate (Figure 1.19). Also,
deletion of both MCT1 and MCT4 led to a further increase (Figure 1.19). These data suggest
that the compartmentation of lactate metabolism may be dependent on MCT and MCT4,
especially MCT1. Thus, it would be interesting to understand their roles in regulating

compartmentation of lactate metabolism.
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Figure 1.19 MCT1, but not MCT4, is the key determinant of glucose entry into the TCA cycle.
Fraction of M+3 pyruvate and M+2 citrate is shown. A panel of LS174T colon cancer cells (i.e.,
LS174T WT, LS174T MCT1”, LS174T MCT4”) were incubated with *Cs-glucose and
unlabelled lactate or “Cs-lactate and unlabelled glucose for 2h. The concentrations of glucose
and lactate were kept the same in the two labelling studies (i.e., 5.6mM glucose and 10mM
lactate). The intracellular metabolites were extracted and analysed by GC-MS. The schematics
of labelling patterns are shown in Figure 1.18A. Data represent mean from one biological
repeat. (Data from Yitao Xu, MRes thesis 2019 (389)).

Hypothesis:

There are two kinetically resolved cytosolic pools of lactate and thus, the exogenous lactate
is preferentially channelled into mitochondria for the TCA cycle without mixing with glycolysis

derived lactate.
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Objectives:

- Investigate whether extracellular lactate is preferentially transported into mitochondria

without mixing with glycolysis derived lactate.

- Examine the roles of MCT1 and MCT4 in regulating cytosolic compartmentation of lactate

metabolism.
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CHAPTER 2

Methods
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Chapter 2 Methods

2.1 Cell culture

A panel of EOC cells (A2780, TOV21G, OVCARS8, COV504, COV644, 59M, OVSAHO,
KURAMOCHI, HEY-A8, and COV318 cells) and HCT116 colon cancer cells were used in this
study. HCT116 and OVCARS cell lines were part of the NCI-60 human tumour cell lines screen
panel obtained from NCI DTP Tumour Repository. OVSAHO cells were obtained from
Japanese Collection of Research Bioresources. KURAMOCHI cells were a generous gift from
Dr Haonan Lu at Imperial College London. COV318, COV504, COV644 and 59M cell lines were
purchased from the European Collection of Authenticated Cell Culture. A2780, TOV21G and
HEY-A8 cell lines were obtained from ATCC. All the cell lines were maintained in DMEM media
(Thermo Fisher, A1443001) supplemented with 5.6mM glucose (Thermo Fisher, A2494001),
2mM glutamine (Thermo Fisher, 25030-081), 10% foetal bovine serum (FBS; Thermo Fisher,

10270106), 100ug/mL streptomycin and 100 units/ mL penicillin (Thermo Fisher, 15070-063).

An isogenic panel of ovarian HGSC cells (ID8 7rp537, 1D8 Trp537;Nf1~, ID8 Trpb53~Pten,
Trp537,Brecal” and ID8 Trpb53;Brca2 cells) was developed in Prof lain McNeish group at
Imperial College London (390, 391). For /in vivo study, the isogenic cell lines were cultured in
their routine condition to enable comparison with historical data in our and Prof lain McNeish
groups. Specifically, the ID8 cells were cultured in the ‘routine media’: DMEM media (Thermo
Fisher, A1443001) supplemented with 25mM glucose (Thermo Fisher, A2494001), 1mM
pyruvate (Thermo Fisher, 11360070), 2mM glutamine (Thermo Fisher, 25030-081), 4% FBS
(Thermo Fisher, 10270106), 100ug/mL streptomycin, 100 units/ mL penicillin (Thermo Fisher,

15070-063) and 1x Insulin-Transferrin-Selenium (Thermo Fisher, 41400045).

To better mirror physiological glucose concentrations in healthy human plasma (i.e. 4.4-
6.6mM) (392) for in vitro studies, the 1D8 cell lines were adapted to physiological glucose
condition (i.e. 5.6mM glucose). The ‘physiological glucose media’ is prepared by
supplementing DMEM media (Thermo Fisher, A1443001) with 5.6mM glucose (Thermo Fisher,

A2494001), ImM pyruvate (Thermo Fisher, 11360070), 2mM glutamine (Thermo Fisher,
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25030-081), 10% FBS (Thermo Fisher, 10270106), 100ug/mL streptomycin and 100 units/ mL
penicillin (Thermo Fisher, 15070-063). Briefly, the adaption was performed by gradually
decreasing the fraction of ‘routine media’ in the mixture of ‘routine media' and ‘physiological

glucose media’ over four passages (Table 2.1).

Passage number since | Percentage of ‘routine media’ | Percentage of ‘physiological glucose
adaption started media’

1 75 25

2 50 50

3 25 75

4 0 100

Table 2.1 Composition of ‘routine media' and ‘physiological glucose media’ during adaption.

The authenticity of the cells (except OVCAR-8 and HCT116 cells) was verified by short tandem
repeat (STR) profiling by Eurofins Genomics (Appendix Report 1-4). All the cell lines were
cultured at 37°C in a humidified cell incubator with 5% CO-. The passage number of all the
cells was kept below ten after thawing to limit genetic drift and mycoplasma screen was

performed routinely.

2.2 Animal studies

In collaboration with Dr Michael Gruet in our group, the /n vivo studies were performed in
compliance with UK animal welfare guidelines and under project licence (PA780D61A) and
personal licences in dedicated facility at Imperial College London. Female 6-8-week-old
C57BL/6 mice were used, and a 7-day acclimatization period was allowed before ear notching
for identification purposes. At passage number 3 since thawing, 5 million ID8 7rp53",Pten”
cells were injected intraperitoneally (I.P.) into each mouse. The mice were weighed and

monitored 2-3 times every week for two weeks before drug injection.

The vehicle solution, FK866 and Olaparib suspension were prepared by Dr Michael Gruet (393).
Briefly, the vehicle solution was prepared by combining 6.5% Tween 80 (Sigma-Aldrich, P4780)

and 3.5% DMSO in 0.9% saline (NaCl in H20; Sigma-Aldrich, S9888) in a biosafety cabinet to
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ensure sterility. FK866 and Olaparib suspension were prepared using the vehicle solution. Due
to limited solubility of FK866 and Olaparib in the vehicle solution, the drug suspension was
vigorously vortexed and sonicated for 4h in cold water bath (i.e. ice-water mix) to absorb heat
generated by continuous sonication and prevent drug degradation at high temperature. To
ensure no large particle existed, the drug suspension was checked in a haemocytometer
under light microscopy. The vehicle solution and drug suspension were then aliquoted and

stored at -20°C.

Different dosing regimens were used for the toxicology and survival study. For the toxicology
study, the mice were randomised and allocated to 7 treatment groups (i.e., 3 mice in each
treatment group) (Table 2.2). For reasons of animal ethical guidelines (i.e., the 3Rs) and having
enough biological replicates for statistical power to examine pharmacodynamic properties of
drugs (i.e., at least three), 3 mice were included in each treatment group. Each mouse received
daily drug I.P. injection from day 14-18 and 21-25. There was a two-day drug holiday from
day 19-20 to limit drug related toxicity. One day after the last drug injection (i.e. day 26), the
mice were culled, and ascites was drained and collected from mice with apparent ascites in
abdominal cavity (i.e. the presence of bloody liquid). Peritoneal lavage was performed in mice
without ascites using 5mL sterile FACS buffer (50mL of 0.1M EDTA in PBS) and the buffer was
collected. The ascites and peritoneal lavage buffer were centrifuged at 1,500rpm for 5min at
4°C to separate the cells. The supernatant after centrifugation was snap frozen in dry ice and
kept at -80°C. The cells were then resuspended in freezing media (10% DMSO in FBS) and
slowly frozen to -80°C. Omentum tumour and liver samples were collected and snap frozen

in dry ice and kept at -80°C.

Drug Vehicle Olaparib FK866 Combination | Combination | Combination | Combination
dose A B C D

(mg/kg)

Olaparib 0 50 0 50 50 50 50

FK866 0 0 30 30 20 10 5

Table 2.2 Dosing regimen of the toxicology study.

For the survival study, the mice were randomly allocated into 6 treatment groups (in groups
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of 6) (Table 2.3). To determine the group size, the power calculation was performed and based
on mean and standard deviation (SD) of survival days. Based on our historical data, the SD of
survival of untreated mice with ID8 tumours is 4. Thus, the difference in mean survival of 8
days (i.e., twice the SD) is required to reach significance. The calculation of group size was

performed using the online calculator (https://sample-size.net/sample-size-means/). The

input parameters are: E (i.e., effect size; the difference in mean survival) = 8, g: (the proportion
of subjects in treated group) = 0.5, go (the proportion of subjects in untreated group) = 0.5,
o (type | error rate) = 0.05, B (type Il error rate) = 0.2 and SD = 4. The output of group size in
both untreated and treated group is 6. From day 14-17 and day 21-24, the mice were
administered daily I.P. injections and had a three-day drug holiday from day 18-20. The
decrease in total injection number is due to the unexpected drug toxicity of FK866 observed
in the toxicology study (refer to Section 5.2.4 for data about FK866 toxicity). To limit drug
toxicity and keep the mice hydrated, the mice received wetted food and HydroGel® (Clear
H:0, 70-01-1062) during drug injection period. After drug treatment, group blinding was
performed by the technicians in the animal facility to prevent bias. The mice were then
monitored every day to inspect health and weight. When the mice reached humane endpoint
as defined in the project licence (i.e. abdomen reached the same size as that of a mouse in
late pregnancy, narrowed eyes, nose bulging, hunching, inactive), they were culled by cervical
dislocation. All decisions about the mice culling were made by me and Dr Michael Gruet

independently and confirmed by the animal facility technicians to avoid bias.

Drug dose | Vehicle Olaparib FK866 FK866 Combination Combination
(mg/kg) (low) (high) (low) (high)
Olaparib 0 50 0 0 50 50

FK866 0 0 10 20 10 20

Table 2.3 Dosing regimen of the survival study.
2.3 Sulforhodamine B (SRB) assay

The EOC cell lines were seeded into 96-well plates in quadruplicate at the density shown in

Table 2.4 and incubated overnight to allow attachment. On the following day, the media was
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removed and fresh media with 0.2% DMSO, FK866 (0.5-15nM) and/or Olaparib (0.1-50uM).
After treatment for 3 days, the cells were fixed with 50% (w/v) trichloroacetic acid (TCA)
solution (Sigma-Aldrich, T6399) at 4°C for 1h. Next the plates were washed with tap water
and left to air dry at room temperature overnight. To stain the cells, 100ul of 0.4% SRB (Sigma-
Aldrich, 230162) solution (w/v) in 1% (v/v) acetic acid (ThermoFisher, 10005920) was added to
each well. After staining at room temperature for 30min, the SRB solution was removed, and
the plates were washed with 1% (v/v) acetic acid (ThermoFisher, 10005920) for 4 times. The
plates were then kept at room temperature to allow air dry overnight. Next 200ul of 10mM
Tris Base solution (Sigma-Aldrich, T1699) was added to each well and the plates were kept
on a shaker to dissolve the SRB dye. A SpectraMax Gemini XPS Microplate Reader (Molecular
Devices) was used to read the absorbance at 565nm. The data were normalised to vehicle
treated groups after background correction using readings from cell- and treatment-free
wells. To calculate I1Cso values, the data were then fitted to nonlinear regression model (i.e.

log[inhibitor] vs. normalised response (three parameters)) using GraphPad Prism 10.0.0

software.
Cell line Seeding density (cells/well)
A2780 5,000
TOV21G 2,000
OVCARS8 2,000
Cov31s 3,500
ID8 cell panel 500

Table 2.4 The seeding density of EOC cells for 96-well plate based assays.
2.4 Caspase glo-3/7 assay

The panel of EOC cell lines (A2780, TOV21G, OVCAR8 and COV318 cells) and ID8 cells were
seeded in triplicate into white 96-well plates at the density shown in Table 2.4. To allow
normalization by cell density, the cells were seeded in quadruplicate at the same density in a
parallel clear 96-well plate. The cells were allowed to attach to the plates overnight. Next the
media was removed and replaced with fresh media supplied with 0.2% DMSO, FK866 (1 or
5nM) and/or Olaparib (10uM). After drug treatment for 24-48h, caspase glo-3/7 assay
(Promega, G8092) was performed on the white plate following manufacturer's protocols.
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Briefly, an equal volume of caspase-glo® assay reagent (i.e. 100ul) was added to each well
and the plates were incubated at room temperature for 30min. The luminescence was
measured by FLUOstar CLARIOstar Plus Microplate Reader (BMG LABTECH). Cell-free wells
were subject to the same processing for background correction. The parallel clear 96-well
plates were processed using the SRB assay protocol as described previously. The caspase data

were normalised to SRB readings to correct the effects of cell number on caspase activity.

2.5 Mitochondrial membrane potential (AWm) assay

The panel of EOC cells (A2780 and COV318 cells) and ID8 cells were seeded in triplicates into
black 96-well plates at the density shown in Table 2.4. The cells were also seeded into parallel
clear 96-well plates at the same density for normalization against cellularity. After overnight
incubation to allow attachment to the plates, the media were replaced with fresh DMEM
media with 0.2% DMSO, FK866 (5nM) and/or Olaparib (10uM). At the end of 48h drug
treatment, AWYm was measured using JC-10 assay kit (Abcam, ab112134) according to the
manufacturer’'s manual. In brief, 50ul of assay buffer A with JC-10 dye was added to each well
and incubated at room temperature for 1h. Next, 50ul of assay buffer B was added to each
well to lyse the cells and fluorescence at excitation/emission=490/525nm (cut off at 515nm)
was measured by FLUOstar CLARIOstar Plus Microplate Reader (BMG LABTECH). The parallel
clear plates were processed according to the SRB assay in section 2.4. Cell-free wells were
used for background subtraction. The fluorescent intensities were normalised against SRB

data for correction of cell biomass.

2.6 Oxidative stress assay

The EOC cell lines (A2780 and COV318 cells) were seeded into white 96-well plates in
triplicates at the density shown in Table 2.4. A parallel clear 96-well plate was also seeded for
normalisation against cell density. After overnight incubation and cell attachment to the plates,
media were removed and 80ul of fresh DMEM media with 0.2% DMSO, FK866 (5nM) and/or
Olaparib (10uM) was added to each well. H:O: was measured using ROS-Glo H:O. assay

(Promega, G8820) according to manufacturer's manual. Briefly, after 18h, 20ul of combined
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H.O: substrate (provided in the kit) and test compound were added to reach the final
concentration of H.O: substrate at 25uM and keep drug concentrations unchanged. After a
further 6h incubation, 100ul of ROS-Glo™ detection solution (provided in the kit) was added,
and the plates were incubated at room temperature for 20min. Next, luminescence was
measured using FLUOstar CLARIOstar Plus Microplate Reader (BMG LABTECH). To subtract
background signals, cell-free wells were processed using the same protocol. To correct cell
biomass, the luminescence signals were normalised to SRB readings from the parallel plates

processed using SRB assay.

2.7 Immunofluorescence (IF)

The EOC cell lines (A2780, TOV21G and COV318 cells) were seeded into clear 96-well plates
in quadruplicate at the density shown in Table 2.4. The cells were allowed to attach to the
plates by incubation overnight. The media were then replaced with DMEM media
supplemented with 0.2% DMSO, FK866 (5nM) and/or Olaparib (10uM). After 24h drug
treatment, immunofluorescence analysis of yH2AX was performed by PhD student Yurui Ma
as described previously (394). In brief, the cells were fixed with 4% formaldehyde (Fisher
Scientific, 11586711) for 15min after one PBS wash. The formaldehyde was then removed,
and the cells were washed with PBS twice. Next the cells were permeabilized by incubating
with 0.1% Triton X-100 (Sigma-Aldrich, T8787) in PBS for 20min. After blocking with 1% BSA
(Sigma, A2153) and 2% FBS (Thermo Fisher, 10270106) in PBS for 1h, the samples were
incubated with mouse anti-gH2AX antibody (1:500; Sigma-Aldrich, 05-636) at 4°C overnight
(around 16h). The samples were then incubated with AF488-conjugated goat anti-mouse
secondary antibody (1:500; Invitrogen, A11001) and DAPI (Sigma-Aldrich, D9542; 1:1000 in
blocking buffer (BD Bioscience, 347580)) for 2h at room temperature. Next the samples were
washed with PBS for three times and imaged in 200ul PBS by IN Cell Analyzer 1000 (GE
Healthcare) using a 20X objective. At least 16 images were acquired for each well and the

data were analysed by CellProfiler (V3.1.8.).
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2.8 Annexin V-Propidium lodide staining assay

The panel of EOC cells (A2780, TOV21G and COV318 cells) were seeded into 6-well plates at
the density shown in Table 2.5. The cells were allowed to attach after overnight incubation
and the media were replaced with DMEM media supplemented with 0.2% DMSO, FK866 (5nM)
and/or Olaparib (10uM). After 24h drug treatment, annexin v apoptosis assay was performed
by the PhD student Yurui Ma as described previously (394). In brief, media were collected to
harvest non-adherent cells, and adhering cells were then collected by trypsinization using
TrypLE Express (Gibco, 12604013). Both non-adherent and adhering cells were combined and
washed with cold PBS twice. The cells were then resuspended in annexin v binding buffer (BD
Biosciences, 556454) and single-cell suspension was made by passing the cell solution
through a 30um cell strainer. To stain the cells, 2.5ul of Cy5™ Annexin V (BD Biosciences,
559933) and propidium iodide (PI) staining solution (Invitrogen, 00-6990-50) was added to
each sample. After 15min incubation in the dark, analysis was performed by BD FACS Canto
analyser and positive control was processed for colour compensation. Gating and data

analysis were performed using Flow]o V10.6.2.

Cell line Seeding density
(cells/well)

A2780 350,000

TOV21G 250,000

COV318 250,000

Table 2.5 The seeding density of EOC cells for 6-well plate based assays.

2.9 Cell cycle assay

EOC cell lines (A2780, TOV21G and COV318 cells) were seeded into 6-well plates at the
density shown in Table 2.5. After cell attachment by overnight incubation, media was replaced
with DMEM media added with 0.2% DMSO, FK866 (5nM) and/or Olaparib (10uM). Cell cycle
assay was performed by the PhD student Yurui Ma as described previously (394). Briefly, after
23h of drug treatment, the cells were incubated with 200 mM IdU (Sigma, 17125) and washed

with PBS twice before collection by trypsinization (Gibco, 12604013). After fixing overnight at
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4°C by incubating with 70% ethanol, chromosomes were denatured by adding 2M HCI with
0.5% Triton X-100 (Sigma-Aldrich, T8787) with agitation and incubating for 30min. Next, the
samples were added with 0.1M NaB4O7 (pH 8.5; Sigma, B9876) and incubated for 5min to
neutralise the HCI. The samples were then incubated with 1% BSA (Sigma, A2153) and 0.2%
Tween 20 (Sigma, P1379) in PBS for 30min to block. To probe IdU, the samples were incubated
with mouse anti-ldU antibody (Abcam, ab6326; 1:25 in blocking buffer (BD Bioscience,
347580)) for 60min each at room temperature. The samples were then washed with blocking
buffer (BD Bioscience, 347580) twice and incubated with AF488-conjugated goat anti-mouse
antibody (Invitrogen, A11001; 1:100 in blocking buffer (BD Bioscience, 347580)) before the
15min incubation with FxCycle PI/RNase staining solution (Invitrogen, F10797) in the dark.
The samples were then analysed using BD FACS Canto analyser and data were analysed by

Flowlo V10.6.2.

2.10 Protein extraction and Western Blot (WB)

To extract protein from cells in 2D-culture (i.e. /in witro studies), A2780 and COV318 were
seeded into 6-well plates at the density shown in Table 2.5 and treated with 0.2% DMSO,
FK866 (5nM) and/or Olaparib (10uM) for 24h. At the end of drug treatment, the media were
removed, and the cells were transferred to a ThermalTray™" pre-cooled on ice to prevent
protein degradation. The cells were then washed with ice-cold PBS once to remove residual
media. For protein extraction from cells under basal conditions, the panel of EOC cells and
ID8 cells were pelleted during routine cell passaging by centrifuging at 800rpm for 5min. The
media were removed, and the cell pellets were than washed with PBS once. To extract proteins,
the cells in 6-well plates and cell pellets were lysed by adding ice-cold
radioimmunoprecipitation assay (RIPA) buffer supplemented (Sigma-Aldrich, R0278) with
Halt™ Protease and Phosphatase Inhibitor Cocktail (ThermoFisher, 78440). The cell lysates
were scrapped with cell lifter (Corning, CLS3008) and transferred to 1.5ml EP tubes. After
vertexing for 30sec, the lysates were kept on ice for 10min and centrifuged at 16,000xg for
10min at 4°C. Next the supernatant was collected and the pellet (i.e. cell debris) was discarded.
The protein extract was kept at -80°C until further analysis by WB.
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For protein extraction from the omentum tumour tissue, 15-25mg of the tissue was weighed
and transferred to the 2ml homogenising tubes (Bertin Technologies, PO00945-LYSKO-A). To
homogenise the tissue, 0.1mm Precellys® Glass Beads (Bertin Technologies, VKO1) were
added to the homogenising tubes containing ice-cold RIPA buffer (Sigma-Aldrich, R0278)
with Halt™ Protease and Phosphatase Inhibitor Cocktail (ThermoFisher, 78440). For every
10mg tissue, 100ul of RIPA buffer was added. The tubes were placed in the Precellys Evolution
tissue homogeniser (Bertin) coupled to the Cryolys Evolution cooling system (Bertin) and the
homogenising was performed using a programme (4 X 20sec at 8,000rpm with 30sec pause,
4°C, two cycles). Next, the tumour lysates were centrifuged at 16,000xg for 10min at 4°C and

supernatant was collected. The protein extract was stored at -80°C.

To quantify the concentrations of proteins, a Pierce™ BCA Protein Assay Kit (ThermoFisher,
23225) was used according to the manufacturer's manual. Briefly, cell and tissue protein
extracts were diluted at 1:2 and 1:5 by RIPA buffer, respectively, and added in duplicates to
96-well plates. Bovine serum albumin (BSA) standards (125, 250, 500, 750, 1000, 1500,
2000ug/ml) were added in duplicates to generate the standard curves. Next, 200ul of BCA
reagent (made by combining reagent A with reagent B at 50:1) was added to each well. After
incubation at 37°C for 30min, the absorbance at 562nm was measured using a SpectraMax
Gemini XPS Microplate Reader (Molecular Devices). After background correction using
readings of cell-free wells, protein concentrations were calculated in Microsoft Excel 365

(Microsoft, version 2310) using the standard curves.

For WB analysis, 30ug of proteins were taken and mixed with Laemmli buffer (BIO-RAD,
1610747) supplemented with 10% (v/v) B-mercaptoethanol (BIO-RAD, 1610710). The samples
were then diluted by ddH20 to achieve an equal volume and heated at 95°C for 10min to
denature the proteins. Subsequently, the protein samples and Amersham™ ECL™ Rainbow™
Marker (Merck, GERPN80OOE) were loaded onto 4—20% Mini-PROTEAN® TGX™ Precast Protein
Gels (BIO-RAD, 4561094 or 4561096). The proteins were then resolved by electrophoresis at
200V for 40-60 minutes using a PowerPac HC Power Supply (BIO-RAD). The running buffer
was prepared in house by dissolving tris base (Sigma, 93362), glycine (Sigma, 50046) and

sodium dodecyl sulphate (SDS; Sigma, L3771) in ddH:O to the final concentrations at 25mM,
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192mM and 0.1 % (v/v), respectively.

Wet transfer (100V for 60min) was performed to transfer resolved proteins onto nitrocellulose
membranes (BIO-RAD, 1620115). The transfer buffer was prepared in house by dissolving
glycine, tris base and methanol (Sigma, 179337) in ddH20 to the concentrations at 190mM,
25mM tris base and 20% (v/v) and adjusting pH levels to 8.3. The protein transfer efficiency
was confirmed by briefly staining the membranes with Ponceau S solution (Sigma-Aldrich,
P7170). The membranes were then blocked in 5% milk (Mercy, 70166) or 5% BSA (Sigma-
Aldrich, SRE0096) in tris-buffered saline with 0.1% tween-20 (TBST, prepared in-house) at
room temperature for 1h. Next the membranes were cut into sections according to the

molecular weight of the proteins of interest.

The membranes for phosphor-proteins and total proteins were incubated with primary
antibodies (Table 2.6) in 5% BSA or 5% milk in TBST at 4°C overnight (around 16h), respectively.
Next the membranes were washed with TBST for 10min for three times at room temperature
to eliminate non-specific binding of antibodies. The membranes were then incubated with
anti-mouse or anti-rabbit horseradish peroxidase (HRP) conjugated secondary antibodies for
1h at room temperature according to the species in which the primary antibodies were
obtained (Table 2.6). Next the membranes were washed for 10min for three times with TBST.
To visualise, the membranes were incubated in Supersignal™ West Pico plus
chemiluminescent substrates (ThermoFisher, 34580) for 2min at room temperature. The blots
were then developed using Amersham Hyperfilm ECL film (GE Healthcare, 28-9068) and

Optimax X-ray film processor (Protec).
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Antibody Supplier Catalogue No. | Species Dilution
PARP1 Cell Signalling 9542S Rabbit 1:1,000
Phospho-Chk1 (Ser345) Cell Signalling 133D3 Rabbit 1:2,500
Chk1 Cell Signalling 2360 Mouse 1:2,500
Phospho-Chk2 (Thr68) R&D Systems AF1626 Rabbit 1:2,500
Chk2 R&D Systems MAB1358 Rabbit 1:2,500
Phospho-ATM (Ser1981) Invitrogen MA1-2020 Mouse 1:2,500
ATM GeneTex GTX70103 Mouse 1:2,500
Phospho-ATR (Ser482) Cell Signalling 2853 Rabbit 1:2,500
ATR Cell Signalling 13934 Rabbit 1:2,500
NAMPT Invitrogen MA5-24108 Rat 1:2,500
NAPRT Invitrogen PA5-70595 Rabbit 1:2,500
PTEN Cell Signalling 9552 Rabbit 1:2,500
NF1 Abcam ab238142 Rabbit 1:1,000
Phospho-yH2AX Sigma-Aldrich 05-636 Mouse 1:1,000
Histone H3 Merck 07-690 Rabbit 1:5,000
Phospho-Erk1/2 (Thr202/Tyr204) Cell Signalling 46958 Rabbit 1:1,000
Erk1/2 Cell Signalling 43708 Rabbit 1:1,000
Phospho-Akt (Ser473) Cell Signalling 4060 Rabbit 1:1,000
Akt Cell Signalling 4691 Rabbit 1:1,000
B-actin Abcam ab6276 Mouse 1:10,000
a-tubulin Santa Cruz Biotechnology 79026 Mouse 1:1,000
HRP-conjugated anti-rabbit Invitrogen 31460 Goat 1:2,500
HRP-conjugated anti-mouse Invitrogen 31340 Goat 1:2,500
HRP-conjugated anti-rat Proteintech SA00001-15 Goat 1:2,500

Table 2.6 Antibodies for WB.
2.11 'H NMR: sample preparation and NMR analysis

The 1D8 cells were seeded in duplicates into 6-well plates at the density of 25,000 cells/well.
After incubation overnight to allow attachment, fresh media was added, and the cells were
incubated for a further 24h. At the end of incubation, the media was collected and centrifuged
at 800rpm for 5min to remove floating cells in media. Next the supernatant was collected and
kept at -80°C. A parallel plate was used to count the cell numbers at the start (Oh) and end of
incubation (24 h) using the Vi-cell XR cell viability analyser (Beckman) according to the
manufacturer’s instrument. Briefly, 400ul of TrypLE™ Select Enzyme (Gibco, 12563011) was

added and the plates were incubated for 5min at 37°C to detach the cells. Next, 600ul of PBS
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was added to terminate the reaction and the cell suspension was well-mixed and counted.

For referencing and quantitation, the NMR media buffer was prepared in house as described
previously (395). Briefly, NaH:PO. (Sigma, 52074) and DSS (Sigma, 178837) were dissolved in
deuterated water (dH20; Sigma, 756822) to reach a final concentration of 0.5M and 12mM,
respectively. The pH levels were adjusted to 7.0 using NaOH pellets (Sigma, S5881). The purity
of the buffer was checked by confirming no contaminant peaks were higher than 0.5% of DSS

peak in intensity by "H NMR spectroscopy (parameters are described in the next paragraph).

On the day of NMR spectroscopy analysis, 550ul of media was transferred to a clean EP tube
and 50ul of NMR media buffer was added. The samples were then centrifuged at 16,000xg
for 1min to remove insoluble. Next, 550ul of the samples were loaded into NMR tubes (Sigma,
7562262) and analysed by 14.1 T Bruker AVANCE 400 MHz spectrometer (Bruker Biospin). To
suppress the intensity of water signal, a ZGPR solvent pre-saturation method was used to
acquire NMR spectra at 298K. The ZGPR method involves a single RF pulse with a recycle
delay at 4sec and 32 FIDs. A total of 64,000 data points were acquired, and the spectra width
was 6402.049 Hz. The spectra were Fourier transformed, and phase correction, baseline
correction and DSS normalisation were performed using MATLAB scripts (MathWorks) written
by T.M.D. Ebbels, ].T. Pearce, R. Cavill, and H.C. Keun. Peaks were identified by referencing to
Human Metabolome Database (HMDB) (353) and integrated using MATLAB scripts

(MathWorks) written by C. Lau.

The consumption or release (CORE) rates of metabolites were calculated as described
previously. In brief, the cell numbers at the start and end of incubation were plotted against
the function of time to calculate area under curve (AUC) using equation 1. Next, the difference
between the concentrations of metabolites at the start and end of incubation was divided by

AUC to calculate the CORE rates using equation 2.

Equation 1 AUC = %

X 24 X (Cell number (Oh) + Cell number (24h))
Concentration (24h) — Concentration (0h)

E ion 2 RE =
quation co UC
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2.12 °C labelling studies: “C tracer incubation, sample
preparation and analysis
The ID8 cells were seeded in duplicates into 6-well plates at the density of 125,000 cells/well.

After incubation overnight, the media was replaced by DMEM supplemented with 10% FBS

and “C tracers as described in Table 2.7.

C tracer Supplier and | Condition 1 | Condition 2 | Condition 3 | Condition 4 | Condition 5
catalogue No.

¥Cs-glucose Sigma, 660663 L U N/A U U

(5.6mM)

¥Cs-glutaime Sigma, 605166 U L U U U

(2mM)

1,2-"Cz-glucose | Sigma, 453188 N/A N/A L N/A N/A

(5.6mM)

3-“C-lactate Sigma, 490040 N/A N/A L L N/A

(10mm)

“C.-acetate Sigma, 282022 N/A N/A N/A N/A L

(ImM)

Table 2.7 “C tracer supplementation. U: unlabelled metabolites added, L: “C labelled
metabolites added, N/A: not added.

After incubation of 4-24h, the plates were placed on ice and media was collected and
centrifuged at 800rpm for 5min. The supernatant was then collected and stored at -80°C. To
extract the intracellular metabolites, the cells were washed once with ice-cold Ringer's buffer
(Sigma, 1.15525) and HPLC-grade methanol (Honeywell, 34898) pre-cooled on dry ice was
added to quench the metabolism (1ml/well). The cells were scrapped, and methanol solution
was transferred to EP tubes. To improve extraction efficiency, a further 500ul of methanol was
added to each well, and scrapping was repeated. The solution was combined and dried using
under Nz flow. Extraction blanks were prepared from cell-free wells using the same protocol.

The samples were then stored at -80°C.

To extract metabolites in media, media was defrosted at room temperature and 50ul of media

from each sample was transferred to clean EP tubes. Next 50ul of HPLC-grade water

105



(Honeywell, 34877) and 300ul of dry-ice cooled methanol (Honeywell, 34898) was added to
each sample. After mixing by vertexing and incubation at -20°C for 20min, the samples were
centrifuged at 16,000xg and 4°C for 10min. Next the supernatant was collected. An extraction
blank was generated by extracting 100ul of HPLC-grade water and using the same protocol.

The samples were then dried under N: flow and stored at -80°C.

To separate the aqueous (polar) and organic (nonpolar) metabolites, dual-phase extraction
was performed as described previously (396). In brief, the dried methanol extracts were placed
on ice. Next 300ul of chloroform (Acros Organic, 10071511) /methanol 2:1 (v/v) mix and 300ul
HPLC-grade water (Honeywell, 34877) were added. The samples were vigorously vortexed
for 30sec and centrifuged at 16,000xg for 10min at 4°C. The upper aqueous and lower organic
phases were separated and transferred to salinized glass vials (Agilent, 5183-2071) using glass
pipettes (Fisher, 1156-6963). The extraction was repeated to improve recovery efficiency. Next
10ul of 1.5 mg/mL myristic acid d27 (Sigma, 366889) was added to each sample as an injection

and derivatization standard. The samples were then dried under N. flow and stored at -80°C.

Different protocols were used to derivatize aqueous and organic metabolites. For aqueous
metabolites, 20ul of methoxamine reagent (MOX, 2% methoxyamine-HCI in pyridine; Thermo,
TS-45950) was added, and the samples were vortexed and incubated at 30°C for 90min. This
is to convert the ketone groups in pyruvic acid to methoxymated ketone groups which
prevents the formation of multiple trimethylsilyl groups and distinguishes pyruvic acid
derivatives with lactic acid derivatives. After the incubation, the samples were centrifuged
briefly and cooled to room temperature. Next 80ul of N-tert-Butyldimethylsilyl-N-
methyltrifluoroacetamide (MTBSTFA) with 1% N-Methyl-N-(tert-
butyldimethylsilyl)trifluoroacetamide (TBDMS) silylation reagent (Thermo, TS-48920) was

added and the samples were included at 70°C for 1h.

For organic metabolites, lipids (e.g. triglyceride (TAG)) are difficult to vaporise and analyse on
GC-MS as a result of the high boiling point. Therefore, transesterification was performed to
convert TAG into free fatty acid methyl esters (FAME) which are easier to vaporise and analyse

by GC-MS. To this end, each sample was added with 300ul anhydrous methanol (Sigma,
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322415): toluene (Sigma, 244511) mix (1:1, v/v) and 200 pL of sodium methoxide (Sigma,
164992) solution (0.5M, in anhydrous methanol (Sigma, 322415)). The samples were then
vortexed and incubated at room temperature for 1h. Next, transesterification was terminated
by adding to each sample 500ul of sodium chloride (Sigma, S9625) solution (1M, in HPLC-
grade water (Honeywell, 34877)) and 25ul of 37% hydrochloric acid (Sigma, 258148). Next
each sample was added with 500ul of hexane (Honeywell, 34484) and centrifuged briefly to
separate the layers. Glass pipettes were used receive the upper organic layer into new vials
with anhydrous magnesium sulfate (Sigma, M7506) which absorbs moisture and residual
aqueous phase material (397). To improve recovery efficiency, the extraction step was
repeated, and the organic phase was combined. Next the vials were briefly centrifuged to
precipitate magnesium sulfate and the supernatant was collected into new glass vials. The
samples were then dried under N: flow. To perform derivatization by silylation, each sample
was added with 80ul of N-Methyl-N-(trimethylsilyl)trifluoroacetamide (MSTFA) with 1%

trimethylchlorosilane (TMCS) (Thermo, TS-48915) and incubated at 37°C for 30min.

After derivatization, a quality control (QC) sample was prepared by pooling an equal volume
from each sample. The samples were then transferred to clean vial inserts (Agilent, 5183-2086)
using glass pipettes. The samples were randomised and immediately analysed by GC-MS as
described previously (398). In brief, the Agilent 7890A GC system coupled to the Agilent 5975
MSD triple-axis detector was used and the Agilent 7693 autosampler injector was used to
inject the samples in a spitless mode. Metabolite separation was achieved on a 30 m DB-5MS
capillary column integrated with a 10 m DuraGuard column (Agilent, 122-5532G) using the

Fiehn method (399).

Automated Mass Spectral Deconvolution and Identification System (AMDIS) was used for
mass spectra deconvolution and metabolite identification based on the in-house built library
developed with reference to the National Institute of Standards and Technology (NIST) mass
spectral library. Peak integration, correction for natural abundance and calculation of MID
were performed by the GC-MS Assignment Validator and Integrator (GAVIN) script in

MATLAB (400).
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To model the synthesis of fatty acids, ISA was performed using ConvISA algorithm on MATLAB
(401). The fraction of de novo synthesised fatty acid and “C tracer derived lipogenic acetyl-

CoA were estimated based on the MIDs of methyl palmitate.

2.13 Untargeted metabolic profiling using LC-MS/MS

Mice omentum tumour tissue from the in vivo survival study described in section 5.2.4 were
used for metabolite extraction. In addition, mice omentum tumour tissue kindly provided by
PhD student Flora McKinney and Dr Yuwei Xu in our group was used (refer to Appendix Table

3.1 for mice survival period).

To extract metabolites, approximately 10-15mg of tissue was weighed and transferred to 2ml
homogenising tubes containing 0.8ml of dry-ice cooled methanol (80% in HPLC-grade water,
v/v) and 0.Imm Precellys® Glass Beads. Next 10ul of internal standard mix (Table 2.8) was
added to each sample. The samples were then homogenised using Precellys Evolution tissue
homogeniser (Bertin) coupled to the Cryolys Evolution cooling system (Bertin). The
parameters for the homogenising programme were two cycles of 4 X 20sec on at 8,000rpm
with 30sec off intervals at 4°C. Next the samples were centrifuged at 16,000xg for 10min at
4°C and supernatant was collected. The extraction was repeated to improve recovery. An
extraction blank was prepared on tissue-free homogenising tubes using the same protocol.
The samples were then dried under N: flow and kept at -80°C. To separate the aqueous with
organic metabolites, the dried samples were subjected to dual-phase extraction using the

same method as described in section 2.12.

108



Labelled Standard Concentration (pug/mL) Source Identifier
L-alanine-2,3,3,3-d, 30 Sigma 485845
L—isoIeucine—lSCG,lsN 5 Sigma 608092
Citric-2,2,4,4,-d, acid 30 Sigma 485438
Glycine-1-"¢,2,2-d, 50 Sigma 608076

L-glutamine 13C5 40 Sigma 604690
L-aspartic acid-">C, 5 Sigma 604852
L-glutamic acid-"2C 20 Sigma 604860

L-valine-"Cs 20 Sigma 758159
Fumaric acid-C, 10 Sigma 606014
Succinic acid-¢, 20 Sigma 491983

Sodium pyruvate-3-C,3,3,3-d; 30 Sigma 608483
L-serine-13C3, 15N,2,3,3-d3 10 Sigma 749877
L-malic acid-"C, 5 Sigma 750484
Lactic acid °C, 50 Sigma 746258
Uracil ¢, ®N, 10 Sigma 608459

Uridine 5,6-d, 10 Santa Cruz Biotechnology sc-213138
TMP 2Cy0, PN, 10 Sigma 648590
Carnitine ds 10 Sigma 617466

SAH d, Santa Cruz Biotechnology 5c-296290
SAM ¢ Sigma 798231

tyrosine d, 10 Sigma 489808

Lysine HCl d, 10 Sigma 616192
nicotinamide Cg 5 Supelco V-034

Creatinine d; 10 Supelco C-165

nicotinate ds 5 Sigma 489077

Table 2.8 Components and concentrations of the internal standard mix for LC-MS/MS
analysis.

To analyse the aqueous metabolites by LC-MS, 50ul of HPLC-grade water was added and the
samples were vortexed vigorously for 30sec. A QC sample was prepared by taking an equal
volume from each sample. The samples were then transferred to glass vial inserts (Agilent,
5190-2242) and randomised before loading into the autosampler (kept at 10°C). The
chromatographic separation was performed on an Exion LC system (Sciex) using a Luna™ 150
X 2.1mm polar C18 column (particle size = 1.6um, Phenomenex, 00F-4748-AN) integrated
with a SecurityGuard™ Ultra polar C18 pre-column (Phenomenex, AJ0-9505). The flow rate
was 0.45ml/min and injection volume was 5ul for each sample for both positive and negative

ion mode. The mobile phase composition and LC gradient was shown in Table 2.9-2.11.
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Mobile phase A Mobile phase B

Positive ion mode Water (Fisher, 10505904) with 0.2% | Acetonitrile (Fisher, 10001334) with
(v/v) formic acid (FA; Fisher, | 0.2% (v/v) FA
15646720)

Negative ion mode | Water with 0.2% (v/v) FA and 10mM | Acetonitrile
ammonium formate (Fisher,
A11550)

Table 2.9 Mobile phase composition.

Time (min) | Flow rate (ml/min) Mobile phase A (%) | Mobile phase B (%)
0.00 0.45 99.8 0.2

2.00 0.45 99.8 0.2

5.00 0.45 98.0 2.0

11.00 0.45 75.0 25.0

13.00 0.45 2.0 98.0

17.00 0.45 2.0 98.0

18.00 0.45 99.8 0.2

20.00 0.45 99.8 0.2

Table 2.10 LC gradient for the positive mode.

Time (min) Flow rate (ml/min) | Mobile phase A (%) | Mobile phase B (%)
0.00 0.45 95.0 5.0

8.00 0.45 80.0 20.0

10.00 0.45 0.0 100.0

12.00 0.45 0.0 100.0

12.10 0.45 95.0 5.0

14.00 0.45 95.0 5.0

Table 2.11 LC gradient for the negative mode.

The MS analysis was performed using a ZenoTOF 7600 MS system (Sciex) with a OptiFlow
Turbo V source (Sciex). The ion source was operated in positive or negative electrospray mode
according to the mobile phase composition. To improve the coverage of metabolites
detected, a SWATH method was applied. Spray voltage was 5500V and -4500V for positive

and negative mode, respectively. In the initial survey scan, the precursor ions (MS1) were
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acquired from /250 to 1000 for both positive and negative mode with declustering potential
(DP) at 25V (-25V for negative mode) and collision energy (CE) at 10V (-10V for negative
mode). The accumulation time was set to 0.1s. In the subsequent MS2 scan, the precursor
ions were acquired from m/z20 to 1000 for both positive and negative mode. The Q1 window
width was optimized using the SWATH variable window calculator provided by the instrument
supplier Sciex. The fragmentation method is CID and the DP and CE for each Q1 window was
previously optimized by Dr Cristina B Nadal in our group. In brief, human serum standards
SRM 1950 were analysed by various combinations of DP and CE. The DP and CE combinations
where the maximal number of features was detected were chosen as the optimal and are
shown in Table 2.12-2.13. The accumulation time was 0.02s. The ZenoTrap, which is a novel
ion accumulation device developed by Sciex, was turn on to improve sensitivity. For quality

control, the peaks of internal standards were manually inspected.

SWATH |Precursorion [Precursorion |Deculstering DP d Collision CE d
window |start mass (Da) |stop mass (Da) |potential (V) ?C)rea energy (V) ?\;;)rea
1 49.5 56.2 25 0 35 0
2 55.2 70 25 0 15 0
3 69 97 25 0 15 0
4 96 125.1 25 0 35 0
5 124.1 149.8 25 0 35 0
6 148.8 179.2 25 0 35 0
7 178.2 218.6 25 0 35 0
8 217.6 257.1 25 0 75 0
9 256.1 285.6 25 0 15 0
10 284.6 314.1 10 0 35 0
11 313.1 350.2 10 0 75 0
12 349.2 389.7 50 0 75 0
13 388.7 4215 50 0 75 0
14 420.5 448.6 25 0 15 0
15 447.6 475.2 50 0 75 0
16 474.2 498.4 50 0 15 0
17 497.4 5174 25 0 15 0
18 516.4 535 50 0 15 0
19 534 555.9 50 0 35 0
20 554.9 583 10 0 75 0
21 582 624.3 10 0 15 0
22 623.3 688.4 50 0 75 0
23 687.4 790.1 50 0 75 0
24 789.1 881.8 25 0 15 0
25 880.8 999.6 50 0 15 0

Table 2.12 DP and CE for Q1 windows in positive mode.
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SWATH (Precursor ion Precursor ion |Deculstering DP d Collision CE d
window |start mass (Da) |stop mass (Da) |potential (V) zs;ea energy (V) ?\[/))rea
1 495 119.8 -25 0 -15 0
2 118.8 1474 -25 0 -35 0
3 146.4 178.7 -25 0 -35 0
4 177.7 195.1 -25 0 -35 0
5 194.1 230 -25 0 -35 0
6 229 276.6 -25 0 -35 0
7 275.6 308.4 -50 0 -15 0
8 307.4 339.3 -50 0 -15 0
9 338.3 348.8 -100 0 -35 0
10 347.8 362.1 -100 0 -35 0
11 361.1 375.9 -100 0 -35 0
12 374.9 389.2 -100 0 -35 0
13 388.2 395.8 -100 0 -35 0
14 394.8 403 -50 0 -35 0
15 402 4115 -50 0 -35 0
16 4105 446.2 -100 0 -35 0
17 445.2 490.8 -100 0 -35 0
18 489.8 536.4 -100 0 -35 0
19 535.4 565.9 -100 0 -35 0
20 564.9 595.8 -100 0 -35 0
21 594.8 664.2 -50 0 -35 0
22 663.2 7929 -50 0 -35 0
23 791.9 999.6 -50 0 -35 0

Table 2.13 DP and CE for Q1 windows in negative mode.

Library matching was performed by MS Dial (version 5.2.240424.3) against MS Dial spectral
library (version 17) (402). A spectral match score of 20% was used as a threshold with dot
product score of 400 and reverse dot product score of 600. The library matching was cross
referenced to the MSMLS Mass Spectrometry Metabolite Library which covers broad
metabolite spectrum and consists of 600 metabolites. The MS spectra of the MSMLS" Mass
Spectrometry Metabolite Library was acquired by Dr Cristina B Nadal in our laboratory. Next,
the data were blanked filtered with the threshold of 10 times in the blank samples using an
in-house R package developed by Dr Cristina B Nadal and me. To correct the systematic drift
of signal intensity during a LC-MS run, data from the QC samples were used to perform drift
correction using the notame R package (403). Finally, areas of each metabolite peak were
normalised to the sum of peak areas and the data were visualised by MetaboAnalyst (version

5.0.) (356, 404).
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2.14 Statistics

The statistical analysis of metabolomics data (Section 3.2.1-3.2.2 and Section 5.2.6) was
performed using MetaboAnalyst (version 5.0.). The data were first normalized to the sum of
peaks and then auto-scaled (i.e., for each metabolite, the data were mean-centered and
divided by its standard deviation). Single factor statistical analysis was used to perform
univariate analysis, including t tests and volcano plots (for metabolomics data in Chapter 3)
and one-way ANOVA tests (for metabolomics data in Chapter 5). Correction for multiple tests
were conducted using False Discovery Rate (FDR). Multivariate statistics was also performed
using the single factor statistical analysis module. Briefly, principal component analysis (PCA),
partial least squares-discriminant analysis (PLSDA) and clustering (e.g., dendrogram and
heatmap) were performed. Spearman’s correlation analysis was performed using the function
cor.test() from the package stats (version 4.3.2) in R for windows (version 4.3.1). Enrichment
analysis was performed using the quantitative enrichment analysis (QEA) method in
MetaboAnalyst (version 5.0.) and mapped to the public database of KEGG human metabolic
pathways. For the metabolomics data in Chapter 3, 6 and 7 biological repeats with 1 technical
replicate were used in control samples and samples with Pten deletion. For the metabolomics
data in Chapter 5, 3 biological replicates with 1 technical replicate were used except in FK866

monotherapy group where 1 biological replicate was used.

Except for the metabolomics data, the statistical analysis was performed using GraphPad
Prism (version 10.3.1). Mean and standard deviation were calculated using this software. To
calculate the statistical significance between two groups, t tests were performed. One-way
ANOVA and post-hoc Tukey tests were performed to calculate significance across three or
more groups when only one parameter was involved (e.g., drug treatment). When there are
two parameters (e.g., drug treatment and cell lines), two-way ANOVA and post-hoc Tukey
tests were performed. For data that are not normally distributed (i.e., skewed), Kruskal-Wallis
test and Dunn’s multiple comparisons tests were performed to calculate p values (e.g., yH2AX
foci data). For the Kaplan-Meier survival curves in Chapter 5, the Log-rank (Mantel-Cox) test

were performed to calculate significance. The statistical significance (i.e., p values) are
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presented as * p<0.05, »* p<0.01, **»* p<0.001, »*** p<0.0001 and ns: not significant. Unless
stated otherwise, data were represented using scatter plot with bar representing mean
(Chapter 4 and 5) or barchart (Chapter 3 and 6). In all the plots, error bars represent standard
deviation (SD). Unless stated otherwise in figure legends, 3 independent biological replicates

with 3 technical replicates were used.
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CHAPTER 3

Akt pathway activation results in metabolic
reprogramming of ovarian HGSC cells
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Chapter 3 Akt pathway activation results
In metabolic reprogramming of ovarian
HGSC cells

3.1 Introduction

As described in sections 1.2.2 to 1.2.4, activation of the Akt signalling leads to metabolic
rewiring in cancer cells (83). For instance, glucose uptake and metabolism via glycolysis are
promoted due to enhanced expression and activation of GLUT1/4 and glycolytic enzymes
(e.g., HK2) (106). Additionally, multiple downstream effectors of Akt (e.g., mTORC1, MYC)
stimulate anabolic metabolism to increase nucleotide, protein and lipid synthesis (98, 128,
140). The Akt pathway also regulates cellular redox balance by modulating the production of

the key redox equivalent NADPH (148, 405).

Ovarian HGSC is the commonest type of ovarian cancer and is the leading cause of cancer-
associated death in women (753, 157). The genomic landscape is characterised by frequent
DNA copy number changes and nearly universal loss-of-function mutation of 7P53gene (153,
406). Aberrant activation of the Akt pathway is detected in approximately 40-50% of ovarian
HGSC patients (407). This mainly result from amplification of P/K3CA and AKT genes and loss-

of-function mutations of P7EN (encoding the negative regulator) (177-179).

Although the impact of Akt pathway activation in metabolic reprogramming has been studied
in various cancer types (96), such effects are less clear in ovarian HGSC cells. Therefore, the
hypothesis of this chapter is that Akt signalling activation leads to metabolic rewiring in
ovarian HGSC cells. To this end, untargeted metabolic profiling by LC-MS was performed to
improve metabolite coverage and examine the changes in abundance. Stable isotope
resolved metabolomics (SIRM) was also employed to study central carbon metabolism. A

panel of ID8 cells was used to model ovarian HGSC. The ID8 cell model was originally

116



generated by multiple passaging ovarian epithelial cells derived from a C57BL/6 mouse (408).
Later, it was improved by introducing 7rp53 deletion using CRISPR technology to recapitulate
the nearly ubiquitous 7P53loss in human patients (390). Pten deletion was also introduced to
model hyperactive Akt signalling (391). In addition to the traditional 2D culture /n vitro model,
tumour tissue from ID8 mouse model was also used. This is because 2D cell culture system
deviates from the tumour microenvironment (e.g., high O: tension, high glucose and
glutamine concentrations, buffered pH, and no cancer-stromal interaction) (409 410).
Metabolism is influenced by environmental factors and therefore, artifacts of metabolism may
be detected using in vitro system (4, 411). ID8 mouse model is generated by injecting 1D8 cell
into immunocompetent mice, which keeps the immune cell component. Another advantage
of ID8 mouse model is that it recapitulates the production of ascites and omental metastasis
in human patients (390, 412). Therefore, the ID8 cells and tumour tissue were chosen as the
ovarian HGSC model to investigate the metabolic reprogramming secondary to Akt pathway

activation.

3.2 Results

3.2.1 A distinct metabolic landscape was detected in ID8 Trp53”;

Pten” tumours

To investigate the effects of Akt signalling activation in metabolic reprogramming, untargeted
metabolic profiling was performed for the unbiased measurement of metabolites. The
biological samples were ID8 77053 and ID8 Trp53”, Pten”” tumour tissue (refer to Appendix
Table 3.1 for the list of samples). The tumours were generated using the methods described
in Section 2.2 (also refer to Appendix Table 3.1 legend for details). In brief, ID8 7rp53" or ID8
Trp53" Pten” cells were intraperitoneally injected into female 6-8-week-old C57BL/6 mice.
Because ID8 77053 Pten” tumours were established approximately 7 days earlier than ID8
Trp53” tumours (personal communication with Dr Yuewei Xu in our group), the tumours were

collected when the mice reached humane endpoints (refer to Appendix Table 3.1 for mice
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survival). Here, 6 samples of ID8 7rp53” tumours (kindly provided by Dr Yuewei Xu) and 7
samples of ID8 77053 Pten” tumours (2 samples from the survival study described in

Section 5.2.4 and 5 samples kindly provided by Flora McKinney in our group) were analysed.

The extracted metabolites were measured by an in-house built SWATH method that
optimises feature coverage and repeatability, and the data were analysed by MS Dial for peak
deconvolution and integration. In total, 19955 features were identified. Annotation was then
performed by referencing to the MS Dial public metabolite database (version 17) and cross-
validated to an in-house built metabolite library (i.e., acquired by analysing the MSMLS" Mass
Spectrometry Metabolite Library which consists of 600 metabolites), respectively. A total of
359 features were annotated by MS Dial with both MS1 and MS2 matching to the library
(Appendix Table 3.2). Among these, 165 features were cross-validated with MS1 and MS2
matching to the standards of the in-house built library (Appendix Table 3.3). The
metabolomics data were then subject to blank filter and QC drift correction by an in-house
written R script based on the ‘notame’ R package (403). Low quality features with CV larger
than 0.2 were excluded for further analysis, and all the 165 features passed these tests. The

data were subsequently visualised using MetaboAnalyst (404).

To examine the variance across the samples, the metabolomics data table was subject to
partial least squares discriminant analysis (PLSDA) for dimension reduction. PLSDA was
chosen instead of principal component analysis (PCA) because the class label information is
kept in PLSDA and it better extracts inter-group variance (354). In practice, PLSDA achieves
cluster separation even when there are few data points and low levels of separation (413).
The results showed that the samples within each genotype group were clustered closely
(Figure 3.1A), thereby confirming the limited intra-group variance. Interestingly, ID8 77053
Pten”” tumours were clustered separately with ID8 7rp53” tumours (Figure 3.1A), which
suggests the existence of differences in metabolite abundance. Interestingly, principal
component analysis (PCA) showed no separation between ID8 77053 and Trp53"; Pten”
tumours (Appendix Figure 3.1), which suggests that there is no large systematic difference

between the data.
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However, PLSDA is prone to over-fitting (413) and therefore, cross-validation is necessary.
Here, a 5-fold cross validation was performed on the first 5 components. Accuracy, predictive
ability (Q?) and coefficient of determination (R?) were calculated and presented as the
cumulative effects of including more components. The data showed that the PLSDA model
with the first component achieved 73% accuracy and 31% predictive ability and explained 84%
of the response variance (R) (Figure 3.1B), which suggests that a significant amount of
information is captured by the first component. The inclusion of the second components
improved Q”and R’ to 45% and 94%, respectively (Figure 3.1B). This suggests that a substantial
improvement in predictive ability and explanatory capability. Further addition of components
showed only slight improvement. Overall, the cross-validation results confirmed the good

fitting (R%), predictive power (Q?) and classification (accuracy) of the PLSDA model.

To reveal the metabolites that are significantly altered, non-parametric tests (i.e., Wilcoxon
rank-sum test) were performed. The data showed that the abundance of 19 metabolites is
significantly changed (p(FDR)<0.05, Figure 3.2A) and they were displayed in the heatmap
(Figure 3.2B). Noticeably, acyl-carnitine (especially long chain acyl-carnitines), NAD and
phosphatidylinositol are significantly increased in the tumours with Pten loss (Figure 3.2B). In
contrast, amino acids (including histidine, aspartate, serine), nucleotides (cytidine and
deoxycytidine) and nucleosides (inosine monophosphate (IMP), guanosine monophosphate
(GMP)), metabolic cofactors and precursors (flavin mononucleotide (FMN) and pantothenic
acid) and lipid mediators (cortisol, Prostaglandin D. (PGD.)) are downregulated (Figure 3.2B).
To visualise the metabolites with large fold changes (threshold=2) that are also statistically
significant, a volcano plot was displayed (Figure 3.2C). The data showed that NAD and acyl-
carnitines are upregulated more than two-fold, and IMP, pantothenic acid, ascorbic acid and

PGD:. are more than two-fold decreased in tumours with Pten loss (Figure 3.2C).
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Figure 3.1 PLSDA modelling reveals differences in the metabolic profiles in ID8 7rp53”
tumour samples based on the genetic status of Pten.

(A) PLSDA plot. Untargeted metabolic profiling was performed using mouse tumour tissue
and PLSDA plot was generated by Metaboanalyst (v.5.0.). Samples within each group cluster
closely while ID8 77053 tumours separate with ID8 7rp53”; Pten”” tumours. Coloured circles
represent 95% confidence intervals. (B) Cross validation of PLSDA. Cross validation was
performed Metaboanalyst (v.5.0.) and showed that the inclusion of the first two components
achieved good fitting (R?), predictive power (Q°) and classification (accuracy). Further inclusion
of more components only marginally improved the PLSDA model. Red asterisk represents the
best predictive power.
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Figure 3.2 Key metabolites with significantly changed abundance in in ID8 Trp53”; Pten”
tumours in comparison to ID8 7rp53” tumours.

(A) Results of the non-parametric tests (i.e., Wilcoxon rank-sum test) of the untargeted
metabolic profiling data was performed by Metaboanalyst (v.5.0.). Significantly changed
metabolites are highlighted. (B) Heatmap showing the metabolites with significantly altered
abundance. Hierarchical clustering was performed by Pearson distance and Ward clustering.
The raw data were normalised against the sum of peaks and then auto-scaled. Thus, 0 in the
scale bar indicates mean and the values indicates how many times of SD (e.g., 1 = 1 SD).
Positive and negative values suggest higher and lower than mean values, respectively. (C)
Volcano plot showing differently expressed metabolites based on fold-change analysis and
Wilcoxon rank-sum test. Red and blue dots represent significantly upregulated and
downregulated metabolites in ID8 77053 Pten”” tumours, respectively. p-values represent
FDR. FC: fold change, FDR: false discovery rate.
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3.2.2 Enrichment analysis revealed that several metabolic pathways

are altered due to Pten loss

To understand the link between the alteration of metabolite abundance and biological
context, the metabolomics data was analysed by metabolite set enrichment analysis (MSEA)
using MetaboAnalyst. In brief, metabolites were mapped to the public database of KEGG
human metabolic pathways. Quantitative enrichment analysis (QEA) was chosen as the MSEA
method because it captures enriched metabolite sets not only when metabolites are
significantly changed but also when many metabolites are slightly (i.e., statistically insignificant)
but consistently altered (414). Thus, QEA provides the unique advantage over the traditional
overrepresentation analysis (ORA) which works by comparing the occurrence of metabolites

with significance (p-value) above a certain threshold (414).

The data showed that significantly enriched metabolite sets include intermediates involved in
glycerophospholipids, nicotinic acid and nicotinamide, arginine, histidine, beta-alanine, and
pantothenic acid and coenzyme A metabolic pathways (Figure 3.3). Phosphatidylcholine
(PtdCho) is a major lipid member of glycerophospholipids and key components of cellular
membrane (415). Phosphocholine (PhoC) is derived from free choline and is required for de
novo synthesis of PtdCho (Figure 3.4A) (416). In the Kennedy pathway, PtdCho is synthesised
using the high-energy intermediate cytidine diphosphate (CDP)-choline (also known as
citicholine) (Figure 3.4A) (416). Choline can be regenerated via the breakdown of PtdCho and
it involves a three-step enzymatic cleavage process with the generation of intermediates
lysophosphatidylcholine (lysoPC, also known as 1-acyl-glycerophosphocholine) and
glycerophosphocholine (GPC) (Figure 3.4A) (417). Here, my data showed that choline and
PhoC were significantly downregulated while there is an upward trend in citicholine and GPC
in tumours ID8 Trp53”, Pten”” tumours (Figure 3.4B). Pten loss also resulted in an downward
trend of lysoPC(18:1) (Figure 3.4B). However, the peak intensity ratio of PhoC to choline was
not significantly changed in Pten deficient tumours (Figure 3.4C). These data suggest that the
activity of citicholine synthesis and lysoPC breakdown may be altered in Pten deficient

tumours.
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NAD" is an essential metabolic co-factor and can be synthesized via multiple pathways as
described in the introduction chapter. In brief, the majority of NAD" is synthesised via the
salvage pathway by recycling the breakdown product nicotinamide (Figure 3.5A) (217). My
data showed that there is an upward trend of NAD" and a downward trend of nicotinamide
in tumours with Pten loss (Figure 3.5B). Interestingly, the ratio of NAD" to nicotinamide is
significantly higher in tumours with Pten deficiency (Figure 3.5C). Collectively, these data
suggest that the flux of the salvage pathway or the activity of NAD" catabolism mediated by

PARP and/or SIRT may be changed in ID8 77053”; Pten”” tumours.

Arginine is a semi-essential amino acid because de novo synthesis is not sufficient to
compensate for the limited dietary uptake and increased demands under certain conditions
(e.g., pregnancy) (418). The key substrate of endogenous arginine synthesis is citrulline that
is derived from glutamate or proline (Figure 3.6A) (418). Aspartate is the nitrogen donor and
condenses with citrulline to produce arginosuccinate which is cleaved to generate arginine
and fumarate (479). Apart from protein synthesis, arginine can be hydrolysed via the arginase
pathway for ornithine and urea. Ornithine undergoes further enzymatic reactions for
regenerate proline, glutamate and citrulline (420). Ornithine can also be diverted to the
polyamine pathway and generate spermidine (478). Additionally, arginine can be catabolised
by nitric oxide synthases (NOS) to nitric oxide and citrulline (421). My data showed that
aspartate and citrulline abundance is significantly decreased and increased in ID8 7rp53”;
Pten”” tumours, respectively (Figure 3.6B). There is an increasing trend in glutamate and
spermidine, and a decreasing trend in arginine, fumarate, spermine and urea in Pten deficient
tumours (Figure 3.6B). This suggests that the activity of arginine metabolism and polyamine

pathway may be altered in tumours with Pten loss.

Histidine is an essential amino acid and undergoes catabolism in addition to protein synthesis.
The first step is rate-limiting and catalysed by histidase to produce ammonia and urocanate
(Figure 3.7A) (422). In the subsequent enzymatic reactions, urocanate is converted to
glutamate (Figure 3.7A) (422). My data showed that histidine abundance is significantly
reduced in Pten deficient tumours. There is also an upward trend of glutamate and urocanate

abundance in tumours with Pten loss (Figure 3.7B). However, histidase is mainly expressed in
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liver and skin tissue (422). Nevertheless, my data showed that Pten loss significantly

downregulated histidine concentrations in ID8 tumours.

Pantothenic acid (also known as vitamin B5) is a precursor of coenzyme A synthesis (423). The
first step is rate-limiting and catalysed by pantothenate kinase to produce 4'-
phosphopantothenate which undergoes further reactions to CoA (Figure 3.8A) (424). In my
data, pantothenate showed significantly reduced abundance (Figure 3.8B), thereby

suggesting Pten loss may regulate pantothenic acid metabolism.

B-alanine is a structural intermediate between a-amino acid and y-amino acid and can be
synthesized using multiple substrates (Figure 3.9A) (425). Uracil is one of the substrate to
produce B-alanine via deamination and carboxylation (426). Additionally, the cleavage of the
dipeptide carnosine by carnosinase generates histidine and -alanine (427). My data showed
that histidine is significantly decreased and there is a downward trend of uracil in tumours
with Pten loss (Figure 3.9B). However, carnosinase is mainly expressed in enterocytes and
serum (427). Given that B-alanine abundance could not be determined in this study, the

enrichment of $-alanine pathway may have limited relevance to ovarian tumours.
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Figure 3.3 Metabolic pathways enriched in ID8 7rp53”; Pten”” tumours.

Metabolite set enrichment analysis was performed using the quantitative enrichment analysis
method by Metaboanalyst (v.5.0.). The metabolites were mapped to the KEGG database of
human metabolic pathways. The significantly enriched metabolic sets with an FDR<0.05 were
highlighted by an asterisk. The number of hits is: 5 in the glycerophospholipid pathway, 2 in
NAD synthesis pathway, 8 in arginine metabolism pathway, 3 in histidine pathway, 1 in
pantothenate pathway and 2 in B-alanine pathway. All the hits with relative abundance in
each pathway are shown in Figures 3.4-3.10.
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Figure 3.4 Metabolites in the glycerophospholipid pathway were enriched in ID8 Trp53”;
Pten”” tumours.

(A) Schematics of the glycerophospholipid pathway. Choline is the substrates for PtdCho
synthesis, respectively. Choline kinase catalyses the phosphorylation of choline to produce
phosphocholine which enters the Kennedy pathway for PtdCho synthesis via the intermediate
CDP-Choline. Catabolic metabolism of PtdCho regenerates choline via the intermediates
LysoPC and GPC. Metabolites and enzymes are shown in blue boxes and purple ovals,
respectively. (B) Relative abundance of metabolites in the pathway. P values were calculated
by Metaboanalyst (v.5.0.) and represent FDR. Data were auto-scaled and represented using
box plots with the line inside the box representing media. The box represent the middle 50%
of the data with the left and right edge of the box showing the lower (i.e., the 25 percentile)
and upper quartile value (i.e., the 75 percentile), respectively. The whiskers extend from the
box to the highest and lowest data value.(C) The peak intensity ratio of phosphocholine (PhoC)
to free choline (C). Data represent mean + SD. Statistical significance was calculated by t tests.
ns, not significant. (B-C) 6 and 7 biological replicates were used in ID8 7rp53” tumours and
ID8 Tip53”,; Pten” tumours, respectively. CHK: choline kinase, CCT: CTP:phosphocholine
cytidylyltransferase, CPT: diacylglycerol cholinephosphotransferase, GPC:
glycerophosphocholine, PLA2: phospholipase A2, GCP-PDE: Glycerophosphocholine

phosphodiesterase, LysoPL: lysophospholipase.
126



A NAD* '_I C NAD*/Nam

*

NMNAT 2.0+
| 1.5+
PARF/ SIRT NMN 2 104
©
T o
0.5
NAMPT
0.0-
¥ ¥
Nicotinamide _I o &
<« \?\
2
® /\«Q‘J
o
B | NAD* (p=0.0831) || Nicotinamide (p=0.395)
2 4
®
2
@ 1 - ‘
b ]
c
3
I
<
2 o
|
& =
_1 4
E ID8 Trp537

ES 108 Trp53%;Pten”

Figure 3.5 Metabolites in the salvage pathway of NAD synthesis were enriched in ID8 7rp53
“; Pten”” tumours.

(A) Schematics of the salvage pathway of NAD synthesis. NAD" is a substrate of multiple
enzymes including PARP and the breakdown product is nicotinamide (Nam). NAMPT
catalyses the conversion of NAM to NMN for regeneration of NAD". The majority of NAD" is
synthesised by the salvage pathway. Metabolites and enzymes are shown in blue boxes and
purple ovals, respectively. (B) Relative abundance of metabolites in the pathway. P values were
calculated by Metaboanalyst (v.5.0.) and represent FDR. Data were auto-scaled and
represented using box plots with the line inside the box representing media. The box
represent the middle 50% of the data with the left and right edge of the box showing the
lower (i.e., the 25 percentile) and upper quartile value (i.e., the 75 percentile), respectively. The
whiskers extend from the box to the highest and lowest data value. (C) The ratio of peak
intensity of NAD" to Nam. Data represent mean + SD. Statistical significance was calculated
by t tests. * p<0.05. (B-C) 6 and 7 biological replicates were used in ID8 7rp53” tumours and
ID8 753" Pten” tumours, respectively. NAMPT: nicotinamide phosphoribosy! transferase,
MNM: nicotinamide mononucleotide, NMNAT: NMN adenylyltransferases, PARP: poly(ADP-
ribose) polymerase, SIRT: sirtuin.
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Figure 3.6 Metabolites in the arginine metabolism pathway were enriched in ID8 Trp53”;

Pten” tumours.
(A) Schematics of arginine metabolism pathway. Citrulline, derived from glutamine or proline
is the substrate of arginine biosynthesis. Aspartate is the nitrogen source and condenses with
citrulline to produce argininosuccinate which is then cleaved to arginine. Arginine is
hydrolysed to ornithine and urea and further metabolism of ornithine via the polyamine
pathway generates spermidine. Arginine can also be catabolised by NOS to citrulline and NO.
Metabolites and enzymes are shown in blue boxes and red text, respectively. (B) Relative
abundance of metabolites in the pathway. P values were calculated by Metaboanalyst (v.5.0.)
and represent FDR. Data were auto-scaled and represented using box plots with the line
inside the box representing media. The box represent the middle 50% of the data with the left
and right edge of the box showing the lower (i.e., the 25 percentile) and upper quartile value
(i.e., the 75 percentile), respectively. The whiskers extend from the box to the highest and
lowest data value. 6 and 7 biological replicates were used in ID8 7rp53” tumours and ID8
Trp53”; Pten” tumours, respectively. ASS1: argininosuccinate synthetase 1, ASL:
argininosuccinate lyase, OTC: ornithine carbamoyltransferase, NOS: nitric oxide synthase, ARG:
arginase, ODC: ornithine decarboxylase, SMS: spermine synthase, SRM: spermidine synthase.
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Figure 3.7 Metabolites in histidine metabolism pathway were enriched in ID8 7rp53"; Pten”
tumours.

(A) Schematics of histidine metabolism pathway. Histidine is catabolised by histidase to
urocanate which undergoes further enzymatic reactions to produce glutamate. Metabolites
and enzymes are shown in blue boxes and purple ovals, respectively. (B) Relative abundance
of metabolites in the pathway. P values were calculated by Metaboanalyst (v.5.0.) and
represent FDR. Data were auto-scaled and represented using box plots with the line inside
the box representing media. The box represent the middle 50% of the data with the left and
right edge of the box showing the lower (i.e., the 25 percentile) and upper quartile value (i.e.,
the 75 percentile), respectively. The whiskers extend from the box to the highest and lowest
data value. 6 and 7 biological replicates were used in ID8 77053 tumours and ID8 7rp53”;
Pten”” tumours, respectively.
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Figure 3. 8 Metabolites in pantothenate metabolism pathway were enriched in ID8 7rp53”;
Pten”” tumours.

(A) Schematics of pantothenate metabolism pathway. The first and rate-limiting step is
catalysed by pantothenate kinase and produces 4’-phosphopantothenate which undergoes
further enzymatic reactions to generate coenzyme A. Metabolites and enzymes are shown in
blue boxes and purple ovals, respectively. (B) Relative abundance of metabolites in the
pathway. P values were calculated by Metaboanalyst (v.5.0.) and represent FDR. Data were
auto-scaled and represented using box plots with the line inside the box representing media.
The box represent the middle 50% of the data with the left and right edge of the box showing
the lower (i.e., the 25 percentile) and upper quartile value (i.e., the 75 percentile), respectively.
The whiskers extend from the box to the highest and lowest data value. 6 and 7 biological
replicates were used in ID8 7rp53” tumours and ID8 Trp53”, Pten” tumours, respectively.
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Figure 3.9 Metabolites in B-alanine metabolism pathway were enriched in ID8 Trp53”; Pten
“ tumours.

(A) Schematics of -alanine metabolism pathway. f-alanine can be synthesized from uracil
via deamination and carboxylation. Alternatively, the cleavage of the dipeptide carnosine
produces B-alanine and histidine. Metabolites and enzymes are shown in blue boxes and
purple ovals, respectively. (B) Relative abundance of metabolites in the pathway. P values were
calculated by Metaboanalyst (v.5.0.) and represent FDR. Data were auto-scaled and
represented using box plots with the line inside the box representing media. The box
represent the middle 50% of the data with the left and right edge of the box showing the
lower (i.e., the 25 percentile) and upper quartile value (i.e., the 75 percentile), respectively. The
whiskers extend from the box to the highest and lowest data value. 6 and 7 biological
replicates were used in ID8 7rp53” tumours and ID8 Trp53”; Pten” tumours, respectively.
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3.2.3 Pten loss increased glycolytic flux and glucose contribution to

FA synthesis

As Akt pathway activation has been reported to regulate glucose metabolism in cancer cells
(428), glycolysis and the TCA cycle metabolism were investigated. Here, ID8 77053 cells and
ID8 Trp53” Pten” cells were used as a model. The depletion of Pten protein and activation
of Akt pathway were verified by WB. The results showed no detectable expression of Pten and
increased levels of pAkt in ID8 7rp53”, Pten” cells (Appendix Figure 3.2), which confirmed

the validity of this model.

To examine the glycolytic flux, the uptake rates of glucose and excretion rates of lactate (i.e.,
the product of glycolysis) were measured. In brief, the cells were incubated for 24h and media
were collected at the start and end of incubation to measure glucose and lactate
concentrations by NMR. My data showed that glucose uptake and lactate secretion rates were
significantly increased in cells with Pten loss (Figure 3.10A-B). This suggests that Pten loss
increases glycolytic flux. Because the glycolytic intermediates are substrates of other
metabolic pathways (e.g., PPP pathway, serine synthesis and alanine synthesis), the ratio of
lactate production to glucose consumption (L/G ratio) indicates the relative activity of
glycolysis to the other pathways requiring glycolytic intermediates (429). My data showed
there is no significant difference in L/G ratio between the two genotypes (Figure 3.10C),
thereby suggesting Pten loss did not alter the relative activity of glycolysis. Additionally, it has
been reported that the ratio between lactate and pyruvate concentrations in media (L/P ratio)
reflects cytosolic NADH/NAD" redox status (430). This is because the equilibrium of LDH-
catalysed interconversion of lactate and pyruvate is dependent on NADH/NAD" ratio (430).
The results showed that Pten loss did not change the L/P ratio (Figure 3.10D), thereby

suggesting the intracellular NADH/NAD' ratio remains the same in the two cell lines.

To further probe for the intracellular metabolic fate of glucose, stable isotope labelling
experiments were performed. In brief, ID8 7053 cells and 1D8 Trp53"; Pten” cells were
incubated with “Cs-glucose for 24h. Intracellular metabolites were extracted and separated

into aqueous and organic fractions. As the glycolysis and TCA cycle intermediates are water
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soluble, the aqueous fraction was then measured by GC-MS. The **C enrichment patterns of
glycolysis and TCA cycle intermediates are illustrated in Figure 3.11. Pyruvate, the end-
product of glycolysis, is fully labelled with *°C atoms (i.e., M+3) Next, pyruvate feeds the TCA
cycle in the form of acetyl-CoA via the pyruvate dehydrogenase (PDH) flux, which labels the
TCA cycle intermediates (e.g., citrate) with the pattern of M+2. My data showed that *C
enrichment of pyruvate or lactate is not significantly changed in cells with Pten loss (Figure
3.12). Moreover, there is no significant difference in the fraction of M+2 labelled TCA cycle
intermediates, including citrate and a-KG (Figure 3.12). This indicates that Pten loss fails to

alter glucose contribution to the TCA cycle.

Additionally, M+3 citrate is derived from pyruvate carboxylase (PC flux) where pyruvate is
converted to OAA and enters the TCA cycle (Appendix Figure 3.3A) (431). M+5 citrate results
from the condensation of M+3 OAA (i.e., the PC flux) with M+2 acetyl-CoA (i.e., the PDH flux)
(Appendix Figure 3.3B). My data showed very low levels of M+3 and M+5 citrate and that
there was no significant difference in the fraction of M+3 or M+5 citrate between the two cell
lines (Appendix Figure 3.3C), which suggests that pyruvate mainly enters the TCA cycle via

the PDH flux and Pten loss cannot change the relative activity of the PDH and PC flux.

Citrate can be exported into cytosol and metabolised to acetyl-CoA for FA and cholesterol
de novo synthesis (432). Additionally, Akt signalling activation has been reported to
upregulate FA and cholesterol synthesis in multiple cancer types (83 433). Therefore, the
activity of FA synthesis and glucose contribution as a carbon source were examined. Briefly,
the organic fraction that contains lipids and was obtained as described in the previous
paragraph was analysed by GC-MS. Endogenously synthesised FA is a substrate of synthesis
of triacylglycerol (TAG) which consists of a glycerol backbone and three fatty acyl chains (434).
Technically, it is challenging to detect TAG using GC-MS due to its high boiling point and low
levels of volatility. Thus, the samples were subject to transmethylation to release the fatty acy!
chains in the form of methyl FA to enable GC-MS measurement. The schematics of labelling
patterns of newly synthesized FA (e.g., palmitate (16:0) and stearate (18:0)) are depicted in
Figure 3.13. Acetyl-CoA derived from labelled citrate is fully labelled (i.e., M+2) and palmitate

synthesis involves sequential condensation of multiple acetyl-CoA molecules, thereby
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creating the ordered labelling pattern (i.e., M+2, M+4, M+6 etc). Subsequent elongation
requires the condensation of palmitate with an additional molecule of acetyl-CoA to produce
stearate. My data showed that significant levels of *°C enrichment into methy! FA (i.e., methyl
palmitate, and methyl stearate) in both cell lines (Figure 3.14A), thereby confirming the activity
of FA synthesis. However, *°C enrichment of cholesterol cannot be detected (data not shown),
which suggests that the activity of cholesterol synthesis using glucose as a substrate is low

during the 24h incubation.

Because acetyl-CoA is unstable and difficult to measure by GC-MS, its labelling was modelled
using ISA based on MIDs of palmitate (401). In addition, ISA also calculate the fraction of
newly synthesised FA during the incubation period. The results showed that a significantly
higher proportion of lipogenic acetyl-CoA is derived from glucose in ID8 7rp53 ", Pten” cells
(Figure 3.14B), which indicates that Pten loss increases glucose contribution to FA synthesis.
However, the percentage of de novo synthesised FA remained unchanged between the two
cells lines (Figure 3.14B), thereby suggesting that Pten loss has no significant impact on the

flux of FA synthesis.
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Figure 3.10 Pten loss upregulated the rates of glucose uptake and lactate release in ID8 cells.
(A-B) CORE (Consumption or Release) rates of glucose (A) and lactate (B) in ID8 77053 cells
and ID8 7Trp53", Pten” cells without drug treatment. Media were collected at the start and
end of the 24h incubation period. NMR spectroscopy was used to measure the concentrations
of glucose and lactate. CORE rates were calculated by dividing the changes in metabolite
levels with cell density. Positive and negative CORE values indicate net release and
consumption, respectively. (C) Ratio of lactate release and glucose consumption rates
measured from (A-B). Please note the ratio is calculated using absolute values of CORE rates.
Abs: absolute, CORE/COREs: CORE rates of lactate/glucose. (D) Ratio of lactate and pyruvate
concentrations in media. Levels of lactate and pyruvate in media at the end of the 24h
incubation were examined by NMR spectroscopy. Data represent mean + SD from three
biological repeats. Statistical significance was calculated using t tests. ** p<0.01, *** p<0.001,
ns: not significant.
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Figure 3.11 Schematics of the **C labelling patterns of central carbon metabolism using **Ce-

glucose as a tracer.

“C atoms in “Cs-glucose are transferred to downstream metabolites. Pyruvate and the
product acetyl-CoA are uniformly labelled (i.e., M+3 and M+2, respectively). Unlabelled
oxaloacetate condenses with labelled acetyl-CoA and generated M+2 labelled TCA cycle
intermediates. For simplicity, labelling patterns of the first round of the TCA cycle are shown.

Metabolites detected in this study are highlighted in bold.
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Figure 3.12 Pten loss did not impact glucose contribution to the TCA cycle as a carbon source.
Fraction of M+3 labelled pyruvate and lactate, and M+2 labelled TCA cycle intermediates (e.g.,
citrate) are shown. ID8 77053 cells and ID8 Trp53 ", Pten” cells were cultured in media with
5.6mM “Cs-glucose for 24h. Intracellular metabolites were then extracted and analysed by
GC-MS. Data represent mean + SD from three independent biological repeats. Statistical
significance was calculated by t tests. ns, not significant.
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Figure 3.13 Schematics of the °C enrichment patterns of the TCA cycle and FA synthesis using

Cs-glucose as a tracer.

M+2 citrate is generated via glycolysis and pyruvate dehydrogenase flux. Citrate is
subsequently transported out of mitochondria and is cleaved into acetyl-CoA in the cytosol.
Acetyl-CoA is the substrate of FA de novo synthesis. Multiple acetyl-CoA molecules condense
via several iterations to produce palmitate (16:0). Palmitate can undergo elongation by
incorporating a molecule of acetyl-CoA to generate stearate (18:0).
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Figure 3.14 Pten loss upregulated glucose contribution to FA de novo synthesis in ID8 cells.
(A) MID of methyl palmitate and methyl stearate. ID8 77053 cells and 1D8 7rp53”; Pten”
cells were cultured in media with 5.6mM *Cs-glucose for 24h. Intracellular metabolites were
then extracted and analysed by GC-MS. (B) The fraction of lipogenic acetyl-CoA (left,
parameter D) and newly synthesized FA during tracer incubation (right, parameter g(t)). D and
g(t) were estimated by ISA modelling using the MID of methyl palmitate. Data represent mean
+ SD from three independent biological repeats. Statistical significance was calculated by t
tests. *, p<0.05, ns, not significant.
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3.2.4 Glutamine metabolism is not significantly altered in ID8 7rp53
“- Pten” cells

The activation of Akt pathway has been reported to stimulate glutamine uptake indirectly via
MYC and its metabolism through the TCA cycle (83, 140). Therefore, glutamine utilization was
examined using ID8 7053 cells and ID8 7153 Pten” cells. To start with, the uptake rates
of glutamine was investigated by measuring the change of glutamine concentrations in media
during 24h incubation using NMR. The results showed that there is no significant change in

the glutamine uptake rate between the two cell lines (Figure 3.15A).

To understand the metabolic fate of glutamine, stable isotope labelling techniques were
employed. The ID8 cells were cultured in media with Cs-glutamine for 24h and the aqueous
phase metabolites were measured by GC-MS. The “C enrichment patterns are illustrated in
Figure 3.15B. Briefly, °Cs-glutamine enters the TCA cycle after conversion to fully labelled o-
KG (i.e.,, M+5). In the canonical TCA cycle, the downstream intermediates (i.e., succinate,
fumarate, malate, OAA and citrate) are labelled M+4 as one of the °C atom of M+5 a-KG
exists the cycle in the form of CO.. In contrast, a-KG undergoes reductive carboxylation and
incorporates one ““C atom from CO», which generated M+5 citrate (35). My data showed that
the fraction of M+4 or M+5 citrate or the ratio between M+4 and M+5 citrate remain
unchanged in ID8 7rp53”; Pten” cells (Figure 3.15C), which suggests that Pten loss has no

significant impact on glutamine metabolism via the TCA cycle.

To examine glutamine contribution to FA and cholesterol synthesis, the organic phase of
metabolites from the labelling experiment described in the above paragraph was analysed by
GC-MS. Figure 3.16 illustrates the “C enrichment pattern of FA using “Cs-glutamine as a
tracer. M+5 citrate undergoes cleavage by ACL to produce M+2 acetyl-CoA. This generates
the ordered labelling pattern of FA as described in section 3.2.3 (i.e., M+2, M+4, M+6 etc).
However, unlabelled acetyl-CoA is produced by cleaving M+4 citrate and therefore, no
labelling into FA is generated. Here, the “C enrichment patterns of methyl palmitate in ID8
cells are shown in Figure 3.17A. No significant levels of °C enrichment of cholesterol were

detected (data not shown), thereby suggesting the flux of cholesterol synthesis during the
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24h incubation is low. ISA analysis of palmitate MID showed that there was a decreasing trend
in the fraction of lipogenic acetyl-CoA from glutamine in ID8 77053”; Pten” cells, although
it was not statistically significant (Figure 3.17B). Given that Pten loss significantly enhanced
glucose contribution to FA de novo synthesis (refer to Section 3.2.3), these results suggest
that Pten loss may alter substrate preferences for FA synthesis. My data also showed that the
proportion of newly generated FA is not significantly altered in ID8 7rp53”, Pten” cells (Figure
3.17B). This is in line with the unchanged fraction of de novo synthesised FA using “Cs-glucose
as a tracer (refer to Section 3.2.3) and indicates that Pten loss did not regulate the flux of FA

synthesis.
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Figure 3.15 Pten loss did not impact glutamine consumption and metabolism through the
TCA cycle in ID8 cells.

(A) CORE rates of glutamine. ID8 7rp53” cells and ID8 71053 Pten” cells were cultured
without drug treatment for 24h. Concentrations of glutamine in media were measured by
NMR spectroscopy and cells were counted to calculate CORE rates Negative CORE values
indicate net consumption. (B) Schematics of the labelling patterns using “Cs-glutamine as a
tracer. a-KG is labelled M+5 and the downstream TCA cycle intermediates are labelled M+4.
When condensing with unlabelled acetyl-CoA, M+4 citrate is generated. a-KG can undergo
reductive carboxylation catalysed by Isocitrate dehydrogenase (IDH) to produce M+5 citrate.
(C) MID of citrate and ratio of M+5 and M+4 citrate. ID8 77053 cells and ID8 7Trp53”; Pten’
” cells were cultured with 2mM *“Cs-glutamine for 24h. Cellular metabolites were extracted
and analysed by GC-MS. Data represent mean + SD from three independent biological
repeats. Statistical significance was calculated by t tests (CORE rates and citrate M+5/M+4
ratio) or one way ANOVA with post-hoc Tukey rests (citrate MID). ns, not significant.
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Figure 3.16 Schematics of the “C enrichment patterns of the TCA cycle and FA de novo

synthesis using “Cs-glutamine as a tracer.

a-KG is labelled M+5 and undergoes reductive carboxylation by IDH to produce M+5 citrate
(shown in red). After transporting out of mitochondria, M+5 citrate is cleaved to M+2 acetyl-
CoA. Multiple iterations of condensation of acetyl-CoA molecules produce palmitate (16:0).
Further elongation of palmitate by incorporating a molecule of acetyl-CoA generates stearate
(18:0).
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Figure 3.17 There was a downward trend, albeit not significant, of glutamine contribution to
FA de novo synthesis in ID8 Trp53”; Pten” cells.

(A) MID of methyl palmitate and methyl stearate. ID8 77053 cells and 1D8 7rp53”; Pten”
cells were cultured in media with 2mM “Cs-glutamine for 24h. Intracellular metabolites were
then extracted and analysed by GC-MS. (B) The fraction of lipogenic acetyl-CoA (left,
parameter D) and newly synthesized FA during tracer incubation (right, parameter g(t)). D and
g(t) were estimated by ISA modelling using the MID of methyl palmitate. Data represent mean
+ SD from three independent biological repeats. Statistical significance was calculated by t
tests. ns, not significant.
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3.2.5 Investigating the alternative carbon source of citrate synthesis

in ID8 cells

As described in sections 3.2.3 and 3.2.4, glucose and glutamine contribute to approximately
23% and 20% of citrate synthesis respectively at 24h in ID8 cells regardless of Pten status (Figure
3.12 and Figure 3.15C). Thus, alternative carbon sources were investigated. Lactate has been
reported to undergo oxidation to pyruvate and therefore (2917), fuel the TCA cycle in cancer
cells. To understand the relative contribution of lactate, ID8 7rp53” cells were incubated with
3-"C-lactate and the aqueous metabolites were analysed by GC-MS. The schematics of “°C
enrichment was shown in Figure 3.18A. Pyruvate is labelled M+1 through the LDH-catalysed
oxidation of 3-"C-lactate and enters the TCA cycle via the PDH flux, which generates M+1
labelled intermediates of the TCA cycle. °C enrichment into pyruvate was detected and
roughly 15% of the TCA cycle intermediates were labelled M+1 (Figure 3.18B), thereby

suggesting lactate is a carbon source of citrate.

Acetate is a member of short chain fatty acids (SCFA), and previous reports demonstrate that
acetate can be converted to acetyl-CoA by acetyl-CoA synthetase 1 (ACSS1) and contribute
to citrate synthesis in cancer cells (435). Thus, the metabolic fate of acetate was examined.
ID8 7153 cells were incubated with °C.-acetate for 24h and metabolites were analysed by
GC-MS. Appendix Figure 3.4A illustrates the “C enrichment pattern of the TCA cycle
intermediates. M+2 acetyl-CoA is generated from °C.-acetate and thus, the downstream
intermediates are labelled M+2. My results showed that no significant levels of °C enrichment
in citrate or a-KG was detected (Appendix Figure 3.4B), which suggests that acetate may not

be a carbon source of citrate in ID8 cells.

Branched-chain amino acids (BCAAs, i.e., leucine, isoleucine and valine) is another potential
carbon source for citrate in cancer cells (436). BCAAs undergo deamination by BCAA
transaminases 1 and 2 (BCAT1/2) to produce branched-chain keto acids (BCKAs) that is
further metabolised into acetyl-CoA to feed the TCA cycle (436). To examine whether BCAAs
are actively metabolised, ID8 77053" cells were incubated with DMEM media (containing

BCAAs: leucine and isoleucine = 0.80mM, valine = 0.80mM) incubated for 24h. Changes in
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BCAA concentrations in media at the start and end of incubation were measured by NMR. My
data showed a net decrease in BCAA concentrations (i.e., negative CORE values) (Appendix
Figure 3.5), thereby suggesting BCAA contributes to metabolism in ID8 cells. Additionally,
ketone body (3-hydroxybutarate, acetoacetate and acetone) has been shown to be
metabolised to acetyl-CoA and contribute to the TCA cycle (437). However, no significant
levels of ketone body can be detected in media by NMR (data not shown), which suggests
that ketone body may not be a carbon source of citrate in the 2D culture system employed

in this study.

Interestingly, short incubation (i.e., 4h) with *Cs-glucose or 3-“C-lactate vyielded almost fully
unlabelled citrate although significant “°C enrichment into pyruvate was detected (Appendix
Figure 3.6A-B). The MIDs of downstream intermediates (e.g., a-KG and succinate) showed
similarly low levels of °C enrichment at 4h (Appendix Figure 3.6A-B). Likewise, M+5 a-KG and
M+4 downstream TCA cycle intermediates (i.e., succinate) were detected when the ID8 cells
were incubated with °Cs-glutamine (Appendix Figure 3.6C). However, no “°C enrichment into
citrate (M+4 or M+5) could be observed (Appendix Figure 3.6C). These data indicate the low

flux of citrate synthesis or the fast diversion of citrate for other metabolic pathways.
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Figure 3.18 Exogenous lactate was a carbon source for the TCA cycle in ID8 Trp53” cells.

(A) Schematics of the labelling patterns of the TCA cycle using 3-"C-lactate as a tracer. M+1
pyruvate and acetyl-CoA are generated. After condensing with unlabelled oxaloacetate, the
TCA cycle intermediates (e.g., citrate) are labelled M+1. (B) Fraction of M+1 pyruvate and TCA
cycle intermediates. ID8 77p53” cells were incubated with 10mM 3-"C-lactate for 24h.
Intracellular metabolites were extracted and analysed by GC-MS. Data represent mean from
one biological repeat.
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3.3 Discussion

In summary, my data provide insights into the metabolic pathways that undergo
reprogramming secondary to Pten loss in ovarian HGSC. Briefly, the activity of glucose
metabolism, lipid synthesis and oxidation, metabolic co-factor synthesis (e.g., NAD and CoA)
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and arginine synthesis pathways are altered.

Previous publications reveal that Akt signalling is a key regulator of glucose metabolism in
cancer cells. For instance, glucose uptake rates and glycolytic flux are enhanced in cancer cells
with hyperactive Akt pathway (83, 107, 111, 112). Here, my results from 2D cultured ID8 cells
confirmed upregulated glucose uptake and glycolysis in cells with Pten loss, which are in line
with these reports. In addition, multiple pathways branch off of glycolysis, including PPP,
serine and glycine synthesis and alanine synthesis. The Akt pathway also promotes the flux of
PPP by enhancing the expression of various enzymes (e.g., G6PD) (716). However, my data
showed that Pten loss has no impact on L/G ratio that estimates the relative flux between
glycolysis and branch-off pathways. Of note, the L/G ratio possesses the limitation of masking
any changes in PPP flux. This is because any changes in the ratio result from the diversion of
PPP intermediate ribose 5-phosphate into PRPP synthesis, which reduces lactate production.
However, ribose 5-phosphate can re-join glycolysis via the non-oxidative branch of PPP, and
therefore an equal amount of lactate is produced (438). Such limitation can be overcome by
SIRM using 1,2-°C,-glucose as a tracer (357). Glycolysis generates only M+2 lactate while the
combined oxidative and non-oxidative PPP produces M+1 lactate (439). Thus, the ratio
between M+1/M+2 lactate is an accurate indicator of PPP overflow to glycolysis. M+1 and
M+2 ribose 5-phosphate is produced from the oxidative and non-oxidative branch,
respectively (357). Therefore, the total abundance of M+1 and M+2 ribose 5-phosphate is a
direct measure of PPP flux and the ratio of M+1/M+?2 ribose 5-phosphate reflects the source

of ribose (i.e., oxidative vs non-oxidative branch).

Glucose metabolism via the TCA cycle is also subject to regulation by the Akt pathway. In this
regard, under conditions of hypoxia, Akt is recruited to mitochondria to directly
phosphorylate and activate PDK1 which in turn phosphorylates and inhibits PDH to reduce
pyruvate entry into the TCA cycle (440). In addition, HIF1a induces the expression of PDK to
negatively regulate pyruvate input to the TCA cycle (441). As HIF1a is downstream effector of
Akt pathway, it has been proposed that Akt regulates the TCA cycle indirectly via the HIF-
1a/PDK1 axis at hypoxia (428). However, my data reveal that Pten loss fails to modulate

glucose contribution to the TCA cycle. One possible explanation is that the ID8 cells were
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cultured at normoxia. Of note, the above-mentioned studies suggest the hypoxia-induced
downregulation as a protective mechanism against apoptosis, autophagy and oxidative stress

during hypoxia(440, 441). Thus, SIRM experiments under hypoxia is required.

Akt signalling has also been reported to regulate glutamine uptake and metabolism indirectly
via MYC induction (96). Glutamine uptake is enhanced by MYC-induced expression of
glutamine transporters SLC1A5 (742, 442). MYC also upregulates the expression of the rate-
limiting enzyme in glutamine metabolism GLS (142, 442, 443). However, my results indicate
Pten loss has no impact on glutamine uptake rates and its metabolism via the canonical TCA
cycle or reductive carboxylation pathway. The contradiction may be caused by the context-
dependent induction of MYC downstream of Akt activation. In this regard, the regulatory
inputs of MYC expression may be derived from pathways other than the Akt signalling. Here,
the two ID8 cell lines tested harbour 77053 gene deletion and p53 is a negative regulator of
MYC expression by a combination of transcriptional and post-translational control (i.e.,
microRNA-mediated silencing) (444, 445). Therefore, Akt signalling activation may not cause
a further increase in MYC expression in the ID8 cells with 77053 gene deletion. Likewise, the
activation of Ras signalling is sufficient to sustain MYC expression in multiple cancer types
because the inhibition of PI3K fails to reduce MYC levels (446-448). Additional work is
required to examine MYC abundance to understand non-significant changes in glutamine

metabolism.

The Akt pathway has been reported to promote de novo FA and cholesterol synthesis by
phosphorylating and activating ACLY to enhance the production of cytosolic acetyl-CoA and
activating SREBP to upregulate nearly all the lipogenic enzymes (83, 133, 135, 449). Here, my
data reveal that the flux of FA synthesis using glucose or glutamine as a substrate is
unchanged regardless of Pten deletion. Given that NADPH provides the reducing equivalent
essential for FA synthesis (40), the lack of increase in FA synthesis may result from a limited
supply of NADPH. Indeed, my data show no increase in PPP flux, the major pathway for
cytosolic NADPH production, in Pten deficient cells. Another possible explanation is that the
flux of FA synthesis has reached its maximal level in ID8 7rp53” cells since almost 90% of FA

is newly synthesized. Indeed, p53 has been reported to repress FA synthesis by
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transcriptionally inhibition of SREBP1 expression (450). Thus, Akt activation may not cause a
further increase in FA synthesis flux. Additional research is required to understand the
dominant regulator of FA synthesis by investigating ID8 cells with wild-type 77053 gene. It is
also possible that acetyl-CoA is diverted away from FA synthesis for protein acetylation (451).
Indeed, there is a strong correlation between histone acetylation and Akt phosphorylation
(452). And the supply of the acetylation substrate acetyl-CoA is enhanced due to Akt-
mediated ACLY activation (452). Thus, additional work is required to probe for acetyl-CoA

metabolism and investigate histone acetylation levels.

Interestingly, it is found that Pten loss increases glucose, but not glutamine, contribution to
FA synthesis in this chapter. This result is inconsistent to the similar proportion of glucose-
derived citrate in ID8 cells. One possible explanation is that metabolite extraction performed
in this study is not specific to subcellular compartment. Cytosolic, but not mitochondrial,
citrate is the source of FA synthesis. However, an average of citrate in the two compartments
is presented here. Therefore, mitochondria separation is required prior to metabolite
extraction which may reveal the differences in fraction of glucose-derived citrate. Alternatively,
selective cell sampling (SCS) techniques can be applied to extract subcellular compartments

to avoid metabolic artifacts due to extra sample processing during mitochondria separation

(453).

Of note, no significant °C enrichment into cholesterol was detected regardless of Pten status
in this study. This may be caused by insufficient tracer incubation time since 24h was chosen.
Indeed, longer incubation of 48 or 72h has been suggested (454) and therefore, the SIRM
experiment can be improved with longer incubation. Another explanation is that the major
source of cholesterol in ID8 cells is uptake instead of de novo biosynthesis. Indeed, the
expression of low-density lipoprotein receptor (LDLR), the major mediator of extracellular
cholesterol uptake, is upregulated in endometrioid and clear cell ovarian carcinoma (455).
Moreover, Pten loss in prostate cancer cells has been reported to enhance LDLR expression
and lead to accumulation of intracellular cholesterol ester (456). Therefore, additional

research is required to study the source of cholesterol in ovarian HGSC cells.
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In addition, the Akt pathway regulates fatty acid oxidation (FAO) in cancer cells. Mitochondrial
oxidation of FA requires carnitine palmitoyltransferase 1 (CPT1) which mediates the rate-
limiting step of cytosolic FA transport into mitochondria. The expression of CPT1 is suppressed
by the Akt signalling which blunts FAO activity in hematopoietic cells (457). Moreover, CPT1
is allosterically inhibited by high concentrations of malonyl-CoA which is produced from
acetyl-CoA (458). As Akt signalling activates cytosolic acetyl-CoA synthesis by stimulating
ACLY, CPT1 activity and FAQO is reduced (458). However, my data show higher levels of acyl
carnitines, the products of CPT1, in Pten deficient tumours. As there is no published data
about Akt-mediated regulation of FAO enzymes downstream of CPT1, it is challenging to
interpret the effects of Akt activation on FAO in ID8 tumours. Of note, /1 vivo studies show
that ovarian cancer cells preferentially metastasise to lipid-rich omental tissue (459). Indeed,
ovarian cancer cells induce lipolysis in adipocytes in omentum and utilise the produced FA
for energy production, which promotes tumour growth (459). Given the early onset of
omental metastasis and higher aggressiveness of Pten deficient ID8 tumours (397), it is
possible that Akt-mediated CPT1 inhibition is context-dependent. Additional research is

required to examine FAO activity using “C labelled FA (e.g., palmitate).

Furthermore, the PI3K/Akt pathway has been reported to regulate choline metabolism in
cancer cells. In this regard, choline kinase (CHK) is activated by the combined PI3K and RAL
GTPase guanine nucleotide dissociation stimulator (RALGDS) signalling pathways in NIH3T3
fibroblasts (460). CHK catalyses the phosphorylation of choline to produce PhoC and
therefore, the ratio of PhoC to choline is increased in ovarian cancer cells with upregulated
CHK activity (461). However, my data showed no significant difference between tumours with
and without Pten loss. Indeed, the abundance of both choline and PhoC is decreased in Pten
deficient tumours. This may result from the increased activity of CTP:phosphocholine
cytidylyltransferase (CCT) which catalyses the conversion of PhoC to citicholine. This
interpretation is supported by the increased citicholine levels in ID8 77053”; Pten” tumours.
However, it remains unclear whether the accumulation of citicholine is caused by the
reduction in activity of diacylglycerol cholinephosphotransferase (DAG-CPT) that catalyses

PtdCho synthesis using citicholine. Of note, there is no literature about the roles of Akt
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signalling activation in CCT or DAG-CPT expression and activity. The major limitation is the
lack of data about PtdCho levels and therefore, it is challenging to interpret the effects of Pten
loss on PtdCho synthesis. Nevertheless, these data suggest Pten loss modulates PtdCho
synthesis pathway in ovarian HGSC cells. Further investigation is required and includes stable

isotope labelling experiments using “°C labelled choline as a tracer and lipidomics profiling.

Apart from serving as a structural component of cellular membranes, PtdCho undergoes
catabolism to generate lipid messengers including lysoPC, arachidonic acid (ARA),
phosphatidic acid (PA) and diacylglycerol (DAG) (462). My results indicate decreased
abundance of lysoPC(18:1) and increased levels of GPC, the breakdown product of lysoPC, in
tumours with Pten loss. This may result from: 1) increased activity of lysophospholipase (lyso-
PL) that cleaves lysoPC into GPC; 2) reduced activity of GPC-PDE (also known as
glycerophosphodiester phosphodiesterases (GDPDs) ) or endometrial differential 3 (EDI3)
that convert GPC to choline (463, 464); 3) reduced activity of phospholipase A (PLA:) that
catabolises PtdCho into lysoPC. The expression of PLA: has been reported to be reduced in
ovarian cancer cells (461). However, with no published data about the impact of Akt pathway
on these enzymes, it remains unclear how the activity of lysoPC metabolism is regulated. Of
note, my data show that the levels of PDG, a lipid messenger, is significantly downregulated
in Pten deficient tumours. Previous report shows that PDG: inhibits growth rates of human
ovarian cancer cells (465), which may explain the higher aggressiveness of Pten deficient ID8
tumours (391). PDG: is produced using ARA as a substrate via sequential reactions catalysed
by multiple enzymes with cyclooxygenase (COX) as the key regulator (466). However, Akt
signalling induces COX expression through NF-kB/IkB pathway in endometrial cancer cells
(467) and breast cancer cells (468), which suggests the reduced PDG:. levels may result from
changes in ARA production. One major limitation in this study is that the untargeted metabolic
profiling method is not optimised for measurement of lipids. Therefore, additional lipidomics
studies are needed to provide more data about lipid metabolic reprogramming induced by

Pten loss.

My data also show that the activity of metabolic cofactor coenzyme A (CoA) synthesis is

influenced by Pten loss in ID8 tumours. CoA is the major carrier of activated acyl groups in
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cells (e.g., acetyl-CoA) and is involved in multiple metabolic processes including lipid synthesis,
central carbon metabolism and histone acetylation (469, 470). In this study, the abundance of
pantothenate, a substrate for CoA synthesis, is significantly reduced in tumours with Pten loss.
This may reflect an increase in pantothenate metabolism for CoA synthesis. Indeed, Akt
signalling promotes CoA de novo synthesis by phosphorylating and activating the rate-
limiting enzyme pantothenate kinase 2 (PANK2) (471). Akt also relieves the inhibition of
PANK4 on CoA synthesis (471). However, as there is no literature about Akt regulation of
pantothenate uptake, it remains unclear whether Pten loss downregulates pantothenate
uptake which also leads to a reduction in intracellular pantothenate levels. Therefore, SIRM

studies using (“°Cs *°N1)-labelled pantothenate is required to monitor CoA synthesis activity.

Moreover, my results show that Pten loss have no impact on the ratio of lactate to pyruvate
concentrations in media, which indicates that cellular NADH/NAD' ratio was not significantly
changed. These data suggest that Akt signalling activation may not be sufficient to alter redox
balance under basal conditions. However, this does not rule out the possibility that Pten loss
may impact the cellular defensive mechanisms against ROS. In this regard, a reduction in the
levels of ascorbic acid, a key scavenger of free radicals and ROS, is detected in tumours with
Pten loss in this study. The limited abundance of ascorbic acid may impair ROS clearance,
which suggests that Pten deficient tumours may be more vulnerable under oxidative stress.
In addition, Akt signalling has been shown to promote the production of NADPH, a reducing
equivalent, by upregulating the oxidative branch of PPP (472). My data showed that the ratio
of lactate production to glucose consumption (L/G ratio) was not significantly altered by Pten
loss, which implies that the PPP flux and NADPH production may not be changed. However,
the non-oxidative branch of PPP mediates the conversion of ribulose 5-phosphate (the
product of the oxidative branch of PPP) to glyceraldehyde 3-phosphate and re-joins
glycolysis (438). Therefore, direct measurements of PPP fluxes using 1,2-"C.-glucose are
required. CoA has also been reported to function as a cellular antioxidant due to the thiol
group that is reactive with ROS (473). CoA is also a substrate of protein PTM called CoAlation
that protects the protein against oxidation of the surface cysteine residues (474). This in turn

prevents protein inactivation and degradation under conditions of oxidative stress (474). In
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this study, the potential increase in CoA synthesis in Pten deficient tumours may maintain the
redox balance. Nevertheless, it would be interesting to examine the responses to oxidative
stress (e.g., apoptosis) to understand the combinational effects of changes in the above-

mentioned metabolic pathways.

In addition, my results show that Pten loss alters the activity of the salvage pathway of NAD"
synthesis. The reduced levels of nicotinamide, the breakdown product of NAD", and the
increased abundance of NAD" indicate a potential upregulation in the salvage pathway. NAD"
is a substrate of PARylation by PARP1 for DNA damage sensing and resolution (217). The loss
of Pten has been reported to inhibit repair of DNA DSBs and suppress nucleotide excision
repair (NER) (475), which may lead to unresolved DNA damage and increased PARP1
activation with enhanced NAD" consumption. Therefore, the salvage pathway may be
activated as an adaptive mechanism to recycle nicotinamide and maintain the supply of NAD"
for DNA damage repair in tumours with Pten loss. NAD" can also be synthesized from the de
novo synthesis pathway and the Preiss-Handler (PH) pathway and therefore, the increase in
NAD" levels may also result from activation in these pathways. However, no data about the
abundance of intermediates in these pathways are available in this study. Thus, SIRM studies
using labelled tryptophan, nicotinic acid and NAD" can be performed to probe for the flux in

each pathway.

Moreover, my data show that arginine metabolism is altered in tumours with Pten loss. In this
regard, the decrease in arginine abundance is detected in Pten deficient cells. This may result
from a decrease in arginine synthesis, an increase in arginine catabolism or a decrease in
arginine uptake. However, data from our lab show that there is no expression of
argininosuccinate synthetase 1 (ASS1), the enzyme catalyses arginine synthesis, in ID8 7rp553
” cells (personal communications with Flora McKinney). Therefore, the ID8 cells are arginine-
auxotrophic (i.e., dependent on exogenous supply of arginine) and the reduction in arginine
levels may not result from a decrease in synthesis. Instead, my data supports the notion that
Pten loss may enhance arginine catabolism. In this case, the decreased aspartate observed in
this study may reflect its diversion for other pathways including nucleotide synthesis in Pten

deficient tumours. The downstream effector of Akt activation, mTORC1, promotes pyrimidine
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synthesis by stimulating CAD that catalyses the first three steps of pyrimidine synthesis (1.37,
138). Aspartate is also a substrate of purine synthesis which is promoted by ATF4 downstream
of mTORC1 (139, 476). Indeed, my data show that the abundance of IMP, the intermediate of
purine synthesis, is decreased in Pten deficient tumour, which may reflect an increase in purine
synthesis. The accumulation of citrulline may result from the cessation of ASS1 activity and/or
an increase in arginine breakdown that produces citrulline. Both arginase and NOS catalyse
the catabolic metabolism of arginine and produces ornithine and citrulline, respectively (477).
The catabolism of amino acids (e.g., glutamate and asparagine) involves the disposal of
nitrogen in the form of urea which is readily exported from cells (478). Therefore, the decrease
in urea on its own is not specific enough to indicate a reduction in arginase activity. Indeed,
the increase in spermidine levels may indicate an upregulation in polyamine pathway. As
ornithine, the product of arginase pathway, is the substrate of the polyamine metabolism, my
data suggest that arginine catabolism via the arginase pathway may be upregulated in
tumours with Pten loss. NOS expression in cells with epithelial origin is limited in general.
Instead, NOS is expressed in neurons (neuronal NOS; nNOS), endothelial cells (endothelial
NOS; eNOS) and macrophages in response to stimulants including bacterial
lipopolysaccharide and cytokines (inducible NOS; INOS) (479). Thus, this further supports the
enhanced activity of arginase pathway. However, it is difficult to rule out the potential that
diminished arginine import acts as a mechanism of the reduced intracellular concentration
because there is no published data about Akt-mediated regulation of arginine uptake.
Therefore, SIRM studies using labelled arginine are required to further the understandings in

arginine uptake and metabolism.

One limitation about the untargeted metabolomics data is the lack of support from targeted
metabolomic data. Although the SWATH method used in this chapter maximizes the coverage
of metabolites, the quantitation and target identification can be challenging (380).
Alternatively, targeted method (e.g., multiple reaction monitoring (MRM)) is considered as a
golden standard for metabolite quantification (380). Therefore, MRM methods optimised for

each metabolic pathway shown in Figure 3.4-3.10 should be performed for validation.

Interestingly, my results show that carbon sources other than glucose and glutamine
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contribute to citrate synthesis in ID8 7rp53” cells. In this regard, citrate synthesis can be fuelled
by extracellular lactate. This is in line with previous reports showing lactate uptake and
metabolism via the TCA cycle in multiple cancer types (288, 291, 480). Of note, ovarian cancer
cells preferentially metastasise to lipid-rich omentum and induce lipolysis in the adipocytes
for energy production via FAO, which promotes tumour growth. However, my data show no
contribution of acetate, a SCFA, to citrate synthesis, which indicates that ID8 7rp53" cells
cannot metabolise SCFA via the TCA cycle. Thus, it would be interesting to perform SIRM
studies to examine whether exogenous long chain fatty acid (LCFA), including palmitate, is a
carbon source for the TCA cycle. Acetate is also a substrate of histone acetylation which is
catalysed by ACSS2 (481, 482). Therefore, additional research is required to investigate
whether exogenous acetate contributes to histone modification. Moreover, my data show net
uptake of BCAA in ID8 7rp53” cells. As BCAA is a source of acetyl-CoA (483), this result
suggests its potential as a TCA cycle substrate. However, BCAA is also a substrate of protein
synthesis and thus, the intracellular metabolic fate cannot be examined with cellular uptake
data only. SIRM studies using “°C labelled BCAA are required. Ketone bodies can also function
as a carbon source of the TCA cycle. However, my data show the concentrations of ketone
bodies (i.e., acetone, acetoacetate and 3-hydroxybutarate) are below limitation of detection
(LOD) using NMR techniques. Thus, in the 2D cultured system, ketone bodies may not be
incorporated into the TCA cycle. However, the concentrations of ketone bodies are generally
less than 0.5mM in blood of healthy individuals and can increase 6-7.5mM during prolonged
fasting (484, 485). Thus, it remains unclear whether ketone bodies are utilised via the TCA
cycle in ovarian cancer cells /n vivo. SIRM studies using “°C labelled ketones can be performed

in mice or human patients.

Noticeably, my data show a low “°C enrichment of TCA cycle intermediates (e.g., citrate and
a-KG) at 4h regardless of the tracers used in this study. One possible explanation is the defects
of citrate synthesis in ovarian cancer cells. In this regard, the expression of mitochondrial
elongation factor 2 (MIEF2) has been reported to be upregulated in ovarian cancer (456).
MIEF2 is a key regulator of mitochondrial dynamics that mainly refers to fission and fusion

(487). In general, mitochondria fusion is associated with enhanced metabolic capacity while
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mitochondria fission allows mitochondria degradation (i.e., mitophagy) (487). The
upregulated MIEF2 expression leads to reduced concentrations of the TCA cycle
intermediates (e.g., citrate and a-KG) and increased levels of glycolytic intermediates (e.g.,
G6P) (488). Mutations in mitochondria DNA have also been reported and are associated with
dysfunctional OXPHOS in ovarian cancer cells (489, 490). However, my data show that almost
90% of FA is de novo synthesised using citrate generated from glucose and glutamine, which
suggests that citrate synthesis must be active. Thus, the lack of **C enrichment in the TCA
cycle intermediates may result from the active utilisation of citrate for FA synthesis. To test
this hypothesis, MIDs of citrate can be measured in cells treated with ACL inhibitor in the

13 .
presence of “C labelled glucose or glutamine.

Taken together, untargeted metabolic profiling and SIRM studies show that Pten loss
promotes glucose uptake and glycolysis but has no impact on glutamine uptake or its
metabolism via the canonical TCA cycle or reductive carboxylation. Pten deletion also
enhances glucose, but not glutamine, contribution to FA de novo synthesis in ovarian HGSC
cells, although the flux of FA synthesis remains unchanged. Although the metabolite
abundance data from the untargeted profiling study is not conclusive in interpreting the
directions of pathway activity changes, they warrant further investigation using tracer studies.
These pathways include PtdCho metabolism, NAD" salvage synthesis pathway, arginine

catabolism, CoA synthesis pathway and FA oxidation.
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CHAPTER 4

Mutations in the Ras/PI3K pathway sensitized
the combination of FK866 and Olaparib in

ovarian cancer cells
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Chapter 4 Mutations in the Ras/PI3K
pathway sensitized the combination of

FK866 and Olaparib in ovarian cancer cells

4.1 Introduction

As described in Section 1.4.5, NAD" depletion has been reported to improve Olaparib
sensitivity in various types of cancer cells (285, 286, 388). Given the roles of Ras/PI3K signalling
in regulating metabolism and NAD" as a metabolic cofactor, dual NAMPT and PARP inhibition
may provide additional benefits to this patient group. Indeed, preliminary data from our
laboratory showed that in a panel of 10 ovarian cancer cell lines, mutations in the Ras/PI3K
pathway improved sensitivity to NAMPT inhibition by FK866 (Appendix Figure 4.1A) (393). Of
note, high levels of association between ICs values of FK866 and NAD" concentration
reduction were found (Appendix Figure 4.1B), which indicates the on-target effect of FK866.
Additionally, FK866 improved Olaparib sensitivity in ovarian cancer cells regardless of the
mutational status of Ras/PI3K (Figure 1.19) (393). However, the cells with mutations in the
genes involved in the Ras/PI3K signalling (referred to as ‘Ras/PI3K mutant’ in this thesis)
displayed greater reduction of cell growth rates when the same dose of FK866 and Olaparib
were applied (Figure 1.19) (393). Thus, in this chapter, | set out to validate the sensitization

effects of Ras/PI3K mutations and investigate the underlying mechanisms.

Here, a subgroup of 4 cell lines was chosen from the pool of 10 cell lines investigated
previously to model ovarian cancer cells with and without Ras/PI3K pathway mutations. A2780,
TOV21G and OVCARS cells were included in the experiment group because they harbour
genetic alterations (i.e., A2780: PI3K/BRAF mutations and PTEN deletion; TOV21G: PI3K/KRAS
mutations and PTEN deletion; OVCARS8: KRAS mutation). Of note, enhanced growth reduction
was found in A2780, TOV21G and OVCARS cells treated with FK866 alone or in combination
with Olaparib. COV318 cells were used to represent the unaltered group due to its lack of

mutations in the Ras/PI3K pathway.
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4.2 Results

4.2.1 Mutations in the Ras/PI3K pathway sensitised human EOC cells

to dual PARP and NAMPT inhibition

To validate the sensitization effects observed in the preliminary data, cellular apoptosis was
examined. In brief, a panel of epithelial ovarian cancer cells (Ras/PI3K wild-type cell line:
COV318; Ras/PI3K mutant cell lines: A2780, TOV21G, OVCARS8) were treated with FK866
and/or Olaparib for 48h and caspase-3/7 activity was measured. My data showed that single
drug treatment of FK866 or Olaparib failed to induce significant levels of caspase-3/7 and the
combination treatment did not induce further caspase-3/7 activity in COV318 cells (Figure
4.1A). In contrast, A2780 and TOV21G cells treated with the combination of FK866 and
Olaparib exhibited significantly higher levels of caspase-3/7 activity compared to single drug
treatment group (Figure 4.1B-C). However, dual inhibition of NAMPT and PARP failed to

induce caspase activation in OVCARS cells (Figure 4.1D).

To validate these results, flow cytometry analysis against annexin V and propidium iodide (PI)
was performed on the cells treated with FK866 and/or Olaparib. Annexin V staining is marker
of cellular apoptosis and Pl is used as a dye to indicate cell viability. Thus, this technique allows
the identification of early apoptotic cells (Annexin V™ and PI') and late apoptotic cells (Annexin
V" and PI'). My results showed that the combination of FK866 and Olaparib significantly
increased the percentage of late apoptotic A2780 and TOV21G cells (Figure 4.2A-B). Of note,
early apoptotic A2780 cells were also upregulated by FK866 and Olaparib combination (Figure
4.2A). However, these effects were not observed in COV318 cells (Figure 4.2C). Collectively,
these results indicate that Ras/PI3K mutations may increase the sensitivity of FK866 and

Olaparib combination treatment in ovarian cancer cells.

To further verify the observed sensitization is a result of NAMPT inhibition, a rescue

experiment was performed. Briefly, the EOC cells were cultured in media with or without the
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supplementation of B-NMN, the product of NAMPT, and treated with the same dosing
regimen as described in the previous paragraph. The data confirmed that FK866 and Olaparib
combination induced significantly higher levels of apoptosis than individual treatment in
A2780, but not COV318 cells (Figure 4.3A-B). Importantly, the supplementation of 3-NMN
abolished the increase of cellular apoptosis in A2780 cells treated with the drug combination
(Figure 4.3A-B). Therefore, these data suggest that the on-target inhibition of FK866 on
NAMPT and the subsequent decrease in NAD" levels are necessary for the sensitization effects

of Ras/PI3K mutations on FK866 and Olaparib combination.
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Figure 4.1 The combination of FK866 and Olaparib induced caspase-3/7 activation in ovarian
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cancer cells with mutations in the Ras/PI3K pathway (except OVCARS cells).

COV318 (A), A2780 (B), TOV21G (C) and OVCARS (D) cells were treated with 0.2% (v/v) DMSO,
or 5nM FK866, or 10uM Olaparib or the combination for 48h before measuring caspase-3/7
activity using the Promega Caspase-Glo® 3/7 assay. Cell density was also measured by the
SRB assay. The caspase-3/7 readout was normalised against cell density and the data were
expressed as fold changes. Data represent the mean + SD of three independent biological
replicates. Statistical significance was calculated by one-way ANOVA followed by post-hoc

Tukey test. * p < 0.05, #*+ p < 0.001, »*+* p< 0.0001, ns: not significant.
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Figure 4.2 FK866 and Olaparib combination upregulated the proportion of apoptotic cells in
Ras/PI3K mutant ovarian cancer cells.

A2780 (A), TOV21G (B) and COV318 (C) cells were treated with 0.2% (v/v) DMSO, or 5nM
FK866, or 10uM Olaparib or the combination for 24h. Apoptosis was measured by flow
cytometry against annexin V and propidium iodide (PI). Data were represented using stacked
bar charts. Data represent the mean + SD of three independent biological replicates.
Statistical significance was calculated using the fraction of total apoptotic cells (i.e.,
combination of early and late apoptotic cells) by one-way ANOVA followed by post-hoc
Tukey test. * p < 0.05, #*» p < 0.01, *** p<0.001, »** p<0.0001 ns: not significant. For the
gating strategies, refer to Appendix Figure 4.2. The flow cytometry experiments were
performed with the help from the PhD student Yurui Ma and data were analysed by me.

163



A A2780 B

o cov31is
rkk | * |
*
*% | ns | I—l
?8— 1 | ?3— ns ns
) ook ns )
.‘?.2 20 ns | ns |
S ©
2% 5 25
Q > o > -
© o © o 2 ns ns
~ e
[y
® %4— & %
Q
IR o s
1]
o = © 1
-3 o5 °
] © 24 7 ©
g2 © T
2 £ cg
0 T T T T T 0

1 1 1
R ST P S SR & e
S E S 0 &A@ S E N
Ag‘\ 0\"’Q <& «° ~\°"° 0\”’Q <& «° RN <t & & R < &
& & oFf TS TN
[ ® [ ®
NMN +NMN NMN +NMN

Figure 4.3 Supplementation of NMN rescues apoptosis induced by FK866 and Olaparib
combination in A2780 cells.

A2780 (A) and COV318 (B) cells were treated with 0.2% (v/v) DMSO, or 5nM FK866, or 10uM
Olaparib or the combination in media with or without 250uM NMN for 24h before measuring
caspase-3/7 activity using the Promega Caspase-Glo® 3/7 assay. Cell density was also
measured by the SRB assay. The caspase-3/7 readout was normalised against cell density and
the data were expressed as fold changes. Data represent the mean + SD of three independent
biological replicates. Statistical significance was calculated by two-way ANOVA followed by
post-hoc Tukey test. * p < 0.05, ** p < 0.01, *»*** p<0.0001, ns: not significant. The experiments
were performed by the Master’s student Chris An under my supervision and data were re-
analysed and re-plotted.
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4.2.2 Olaparib and FK866 combination induced higher DNA damage

in EOC cells with mutations in the Ras/PI3K signalling

The underlying mechanisms of sensitization were then investigated. It was first hypothesized
that Ras/PI3K mutations increase NAMPT expression and/or downregulate NAPRT levels,
which may increase the dependency on NAD" production via the salvage pathway. This in
turn enhances the sensitivity to FK866 and its combination with Olaparib. Such hypothesis is
based on the preliminary data from our lab showing that a lower concentration of NAD" was
detected in Ras-mutant OVCARS cells than Ras-WT COV318 cells under basal conditions
(Appendix Figure 4.3). It was also found that FK866 alone or in combination with Olaparib
caused a nearly complete depletion of NAD" in OVCARS cells, but not COV318 cells (Appendix
Figure 4.3), which indicates that the higher reliance on NAMPT to maintain the cellular NAD"
pools in OVCARS cells. This hypothesis is also supported by published data showing the
regulatory roles of the Ras and PI3K signalling pathways on NAMPT expression. In this regard,
the downstream effector of Akt, FOXO1, downregulates NAMPT expression in breast cancer
cells (491). NAPRT is the rate-limiting enzyme of the alternative PH pathway of NAD " synthesis.
Its inhibition or depletion has been shown to increase the dependency on NAMPT for NAD"

production and enhance sensitivity to NAMPT inhibition (492).

To test this hypothesis, the expression of NAMPT and NARPT under basal conditions was
measured by WB. The data showed that the expression of NAPRT, but not NAMPT, was
reduced in A2780 in comparison to COV318 cells (Appendix Figure 4.4). In HEY-A8 cells which
also displayed increased sensitivity to FK866 and Olaparib combination in our preliminary
data (393), NAMPT levels were reduced and NAPRT expression was below detection limit
(Appendix Figure 4.4). This suggests that the dependency on NAMPT for NAD" production is
higher in A2780 and HEY-A8 cells. However, the same pattern of NAMPT and NAPRT
expression could not be found in OVCAR8 or TOV21G cells where sensitization was also
observed (Appendix Figure 4.4). Indeed, the data showed that in OVCARS8 cells, no NAMPT
expression beyond detection limit was observed and NAPRT expression was increased in

comparison to COV318 cells (Appendix Figure 4.4), which implies a greater reliance on the
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PH pathway. Collectively, these data suggest that there is no clear association between
Ras/PI3K mutations and NAMPT/NAPRT expression. Interestingly, no obvious corelation
between Ras/PI3K mutations and hyperactivity in Ras/PI3K signalling (i.e., increased pERK and
pAkt) was detected under basal conditions (Appendix Figure 4.5), which may explain the
above data. Therefore, these results indicate that the sensitization effects may not result from

the modulation of NAMPT/NAPRT levels by Ras/PI3K mutations.

Next, DNA damage was investigated as a potential mechanism. It has been reported that the
combination of NAD" depletion and PARP1 inhibition enhances DNA damage which
contributes to the improved Olaparib sensitivity (286, 287, 493). Given the greater depletion
of NAD" pool in the Ras mutant OVCARS cells treated with FK866 and Olaparib combination
as shown in the preliminary data from our lab, it was then hypothesized that the sensitization
effects may result from the increased DNA damage induced by the drug combination in
Ras/PI3K mutant EOC cell lines than WT cell lines. To test this hypothesis, immunofluorescence
experiments against the DNA damage marker yH2AX were performed. Here, the data showed
that single agent treatment of Olaparib, but not FK866, induced significantly higher yH2AX
foci per nucleus in TOV21G cells with mutations in the Ras/PI3K pathway (Figure 4.4, Appendix
Figure 4.6). Of note, the combination of FK866 and Olaparib resulted in even higher yH2AX
foci per nucleus (Figure 4.4, Appendix Figure 4.6), thereby suggesting higher levels of DNA
damage. In contrast, individual or combination treatment of FK866 and Olaparib had no
effects on yH2AX foci per nucleus in COV318 cells (Figure 4.4, Appendix Figure 4.6). Thus,
these data suggest that FK866 and Olaparib combination enhanced DNA damage in Ras/PI3K

mutant EOC cells.

In response to DNA damage, eukaryotic cells activate the DDR signalling which consists of
DNA damage sensors, signal transducers and effector proteins (494). Once activated by
sensors (e.g., MRN), the protein kinases ATM and ataxia telangiectasia and Rad3-related
protein serine/threonine kinase (ATR) transduce the signal by autophosphorylation and
phosphorylating multiple effector protein, including checkpoint kinase 1 (Chk1), checkpoint
kinase 2 (Chk2) and histone protein H2AX (494-497). The overall function of the DDR pathway

is to mediate DNA damage repair, cell cycle arrest or cellular apoptosis in the event of
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excessive DNA damage. Thus, the activity of DDR pathway was examined by measuring
phosphorylation levels of ATM, ATR, Chkl and Chk2 using WB. The results showed that the
ratio of phospho-ATM/total-ATM and phosphor-Chk2/total-Chk2 was not significantly
altered by Olaparib, FK866 or the combination treatment in A2780 and COV318 cells (Figure
4.5, Appendix Figure 4.7-4.8). However, large variations (e.g., phospho-ATM/total-ATM and
phospho-Chk2/total-Chk2 ratio in combination treated A2780 cells) could be observed and
additional repeats are thus required. The activation of the DDR pathway under basal
conditions is in line with the high levels of yH2AX intensity per nucleus in COV318 cells as
shown in Figure 4.4. Moreover, none of the treatment could significantly change the ratio of
phospho-ATR/total-ATR in A2780 and COV318 cells (Figure 4.5, Appendix Figure 4.7-4.8).
Interestingly, the combination treatment significantly increased the ratio of phospho-
Chk1/total-Chk1 ratio in COV318, but not A2780, cells (Figure 4.5, Appendix Figure 4.7-4.8).
However, the ratio could not be significantly altered by single agent treatment in both A2780
and COV318 cells (Figure 4.5, Appendix Figure 4.7-4.8). Collectively, these data suggest that
the combination of FK866 and Olaparib did not induce greater activation of DDR signalling

in Ras/PI3K mutant cell lines.
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Figure 4.4 The combination of FK866 and Olaparib upregulated yH2AX intensity in Ras/PI3K
mutant ovarian cancer cells.
TOV21G and COV318 cells were treated with 0.2% (v/v) DMSO, or 5nM FK866, or 10uM
Olaparib or the combination for 24h before immunostaining for yH2AX. (A) Scatter plots
showing yH2AX foci per cell. Data were from one representative repeat and the second
biological repeat is shown in Appendix Figure 4.6. Because the data are not normally
distributed (i.e., skewed), Kruskal-Wallis test and Dunn’s multiple comparisons tests were
performed to calculate p values. * p<0.05, ** p<0.01, »** p< 0.0001, ns: not significant. (B)
Representative IF image showing yH2AX staining. Scale bar = 30um. TOV21G and COV318
cells were also treated with 10 uM cisplatin for 24h as a positive control and to help identify
YH2AX foci. The representative images are shown in Appendix Figure 4.6. The experiments
were performed by the Master’s student Chris An under my supervision and data were re-
analysed and re-plotted.
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Figure 4.5 The combination of FK866 and Olaparib did not induce further activation of DDR
signalling in ovarian cancer cells.

(A) Images of WB blots. A2780 and COV318 cells were treated with 0.2% (v/v) DMSO, or 5nM
FK866, or 10uM Olaparib or the combination for 24h. DDR signalling activity was then
measured by WB against phospho-ATM, phospho-ATR, phospho-Chkl and phospho-Chk?2.
WB data from one representative biological repeat were shown and the rest two repeats were
in Appendix Figure 4.7 and Appendix Figure 4.8. Arrows indicate target proteins. (B)
Densitometry analysis. The levels of phospho-ATM, phospho-ATR, phospho-Chkl, and
phospho-Chk2 were normalized to the levels of respective total proteins. Data represent
mean + SD from three biological repeats. Two-way ANOVA followed by post-hoc Tukey tests
were performed to calculate the statistical significance. * p<0.05, ns: not significant. WB were
performed by the Master’s student Chris An under my supervision and densitometry was re-
performed by me
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4.2.3 FK866 and Olaparib combination caused cell cycle arrest at the

G2/M phase in ovarian cancer cells with Ras/PI3K mutations

It has been reported that NAMPT or PARP inhibitors, when treated as a single agent, induce
cell cycle arrest secondary to DNA damage (498-501). Given the higher DNA damage in
Ras/PI3K mutant cells, it was therefore hypothesized that the combination of FK866 and
Olaparib could induce greater cell cycle arrest. To test this hypothesis, flow cytometry was
performed for phase identification during cell cycle progression. In brief, cells were labelled
with the nucleotide analogue IdU to tag replicating DNA during the S phase. Pl staining was
also performed to quantify DNA content to distinguish G1 and G2/M phase. The data showed
that in A2780 and TOV21G cells, Olaparib monotherapy induced an upregulation in the
fraction of G2/M phase cells (Figure 4.6A-B). Of note, dual NAMPT and PARP inhibition
caused a further increase in the proportion of A2780 and TOV21G cells at G2/M phase (Figure
4.6A-B). Interestingly, there was a decrease in the percentage of S phase A2780 cells when
treated with the combination. In contrast, FK866 and Olaparib alone or in combination did
not cause increase in the fraction of G2/M phase COV318 cells (Figure 4.6C). Therefore, these
data suggest that FK866 and Olaparib combination caused cell cycle arrest at G2/M phase in

Ras/PI3K mutant, but not wild-type, ovarian cancer cells.
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Figure 4.6 The combination of FK866 and Olaparib caused cell cycle arrest at G2/M phase in
ovarian cancer cells with mutant Ras/PI3K.

A2780 (A), TOV21G (B) and COV318 (C) cells were treated with 0.2% (v/v) DMSO, or 5nM
FK866, or 10uM Olaparib or the combination for 24h. Cell cycle phase were identified by flow
cytometry staining of Pl and IdU. Data represent mean + SD of three independent biological
replicates. Statistical significance was calculated by one-way ANOVA followed by post-hoc
Tukey test. * p < 0.05, »* p < 0.01, »»* p<0.001, ns: not significant. For the gating strategies,
refer to Appendix Figure 4.9. The flow cytometry experiments were performed with the help
from the PhD student Yurui Ma and data were analysed by me.
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4.2.4 No enhancement in PARP trapping could be detected with

combined PARP inhibitor/FK866 treatment

Next, the mechanisms underlying DNA damage were investigated. It has been reported that
the combination of FK866 and Olaparib induces further reduction in PARylation in comparison
to monotherapies in Ewing sarcoma cells (286). As PARP1 autoPARylation is essential for its
release from DNA strands, it was then hypothesized that the higher DNA damage observed
in Ras/PI3K mutant cells treated with FK866 and Olaparib combination may result from more
PARP1 trapping. To test this hypothesis, a subcellular fractionation assay was performed to
separate cytosolic, chromatin-bound and nucleus soluble proteins. My data showed that the
chromatin protein histone 3 and the cytoplasmic protein actin could only be detected in the
chromatin-bound and cytosolic fraction (Figure 4.7A), thereby confirming the effectiveness
of the separation. In A2780 cells, PARP1 levels in the nucleus-soluble fraction were slightly
decreased after treatment of Olaparib alone or in combination with FK866 (Figure 4.7A).
However, the ratio of nuclear soluble PARP1 and chromatin bound PARP1 remained
unchanged regardless of treatment in TOV21G cells (Figure 4.7B). Therefore, these data
indicate that the combination of FK866 and Olaparib may not cause PARP1 trapping at the
selected timepoint and drug doses. However, it should be noted that the sensitivity of this
technique may be limited as chromatin-bound PARP1 could only be detected after long

exposure in TOV21G cells.
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Figure 4.7 No increase in PARP trapping could be detected with FK866 and Olaparib
combination treatment.
(A-B) Images of WB blots. A2780 (A) and TOV21G (B) cells were treated with 0.2% (v/v) DMSO,
or 5nM FK866, or 10uM Olaparib or the combination for 24h. At the end of drug treatment,
subcellular fractionation was performed and protein levels of PARP in different subcellular
compartment were analysed by WB. WB images from one representative biological replicate
was shown. Histone 3 and a-tubulin were used as positive control for chromatin-bound and
cytosolic compartment. (C) Densitometry analysis. The relative levels of nuclear soluble PARP1
(short exposure) were normalized against chromatin bound PARP1 (long exposure) in
TOV21G cells. Data represent mean from one biological repeat. Such normalisation could not
be performed in A2780 cells because no band of chromatin bound PARP1 was detected.
Normalisation of nuclear soluble PARP1 against loading control was not possible because no
internal control was available.
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4.2.5 The combination of Olaparib and FK866 resulted in more ROS

accumulation in Ras/PI3K mutant ovarian cancer cells

NADP" and NADPH, the product of NAD", are essential for regulating the redox balance (217)
and therefore, NAD" depletion by FK866 has been reported to induce oxidative stress and
apoptosis in haematological cancer cells (e.g., chronic lymphocytic leukaemia and acute
myeloid leukaemia cells) (502, 503). Interestingly, Olaparib monotherapy results in ROS
production which is essential to its cytotoxic effects in bladder cancer cells and HR-proficient
cancer cells (504, 505). As ROS causes oxidative damage to cellular macromolecules (e.g.,
DNA, lipids and proteins) (64, 71), it was then hypothesized that the combination of FK866
and Olaparib may induce higher levels of oxidative stress in Ras/PI3K mutant cells than
Ras/PI3K WT cells, which in turn causes more DNA damage and apoptosis. To test this
hypothesis, H.O. levels was measured as an indicator of ROS accumulation and oxidative
stress. H.O: measurement was chosen because 1) it has the longest half-life among ROS
species (e.g., superoxide, hydroxyl radical and singlet oxygen) (506) and is convenient to
detect; 2) a range of ROS species can be converted to H.O: and its levels reflect general
changes in ROS (506, 507). The data showed that FK866 and Olaparib monotherapy caused
a slight increase in ROS accumulation in A2780 cells (Figure 4.8A). Of note, the combination
of FK866 and Olaparib resulted in a further increase in ROS levels (Figure 4.8A). In contrast,
ROS accumulation remained unchanged regardless of drug treatment in COV318 cells (Figure
4.8B). Therefore, these data suggest that FK866 and Olaparib combination induces higher

oxidative stress in EOC cells with Ras/PI3K mutations.

NAD" is an essential metabolic cofactor in the TCA cycle and OXPHOS in mitochondria (217).
Its depletion by FK866 mediated NAMPT inhibition has been reported to compromise
mitochondria metabolism (502, 508-510). In a viable mitochondrion, the TCA cycle generates
reducing equivalent NADH and FDAH: which are subsequently oxidised in ETC (511). The
electron transport during oxidation establishes proton gradient to maintain mitochondria
membrane potential (AWm) that is next utilized by ATP synthase for ATP production (511). It

has been demonstrated that FK866 treatment causes the reduction of oxygen consumption
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rates, the loss of AWm and the decrease in ATP production (502 508-510). Given that
mitochondrial dysfunction is a source of ROS production (51.2), it was then hypothesized that
the combination of FK866 and Olaparib resulted in higher levels of mitochondrial dysfunction
in Ras/PI3K mutant cells than wild-type cells, which in turn contributes to ROS generation. To
test this hypothesis, AWm was measured as an indicator of mitochondrial metabolic function.
The results showed that FK866 and Olaparib monotherapy causes disruption in AWYm in
A2780 cells (Figure 4.9A). There was an upward, but not statistically significant, trend in AW
m disruption in A2780 cells treated with FK866 and Olaparib combination (Figure 4.9A). In
contrast, no compromise in AWm was found in COV318 cells regardless of drug treatment
(Figure 4.9B). Thus, these data suggest that dual NAMPT and PARP1 inhibition may not lead

to further disruption in mitochondrial metabolism.

To examine whether the increased ROS accumulation is essential for cytotoxicity in Ras/PI3K
mutant cells treated with FK866 and Olaparib combination, a rescue experiment was
conducted. N-acetylcysteine (NAC) is an antioxidant drug and provides cysteine as a substrate
for the synthesis of glutathione which is another potent antioxidant utilised by glutathione
peroxidase (513, 514). Thus, cells were pre-incubated with NAC and treated with FK866
and/or Olaparib before cellular apoptosis was measured. The results showed that FK866 and
Olaparib combination resulted in a further increase in the fraction of apoptotic cells in A2780,
but not COV318 cells (Figure 4.10A-B), thereby confirming the sensitization effects in
Ras/PI3K mutant cells. Intriguingly, dual NAMPT and PARP1 inhibition failed to further
upregulate apoptotic cell population in A2780 cells pre-treated with NAC (Figure 4.10A).
Indeed, the cells treated with the combination phenocopied those received Olaparib
monotherapy (Figure 4.10A). Likewise, combination treatment caused the highest levels of
caspase-3/7 activation in A2780 but not COV318 cells (Figure 4.11A-B). Of note, NAC
supplementation significantly reduced caspase activity in A2780 cells treated with the
combination (Figure 4.11A-B). In addition, ascorbic acid, a direct scavenger of ROS (515), was
employed as another antioxidant to validate these results. However, the data showed that its
supplementation even at low micromolar reduced cell growth under basal conditions (data

not shown), and thus, the rescue experiment could not be performed. Collectively, these data
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suggest that the sensitization effects of Ras/PISK mutations on FK866 and Olaparib

combination may result from the higher levels of ROS accumulation.
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Figure 4.8 The combination of FK866 and Olaparib induced ROS accumulation in ovarian
cancer cells with mutations in the Ras/PI3K pathway.

A2780 (A) and COV318 (B) cells were treated with 0.2% (v/v) DMSO, or 5nM FK866, or 10uM
Olaparib or the combination for 24h before H.O. measurement by ROS-Glo™ H.O: assay.
Data represent mean + SD of four independent biological replicates performed by me and
the Master’s student Chris An under my supervision. Statistical significance was calculated by
one-way ANOVA followed by post-hoc Tukey test. **+* p<0.0001.
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Figure 4.9 The combination of FK866 and Olaparib caused mitochondrial dysfunction in
Ras/PI3K mutant ovarian cancer cells.

A2780 (A) and COV318 (B) cells were treated with 0.2% (v/v) DMSO, or 5nM FK866, or 10uM
Olaparib or the combination for 48h before mitochondrial membrane potential measurement
by JC-10 assay. Cell density was also measured by SRB assay. The readouts of the JC-10 assay
(i.e., the emission intensity at 520nm wavelength when excited at 490nm wavelength) were
normalised to cell density and the data were expressed as fold changes to vehicle (DMSO).
Data represent mean + SD of three independent biological replicates performed by me and
the Master’s student Chris An under my supervision. Statistical significance was calculated by
one-way ANOVA followed by post-hoc Tukey test. *** p<0.001, **+* p<0.0001, ns: not
significant.
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Figure 4.10 Supplementation of NAC rescued apoptosis in A2780 cells treated with the
combination of FK866 and Olaparib.

A2780 (A) and COV318 (B) cells were pre-treated with 10mM NAC for 2h to boost GSH
synthesis before treatment by 0.2% (v/v) DMSO, or 5nM FK866, or 10uM Olaparib or the
combination for 24h in media with or without 5mM NAC. At the end of treatment, apoptosis
was examined by flow cytometry against annexin V and propidium iodide (Pl). Data were
represented using stacked bar charts. Data represent mean = SD of three independent
biological replicates. Statistical significance was calculated using the fraction of total apoptotic
cells (i.e., combination of early and late apoptotic cells) by two-way ANOVA followed by post-
hoc Tukey test. = p<0.05, »» p<0.01, ns: not significant. For the gating strategies, refer to
Appendix Figure 4.10. The experiments were performed by the Master's student Chris An
under my supervision and data were re-analysed and re-plotted.
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Figure 4.11 NAC supplementation rescued caspase-3/7 induction by the combination of
FK866 and Olaparib in A2780 cells.

A2780 (A) and COV318 (B) cells were pre-treated with 10mM NAC for 2h to boost GSH
synthesis before treatment by 0.2% (v/v) DMSO, or 5nM FK866, or 10uM Olaparib or the
combination for 24h in media with or without 5mM NAC. At the end of treatment, caspase-
3/7 activity was measured using the Promega Caspase-Glo® 3/7 assay. Cell density was also
measured by the SRB assay. The caspase-3/7 readout was normalised against cell density and
the data were expressed as fold changes to vehicle without NAC supplementation. Data
represent the mean + SD of three independent biological replicates. Statistical significance
was calculated by two-way ANOVA followed by post-hoc Tukey test. * p < 0.05, **** p<
0.0001, ns: not significant. The experiments were performed by the Master’s student Chris An
under my supervision and data were re-analysed and re-plotted.
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4.3 Discussion

Recent clinical trials support the application of PARP inhibitors beyond ovarian cancer patients
with HR defects albeit with less therapeutic benefits (264, 516). In particular, Akt mutations
are associated with poorer responses (259). Indeed, genetic alterations in the Ras/PI3K
signalling are frequent in all the subtypes of ovarian cancer and, for instance, present in 45%
of HGSC patients (i.e., the most common subtype) (153, 169), which highlights the need to
improve PARP inhibitor sensitivity. One strategy is the combination of PARP inhibitors with
FK866 to enhance PARP trapping and DNA damage. Indeed, the efficacy of this combination
and increased DNA damage have been reported in various types of cancer, including triple-
negative breast cancer (TNBC), Ewing sarcoma and ovarian HGSC cells with intrinsic or
acquired resistance to PARP inhibitors (286, 287, 4953). Activation of the Ras/PI3K pathway has
been shown to stimulate central carbon metabolism which requires NAD" as a key co-factor
(96, 517). Therefore, it was hypothesized that ovarian cancer cells with mutations in the
Ras/PI3K signalling may be more vulnerable to the combination of NAD" depletion and PARP

inhibitors.

In this chapter, | validated the preliminary data from our lab which showed dual NAMPT and
PARP inhibition caused greater growth reduction in ovarian cancer cells with Ras/PI3K
pathway mutations. Using a panel of human ovarian cancer cell lines, | showed the higher
apoptosis in Ras/PI3K mutant cells when treated with the combination of FK866 and Olaparib.
Of note, the sensitization effects were abolished by the supplementation of NMN, the product
of NAMPT, in the media, which indicates the sensitization results from the on-target effects
of FK866. Therefore, these data support the hypothesis and suggests NAD" depletion could
be an effective strategy to sensitize patients with dysregulated Ras/PI3K pathway to Olaparib.
Additionally, these findings indicate Ras/PI3K mutations may function as a biomarker to guide
the clinical application. In this regard, clinical trials showed the dose-limiting toxicity of FK866
monotherapy (e.g., thrombocytopenia) (518-520). Although Olaparib was considered as a
relative safe agent, haematological adverse drug events (e.g., neutropenia and

thrombocytopenia) have been noticed in patients (521, 522). Thus, sensitization biomarkers

181



are required to lower the doses and limit toxicity. In this regard, BRCA1/2 deletion has been
shown in a pre-clinical study to enhance the sensitivity in TNBC cells and thus may be used
as biomarkers (493). However, it remains unclear whether other genetic mutations may
predict the responses to dual NAMPT and PARP inhibition particularly in ovarian cancer. Here,
novel evidence was provided to support the use of Ras/PI3K mutations, common genetic

alterations in ovarian cancer, as a sensitization biomarker.

Interestingly, FK866 single agent treatment induced significantly lower levels of caspase-3/7
activity in OVCARS cells. This may not necessarily suggest reduced levels of cell death because
caspase independent cell death (CICD) mechanisms have been reported (523). In this regard,
mitochondrial outer membrane permeabilization (MOMP) results in the release of pro-
apoptotic proteins (e.g., apoptosis-inducing factor (AIF) and endonuclease G) from
mitochondria intermembrane space, which in turn induces CICD (524). Indeed, FK866
treatment has been reported to induce mitochondrial dysfunction, which in turn leads to the
release of AIF and endonuclease G and thus, CICD in adult T-cell leukemia/lymphoma (ATL)
(525). Thus, it would be interesting to examine the protein levels of AlIF and endonuclease G

in the cytosol compared to mitochondria by WB.

The correlation between Ras/PI3K pathway mutations and expression of NAMPT and NAPRT
was also examined as a potential mechanism of sensitization by Ras/PI3K mutations. NAPRT
expression is lower in A2780 cells than COV318 cells while similar levels of NAMPT expression
were observed. This indicates that A2780 cells are more dependent on NAMPT for NAD"
generation and thus, more sensitive to FK866. However, no clear pattern of association could
be observed in the panel of 10 human ovarian cancer cell lines, which suggests that alterations
in NAMPT and NAPRT expression may not sensitize ovarian cancer cells to the combination
of FK866 and Olaparib. This contrasts with the previous published report which showed the
regulatory roles of Ras/PI3K signalling in NAMPT expression (497). One possible explanation
is the lack of association between Ras/PI3K mutations and activity in the signalling. It should
be noted that the correlation was measured under conditions with 10% FBS in media.

Therefore, these experiments should be repeated after serum starvation.
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Regarding the underlying mechanisms, increased DNA damage and cell cycle arrest at G2/M
phase were found in TOV21G cells, but not COV318 cells, treated with FK866 and Olaparib
combination. The enhanced DNA damage induced by the drug combination is in line with
previous studies. In this regard, higher levels of the DNA damage marker yH2AX have been
reported in dual NAMPT and PARP inhibitor treated TNBC, Ewing sarcoma and ovarian HGSC
cells (286, 287, 493). It was also found that the basal levels of DNA damage were higher in
COV318 cells than TOV21G cells, which was associated with enhanced activity of DDR
signalling. One possible explanation is the loss of p53, which is essential for maintaining
genomic integrity (526), in COV318 cells and therefore, its deletion results in higher genetic

instability.

Interestingly, the activity of DDR pathway did not correlate with yH2AX observed in the
treatment groups. However, it should be noted that yH2AX and DDR pathway activity were
measured in two different cell lines: TOV21G and A2780 cells, respectively. Therefore, DDR
pathway activity and yH2AX should be measured for each cell line. Assuming that dual
NAMPT and PARP inhibition caused the highest DNA damage in A2780 cells, the slight
increase in pATM and reduction in pChk2 suggest the transduction of the DDR signalling
through alternative effectors other than Chk2. In this regard, Abelson non-receptor tyrosine
kinase (c-Abl) is a downstream effector of ATM and its phosphorylation in turn activates p73
to induce apoptosis (527). p53 is another effector regulated by ATM via direct
phosphorylation or indirect c-Abl-mediated phosphorylation (528, 529). Once activated, p53
induces the transcription of pro-apoptotic genes (530). Indeed, signal transduction through
c-Abl and p53 is supported by the highest apoptosis in A2780 cells treated with the drug
combination. Alternatively, p73 and p53 induce cell cycle arrest at G1 phase by upregulating
the expression of p21 which is a cyclin-dependent kinase (CDK) inhibitor (531, 532). p53 also
arrests cell cycle at G2/M phase via 14-3-3 mediated inhibition of the Cdc2/cyclin B complex
(533). Previously published reports showed that PARP or NAMPT inhibitors causes cell cycle
arrest at G2/M phase individually (498-501) although little is known about the combination
effects. Here, we provide the evidence that FK866 and Olaparib combination further increases

the percentage of A2780 and TOV21G cells at G2/M phase. To understand the signal
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transduction via DDR pathway and its link with cell cycle arrest and apoptosis, these

downstream effectors of DDR signalling should be probed by WB.

To understand the source of DNA damage, PARP trapping was measured by western blotting
against PARP1 localised in different subcellular compartments. However, no increase in
chromatin-bound PARP1 could be detected although nucleus-soluble PARP1 was slightly
decreased in A2780 cells treated with Olaparib alone or in combination with FK866. Typically,
the cells are co-treated with methyl methanesulfonate (MMS) to increase basal DNA damage,
which allows detection of chromatin-bound PARP1 (243). However, MMS depletes cellular
NAD" pool and thus may interfere with FK866 in our system (534). Given that NAD" is a
substrate of PARP1 autoPARylation for its release from DNA strands (234), it would be
interesting to examine PARP1 trapping using a fluorescent sensor to overcome the sensitivity

limitations of the subcellular fractionation and WB assay (535).

As NADP(H), the product of NAD", is essential for regulating redox balance and oxidative
stress causes DNA damage, ROS levels were examined. Here, we found that the combination
of FK866 and Olaparib induced a further increase of ROS levels in A2780 cells, but not COV318
cells. Surprisingly, FK866 monotherapy did not induce ROS accumulation although similar
levels of AWm disruption was observed in FK866 monotherapy and combination treated cells.
In addition, previous data from our lab showed similar concentrations of NAD" in cells treated
with FK866 alone or in combination with Olaparib. It is likely that there is a threshold of NAD"
content and AYm disruption beyond which cell death may occur and since the two
parameters were measured only in viable cells, combination treated cells may not distinguish
from FK866 monotherapy treated cells. However, it is also possible that NAD" depletion and
the consequent mitochondrial dysfunction alone may not suffice to cause a further increase
of ROS accumulation in the combination group. Published data showed that both FK866 and
Olaparib monotherapy induce oxidative stress. However, the underlying mechanisms involve
the opposite modulation on NAD" content. In this regard, FK866 single agent depletes NAD"
and interferes with mitochondria metabolism as evidenced by reduced AWm, which in turn
leads to oxidative stress (503, 508). In contrast, Olaparib treatment inhibits NAD" consumption

by PARP and causes NAD" accumulation in macrophages (536). This rewires mitochondria
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metabolism and diverts NAD" for reduction via the reverse electron transport (RET) which is
a source of ROS production (536, 537). Moreover, PARP inhibition has been shown to
upregulate mitochondrial oxidative metabolism via NAD" accumulation in mouse brown
adipose and muscle tissue (538). Although NAD™ content was not examined, bladder cancer
cells treated with Olaparib displayed higher ROS levels (504). Collectively, these results
indicate that alternative sources may contribute to the highest oxidative stress found in the
combination group. For instance, approximately 3.5% of the transcriptome is regulated by
PARP1, including metabolic genes (539). The mechanisms involve chromatin structure
modulation and direct binding to DNA elements (540). In this regard, PARP1 can
simultaneously bind to several nucleosomes and generate highly compacted chromatin
structure (i.e., supranucleosomes), which in turn inhibits gene transcription by limiting the
access to transcription machinery (541). PARP1 also directly interacts with promoter region of
specific genes, which leads to the release of inhibitory co-regulators and recruitment of
stimulatory co-regulators (542, 543). Given that dual NAD" depletion and PARP inhibition
may further reduce PARP1 autoPARylation and increase DNA binding, the modulation of gene
expression may be more profound in the combination group. For instance, genes involved in
the ROS defensive system may be further repressed by dual NAMPT and PARP inhibition.
Thus, a transcriptomics/proteomics study may help to understand the source of ROS

accumulation.

Of note, supplementation of NAC, an antioxidant drug (513), lowered apoptosis in the
combination treated A2780 cells to similar levels observed in Olaparib monotherapy group.
This indicates that enhanced ROS accumulation may be a mechanism underlying the
sensitization effects of Ras/PI3K mutation. Although caspase-3/7 activity showed a partial
rescue, increasing the concentration of NAC or choosing a different antioxidant (e.g., vitamin
E) may improve the rescue effects. ROS levels should also be measured in cells treated with
NAC to confirm the reduction of oxidative stress. In addition, yH2AX should be measured in
cells co-treated with NAC and FK866/Olaparib to establish the causal relationship between
ROS accumulation to DNA damage. Alternatively, oxidized bases (e.g., 8-Oxo-2'-

deoxyguanosine (8-oxo-dG)) can be measured by LC-MS/MS of immunofluorescence (544,
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545).

In conclusion, evidence from this chapter showed that Ras/PI3K mutations may sensitize
ovarian cancer cells to the combination of FK866 and Olaparib and the underlying
mechanisms involve higher DNA damage and oxidative stress. One major limitation in this
chapter is that no isogenic pair of cell lines was used. Given the different genetic landscape
among the cell lines, the association between higher sensitivity to dual NAMPT and PARP
inhibition and Ras/PI3K mutations should be further validated. This will be addressed in the

next chapter.
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Chapter 5 Investigating NAD" depletion as
a strategy to improve Olaparib sensitivity

In isogenic models of ovarian HGSC

5.1 Introduction

As described in the previous chapter, the Ras/PI3K mutations sensitized human ovarian cancer
cells to the combination of FK866 and Olaparib. However, the main limitation is the complex
genetic landscape of the cell lines used. Therefore, isogenic pairs of cell lines should be
employed to validate the above results. Additionally, /7 vivo studies are required to support

these /n vitro data.

In this chapter, a panel of ID8 cells (ID8 Trp53”, Tro53", NI, Tro53" Pten” cells) were
used as an isogenic pair. Using CRISPR KO techniques, all the ID8 cells harbour Trp53 deletion
to recapitulate human patients with HGSC. The loss of Nfl and Pten models hyperactivation
in the Ras and PI3K pathway, respectively. Of note, a syngeneic mouse model can be
generated by implanting ID8 cells into the mice of the same inbred strain, which allows the
investigation of the drug combination in the presence of a functional immune system. The
ID8 /n vivo model also develops ascites and peritoneal metastasis which recapitulates human

patients.

5.2 Results

5.2.1 Mutations in Ras/PI3K pathway enhanced apoptosis induction
capacity of FK866 and Olaparib combination in ID8 ovarian HGSC

cells /n vitro

To validate the sensitization effects of Ras/PI3K mutations on FK866 and Olaparib
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combination, a panel of isogenic cell lines (ID8 Trp53", Trp53” NI, Tro53"; Pten” cells)
were used. The loss of NF1 and PTEN and hyperactivity of Ras/PI3K signalling were verified
by WB. My data showed increased Ras and PI3K pathway in Nfl and Pten depleted 1D8 cells
respectively with no crosstalk (Appendix Figure 3.2). Preliminary data from our laboratory
showed that the combination of FK866 and Olaparib induced higher levels of caspase-3/7
activation in ID8 cells with Nfl and Pten depletion (393). Therefore, for further validation,
cellular apoptosis was measured by flow cytometry analysis against annexin V and PIl. The
data showed that FK866 monotherapy significantly upregulated the proportion of apoptotic
ID8 Trp53”, Pten” cells, but not ID8 7rp53” cells (Figure 5.1A-B). The combination of FK866
and Olaparib caused the highest levels of apoptotic cells in both cell lines and noticeably, the
fraction was higher in 1D8 cells with Pten deletion (Figure 5.1A-B). These data suggest that
Pten loss might enhance the capacity of the FK866 and Olaparib combination to induce

apoptosis.

To understand whether the combination of FK866 and Olaparib causes higher levels of growth
inhibition in ID8 cells with Nf1 and Pten loss, cell mass was measured after drug treatment for
72h. My data showed that the addition of FK866 resulted in a left and downward shift in the
dose-response curves of Olaparib in ID8 cells regardless of Nfl and Pten mutational status
(Figure 5.2A). These data suggest an improved sensitivity of Olaparib by FK866. Next, ICso
values were calculated. In comparison to HR-deficient ID8 cells (Brcal/2 depleted), all the ID8
cells were relative resistant to Olaparib monotherapy with nearly 5-fold higher ICs values
(Figure 5.2B). However, the combination of 5nM FK866 reduced Olaparib ICs values in all the
three HR-proficient ID8 cell lines to similar levels found in HR-deficient ID8 cells (Figure 5.2B).
Surprisingly, ID8 7rp53” cells showed a greater reduction in ICs values than 1D8 7rp53” NfT
“ Tro537; Pten” cells when treated low doses of FK866 (Figure 5.2B), which indicates that

Nfl and Pten loss failed to enhance growth inhibition by FK866 and Olaparib combination.

Collectively, these data suggest that FK866 sensitized Olaparib in ID8 cells, and the loss of Nfl

and Pten further improved the sensitization effects of apoptosis induction.
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Figure 5.1 The combination of FK866 and Olaparib might induce higher levels of apoptosis
in ID8 Trp53”; Pten” cells compared to ID8 Trp53” cells.

ID8 7Trp53” cells (A) and ID8 Trp53” Pten” cells (B) were treated with 0.2% (v/v) DMSO, or
5nM FK866, or 10uM Olaparib or the combination for 24h. Apoptosis was measured by flow
cytometry against annexin V and propidium iodide (PI). Data were represented using stacked
bar charts. Data represent mean from one biological replicate. For the gating strategies, refer
to Appendix Figure 5.1. The experiments were performed by the Master’s student Chris An
under my supervision and data were re-analysed and re-plotted.
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Figure 5.2 FK866 enhanced the growth inhibitory effects of Olaparib in a panel of ID8 cells.

(A) Dose-response curves of Olaparib with or without FK866. A panel of ID8 cells (i.e., ID8
Trp537, D8 Trpb53  /Nf1”, 1D8 Trp53” Pten” cells) were treated with various doses of
Olaparib (0.1, 1, 10, 25, 50puM) in combination with 0.5, 1 or 5nM FK866 or DMSO. After 72h
of treatment, cell density was measured by SRB assay. Data were normalized against vehicle
groups and represent mean + SD of four independent biological repeats. (B) ICso values of
Olaparib. ICso values were calculated based on dose-response curves from (A) by non-liner
regression fitting (least square fitting) in GraphPad (version 10.2.3). Data represent mean +
95% confidence interval.
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5.2.2 FK866 induced similar levels of NAD" decrease in ID8 ovarian

HGSC cells /n vitro

To understand the mechanisms of sensitization on apoptosis by Nfl and Pten loss, NAD" and
NADH concentrations were measured in ID8 cells treated with various doses of FK866
monotherapy. My data showed a gradual decrease in the concentrations of total NAD (NAD”
and NADH) as the dose of FK866 increased (Figure 5.3A). Interestingly, treating ID8 cells with
a dose higher than 5nM did not lead to a further reduction in total NAD pool, thereby
suggesting that alternative pathways may contribute to NAD generation. Of note, ID8 cells
showed similar levels of reduction in total NAD pool regardless of Nfl or Pten loss (Figure
5.3A). Likewise, a dose-dependent decrease in NAD" and NADH concentrations were
observed with no differences in responses to FK866 across the three ID8 cell lines (Figure
5.3B-C). Given that oxidative stress is essential to the sensitization effects observed in the
human EOC cell lines (Section 4.2.6), NAD/NADH ratio was calculated as an indicator of
cellular redox balance. My results showed that the NAD'/NADH ratio was gradually decreased
with higher dose of FK866 and Nfl or Pten loss did not lead to a further reduction in the ratio
(Figure 5.3D). Interestingly, similar levels of NAMPT and NAPRT expression was found
between ID8 7ip53” and Trp53” Pten” cells under basal conditions (Appendix Figure 5.3).
Collectively, these data suggest that the sensitization to apoptosis by Nfl and Pten loss may

not involve manipulation of NAD" levels.
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Figure 5.3 FK866 reduces NAD pool size and interferes with NAD*/NADH ratio in ID8 cells.
(A) NAD total pool size, (B) NAD" levels, (C) NADH levels and (D) NAD/NADH ratio in a panel
of ID8 cells (i.e., ID8 Trp53”, 1D8 Trp53” NFI”", 1D8 Trp53” Pten” cells). ID8 cells were treated
with various doses of FK866 (0.5, 1, 5, 10 or 25nM) for 24h. NAD" and NADH levels were
measure using the Promega NAD/NADH Glo Assay. Data represent mean of the first
biological replicate. The data of the second biological replicate are shown in Appendix Figure
5.2.
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5.2.3 FK866 and Olaparib combination caused ROS accumulation in

ID8 cells /n vitro

Given the essential roles of ROS accumulation in sensitizing FK866 and Olaparib combination
in human EOC cells (section 4.2.6), ROS levels were then measured. The data showed that in
both ID8 7Trp53" and Trp53” Pten” cells, the combination of FK866 and Olaparib induced
the highest levels of ROS (Figure 5.4A). However, FK866 monotherapy and its combination
with Olaparib induced greater ROS accumulation in ID8 77p53” cells compared to ID8 77053
“ Pten” cells (Figure 5.4A). To understand whether oxidative stress underlies Olaparib
sensitization by FK866, a ROS recue experiment was performed. Briefly, ID8 7rp53", Pten”
cells were treated with FK866 and/or Olaparib in the presence or absence of NAC for 48h.
The data confirmed the further increase of apoptosis in cells treated with FK866 and Olaparib
combination (Figure 5.4B). Surprisingly, the supplementation of NAC reduced apoptosis
marginally in the combination group (Figure 5.4B). However, the rescue experiments were
performed only once due to the limited time and resources. Thus, we cannot rule out
increased oxidative stress as a sensitization mechanism of FK866 on Olaparib, although these
data indicate that the sensitization effects on apoptosis by Nfl and Pten loss may not involve

ROS accumulation.

Collectively, the data from the ID8 cells diverge from those in the human EOC cells. One
possible explanation is the supplementation of pyruvate in culture media of ID8 cells, which
is a routine culture condition for ID8 cells (390, 391, 408). Given that pyruvate is the end
product of glycolysis and NAD" is a key co-factor in this pathway, cellular responses to FK866
monotherapy were measured in media with or without pyruvate. The results showed that
pyruvate withdrawal caused a left and downward shift of the dose-response curves in 1D8
Trp53" Pten” cells but not ID8 77053 cells (Appendix Figure 5.5). Indeed, the I1Cso values of
FK866 were reduced from 5.6nM to 1.1nM by pyruvate withdrawal in ID8 77053 Pten” cells.
These data indicate that pyruvate supplementation may impact the growth inhibitory effects

of FK866 monotherapy and its combination with Olaparib.
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Figure 5.4 The combination of FK866 and Olaparib induced ROS accumulation in ID8 cells.
(A) ROS levels. ID8 Trp53” and ID8 7Tip53 " ,Pten” cells were treated with 0.2% (v/v) DMSO, or
5nM FK866, or 10uM Olaparib or the combination for 48h. ROS and cell density were
measured by Promega ROS-Glo™ H:0: assay and SRB assay, respectively. ROS levels were
then normalized against cell density. Data represent mean + SD of three independent
biological replicates. Statistical significance was calculated by one-way ANOVA followed by
post-hoc Tukey test. * p<0.05, ** p<0.01, »** p<0.001, **** p<0.0001. (B) Fraction of apoptotic
cells. ID8 Trp53” and ID8 Trp53” Pten” cells were pre-treated with 10mM NAC for 2h to
boost GSH synthesis before treatment by 0.2% (v/v) DMSO or 5nM FK866 and/or 10uM
Olaparib for 48h in media with or without 5mM NAC. At the end of treatment, apoptosis was
examined by flow cytometry against annexin V and propidium iodide (Pl). Data were
represented using stacked bar charts. Data represent mean from one replicate. For the gating
strategies, refer to Appendix Figure 5.4. The experiments were performed by the Master's
student Chris An under my supervision and data were re-analysed and re-plotted.
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5.2.4 The combination of FK866 and Olaparib inhibited growth of

ID8 Trp53”; Pten” tumours and increased overall survival in vivo

Nevertheless, the above data confirmed that NAMPT inhibition increases Olaparib sensitivity
in ID8 cells /n vitro and the underlying mechanisms may involve NAD" depletion. Of note, the
preliminary data from our laboratory showed that FK866 enhanced DNA damage induced by
Olaparib in 1D8 cells (393). Collectively, these results suggest that FK866-induced Olaparib
sensitization in ID8 cells may involve the same mechanisms as found in human EOC cells (i.e.,
NAD" depletion and DNA damage). Thus, the ID8 77053 Pten” model was chosen to
perform /n vivo studies for validation of the /n vitro results. As mentioned in the section 3.1,
the ID8 mouse model possesses additional advantages over xenograft models, including the
presence of immune cells in TME and the recapitalization of omentum metastasis and ascites

formation as seen in human patients.

To start with, a toxicology study was performed to understand the tolerability of FK866 and
Olaparib and the effects of drug treatment on omental tumour growth. In brief, the mice
injected with ID8 7Trp53”; Pten” cells were randomised into 7 groups (Figure 5.5A) and drug
treatment started at day 15 after ID8 cell implantation because previous data showed
significant omental tumour formation at day 14. Drug treatment involved two cycles of daily
injection (5 days each) with a 2-day drug holiday to minimise toxicity (Figure 5.5A). The doses
of Olaparib and FK866 were 50mg/kg and 30mg/kg (highest) respectively as chosen in
previous studies (394, 546). The mice were sacrificed 24h after the last drug injection and
blood and omental tumours were collected. The data showed no significant reduction in
mouse body weight (more than 10%) apart from one mouse in combination B group (FK866:
20mg/kg; Olaparib: 50mg/kg) and two mice in FK866 monotherapy group (FK866: 30mg/kg)
(Appendix Figure 5.6). The mice in FK866 monotherapy group showed signs of discomfort on
the day of significant decrease of body weight (approximately 10%), including general
inactivity, hunching, piloerection, narrowed eyes and laboured breathing. Because they
demonstrated maximal tolerable adverse effects as specified in the project license, these two

mice were immediately culled, and an autopsy was performed. Both mice showed faecal
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impaction and one of them has intestine full of bile-like fluid. Intriguingly, both mice
experienced FK866-induced toxicity at the end of drug injection cycle (i.e., the 5" and 10"
injection), which indicates that 5-day FK866 injection at 30mg/kg is too toxic and lower dose
or shorter drug exposure is required. The FK866 monotherapy group was then repeated at a
lower dose of 10mg/kg in an independent study. The mouse in combination B group showed
a 14% reduction in body weight but recovered on the following day. Given that there were no
signs of discomfort, this mouse was not culled and received the remaining injection. For
consistency, the FK866 monotherapy group at 10mg/kg was repeated in an independent

study.

The data of showed that Olaparib monotherapy (50mg/kg) had no significant impact on
omental tumour weight (Figure 5.5B). The mice in FK866 single agent treatment group (10
and 30mg/kg) showed similar omental tumour weight to vehicle mice (Figure 5.5B). Treatment
with a combination of Olaparib and FK866 at various doses resulted in significant decreases
of omental tumour weight compared to mice received vehicle or monotherapies of Olaparib
or FK866 (Figure 5.5B). Interestingly, there was a decreasing trend in tumour weight with the
increasing FK866 doses although the decrease across the combination groups did not reach
statistical significance (Figure 5.5B). Taken together, these data suggest that FK866 enhanced

Olaparib-induced inhibition in growth of ID8 7Trp53”, Pten” tumours.

Next, a survival study was performed to examine whether the combination of FK866 and
Olaparib increased overall survival. Based on the toxicology study, the dose of FK866 was
lowered to 20mg/kg in monotherapy group and two doses of KF866 were chosen in the
combination groups (i.e., 10 and 20mg/kg). Therefore, the mice were randomised into 6
groups and drug dosing started 2 weeks after ID8 7rp53”, Pten” cell implantation (Figure
5.6A). A total of 8 daily drug injections were performed with a three-day drug holiday after
the 4" injection. Mice groups were then blinded to avoid bias in deciding whether to cull a
mouse and survival was monitored. Surprisingly, four mice received 20mg/kg FK866 alone or
in combination with Olaparib (two in FK866 monotherapy group and two in combination
group) showed signs of discomfort (e.g., inactivity, piloerection, hunting, narrowed eyes and

laboured breathing) and were culled. The surviving mice in these two groups received
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10mg/kg FK866 to reduce toxicity and therefore, the groups with FK866 alone or in
combination with Olaparib (FK866: 20mg/kg; Olaparib: 50mg/kg) were excluded from
subsequent survival analysis. The FK866 monotherapy group was repeated at 10mg/kg in an

independent study.

The survival curves are shown in Figure 5.6B. The results show that Olaparib, but not FK866
monotherapy, significantly increased mice survival (Figure 5.6B). Of note, the treatment of
Olaparib and FK866 combination caused a further increase in mice survival (Figure 5.6B). The
results were validated by analysis of mean of survival. In this regard, Olaparib alone provided
a moderate but significant increase in mean survival (Olaparib: 36 days vs Vehicle: 31.3 days)
and FK866 monotherapy had a smaller but significant effect on mean survival (FK866: 31.8
days vs Vehicle: 31.3 days) (Figure 5.6C). Of note, the mice received the combination of FK866
and Olaparib showed the longest mean survival (i.e., 41.7 days) and the survival benefit was
approximately twice than that of Olaparib monotherapy (Combination: 10.4 days vs Olaparib:
4.7 days) (Figure 5.6C). Taken together, these data suggest that FK866 improved Olaparib

sensitivity in mice with ID8 77053 Pten”” tumours.
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Drug dosing regimen for the in vivo toxicology study
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Figure 5.5 The combination of FK866 and Olaparib reduced tumour weight in the ID8 7rp53
”- Pten” model.

(A) Schematics of drug treatment regimen. C57BL/6 mice were intraperitoneally injected with
ID8 7rp53” ; Pten” cells and monitored for 14 days before drug treatment (i.e., vehicle, FK866,
Olaparib or the combination of FK866 and Olaparib). The drugs were administered daily in
two cycles of five consecutive days separated by a two-day drug holiday. (B) Omental tumour
weight. The mice were culled 24h after the last injection of drugs and omental tumours were
collected and weighed. Except the FK866 monotherapy group, data represent mean + SD of
three mice. Statistical significance was calculated by one-way ANOVA followed by post-hoc
Tukey test. The FK866 (30mg/kg) group was excluded for statistical tests. * p<0.05, ** p<0.01.
The /n vivo study was performed in collaboration with Dr Michael Gruet in our group.
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Drug dosing regimen for the in vivo survival study
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Figure 5.6 FK866 improved Olaparib sensitivity in mice with ID8 7rp53”; Pten” tumours.
(A) Schematics of drug treatment regimen. C57BL/6 mice were injection with ID8 77053
Pten” cells and randomised into groups of 6 (n=6). Drug treatment started 14 days after ID8
cell implantation and involves two cycles of 4 consecutive daily intraperitoneal injection which
were separated by a three-day drug holiday. In the survival study, the following doses were
used: Olaparib (50mg/kg), FK866 (10 or 20mg/kg) and the combination (i.e., 50mg/kg
Olaparib with 10 or 20mg/kg FK866). Mice injected with 20mg/kg FK866 alone or in
combination with Olaparib were excluded due to drug related toxicity. The 10mg/kg FK866
monotherapy treatment was repeated in an independent study. To avoid bias in deciding the
humane end point of mice, the researchers were blinded after the last drug injection. (B)
Survival chart showing mice treated with vehicle, Olaparib (50mg/kg), FK866 (10mg/kg) and
the combination (i.e., 50mg/kg Olaparib with 10mg/kg FK866). Log-rank (Mantel-Cox) tests
were performed on the survival curves to determine statistical significance. The attached table
shows p-values. ** p<0.01, *** p<0.001, ns: not significant. (C) Mean of survival. Error bars
represent SD. One-way ANOVA and post-hoc Tukey tests were performed to calculate
significance. The attached table shows p-values. The /n wvo study was performed in
collaboration with Dr Michael Gruet in our group.

5.2.5 FK866 and Olaparib combination resulted in higher DNA

damage /n vivo

To understand whether FK866 enhances Olaparib-induced DNA damage /n vivo, DNA
damage marker yH2AX and activation of DDR signalling pathway were investigated. Briefly,
proteins in the omental tumour tissue from the toxicology study were extracted and analysed
by WB. Preliminary data from Dr Michael Gruet the combination of FK866 and Olaparib
resulted in an increase in YH2AX intensity, thereby suggesting that dual NAMPT and PARP1
inhibition caused DNA damage in vivo. Thus, | examined the activity of DDR signalling. Here,
the results showed that the ratio of phospho-Chk1/total Chkl was significantly increased in
tumours treated with the combination although large variation could be observed (Figure
5.7A). However, neither Olaparib or FK866 single agent treatment could significantly change
the ratio. Taken together, these data suggest that dual NAMPT and PARP1 inhibition induced

higher levels of DNA damage in ID8 7rp53”; Pten”” tumours.

It has been reported that NAMPT inhibition induces autophagic cell death by inhibiting ERK
and mTOR pathway in multiple myeloma cells (546). Interestingly, the inhibition of mTOR
pathway resulted in a feedback activation of Akt (546). To understand whether the
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combination of FK866 and Olaparib regulates these signalling pathways, WB against pErk1/2
and pAkt was performed using the same protein extracts. The data showed high levels of
phospho-Erk1/2 and total-Erk1/2 ratio under basal conditions and a slight, but statistically
significant, decrease was detected in the combination treated samples. However, variability
existed and no pErk1/2 was detected in two samples (one from Olaparib monotherapy group
and one from the combination group) (Figure 5.7B). Although variability existed in phospho-
Akt and total-Akt ratio in vehicle, FK866 and Olaparib monotherapy group, there was an
upward trend in the ratio of combination treated tumour samples (Figure 5.7B). Thus, these

data indicate that dual NAMPT and PARP1 inhibition may regulate ERK and Akt pathway.
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Figure 5.7 The impact of FK866 and Olaparib combination on DDR, Akt and Erk signalling
pathway in ID8 Trp53”; Pten”” tumours.
(A-B) Images of WB blots. The activity of (A) Chkl in DDR and (B) Akt and Erk signalling in
omental tumours measured by WB. Proteins were extracted from omental tumours in mice
treated with vehicle, Olaparib (50mg/kg), FK866 (10mg/kg) and the combination (i.e.,
50mg/kg Olaparib with 10mg/kg FK866). Note that the samples from mice received 10mg/kg
FK866 monotherapy were collected from an independent study. Protein extraction of samples
from all groups was performed on the same day. Protein extraction was performed with help
from Dr Michael Gruet in our group. (C) Densitometry analysis. The levels of phospho-Chkl,
phospho-Akt and phospho-Erk1/2 were normalized against the respective total protein levels.
Data represent mean + SD from three biological repeats. p-values were calculated using t
tests. * p<0.05, ns: not significant.
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5.2.6 The combination of FK866 and Olaparib resulted in NAD"

depletion in ID8 Trp53”; Pten” tumours

To validate the depletion of NAD" and understand the metabolic effects of FK866 and
Olaparib combination, untargeted metabolic profiling was performed. In brief, metabolites
were extracted from the omental tumour tissue collected from the toxicology study. Due to
the limited availability of the ZenoTOF 7600 LC-MS/MS platform, analysis of samples from
the repeating toxicology study (3 mice of FK866 10mg/kg monotherapy) was delayed after
the targeted profiling performed by Dr Michael Gruet in our group. As a result, very low peak
intensity and very few peaks could be detected due to sample degradation (data not shown).
Therefore, only the samples from the first toxicology study (vehicle, Olaparib monotherapy,
combination groups and one mouse from the 30mg/kg FK866 monotherapy group) were

profiled by the untargeted method and included in the subsequent analysis.

Untargeted profiling of omental tumours showed that excluding the FK866 monotherapy
group with only one sample, NAD" is the only feature with significant changes in abundance
among the 125 annotated metabolites (Figure 5.8A). Olaparib monotherapy resulted in a
slight but not significant reduction in NAD" pool (Figure 5.8B). The NAD" pool of the tumour
sample from the surviving mouse in FK866 monotherapy group was almost halved compared
to that of vehicle group (Figure 5.8B). Of note, combination group A and C, which received
30 and 10mg/kg FK866 in combination with 50mg/kg Olaparib respectively, displayed greater
NAD" depletion than combination group D (FK866: 5mg/kg; Olaparib: 50mg/kg) (Figure 5.8B).
Although there was no statistical significance across the combination groups, the trend
suggests FK866 dose-dependent reduction of NAD" pool. Collectively, these data confirmed

the on-target effects of FK866 on NAMPT inhibition (i.e., NAD " depletion) in omental tumours.

To validate oxidative stress in combination treated omental tumours, the pool size of total
glutathione and the ratio of reduced glutathione (GSH) to oxidized glutathione (GSSG) were
examined. My data showed that the pool size of total glutathione was reduced in the
combination groups A and C than the vehicle group (Figure 5.9A). The treatment of FK866 or

Olaparib individually did not influence the pool size (Figure 5.9A). Thus, these data indicate
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that FK866 and Olaparib combination may impair the ROS defensive mechanisms. Moreover,
there was a decreasing trend in the GSH/GSSG ratio in the combination groups B and D
compared to the vehicle group although huge variations were observed (Figure 5.9B).
Additionally, a decreasing trend in ascorbic acid, an antioxidant, was detected in combination

treated samples (Figure 5.9C).

In addition, the biomarkers for oxidation products of lipids were examined. Polyunsaturated
fatty acids (PUFA) are readily oxidized by free radicals (i.e., lipid peroxidation) and the major
products are hydroperoxides which are unstable and readily reduced to corresponding
hydroxides in cells (547). Arachidonic acid (20:4) is a species of PUFA and the lipid
peroxidation product is hydroperoxyeicosatetraenoic acid (HPETE) which is a chemically
unstable hydroperoxide (547). HPETE undergoes further reduction by glutathione peroxidase
or selelnoprotein P to produce hydroxyeicosatetraenoic acid (HETE) which is the
corresponding hydroxide (Figure 5.10A) (547). My data showed that apart from the
combination group B, the ratio of HETE to arachidonic acid was gradually upregulated as the
FK866 dose increased from the Olaparib monotherapy group to the combination group A
(Figure 5.10B), thereby suggesting a FK866 dose-dependent upregulation of arachidonic acid
peroxidation. However, large variations were observed in the vehicle group (Figure 5.10B),
which impedes the comparison against basal condition. Peroxidation of arachidonic acid also
produces isoprostanes (isoP) among which F.-isoPs have been most extensively studied
(Figure 5.10A) (548, 549). My results showed that the ratio of Fz-isoP to arachidonic acid was
higher in the combination group C and D in comparison to the vehicle group (Figure 5.10C).
Olaparib monotherapy did not impact on the ratio and large variations existed in the
combination group A (Figure 5.10C). Linoleic acid (18:2) is the most abundant PUFA species
in vivo and the hydroxide product is hydroxyoctadecadienoic acid (HODE) (Figure 5.10D) (547).
The data showed that the ratio of HODE to linoleic acid was reduced in the combination
group A and B (Figure 5.10E). Although none of the oxidative stress biomarkers described
above reached statistical significance, these data imply that the combination of FK866 and

Olaparib may disrupt the redox balance /n vivo.

To understand the global effects of FK866 on cellular metabolism, correlation analysis
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between FK866 dose and metabolite abundance was performed. Excluding the combination
group B which did not show the dose-dependent reduction in NAD" levels, metabolite data
from the Olaparib monotherapy group and combination groups A, C and D were subject to
Pearson correlation analysis. The data showed that NAD™ was negatively correlated with
FK866 doses (Figure 5.11A), consistent with the on-target effects of FK866. Interestingly,
ascorbic acid levels were decreased as the doses of FK866 increased although the correlation
was not significant (Figure 5.11B), which indicates that FK866 may disrupt the redox balance.
Negative correlation was also found in  IMP, CDP, acetylcarnitine, glutamate and adenine,
and aspartate was positively correlated with FK866 doses (Figure 5.11D-G and J-K). Although
the correlation was not significant, the abundance of carnitine, AMP, ADP and lactate was
decreased as the doses of FK866 increased (Figure 5.11 C, H-1and L). Interestingly, it has been
reported that NAMPT inhibition by FK866 caused depletion of adenine and supplementation
of adenine rescued the apoptosis priming effects of FK866 in TNBC cells (550). Therefore, we
examined whether adenine could rescue the apoptosis in A2780 cells treated with FK866 and
Olaparib combination. The data showed that adenine reduced the activity of caspase-3/7 in
A2780 cells treated with FKB66 monotherapy and in combination with Olaparib (Appendix

Figure 5.7).

To validate the correlation results from NAD' depletion by FK866, correlation analysis
between NAD™ and metabolite abundance was performed on the same dataset. Positive
correlation was observed in adenine, adenine nucleotides (i.e., adenosine, AMP and ADP)
(Figure 5.12A-D), which is opposite to the negative correlation with FK866 doses. Interestingly,
IMP, guanine and CDP displayed positive association (Figure 5.12E-G). The abundance of
ascorbic acid and total levels of glutathione were positively correlated with NAD levels (Figure
5.12 H-1), which implies that the anti-oxidation capacity may be limited. Aspartate and
glutamate were negatively and positively correlated to NAD" levels, respectively (Figure 5.12
J-K), which is opposite to the direction of correlation to FK866 doses. 1-methylnicotinamide,
lactate and acetyl-carnitine were found to be positively associated with NAD" content (Figure
5.12L-N). Taken together, these data suggest that the modulation of metabolism by FK866

may result from its on-target inhibition on NAMPT.
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PCA analysis of the annotated features showed that samples in different treatment groups
did not separate (Figure 5.13A). However, samples from vehicle and Olaparib monotherapy
group were more closely clustered. Hierarchical clustering analysis also confirmed the
similarities of metabolite abundance between vehicle and Olaparib monotherapy group as
evidenced by the short distance (Figure 5.13B). Therefore, these data suggest that Olaparib
alone may have limited effects on cellular metabolism in omental tumours. Low levels of
clustering were found between vehicle groups and all the combination groups although full
separation of the 95% confidence regions was missing (Figure 5.13A). This is also supported
by the hierarchical clustering results which showed the combination groups formed separate
clusters from vehicle/Olaparib groups (Figure 5.13B). Among the different combination
groups, close clustering was observed although outliers existed as shown in the PCA plot
(Figure 5.13A). Collectively, these results suggest that the FK866 and Olaparib combination

may impact metabolism.

207



NAD*
-Log(FDR.p)
’_‘4- 4537656
¢
Q
L
?’ p.log
0 o i
®:
®:
1 ®:
=
* Peaks(maz/rt) " =
B NAD*
* %k
| * %
| * %k
| * %k
100000 I
[]
—~ 80000+
w
=
E > 60000 - ‘
cm
=
x = 40000
53 .
ol
20000+
0 N

th-;c Olaplarib FK;EGE Comb D Conl1bC Comb B Comb A
Olaparib (mg/kg) 0 50 0 50 50 50 50

FK866 (mg/kg) O 0 3 5 10 20 30

Figure 5.8 The combination of FK866 and Olaparib depleted NAD" in omental tumours.

(A) One-way ANOVA tests showing metabolites with significantly changed abundance.
Untargeted metabolic profiling was performed using the omental tumour tissue from mice
treated with vehicle, Olaparib (50mg/kg), FK866 (10mg/kg) and the combination (i.e.,
50mg/kg Olaparib with 10mg/kg FK866). Note that the samples from mice received 10mg/kg
FK866 monotherapy were collected from an independent study. Metabolite extraction of all
the treatment groups was performed on the same day. The data were normalised against the
sum of abundance of identified metabolites. The dataset was then subjected to a one-way
ANOVA test using Metaboanalyst (v.5.0.). The metabolites with an FDR less than 0.05 were
considered significantly changed and are highlighted in yellow. (B) NAD" levels in omental
tumours. Data represent mean + SD from three mice (except FK866 monotherapy group
where data represent mean from one mouse). Statistical significance was calculated by one-
way ANOVA followed by post-hoc Tukey test. The FK866 monotherapy group was excluded
for statistical tests. »* p<0.01, *** p<0.001.
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Figure 5.9 The combination of FK866 and Olaparib may induce oxidative stress in omental
tumours.

(A) Pool size of total glutathione, (B) GSH/GSSG ratio, (C) ascorbic acid abundance. The data
were obtained from the same untargeted metabolomic profiling study as described in Figure
5.9. Data represent mean + SD from three mice (except FK866 monotherapy group where
data represent mean from one mouse). Statistical significance was calculated by one-way
ANOVA followed by post-hoc Tukey test. The FK866 monotherapy group was excluded for
statistical tests. No significance could be detected between any two groups.
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Figure 5.10 The combination of FK866 and Olaparib may cause oxidative damage to lipids in
omental tumours.

(A) Schematics of products of arachidonic acid (ARA) peroxidation. ARA undergoes
peroxidation by free radicals to produce hydroperoxides (e.g., HPETE) and endoperoxide
which are not chemically stable. HPETE and endoperoxide are subsequently converted to
stable HETE and F:-isoprostanes. For simplicity, only one regioisomers is shown. (B)
HETE/arachidonic acid ratio. (C) F.-isoprostanes/arachidonic acid ratio. (D) Schematics of
products of linoleic acid peroxidation. Hydroperoxide (e.g., HPODE) is produced when linoleic
acid is peroxidised by free radicals. The unstable HPODE is subsequently converted to HODE.
For simplicity, only one regioisomers is shown. (E) HODE/linoleic acid ratio. (B, C and E) were
plotted based on the untargeted metabolic profiling study described in Figure 5.9. Data
represent mean + SD from three mice (except FK866 monotherapy group where data
represent mean from one mouse). Statistical significance was calculated by one-way ANOVA
followed by post-hoc Tukey test. The FK866 monotherapy group was excluded for statistical
tests. No significance could be detected between any two groups.

211



A Scatter Plot: FK866_Dose vs NAD B Scatter Plot: FK866_Dose vs Ascorbic acid
80000 r=-0.79, p = 0.00219 r=-0.54, p = 0.07007

100000

40000 .

75000
L]
) .
20000 3
2 2
2 § 50000 .
25000 3
.
20000 0 .
o 1 w0 E o 10 n 3
FKB66_Dase FKB66_Dose
c Scatter Plot: FK866_Dose vs Carnitine D Scatter Plot: FK866_Dose vs IMP
r=-0.56, p = 0.05753 r=-0.89,p = 0.00013
o ]
Bos05
10406
e
H
Ser05
20005
(]
000 L
. .
o E 0 0 10 F- £
FK866_Dose FK866_Dose
Scatter Plot: FK866_Dose vs Cytidine 5'-diphosphocholine
r=.080,p=000183 Scatter Plot: FK866_Dose vs Acetylcamiting
. r=-0.69, p=0.01284
120000 g .
o Bosds
.
.
@ Gae05
é 80000 . :
& 2
£ £
= E
2 8 405
4 E . L]
3 o
9
20005
-
B .
Da+00 L .
o 0 » kY
FK866_Dose 0 ® 20 2
FKBBE_Dose

(Figure 5.11: to be continued on the next page)
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Figure 5.11 FK866 doses were correlated to a subset of metabolites in omental tumour tissue.
Spearman’s correlation analysis between FK866 doses and metabolite abundance in Olaparib
monotherapy and combination groups (except combination group B) was performed by R
studios (function cor.test() from the package stats version 4.3.2). The metabolic dataset was
obtained from the untargeted metabolic profiling study in Figure 5.9. Only metabolites with
a correlation coefficient higher than 0.5 or lower than -0.5 are displayed. Grey area and blue
solid lines indicate the 95% confidence area and trend lines, respectively. The Spearman’s
correlation coefficient and related p values are also displayed.
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(Figure 5.12: to be continued on the next page)
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Figure 5.12 NAD" levels were correlated to a subset of metabolites in omental tumour tissue.
Spearman’s correlation analysis between NAD" levels and metabolite abundance in Olaparib
monotherapy and combination groups (except combination group B) was performed by
performed by R studios (function cor.test() from the package stats version 4.3.2). The
metabolic dataset was obtained from the untargeted metabolic profiling study in Figure 5.9.
Only metabolites with a correlation coefficient higher than 0.5 or lower than -0.5 are displayed.
Grey area and blue solid lines indicate the 95% confidence area and trend lines, respectively.
The Spearman’s correlation coefficient and related p values are also displayed.
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Figure 5.13 PCA analysis and hierarchical clustering analysis of the untargeted metabolomics
dataset.

(A) PCA analysis and (B) hierarchical clustering analysis by Metaboanalyst (v.5.0.). Vehicle and
Olaparib treated samples cluster closely while low levels of clustering was observed between
vehicle and combination treated samples. However, outliers existed and no full separation of
the 95% confidence regions was detected.
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5.3 Discussion

In this chapter, | demonstrated that FK866 improved the capacity of Olaparib to induce
apoptosis and growth inhibition in both ID8 7rp53” cells and ID8 77053 Pten” cells. The
underlying mechanisms bear resemblance to those observed in the human ovarian cancer
cell lines (see Section 4.3). In this regard, NAD" depletion by FK866 monotherapy was
observed and the preliminary data from our lab showed that NMN supplementation rescued
the combination treatment, which indicates that FK866 induced Olaparib sensitization may
result from its on-target effect of NAMPT inhibition (393). Additionally, the combination of
FK866 and Olaparib induced the highest level of ROS accumulation. Surprisingly, NAC
supplementation only marginally reduced apoptosis in ID8 77053 Pten” cells treated with
FK866 and Olaparib combination. However, it should be noted that mouse cells have a higher
mitochondria density and ROS production rate than human cells (557-5553) and therefore, the
concentration of NAC used in this study may not be sufficient to scavenge ROS. Measurement
of ROS levels are thus essential to understand whether NAC at the chosen dose is sufficient.
Further investigations with increased NAC concentrations or alternative antioxidant drugs
(e.g., ascorbic acid and a-tocopherol (554)) are required. It would also be interesting to
examine the mitochondrial membrane potential to understand the effects of combination
treatment on mitochondrial metabolism. Given our preliminary data from our laboratory
showed the combination of FK866 and Olaparib induced the highest levels of DNA damage
(393), these data suggest that in the ovarian HGSC model tested here, the sensitization

mechanisms may involve NAD™ depletion, oxidative stress and DNA damage.

Importantly, the FK866 induced sensitization of Olaparib was also observed in the /n vivo
studies. In this regard, the reduction in tumour weight in mice treated with Olaparib
monotherapy was not significant. However, the combination treatment caused a significant
decrease. Interestingly, increasing the doses of FK866 from 5mg/kg to 30mg/kg did not lead
to a further decrease in tumour weight. One explanation is that the lowest dose of FK866
caused NAD" content depletion. Indeed, almost complete NAD" content depletion was

observed in combination treated mice regardless of FK866 doses. Regarding mice overall
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survival, the combination of FK866 and Olaparib more than doubled the therapeutic benefits
of Olaparib monotherapy. Although FK866 has been shown to sensitize Olaparib in several
types of tumours including ovarian HGSC (285, 286, 388), this study is the first to report the
therapeutic benefits of the combination in Pten deleted ovarian HGSC tumours. Given that
Akt mutations lead to rucaparib resistance as shown in a clinical trial (266), the findings in this
study indicate that this patient subgroup may benefit from the combination. Of note, the
untargeted metabolic profiling data showed NAD" depletion in the omental tumours from
the mice treated with the combination. Interestingly, among the combination treated mice
(except combination group B), there was a reverse correlation between cellular NAD" content
and the dose of FK866, which indicates the NAD" depletion may result from the on-target
effects of FK866. Surprisingly, the tumour sample from the surviving mouse treated with
FK866 monotherapy showed only a 50% reduction in NAD™ abundance. However, it should be
noted that the surviving mouse may display resistance to FK866, and the data may not be
representative of the whole treatment group. Indeed, the targeted metabolomics study
performed by Dr Michael Gruet in our laboratory demonstrated that FK866 monotherapy and
its combination with Olaparib achieved NAD" depletion in tumours (393). Taken together,
these data indicate the sensitization may be caused by the on-target effects of NAMPT
inhibition.

Mechanistically, data from the /1 vivo studies supported the /7 vitro studies. In this regard, the
combination of FK866 and Olaparib induced the highest levels of pChk1, which indicates the
activation of the DDR pathway. The preliminary data from Dr Michael Gruet which showed
the DNA damage marker yH2AX was significantly upregulated to the highest levels in tumours
treated with the combination. Collectively, these data suggest that FK866 enhanced DNA
damage induced by Olaparib /n vivo. However, given the crosstalk between Chkl and Chk2
in DDR signalling, Chk2, ATM and ATR should be probed for further validation. Interestingly,
my data showed a decreasing trend in pEKR1/2 and an increase in pAkt in the tumour samples
treated with the combination. Previous publications reported that NAD" depletion induced
by NAMPT inhibition activates autophagy in neuroblastoma and NAD" supplementation

reverted the autophagy phenotype (555). In multiple myeloma cells, autophagic cell death
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was induced by NAMPT inhibition and the mechanisms involve the downregulation of mTOR
and ERK pathway activity (546). Surprisingly, pAkt was increased due to the feedback
regulation between mTOR signalling and Akt (546). However, inconsistency has been reported
regarding the effects of Olaparib on autophagy induction and the roles of autophagy in
therapeutic benefits in ovarian cancer cells. In this regard, Olaparib inhibited growth of BRCA1
expressing UWB ovarian cancer cells (556). Autophagic cell death was observed, and the
inhibition of autophagy abolished the growth inhibitory effects of Olaparib (556). In contrast,
pharmacological inhibition of autophagy by chloroquine and hydroxychloroquine is
synergistic with Olaparib in inducing apoptosis and growth inhibition of OVCAR8 and HEYA8
ovarian cancer cells (557). In A2780 and SKOV3 cells, Olaparib downregulated autophagy and
enhanced apoptosis (558). Therefore, although the changes in Erk and Akt signalling may
indicate that autophagy induction, direct measurement of autophagy flux (e.g., LC3II/LC3I
ratio and autophagosome formation) is required. Additionally, inhibitors of autophagy can be
used to assess the roles of autophagy in therapeutic effects of dual NAMPT and PARP
inhibition.

Moreover, a combination of markers suggests that dual NAMPT and PARP inhibition induced
oxidative stress in tumour samples. For instance, the pool size of total glutathione and the
ratio of reduced to oxidised glutathione (i.e., GSH/GSSG) was reduced in combination treated
groups. The combination treatment also reduced the abundance of ascorbic acid. The ratio
between HETE/F:-isoprostane and arachidonic acids (20:4) was also increased in combination
treated groups. Surprisingly, the ratio between HODE and linoleic acid (18:2) was decreased
by FK866 and Olaparib combination. However, it should be noted that PUFA (e.g., arachidonic
acid and linoleic acid) can be oxidized through enzyme-catalysed pathways apart from free
radical mediated oxidation. For instance, lipoxygenase (LOX) and cytochrome P450 (CYP)
enzyme can catalyse HETE and HODE production while cyclooxygenases (COXs) can catalyse
isoprostanes production (559). In addition, these lipid peroxidation biomarkers can undergo
further metabolism or even excretion via kidney. HODE, for example, can be converted to
oxo-octadecadienoic acid (oxoHODE) by hydroxy fatty acid dehydrogenase (560). Another

limitation in the untargeted profiling is the failure to differentiate regioisomers of the lipid
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peroxidation products that may have opposite effects on inflammation (561, 562). For
instance, 12-HETE has been shown to stimulate the integrin-linked kinase/NF-kB pathway in
ovarian cancer and promote inflammation while 15-HETE is anti-inflammatory (563-565).
Therefore, it would be interesting to measure the regioisomers and characterise the
inflammatory microenvironment of tumours to understand the immunological effects of the
combination. Additionally, oxidation of cholesterol produces 7-hydroxycholesterol (7-OHCh)
and 7-ketocholesterol (7-KCh) which are collectively known as oxysterols (566, 567). They are
commonly measured by GC-MS (568-570) and therefore, it would be interesting to examine

oxysterols to support the findings in this study.

Given the non-specific nature of free radical oxidation, measurement of different biomarkers
is highly recommended to avoid biased results (547). Here, attempts were made to detect a
range of biomarkers of oxidative DNA and protein damage (e.g., 8-Oxo0-2'-deoxyguanosine
(8-o0x0-dG) (571) and tyrosine dimers (572)) by untargeted metabolic profiling. However,
none of them could be detected in this study (data not shown) and this may be explained by
the metabolite extraction method. Although oxidation of free nuclear bases can occur, DNA
digestion may be necessary to extract oxidized bases incorporated to DNA strands to improve
sensitivity (573). Importantly, the complete digestion also reduces variability across samples
(574). Thus, DNA hydrolyzation should be performed on the tumour tissue samples in the
future. Interestingly, oxidative products of free nuclear bases can be detected in human serum
and urine (544, 575) and therefore, it would be interesting to profile these biological samples
from the /n vivo study. Alternatively, IF studies against 8-oxo-dG can be performed on the
tumour tissue (576). To further validate the roles of ROS in therapeutic benefits of the
combination, it would be interesting to perform an /n vivo ROS rescue experiment by

intraperitoneal injection of NAC (577).

Correlation analysis between FK866 doses and metabolite abundance revealed the impact of
FK866 on tumour metabolism. In this regard, negative association was observed between
FK866 doses and abundance of NAD", which confirmed the on-target inhibition of NAMPT.
Given that NAD" is a substrate of NADP", FK866 may also deplete NADP" in tumours. However,

NADP" has been reported as an endogenous inhibitor of PARP in ovarian cancer cells and
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overexpression NAD kinase, which catalyses the phosphorylation of NAD" to NADP", boosted
cellular content of NADP™ and enhanced Olaparib sensitivity (277). Therefore, it would be
interesting to measure NADP" concentrations. Moreover, the abundance of ascorbic acid was
reduced as the FK866 doses increased, which indicates the disruption of redox balance by
FK866. Levels of carnitine was decreased with the increases in FK866 doses, although such
negative correlation was not significant. This is in line with the previous report which showed
a dose-dependent decrease of carnitine in HCT116 colon cancer cells (578). Carnitine is de
novo synthesised using lysine and methionine as substrates and NAD" is also required as a
co-factor. Carnitine mediates the transport of long chain fatty acid in the form of acyl-
carnitine for B-oxidation in mitochondria (579). However, -oxidation and the metabolism of
the product acetyl-CoA produced in mitochondria requires NAD". Therefore, the negative
correlation may reflect the inhibition of carnitine synthesis. Interestingly, acetylcarnitine was
negatively correlated with FK866 doses, which may result from the decreased availability of
carnitine. The decrease in lactate levels with higher doses of FK866 may indicate the inhibition
of glycolysis because NAD" is an essential glycolytic co-factor. Glutamate and aspartate levels
were negatively and positively correlated with FK866 doses, respectively. This is consistent
with the previous report showing a dose-dependent increase in aspartate and a marginal
decrease in glutamate (578). The increase in aspartate may result from the accumulation of
oxaloacetate. In this regard, the attenuation of glycolysis decreases pyruvate levels and given
that pyruvate enters the TCA cycle by condensation with oxaloacetate, FK866 may cause an
increase in oxaloacetate. As a result, aspartate transaminase activity is directed towards
aspartate production using oxaloacetate and glutamate as substrates. Indeed, inhibition of
mitochondrial pyruvate carrier by Zaprinast reduces pyruvate entry into the TCA cycle and
increases the abundance of aspartate at the expense of glutamate (580). For further validation,

“N labelled glutamine can be used to probe aspartate synthesis.

Moreover, | found a dose-dependent reduction in adenine, IMP and CDP abundance. These
data contrast with the published data which showed FK866 induced accumulation of adenine
and IMP (550, 578). This may reflect cell-specific responses to FK866. In this regard, Tolstikov

et al argued the accumulation of IMP in A2780 cells is caused by inhibition of IMP
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dehydrogenase (IMPDH) that requires NAD " as a cofactor (578). Consequently, IMP is diverted
away from GMP synthesis via IMPDH towards AMP production and the catabolism of AMP
generates adenine (578). However, the substrate of IMP de novo synthesis is PRPP which is
derived from PPP and NADP" is a co-factor (581). In ID8 tumour samples, PPP and IMP de
novo synthesis fluxes may be higher than GMP and AMP synthesis fluxes and therefore, FK866
may be more likely to cause IMP and adenine depletion. However, labelling studies using *°C
labelled glucose are required to probe PPP and purine metabolism. Of note, we found that
adenine supplementation might rescue the apoptosis induction by FK866 monotherapy and
its combination with Olaparib. These data are in line with a previous report showing that
FK866 induced adenine depletion, and the apoptosis priming effects could be rescued by
adenine supplementation in TNBC cells (550). However, these authors reported adenine
supplementation did not increase the NAD" levels (550). One possible explanation is that
adenine levels modulate mTORCL1 activity, which in turn regulates apoptosis. In this regard, it
has been reported that adenine depletion inhibits mTORC1 signalling and addition of
exogenous adenine reactivates mTORC1 activity (582). mTORC1 has been reported to play
dual roles in regulating apoptosis (583, 584). For instance, mTORC1 induces apoptosis by
inducing autophagy-mediated degradation of the anti-apoptotic protein B cell lymphoma 2
(Bcl-2) (585). In contrast, mTORC1 promotes mitochondria translocation of Bax to activate
apoptosis (586). Therefore, it would be interesting to probe the activity of mTORC1 and

downstream effectors.

Interestingly, correlation analysis between NAD" levels and metabolite abundance showed
opposite results to FK866 dose correlation analysis, which indicates the FK866 induced
metabolic changes are caused by on-target effect of NAMPT inhibition. For instance, adenine,
IMP and aspartate showed opposite results. Surprisingly, CDP was negatively correlated with
both NAD" content and FK866 doses. This may result from the distribution of data points.
Indeed, there were two clusters of data points: one with very low NAD" content and the other
with high NAD" content (Figure 5.13), which may negatively impact the correlation analysis.
Moreover, adenosine, ADP, AMP and guanine were positively correlated with NAD" content.

The pool size of total glutathione was also positively correlated with NAD™ content. Given that
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ATP is required for glutathione de novo synthesis (587), glutathione depletion may result from
the reduction in ATP secondary to NAD" depletion. Interestingly, ascorbic acid and total levels
of glutathione were positively correlated with NAD" content, which suggests that NAD"
depletion may limit anti-oxidation capacity. In addition, lactate and acetyl-carnitine levels
were positively correlated with NAD" content. Given lactate is an end-product of glycolysis,
these data indicate that FK866 treatment attenuated glycolytic flux. Acetyl-carnitine is
synthesised using carnitine and acetyl-CoA in mitochondria (588). Given that PHD catalyses
the conversion of pyruvate to acetyl-CoA, these results suggest the reduction of energy
production in FK866 treated tumours. Interestingly, the abundance of 1-methylnicotinamide
was positively associated with NAD" content. 1-methylnicotinamide has been reported to
induce the production and release of tumour promoting cytokine tumour necrosis factor o
(TNFa) from T cells in TME of ovarian HGSC tumours (589). 1-methylnicotinamide also
suppresses T-cell mediated cytotoxicity (589). Therefore, it would be interesting to examine

the immunomodulatory effects of the combination treatment.

PCA analysis and clustering analysis suggest that Olaparib and vehicle treated tumour
samples cluster closely. This contrasts with previously published data showing that Olaparib
treated samples separate from vehicle treated samples (590, 591). In addition, Olaparib
downregulates glutamine, alanine, pyruvate and lactate in MCF-7, MDA-MB-231 and
HCC1937 breast cancer cells (590, 591). However, the magnitude of such alterations
compared to vehicle group is limited with fold change less than 2 (590, 591). Given that the
TME consists of not only tumour cells but also stromal cells (e.g., immune cells and cancer
associated fibroblasts), these changes may be masked in this study which profiles the
metabolites in tumour samples. Samples in the combination treated groups were clustered
away from vehicle group although full separation of the 95% confidence regions was not
observed. Collectively, these data suggest that alterations in metabolism mainly result from
FK866. The major limitation is the missing of FK866 monotherapy treated samples and

therefore, additional metabolic profiling is needed.

Of note, the combination of FK866 and Olaparib induced higher levels of apoptosis in 1D8

Trp53" Pten” cells compared to ID8 77053 cells. However, Pten loss failed to enhance the
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growth inhibitory effects of Olaparib. Mechanistically, FK866 induced similar levels of NAD"
depletion and NAD/NADH ratio perturbation regardless of genetic background in ID8 cells.
Surprisingly, the combination treatment induced greater ROS accumulation in ID8 77053
cells. Although the /n vivo study using ID8 7rp53”, Pten” cells proved the efficacy of the
combination, it should be repeated with ID8 7rp53” cells to understand the impact of Pten
deletion /n vivo. Nevertheless, the data in this chapter indicate the discrepancy with human

ovarian cancer cell lines.

One possible explanation is the addition of pyruvate in ID8 cell culture media. In this chapter,
pyruvate withdrawal sensitized FK866 in ID8 Trp53” Pten” cells but not ID8 Trp53” cells.
FK866 treatment has been reported to inhibit glycolysis (590, 591) and given NAD" as a key
co-factor of glycolysis, pyruvate supplementation may impact FK866 responses. Moreover,
pyruvate can react non-enzymatically with H.0. (592) and therefore, ROS may not accumulate
sufficiently to differentiate ID8 7rp53”, Pten” cells with ID8 77053 cells. However, pyruvate
addition is a routine culture condition for ID8 cells (390, 391, 408) and therefore, pyruvate
was added in this study. Thus, it would be interesting to repeat the experiments in ID8 cells
cultured in media without pyruvate. In addition, except OVCARS cells, none of the human cell
lines harbour P53 deletion (593). Therefore, these cell lines are classified as type | ovarian
cancer (i.e., CCOC, LGSC, MOC, EnOC) (594). However, ID8 cells used in this study harbour
TP53 deletion and are a model of Type Il EOC (i.e., HGSC) (391). Thus, isogenic models of
human cell lines with Ras/PI3K mutations should be generated to assess the combination of
FK866 and Olaparib. Moreover, Pten deletion and Ras activating mutations are not
functionally equivalent although similar pAkt could be detected (595, 596). Tumours with Pten
loss generally progress more aggressively (595, 596). Thus, 1D8 cells or human cell lines (e.g.,
COV318 cells) with knock-in mutations in the Ras/PI3K pathways should be generated. Given
that Olaparib is approved mainly for ovarian HGSC treatment (597), ID8 cells with activating

mutations are particularly relevant.

In summary, data from this chapter show that FK866 sensitized the ID8 model of ovarian
HGSC to Olaparib therapy /n7 vivo, and that the effect is likely a consequence of the on-target

effect of FK866 to inhibit NAMPT, reduce NAD" levels and cause downstream metabolic stress.
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CHAPTER 6

Investigating the kinetics of lactate
metabolism in cancer cells
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Chapter 6 Investigating the kinetics of

lactate metabolism in cancer cells

6.1 Introduction

As described in section 1.5, lactate is more than a metabolic waste in cancer cells and
contributes to the TCA cycle as a carbon source (289-291, 598, 599). Of note, data described
in section 3.2.5 also show lactate as a potential source of the TCA cycle intermediates in
ovarian HGSC cells. Additionally, we and other groups reported that lactate functions as an
alternative carbon source when glucose supply is limited by the treatment of anti-angiogenic
drugs and inhibitors of oncogenic signalling (e.g., Akt inhibitors) (600-602). This in turn leads
to lactate-induced resistance to these therapies. Lactate has also been shown to modify

histone and regulate gene expression in tumour associated macrophages (603).

The preliminary data described in section 1.7.4 may add a further layer of regulation of lactate
metabolism (i.e., intracellular compartmentation). In brief, using “Cs-glucose and “°Cs-lactate
as tracers in two independent labelling studies, similar levels of “C enrichment of pyruvate
were detected regardless of the tracer used (Figure 1.18). However, the fraction of labelled
TCA cycle intermediates was significantly higher in cells incubated with **Cs-lactate (Figure
1.18). These data suggest that lactate acidosis uncoupled glycolysis to the TCA cycle, which
can be rationalized by the lactate metabolon model (Figure 1.14). Therefore, it was
hypothesised that there are two kinetically resolved pools of pyruvate and lactate in HCT116

cells.

Additionally, our preliminary data showed that pharmacological inhibition or genetic deletion
of MCT1, but not MCT4, increased glucose contribution to the TCA cycle (Figure 1.19). Also,
dual blockage of MCT1 and MCT4 completely shifted pyruvate and citrate labelling, and
glucose was the major carbon source of the TCA cycle (Figure 1.19). Thus, these data indicate
that the lactate metabolon model is dependent on MCT1 and MCT4, especially MCT1. Thus,
these preliminary data should be validated.
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In this chapter, dual isotope labelling experiments were performed. In contrast to the parallel
labelling experiments in which a single tracer was used at a time, the major advantage of dual
labelling techniques is that measurements are made within the same sample, which allows for
direct and more accurate comparison. Chemical inhibitors of MCT1 and MCT4 (AZD3965 and
AZDO0095, respectively) were used to investigate their roles in regulating the lactate
metabolon model. HCT116 cells were chosen as the model in this chapter for reasons of
consistency with our preliminary data. Published data also confirmed the expression of both
MCT1 and MCT4 in HCT116 cells (604). HCT116 cells can server as a test tube for investigating
lactate metabolism in cancer cells and these results may be validated and generalised to other

cancer cell lines in the future.

6.2 Results

6.2.1 Dual labelling experiments supported the canonical model of

lactate metabolism

To validate the preliminary data from our lab, dual isotope labelling experiments were
performed. Here, the HCT116 cells were treated with 5.6mM “Cs-glucose and 10mM 3-"C-
lactate simultaneously for 0.5, 1, 2, 4, 8 and 24h. The “C enrichment patterns of pyruvate and
the TCA cycle intermediates are illustrated in Figure 6.1. In brief, glucose-carbon labelled
pyruvate and TCA cycle intermediates in the first cycle are M+3 and M+2, respectively (Figure

6.1). Exogenous lactate-derived pyruvate and TCA cycle intermediates are M+1 (Figure 6.1).

My data showed that the fraction of M+3 intracellular pyruvate was stable at approximately
15% until 8h incubation and increased to about 41% after 24h incubation (Figure 6.2A).
Interestingly, there was a gradual increase in M+3 intracellular lactate and M+2 TCA cycle
intermediates (e.g., citrate and a-KG) from 30min to 8h incubation and a more profound
upregulation was observed after 24h (Figure 6.2B-D, Appendix Figure 6.1). These data

indicate metabolic activity of glycolysis and the time-dependent accumulation glucose-
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derived carbons. This was also reflected by the gradual increase in the proportion of M+3
pyruvate and lactate in the media (Figure 6.3A-B). In contrast, approximately 96% of
intracellular lactate was labelled M+1 after 30min incubation (Figure 6.2B), which suggests
the high flux of uptake of exogenous 3-"C-lactate. The majority of intracellular pyruvate was
the M+1 isotopologue at 30min and its fraction was upregulated with longer incubation until
8h (Figure 6.2A). The decrease in M+1 intracellular pyruvate fraction in 24h may result from
the dilution by M+3 pyruvate. There was also a similar increase in the fraction of M+1 TCA
cycle intermediates (e.g., citrate and o-KG) with longer incubation time and the M+1
intermediate fraction was higher than the M+2 fraction (Figure 6.2C-D, Appendix Figure 6.1).
The extracellular M+1 pyruvate and lactate also followed the same trend (Figure 6.3).
Collectively, these data suggest the high initial incorporation of exogenous lactate derived
carbons into the TCA cycle and the time-dependent increase in the contribution of glucose

derived carbons.

To understand which lactate metabolic model better fits the data, the ratio between “Ce-
glucose and 3-"C-lactate derived intracellular pyruvate, citrate and extracellular lactate was
calculated. In the canonical model, the relative contribution of glucose and lactate to citrate
should mirror that of intracellular pyruvate (Figure 6.4A). In contrast, in the lactate metabolon
model, exogenous lactate derived pyruvate, but not glycolysis derived pyruvate, fuels the TCA
cycle and therefore, the ratio between “Cs-glucose and 3-"°C-lactate derived citrate should
be close to that of extracellular pyruvate (Figure 6.4B). My results showed that the ratio of
extracellular M+3 and M+1 lactate was gradually increased (Figure 6.4C). However, the
M+2/M+1 citrate ratio was closer to the M+3/M+1 pyruvate ratio at all the timepoints
examined (Figure 6.4C). Thus, these data are more consistent with the canonical lactate

metabolic model.
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Figure 6.1 Schematics of °C enrichment patterns in dual labelling studies using “Cs-glucose
and 3-"“C-lactate as tracers.

“Cs-glucose produces M+3 pyruvate and therefore the TCA cycle intermediates are labelled
M+2. In contrast, 3- °C-lactate generates M+1 pyruvate and thus M+1 downstream TCA cycle
intermediates.
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Figure 6.2 The metabolic fluxes of exogenous lactate fuelling the TCA cycle were high initially
and there was a time-dependent increase in glucose contribution.

MIDs of intracellular pyruvate (A), intracellular lactate (B), citrate (C) and a-KG (D). HCT116
cells were incubated with 5.6mM “Cs-glucose and 10mM 3-"C-lactate simultaneously for
various periods of time (e.g., 0.5, 1, 2, 4, 8 and 24h). At the end of incubation, intracellular
metabolites were extracted and analysed by GC-MS. Data represent mean + SD from three
independent biological repeats.
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Figure 6.3 There was a time-dependent increase in glucose derived pyruvate and lactate in
media.

MIDs of extracellular lactate (A) and extracellular pyruvate (B). Media were collected from the
same dual labelling experiment as described in Figure 6.2. Briefly, at the end of incubation
with 5.6mM *Cs-glucose and 10mM 3-"C-lactate, media were harvested and centrifuged to
remove floating cells or cell debris. The metabolites were then extracted and analysed by GC-
MS. Data represent mean + SD from three independent biological repeats.
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Figure 6.4 Higher agreement between the ratio of glucose/exogenous lactate derived
citrate and that of intracellular pyruvate.

(A-B) Schematics showing the ratio of glucose/exogenous lactate derived (G/L ratio) citrate,
intracellular pyruvate and extracellular lactate. (A) In the canonical model, glucose and
exogenous lactate derived pyruvate are well mixed and fuels the TCA cycle. Thus, the G/L
ratio of citrate should follow that of intracellular pyruvate. (B) In the lactate metabolon model,
exogenous lactate fuels the TCA cycle without mixing with the glucose derived pool. Thus,
the G/L ratio of citrate should follow that of extracellular lactate. The G/L ratio was indicated
as a pie chart. Orange and blue represent exogenous lactate and glucose derived carbons,
respectively. (C) The G/L ratio of citrate, intracellular pyruvate and extracellular lactate. The
ratio was calculated using MID from the same dual labelling study as described in Figure 6.2.
Data represent mean = SD from three independent biological repeats.
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6.2.2 Dual inhibition of MCT1 and MCT4 increased glucose

contribution to the TCA cycle

Although the above-described data do not support the lactate metabolon model, the roles
of MCT1 and MCT4 in lactate and glucose metabolism were still yet to be elucidated. To this
end, HCT116 cells were treated with the MCT1 inhibitor AZD3965 and/or the MCT4 inhibitor
AZDO0095. AZD3965 is a potent inhibitor of MCT1 (Ki = 1.6nM) with 6-fold selectivity over
MCT2 (Ki = 9.6nM) and no inhibition of MCT4 at 10uM (605). The treatment of AZD3965 has
been reported to block lactate transport, increase intracellular lactate concentrations and
reduce cell proliferation of lymphoma cells and breast cancer cells (605-607). AZD0095 has
recently been discovered as a potent MCT4 inhibitor (Ki = 1.3nM) and is more than 1000 times
selective over MCT1 (608, 609). AZD0095 inhibits MCT4-mediates lactate efflux in SKBr3
breast cancer cells and reduces the proliferation of MCT4, but not MCT1, expressing NCI-
H358 non-small cell lung cancer cells (608). Historical data from our lab validated the
specificity of AZD3965 on MCT1 inhibition. In this regard, LS174T WT colon cancer cells
treated with AZD3965 phenocopied LS174T MCT1 ™" cells as evidenced by similar reduction
in exogenous lactate derived pyruvate (Figure 1.21). Moreover, no further reduction was
observed when LS174T MCT1 ™" cells were treated with AZD3965 (Figure 1.21), which suggests

its high selectivity and no off-target inhibition on other MCT isoforms (e.g., MCT4).

A pilot experiment was conducted to optimize the doses of AZD3965 and AZDO0095 in
HCT116 cells. Briefly, the HCT116 cells were treated with various doses of AZD3965 and/or
AZDO0095 for 24h. The export rates of lactate and pyruvate and the uptake rates of glucose
were then calculated by measuring the changes in their concentrations in media using NMR
spectroscopy. My data showed that MCT1 inhibitor AZD3965 monotherapy, but not the MCT4
inhibitor AZD0095 treatment, caused a slight decrease in net lactate export rates (Figure 6.5A).
This suggests that functional redundancy of lactate transport exists between MCT1 and MCT4.
However, dual MCT1 and MCT4 inhibition resulted in an approximately 60% reduction in net
lactate export rates and increasing doses of either AZD3965 or AZD0095 did not induce a

further decrease (Figure 6.5A). These data indicate that alternative transporters of lactate may
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mediate its secretion. Net pyruvate export rates were dramatically reduced by AZD3965, but
not AZD0095, monotherapy, and a further decrease was observed when AZD3965 was
combined with AZD0095 (Figure 6.5B). Interestingly, increasing AZD3965, but not AZD0095,
had additional inhibitory effects of net pyruvate export (Figure 6.5B). Thus, these results
indicate that MCT1 may act as the major pyruvate transporter although functional redundancy
exists. Moreover, the combination of AZD3965 and AZD0095 resulted in a decrease in glucose
uptake rates and treatment of higher doses had no significant impact (Figure 6.5C). Given the
clear inhibition of net lactate and pyruvate export, 0.1uM was chosen as the optimal doses

for both AZD3965 and AZD0095 to limit potential off-target effects.

Next, the HCT116 cells were treated with 0.1uM AZD3965 and/or AZD0095 in the presence
of 5.6mM “Cs-glucose and 10mM 3-"C-lactate. My data showed that the abundance of
intracellular M+1 lactate was significantly reduced in HCT116 cells treated with the
combination of AZD3965 and AZDO0095 (Figure 6.6A). This suggests the inhibition of
exogenous lactate uptake. Interestingly, the levels of M+1 lactate in media was not changed
(Figure 6.6B), which may reflect the large pool size of extracellular lactate than that of
intracellular lactate. The abundance of intracellular and extracellular M+1 pyruvate, the
product of M+1 lactate by LDH catalysed oxidation, was also reduced by dual MCT1 and
MCT4 inhibition (Figure 6.6C-D), which may result from the reduced lactate import. However,
it should be noted that reduction in M+1 pyruvate in media may also reflect decreased
pyruvate export. Furthermore, dual MCT1 and MCT4 inhibition also caused an increase in the
abundance of intracellular M+3 lactate and a reduction in M+3 lactate levels in media (Figure
6.7A-B), thereby indicating the inhibition of lactate export. Additionally, there was an upward
trend of the intracellular M+3 pyruvate levels while the abundance of M+3 pyruvate in media
was reduced by dual MCT1 and MCT4 inhibition (Figure 6.7C-D), which suggests the blockage
of pyruvate export. Moreover, the abundance of M+2 and M+1 citrate was upregulated and
downregulated by AZD3965 and AZD0095 combination, respectively (Figure 6.8A-B).
Likewise, the downstream intermediates of the TCA cycle (e.g., a-KG) follow the same trend
(Figure 6.8C-D, Appendix Figure 6.2). Taken together, these data indicate that dual MCT1 and

MCT4 inhibition reduced lactate contribution but enhanced glucose contribution to the TCA
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cycle.

AZD3965 single agent treatment resulted in a slight, but not significant, decrease in
intracellular M+1 lactate concentrations (Figure 6.6A). Intracellular and extracellular M+3
lactate levels were upregulated and reduced, respectively (Figure 6.7A-B). This indicates that
blockage of MCT1 alone mainly reduced lactate export. There was also a dramatic decrease
in the abundance of intracellular and extracellular M+1 pyruvate (Figure 6.6C-D). Likewise,
the levels of M+3 pyruvate in cells and media were decreased by AZD3965 monotherapy
(Figure 6.7C-D). These data suggest the blockage of pyruvate export induced by the inhibition
of MCT1 alone. Moreover, AZD3965 single agent treatment upregulated the levels of M+2
TCA cycle intermediates (Figure 6.8B). Of note, the above observed effects were less profound
compared to those in the combination group. Interestingly, there was a paradoxical increase
in the abundance of M+1 TCA cycle intermediates in HCT116 cells treated with AZD3965
monotherapy (Figure 6.8A). In contrast, AZD0095 alone had no major impact on “°C
enrichment of lactate, pyruvate and TCA cycle intermediates (Figure 6.6, 6.7 and 6.8).
Collectively, these data suggest that MCT1 is the major regulator of lactate metabolism in

HCT116 cells.
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Figure 6.5 Dual inhibition of MCT1 and MCT4 may reduce net lactate and pyruvate export
and glucose uptake rates.

The consumption/release (CORE) rates of lactate (A), pyruvate (B) and glucose (C). HCT116
cells were treated with AZD3965 (MCT1 inhibitor) and/or AZD0095 (MCT4 inhibitor) at various
doses indicated in the Figure. At the start and end of 24h incubation, media were collected,
and cells were countered. The concentrations of glucose, lactate and pyruvate in media were
measured by NMR spectroscopy. CORE rates were calculated by dividing the changes in
concentrations with cell density. Negative and positive CORE values indicate net consumption
and release, respectively. Data represent mean from one biological repeat.
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Figure 6.6 Dual MCT1 and MCT4 inhibition reduced lactate uptake.

Abundance of M+1 lactate in cells (A) and media (B) and M+1 pyruvate in cells (C) and media
(D). HCT116 cells were treated with 0.2% (v/v) DMSO or 0.1uM AZD3965 and/or 0.1uM
AZD0095 in media supplemented with both 5.6mM “Cs-glucose and 10mM 3-"C-lactate. At
the end of the 2h incubation, media were collected, and cells were harvested. Metabolites
were then extracted and analysed by GC-MS. Peak areas in drug treated groups were
normalised to vehicle group (DMSO). Data represent mean + SD from three independent
biological repeats. Statistical significance was calculated by one way ANOVA with post-hoc
Tukey tests. *+* p<0.001, **** p<0.0001.
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Figure 6.7 Dual MCT1 and MCT4 inhibition decreased lactate and pyruvate export.

Abundance of M+3 lactate in cells (A) and media (B) and M+3 pyruvate in cells (C) and media
(D). The data were obtained from the same experiment described in Figure 6.6. Briefly,
HCT116 cells were treated with 0.1uM AZD3965 and/or 0.1uM AZDO0095 in the presence of
5.6mM “Cs-glucose and 10mM 3-C-lactate. Metabolites were extracted and analysed by
GC-MS. Peak areas were normalised to the vehicle groups. Data represent mean + SD from
three independent biological repeats. Statistical significance was calculated by one way
ANOVA with post-hoc Tukey tests. * p<0.05, *+* p<0.001, **+* p<0.0001, ns: not significant.
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Figure 6.8 Dual MCT1 and MCT4 inhibition shifted the relative contribution of glucose and
exogenous lactate to the TCA cycle.

Abundance of M+1 (A) and M+2 (B) citrate and M+1 (A) and M+2 (B) a-KG. The data were
obtained from the same experiment described in Figure 6.6. In brief, HCT116 cells were
treated with 0.1uM AZD3965 and/or 0.1uM AZD0095 in the presence of 5.6mM *Cs-glucose
and 10mM 3-"C-lactate. Metabolites were extracted and analysed by GC-MS. Peak areas
were normalised to the vehicle groups. Data represent mean + SD from three independent
biological repeats. Statistical significance was calculated by one way ANOVA with post-hoc
Tukey tests. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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6.3 Discussion

Subcellular compartmentation of metabolism provides advantages for the maintenance of
cellular homeostasis (610). Such compartmentation can be achieved by membrane-
dependent physical separation including mitochondria, cytoplasm and nucleus (610, 611).
One example is NAD" metabolism (61.2). The subcellular localization of the three isoforms of
NMNAT, which are key enzymes in NAD" synthesis, allows site-specific functions. The nuclear
isoform NMNAT1 preferentially catalyses NAD" synthesis while the Golgi isoform NMNAT2
and mitochondrial isoform NMNAT3 mainly produce NADH (612, 613). Given the identical
equilibrium constant of the interconversion between NAD" and NADH, the reaction direction
is determined by the local concentrations (674). Thus, the compartmentation of NMNAT
isoforms allows reduction and oxidation in the same cell (613 614). Metabolic
compartmentation can also be achieved by membrane-independent mechanisms which are
described by the term ‘metabolon’ (34.3). Metabolon is defined as the assembly of sequential
metabolic enzymes and cellular structural elements (e.g., actin) into a supramolecule complex
(343). For instance, multiple glycolytic enzymes and gluconeogenic enzymes are organized
into a multi-protein complex called ‘glucosome’ (615). Such spatial organization is proposed
to facilitate the regulation of glucose flux (615). More recently, Pareek et al reported that the
nine enzymes involved in purine de novo synthesis form a metabolic complex called
‘purinosome’ (616). The benefits include quick channelling of the intermediates for purine

synthesis to allow synergistic action of these enzymes (616).

Subcellular compartmentation of lactate metabolism has been reported previously. In this
regard, Chen et al detected LDH in mitochondria which catalyses lactate oxidation to pyruvate
for the TCA cycle (288). Therefore, such localization of LDH enables simultaneous pyruvate
reduction to lactate (i.e., the Warburg effect) and lactate oxidation to pyruvate in the same
cell (288). However, it remains unclear whether lactate metabolism compartmentation occurs
in the same subcellular fraction (e.g., the cytoplasm). Given that we and other groups found
the uncoupling of glycolysis and the TCA cycle (292), it was then proposed that such

phenomenon can be rationalized by the lactate metabolon model. Specifically, there are two

241



kinetically resolved pools of pyruvate and lactate in the cytoplasm (Figure 1.14). The glycolysis
derived pyruvate and lactate (i.e., the glycolysis pool) are preferentially exported instead of
entering the TCA cycle. Without mixing with the glycolysis pool, exogenous derived lactate is
oxidized to pyruvate which is the preferred carbon source of the TCA cycle. Such lactate
metabolon model can be achieved by the spatial organization of mitochondria. In this regard,
mitochondria located close to the plasma membrane preferentially channels exogenous

lactate (or the oxidized product pyruvate) to fuel the TCA cycle.

In this chapter, the parallel single labelling studies previously performed in our lab was
validated by a dual labelling study. My data showed the high initial levels of the TCA cycle
intermediates labelling from exogenous lactate and that there was a time-dependent dilution
by glucose derived carbons labelling in HCT116 cells. Of note, | found that the ratio of °Cs-
glucose and 3-"C-lactate derived citrate correlated better with that of intracellular pyruvate
than extracellular lactate. Because exogenous lactate fuels the TCA cycle without mixing with
the glycolysis pool according to the lactate metabolome model, the labelling patterns of the
TCA cycle intermediates should associate with exogenous lactate. In contrast, glycolysis and
exogenous lactate derived pyruvate is well mixed before entering the TCA cycle in the
canonical model and therefore, the TCA cycle intermediate labelling should correlate with
intracellular pyruvate. Thus, the results from the dual labelling study agreed better with the
canonical model. The obvious discrepancy between the dual labelling and parallel single
labelling data may result from the subtle differences including cell passage numbers and FBS
composition contributed to the discrepancy. They may in turn modulate the interaction
between mitochondria and plasma membrane and therefore, regulate channelling of

exogenous lactate into mitochondria.

However, there are limitations and gaps in the dual labelling study and additional research is
required to decide which lactate metabolic model to choose. For instance, the MID of
intracellular pyruvate and lactate reflects the average of glycolysis and exogenous lactate
derived metabolites. Thus, if the glycolysis and exogenous pool are not well-mixed, the
measured pyruvate MID may deviate from that of the glycolysis pool, which in turn may skew

the correlation analysis with citrate MID. Additionally, it should be noted that the repeated
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cycling of the TCA cycle can produce other isotopologues. Indeed, M+1 and M+2 TCA cycle
intermediates can be generated from “Cs-glucose and 3-"C-lactate labelling, respectively.
Historical data from our lab showed limited levels of repeated cycling of the TCA cycle even
after 24h incubation (i.e., less than 2% and 3% from “Cs-glucose and 3-"°C-lactate, respectively)
(data not shown). Given the limited time and resources, such calibration using “°Cs-glucose or
3-"C-lactate as single tracers was not performed in this study. Since the carbon atoms of the
TCA cycle intermediates at different positions are labelled by the tracers, efforts were made
to examine the fragments of the intermediates. However, such fragments could not
distinguish labelling from “Cs-glucose or 3-"C-lactate (data not shown). Therefore,

correction by single tracer parallel labelling studies is required.

Moreover, “C-metabolic flux analysis (°C-MFA) of the dual labelling data should be
performed. “C-MFA quantitates metabolic fluxes to provide a systematic understanding of
metabolic network and phenotypes in cancer cells (362, 617). Mathematically, °C-MFA can
be viewed as least-square parameter estimation of metabolic fluxes (i.e., unknown parameters
of the metabolic network) based on the measured MID (362, 617). “C-MFA generally starts
with random values of metabolic fluxes and simulates MID for each metabolite in the network
(362 617). Through multiple iterations, °C-MFA optimises the estimated metabolic fluxes to
minimize the difference between the simulated and measured MID (i.e., global minimal sum
of squared residuals (SSR)) (362, 617). Historically, “C-MFA can only be performed on
metabolic network with both metabolic and isotopic steady state. Recent developments allow
its application in metabolic or isotopic non-steady state and software packages are available
(e.g., OpenFlux) (618). Given that net lactate secretion into media and the time-dependent
increase in “C enrichment were observed, non-steady MFA should be used and the lactate
model with better fitting (i.e., lower SSR) should be chosen. Here, efforts have been made to
model the dual labelling data using the algorithm OpenFlux although no stable model
representing the lactate metabolon model could be found (data not shown). Thus, additional

work is required to improve such model.

Lactate transport across the plasma membrane is mainly mediated by MCT1 and MCT4 in

cancer cells. MCT1 has been reported to facilitate bi-directional lactate transport while MCT4
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mainly mediate lactate efflux (619). MCT1 also shows higher affinity for lactate than MCT4
(295). Much effort has been devoted to understanding the individual roles of and interaction
between MCT1 and MCT4. However, such effort is challenged by the lack of MCT4 specific
chemical inhibitors and therefore, these studies rely on genetic manipulation of MCT1 or
MCT4 is an alternative (295, 619). MCT1 specific inhibitors (e.g., AZD3965) and dual MCT1
and MCT4 inhibitors have been developed and a phase | clinical trial was initiated for
AZD3965 (620, 621). However, MCT4 specific inhibitors are not available until recently. In 2021,
VB124 (335) and MSC-4381 (622) were made available and well-validated /n vitro and /in vivo
and later in 2023, AZD0095 was discovered (608). Using AZD3965 (MCT1 specific inhibitor)
and VB124 (MCT4 specific inhibitor), Sheng et al demonstrated the functional redundancy
and heterogeneity of MCT1 and MCT4 in osteosarcoma cells (334). In this regard, MCT1
mediates lactate export to avoid intracellular lactate acidosis and feedback inhibition on
glycolysis (334). MCTL1 is also responsible for the import of extracellular lactate that in turn
enters the TCA cycle (334). In contrast, MCT4 maintains glycolysis under conditions of high
intracellular lactate levels by mediating lactate efflux (334). Additionally, Babl et al reported
that the combination of AZD3965 and AZD0095, but not monotherapy, reduced lactate efflux
in HCT116 colon cancer cells (604). However, no further characterisation about the functional

redundancy and heterogeneity was performed.

In this study, the functional redundancy in mediating lactate transport was confirmed in
HCT116 cells. In this regard, the inhibition of MCT1 or MCT4 individually was not sufficient to
significantly reduce the net lactate secretion rates. Indeed, such decrease was only observed
in cells treated with the combination of AZD3965 and AZD0095. Interestingly, increasing the
drug doses could not abolish net lactate export completely, which may reflect that other
lactate transporters were active. For instance, sodium coupled monocarboxylate transporters
mediates lactate transport albeit at a much lower affinity (e.g., SCL5A8: Kn=159uM) (623, 624).
Given that MCTs mediate bi-directional lactate transport (295), a dual labelling study that
uses “Cs-glucose and 3-"C-lactate as tracers was performed to differentiate lactate influx
and efflux. My data showed that dual MCT1 and MCT4 inhibition caused the most profound

increase in intracellular levels of M+3 lactate and pyruvate (i.e., the LDH product)
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accompanied by a reduction in extracellular abundance, which suggests that MCT1 and MCT4
are redundant in lactate efflux. Moreover, the combination of AZD3965 and AZD0095 caused
the highest reduction in intracellular levels of M+1 lactate and pyruvate. Combination
treatment did not upregulate the abundance of M+1 lactate in media, which may reflect that
the amount of lactate imported in vehicle group was neglectable during the 2h incubation.

Nevertheless, these data indicate the functional redundancy in lactate influx.

Functional heterogeneity also exists. In this regard, MCT1 inhibition, but not MCT4 inhibition,
significantly reduced the abundance of M+3 lactate in media, which indicates MCT1 as the
major MCT isoform of lactate efflux. This is in line with the higher affinity of MCT1 for lactate
(295). Interestingly, MCT1 inhibition alone did not reduce lactate influx as evidenced by the
unchanged intracellular levels of M+1 lactate. This contrasts with the previous publication
showing MCT1 as the major transporter for lactate import (334). The discrepancy may be
explained by differences in incubation length and media composition (e.g., lactate and

glucose concentrations) (334).

Given that MCT1 and MCT4 are carriers of other monocarboxylates (e.g., pyruvate) (625),
pyruvate transport across the plasma membrane was also examined. Inhibition of MCT1, but
not MCT4, significantly reduced net pyruvate export and blockage of both MCT1 and MCT4
caused a greater reduction. These data suggest that MCT1 is the major pyruvate transporter,
which is in line with the higher affinity of MCT1 for pyruvate. MCTs also mediate transport of
ketone bodies (625) and therefore, it would be interesting to understand the functional

redundancy and heterogeneity of MCT1 and MCT4 in ketone body transport.

Additionally, my data showed that dual MCT1 and MCT4 inhibition upregulated glucose
contribution while reduced exogenous lactate contribution to the TCA cycle. Interestingly, the
glucose uptake rates were also reduced by the combined MCT1 and MCT4 inhibition.
Therefore, these data indicate that blocking both MCT1 and MCT4 inhibited glycolysis flux
although glucose was diverted towards the TCA cycle. This is in line with the previous report
showing that knockout of both MCT1 and MCT4 reduced glycolysis and enhanced OXPHOS

(331, 626). The reduction in glycolysis may result from the feedback inhibition due to lactate
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accumulation. End-product inhibition of LDH caused by lactate accumulation limited the
regeneration of NAD" which is key co-factor of glycolysis (331, 626). Consequently, the cells
were more reliant on the OXPHOS for energy production (331, 626). Indeed, blocking
OXPHOS by metformin, the inhibitor of mitochondrial complex | in ETC, is synthetic lethal with
dual MCT1 and MCT4 inhibition (331, 626). Thus, it would be interesting to test the efficacy
of the combination of AZD3965 and AZDO0095 in cancer cells with mitochondria defects or
low expression of PDH or PC (i.e., enzymes catalysing pyruvate entry to the TCA cycle).
Moreover, the inhibition of LDH may also shift cellular redox balance (627). In this regard,
blocking lactate export by inhibiting MCT1 reduced NADPH levels and GSH synthesis, which
in turn caused oxidative stress and cytotoxicity (331). Therefore, it would be interesting to
investigate redox balance and ROS levels in cells treated with combined AZD3965 and

AZD0095.

Interestingly, MCT1 inhibition alone was sufficient to upregulate glucose entry into the TCA
cycle. Given that no reduction in glucose uptake rates was observed, intracellular lactate
concentrations may not suffice to block LDH and glycolysis. Such upregulation may therefore
result from the blockage of MCT1-dependent pyruvate efflux. However, Braga et al reported
that AZD3965 inhibited PDH activity and reduced glucose incorporation into the TCA cycle in
diffuse large B-cell lymphoma (628). Thus, it would be interesting to examine the
phosphorylation levels of PDH in HCT116 cells since its phosphorylation inhibits the activity.
Surprisingly, MCT1 inhibition alone caused an increase in exogenous lactate contribution to
the TCA cycle regardless of the decrease in exogenous lactate derived pyruvate. One possible
explanation is that MCT1 inhibition blocked pyruvate transport across the plasma membrane.
However, single inhibition of MCT1 was not sufficient to block lactate transport (i.e., MCT4
could mediate lactate import under this condition). Consequently, the accumulation of
intracellular pyruvate derived from glucose and exogenous lactate can increase the
contribution of both carbon sources to the TCA cycle. However, these data should be

validated by MCT1 knock out studies to rule out the off-target effects of AZD3965.

In conclusion, data from this chapter support the canonical lactate metabolic model rather

than the existence of a lactate metabolon, and evidence functional redundancy and
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heterogeneity between MCT1 and MCT4.
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CHAPTER 7

Final discussion and future directions
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Chapter 7 Final discussion and future

directions

7.1 Characterisation of metabolic reprogramming in

ovarian HGSC cells with Pten loss

The roles of the Akt pathway in metabolic reprogramming have been reported in various
types of cancer (e.g., hepatic cancer) (83). However, it remains unclear how the Akt signalling
regulates cellular metabolism in ovarian HGSC cells. In this study, | found that Akt pathway
activation induced by Pten loss results in metabolic reprogramming in ovarian HGSC cells. In
short, glucose metabolism, lipid synthesis and oxidation, metabolic cofactor synthesis and
arginine metabolism are modulated by Akt signalling. However, there are limitations and gaps,

and additional research is needed.

One of the major gaps is the lack of data about changes of enzyme expression induced by
Pten loss. Previous studies have reported that the metabolic reprogramming in Akt
hyperactivated cancer cells are mediated by 1) transcriptional regulation of enzymes or
transporters; and 2) acute phosphorylation (83). For instance, the molecular mechanisms of
glucose uptake and glycolysis include both enhanced expression and direct stimulation by
phosphorylation of GLUT1/4 and glycolytic enzymes including hexokinases and PFK1 (83, 111,
117). Therefore, it would be interesting to characterise the effects of Pten loss on total and

phosphorylated levels of metabolic enzymes and transporters (refer to section 7.4 for details).

Of note, bulk mouse tumour tissue was used for the untargeted metabolic profiling in this
study. However, the TME is heterogenous and consists of different types of cells (e.g., immune
cells, cancer associated fibroblasts) and extracellular matrix (ECM) (631). In addition, oxygen
tension and concentrations of nutrients, including glucose, amino acids and lipids, are highly
heterogeneous (598 632). Thus, these factors impact on metabolism of cancer cells and
spatial heterogeneity in cancer metabolism is generated (598, 632). In this regard, ovarian

cancer cells preferentially metastasise to omentum rich in adipocytes and show enhanced FA
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uptake and oxidation after localising to the proximity of adipocytes (459). Although
metabolomics performed using the bulk omental tumour tissue provide insights into
metabolic reprogramming, the limitations of this approach include 1) the inability to examine
the metabolic phenotypes of individual cancer cells at different location in TME; and 2) the
failure to differentiate cancer cells with stromal cells (e.g., adipocytes). Therefore, spatial

metabolomics can be performed (refer to section 7.4 for details).

Although the ID8 model recapitulates key features of human ovarian HGSC (e.g., p53 deletion,
metastasis to omentum and ascites production), the major limitation is the ID8 cells are
derived from mouse ovarian epithelial cells. Recently, it has been suggested that the
progenitors of human ovarian HGSC cells are the secretory epithelial cells of the distal
fallopian tubes (634-636). Moreover, the data in this study are derived from a single clone of

ID8 cells and therefore, validation using additional clones is required.

7.2 Mutations in the Ras/PI3K signalling sensitized
ovarian cancer cells to the combination of FK866 and

Olaparib

Previous published reports have demonstrated that NAD™ depletion by FK866 enhances
Olaparib sensitivity in various types of cancer cells, including ovarian HGSC cells (285, 256,
388). Here, our findings confirmed these reports and contributed by showing that FK866
enhanced Olaparib sensitivity in ovarian HGSC cells with Pten deletion. In a panel of type |
ovarian cancer cell lines, we also found that mutations in the Ras/PI3K pathway as sensitization
biomarkers of FK866 and Olaparib combination. The underlying mechanisms involve NAD"
depletion, DNA damage and oxidative stress. Our results have the potential to improve
Olaparib efficacy in Ras/PI3K mutant patients who show worse responses to PARP inhibitors
and may allow the application of lower doses to limit toxicity. Interestingly, NAMPT inhibition
has been shown to sensitize Olaparib in NAPRT -silenced renal cell carcinoma (637), which
indicates NAPRT may be an another potential biomarker for the combination. Thus, these
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data highlight the importance of better understanding the specific susceptibility of genetic

subtypes within a specific tumour type.

However, there are a few gaps in this study and additional research is required. As highlighted
in section 5.3 and 7.1, the models used in Chapter 4 and 5 have limitations. For instance,
except OVCARS, none of the EOC cell lines used in Chapter 4 harbour TP53 mutation and
thus, represent type | ovarian cancer. They are also characterised by different genetic
landscape. The ID8 model has been improved to better recapitulate ovarian HGSC by
knocking-out Trp53. However, the origin of the ID8 cells (ovarian epithelial cells) differ from
human patients (i.e., distal fallopian tube). Also, Pten deletion may not be functional
equivalent to oncogenic mutations in Ras or PIK3CA genes. Therefore, additional models
should be used to validate the data. In addition, the causal relationship between oxidative
stress and DNA damage is missing. Despite our best efforts, no enhancement of PARP1
trapping could be detected regardless of drug treatment. The mechanisms of ROS

accumulation also remain unknown.

In this study, we focused on cell autonomous events to illustrate the mechanisms. However,
multiple lines of evidence indicate that the combination of FK866 and Olaparib may have
immunomodulatory effects. For instance, 1-methylnicotinamide, which negatively regulates
T-cell mediated cytotoxicity (589), was positively correlated with NAD™ content in omental
tumours. Additionally, ROS accumulation has been shown to modulate anti-cancer immunity
(640). In this regard, post translational modification of cysteine residues in proteins by ROS
may alter the antigenicity (64Z). ROS also induces the expression of T cell co-stimulatory
molecule CD80 via the JNK and MAPK signalling in colon cancer cells (642). In contrast,
oxidative stress in TME has been reported to suppress anti-cancer immunity. For instance,
ROS accumulation impairs T cell proliferation and activation, and recruitment of
immunosuppressive regulatory T cells (643-646). Given the combination of FK866 and
Olaparib induced the highest levels of ROS, it would be interesting to examine immune cell

population and function in omental tumour samples from the syngeneic ID8 model.
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7.3 Investigating the kinetics of lactate metabolism in

cancer cells

As described in Section 1.5.4, cytosolic compartmentation of lactate metabolism has been
suggested in glioma and cardiomyocytes. However, they lack support from genetic and cell
imaging studies. Lactate-induced uncoupling of glycolysis and the TCA cycle observed
previously in our lab and other groups led to the hypothesis of two kinetically resolved pools
of pyruvate and lactate in cancer cells. These preliminary data suggest the urgent need to
further examine the kinetics of lactate metabolism. Here, using **Cs-glucose and 3-"C-lactate
as tracers, the dual labelling study, however, showed higher agreement with the canonical

model where lactate and pyruvate pools are well mixed regardless of the origin.

There are gaps and limitations in this study which should be addressed for deeper
understanding of lactate metabolism. As described in Section 6.3.1, MID was not corrected
for repeated cycling of the TCA cycle although our historical data showed very limited
interference. Non-steady MFA was performed to assess the agreement with the two models

of lactate metabolism. However, no stable model could be found.

Although the results are not supportive of the lactate metabolon model, the roles of MCT1
and MCT4 in regulating lactate and glucose metabolism were examined. This is because such
investigation has been challenged by the lack of MCT4 specific chemical inhibitors. The recent
development of VB124, a specific inhibitor of MCT4, allowed such characterisation (335). In
osteosarcoma cells, MCT1 mediates bi-directional transport of lactate while MCT4 mainly
facilitate lactate efflux (334). Later, Babl et al showed in colon cancer cells, dual inhibition of
MCT1 and MCT4 blocked lactate export (604). Here, data from this study using AZD3965 and
AZDO0095 (MCT1 and MCT4 inhibitor, respectively) contributed by showing the functional
redundancy in regulating transport of lactate and pyruvate, and glucose metabolism in
HCT116 colon cancer cells. However, MCT1 is the dominant lactate and pyruvate transporter

and the major regulator of glucose metabolism.

The major limitation is the lack of support from /7 vivo models. Here, the concentration of
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lactate in media was 10mM. However, lactate concentrations in TME can be as high as 40mM
and vary depending on oxygen supply (647). Also, the pH of the TME can be decreased (i.e.,
lactate acidosis) to 6.3-6.9 (648-650), which differs from the pH-buffered media of the in vitro
system. Therefore, the inhibitor studies should be repeated using /17 vivo models. In addition,
the data were generated using chemical inhibitors only and the specificity of the MCT4

inhibitor AZD0095 was not verifies in this study.

7.4 Future work

As described in section 7.1, there are limitations and gaps in the untargeted metabolic
profiling study. To address the lack of data about Pten loss induced modulation of enzyme
and metabolite transporter expression, WB against the metabolic targets of Akt signalling can
be performed (e.g., phosphorylated HK). The metabolomics data acquired in this study can
also be integrated with transcriptomics, proteomics and phosphoproteomics. Recently, the
integrated multi-omics approach has been applied in various cancer types to simultaneously
investigate MRNA, protein, phosphor-protein and metabolites (370, 629, 630). This allows the
input of all the biological data into one unified model and identification of the association of

biological events at different levels.

To perform spatial analysis of metabolic phenotypes, matrix-assisted laser
desorption/ionization (MALDI)-mass spectrometry imaging (MSI) can be used (598). This in
situ technique achieves spatial visualization of metabolites by ionizing metabolites directly on
the tissue section (633). Combined with histological staining, metabolic heterogeneity of

cancer and non-cancer cells within TME can be interrogated.

A different model of ovarian HGSC should be used to validate the results generated in Chapter
3. In this regard, human ovarian HGSC cell lines and genetic engineered mouse (GEM) models
are required for further validation. For instance, OVCAR4 cells recapitulates TP53 deletion
(593) and CRISPR techniques can be used to knock out PTEN gene. The mouse model
developed by Perets et al resembles the fallopian tube origin, molecular and histological
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features of human ovarian HGSC (635).

In addition, new hypotheses can be generated by the metabolic profiling data in Chapter 3
and warrants further investigation. For instance, the increase in the abundance of acyl
carnitines, the product of CPT1, in Pten deleted tumour samples implies that FAO may be
promoted. Thus, tracer studies using “C labelled FA (e.g., palmitate) are required. The
expression of CPT1, the rate-limiting step in FAO, should also be examined using WB.
Moreover, the abundance of several metabolites in PtdCho metabolism pathway was altered,
which implies the activity may be regulated by Pten. To understand the direction of such
modulation, tracer studies using “°C labelled choline can be performed. My data also suggest
that arginine metabolism via arginase may be regulated and “C and “N labelled arginine
should be used to probe these pathways. The decrease in pantothenate abundance implies
enhanced CoA synthesis and “C and “N labelled pantothenate should be used to validate.
Moreover, my data showed Pten might regulate the salvage pathway of NAD" synthesis. Given
that Pten loss inhibits DNA repair and result in enhanced NAD" consumption due to PARP1
activation (475), tracer studies using deuterium labelled NAD" can be performed to quantify

the fluxes of NAD" synthesis and breakdown.

As described in section 7.2, additional work is required to support the findings in Chapter 4
and 5. To address the limitations in the models, isogenic pairs of the EOC cell lines used in
Chapter 4 can be generated. For instance, knock-in mutations in Ras or PI3K can be
introduced to COV318 cells. The ID8 can be improved by introducing knock-in oncogenic
mutations of Ras or PI3CA. An additional model of ovarian HGSC (e.g., the genetically
engineered HGS2 model) can also be used to better recapitulate the distal fallopian tube
origin of human ovrian HGSC patients (638). Moreover, the DNA damage marker yH2AX and
activity of DDR signalling should be examined in cells treated with NAC and the drug
combination. Thus, the causal relationship between oxidative stress and DNA damage can be
established. The high sensitive fluorescence sensor developed by Steffen et al is based on the
fluorescent resonance energy transfer (FRET) technology to capture structural changes of
PARP1 in response to DNA damage (535). Thus, this fluorescence sensor can be used to

understand the impact of the combination of Olaparib and FK866 on PARP1 trapping.
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Furthermore, it would be interesting to perform proteomics or transcriptomics studies to
understand the global impact of combination treatment. These datasets may also provide

information about novel mechanisms apart from DNA damage and ROS accumulation.

The data in Chapter 4 and 5 also imply that the combination of Olaparib and FK866 may
modulate anti-cancer immunity. Therefore, the syngeneic ID8 model should be used to
investigate the potential changes in immune cell population and function. Moreover, the data
suggest the potential of the drug combination for a clinical trial to improve the efficacy of
Olaparib in EOC patients with Ras/PI3K mutations. However, further validation using /n vivo
models is required. For instance, the survival study should be repeated in the ID8 models with
WT Pten to validate Ras/PI3K mutations as a sensitizing biomarker. In addition, a different /n

vivo model (e.g., HGS2 model (638)) should be used for further validation.

As described in section 7.3, additional work is required to understand the kinetics of lactate
metabolism. For instance, the MID from the dual labelling studies should be corrected for
repeated cycling of the TCA cycle. The model in the non-steady state MFA should be
improved (e.g., adjusting metabolic fluxes). If the lactate metabolon model is supported, the
physical basis for such channelling of lactate should be probed. For instance, the interaction
between plasma membrane and mitochondria and mitochondria dynamic under different
MCT status should be examined. An /1 vivo model (e.g., xenograft model) should be used to
assess the roles of MCT1 and MCT4 and to support the /n vitro data found in this thesis.
Additionally, genetic knock-out models of HCT116 cells should be generated to support the

data obtained using chemical inhibitors.

The data about the roles of MCT1 and MCT4 in regulating lactate and glucose metabolism
also have therapeutic implications. In this regard, the functional redundancy in regulating
lactate and glucose metabolism indicates that dual inhibition of MCT1 and MCT4 may be
necessary to target cancer cells. Indeed, MCT4 expression has been suggested as a resistance
mechanism of MCT1 specific inhibitors (606). Interestingly, genetic deletion and long-term
treatment of inhibitors of MCT1 or MCT4 caused a trend of enhanced expression of the other

MCT isoform (334). Therefore, dual inhibitors of MCT1 and MCT4 may overcome such
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resistance and adaptation mechanisms. For instance, the combined targeting of MCT1 and
MCT4 by MD-1 has been reported to impair mitochondria metabolism and inhibit tumour
growth of feline oral squamous cell carcinoma (651). Thus, it would be interesting to examine

the efficacy of MD-1 in HCT116 cells that co-express MCT1 and MCT4.

Blocking MCT1 and MCT4 may also impact the TME. In this regard, high lactate concentrations
in the TME produced by cancer cells impair anti-tumour immunity (652). For instance, MCT1/4
mediated lactate efflux skews macrophage polarization towards the immunosuppressive M2
phenotype (653-655). Indeed, MCT1 and MCT4 silencing in melanoma cells has been shown
to inhibit lactate efflux, enhance T cell function and boost the efficacy of immune checkpoint
inhibitors (ICB) (604). However, MCT1-mediated lactate efflux is essential for cytokine
production and cytotoxicity of CD8" T cells (656). Indeed, single MCT4 blockage enhanced
the efficacy of ICB in MC38 murine model of colon cancer (604). However, the dual inhibition
of MCT1 and MCT4 failed to further increase ICB efficacy (604). Thus, it would be interesting
to investigate the roles of MCT1 and MCT4 in modulating anti-cancer immunity in other types

of cancer.

In addition, MCT1 has been reported to promote metastasis in a model of melanoma (657).
In this regard, MCT1 inhibition had minimal impact on primary tu mour cells but caused a
reduction in circulating tumour cells (657). Mechanistically, inhibition of MCT1 altered the
redox balance and oxidative stress as evidenced by increased NAD'/NADH ratio (657).
Interestingly, MCT1 expression was low in primary site but upregulated in metastatic lesions
of osteosarcoma (334). However, it remains unclear about the roles of MCT4 in metastasis

and thus, additional research is needed.

7.5 Conclusions

This study highlights the roles of the PI3K/Akt signalling in regulating cellular metabolism in
a mouse model of ovarian HGSC. In particular, Pten loss enhanced glycolysis, and modulated
NAD" metabolism and arginine synthesis. Furthermore, we highlight that such metabolic
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reprogramming induced by hyperactive PI3K and Ras signalling may create a metabolic
bottleneck which can be therapeutically exploited by dual inhibition of NAMPT and PARP.
Finally, we highlight the functional redundancy and heterogeneity of MCT1 and MCT4 in
colorectal cancer cells, which suggests that dual targeting may be necessary for therapeutic

purposes.
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Appendix Figurers and Tables

Tumour cells injected Source Mouse Survival days
number
ID8 753" cells Dr Yuewei Xu 1 45
ID8 7rip53 ™ cells Dr Yuewei Xu 2 50
ID8 Trp53 7 cells Dr Yuewei Xu 3 a7
ID8 7rp53™ cells Dr Yuewei Xu 4 39
ID8 7153 cells Dr Yuewei Xu 5 47
ID8 7rp53 ™ cells Dr Yuewei Xu 6 46
ID8 753" Pren™” cells Flora McKinney 1 28
ID8 7ip537"; Pren™ cells Flora McKinney 2 29
ID8 Tip537 Pten™” cells Flora McKinney 3 29
ID8 7ip537"; Pren™ cells Flora McKinney 4 29
ID8 753" Pren™” cells Flora McKinney 5 29
D8 7537 Pren” cells Survivial study (refer to Section 5.2.4) 1 31
ID8 7rp537": Pten™" cells Survivial study (refer to Section 5.2.4) 2 31

Appendix Table 3.1 Survival days of mice injected with ID8 tumour cells.

The tumour tissue samples were obtained from the survival study described in Section 5.2.4
and kindly provided by Dr Yuwei Xu and Flora McKinney in our group. Briefly, C57BL/6 mice
were injected with ID8 Trp5.3’/' cellsor ID8 Tfp5.3’/','Pz‘en'/' cells. For mice with ID8 Trp53/' cells,
they received 11 daily injections of vehicle solution three weeks after tumour cell implantation.

The mice with ID8 7rp53” Pten” cells received 8 daily injections of vehicle solution two weeks
after ID8 cell implantation. The vehicle solution is saline with 3.5% DMSO and 6.5% Tween-80.
The mice were monitored daily until they reached humane end point (e.g., signs of pain). The

mice were then culled, and omental tumour tissue were collected.
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125

5-Hydroxyindole-3-acetic acid

126

Hypoxanthine

127

N-Acetylmethionine

128

Indole-carboxaldehyde
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129

4-Hexylresorcinol

130

N,N-Dimethylarginine

131

Indoxyl sulfate

132

Spermine

133

Acetylcarnitine; CE30; RDHQFKQIGNGIED-UHFFFAOYSA-N

134

IMP

135

R-Deprenyl N-Oxide

136

Acetylcarnitine [M]+

137

L-alanine

138

TRYPTOPHAN

139

L-Aspartyl-L-phenylalanine

140

Indolelactic acid

141

NCGC00042134-05_C11H13NO3_N-Acetylphenylalanine

142

anthraquinone

143

L-glutamic acid

144

Kynurenine

145

2-Benzothiazolesulfonic acid

146

LPC 16:0

147

Denatonium_TP222

148

LPC 18:1

149

Cytidine; CE30; UHDGCWIWMRVCDJ]-XVFCMESISA-N

150

LPE 16:0

151

Genipin

152

L-Pyroglutamic acid

153

5-butyl-3-methyl-7H-furo[3,2-g]chromen-7-one

154

L-Tryptophan

155

Lauric isopropanolamide

156

N,N-Dimethyltetradecylamine-N-oxide

157

Malate

158

Metobromuron

159

Malonyltryptophan

160

Curdione

161

Maltotriose

162

Hexanoyl-L-Carnitine

163

Imazapyr

164

Trimethyllysine

165

N6-Acetyl-L-lysine

166

methyl 2-((4-methyl-2-oxo-2H-chromen-7-yl)oxy)propanoate

167

N-Acetylarginine

168

8-acetyl-5,7-dimethoxy-2,2-dimethylchromene

169

N-Acetylglutamic

170

MMV688514

171

THYMIDINE
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172

N-Acetylphenylalanine

173

4,7 8-trimethoxy-3,5-dimethylchromen-2-one

174

N-Alpha-Acetyllysine

175

Mirtazapine

176

N-Methylproline

177

Viramune

178

O-Acetyl-L-serine

179

Tri-N-butyl phosphate; CE10; STCOOQWBFONSKY -UHFFFAOYSA-N

180

Oleoyl ethylamide

181

Adenosine; CEO; OIRDTQYFTABQOQ-KQYNXXCUSA-N

182

Oleoyl-Carnitine

183

Inosine

184

Ophthalmic acid

185

Moclobemide

186

Pantothenic acid

187

alpha-santonin

188

Prostaglandin D2

189

reynosin

190

Phe-Glu_2

191

(E)-5-hydroxy-3-isobutyl-6-(3-methylbenzylidene)-1,6-dihydropyrazin -
2(3H)-one

192

Phenylacetyl-L-glutamine

193

Lauryldiethanolamine

194

1-(3,4-Dimethoxycinnamoyl)piperidine

195

Phe-Phe

196

6-Shogaol

197

Phosphoric acid

198

Triphenylphosphine oxide

199

Pl 34:1

200

15,16-Dihydrotanshinone |

201

Pl 34:2

202

Dibutylphthalate

203

Pl 36:2

204

?-linolenic acid

205

Pl 36:4

206

Sulfamethoxypyridazine

207

Pl 38:3

208

Dodemorph

209

Pl 38:5

210

2-(4-oxoquinazolin-3(4H)-yl)ethyl isobutyrate

211

Hexaethylene glycol; CEQ; IRDTKBZINWQAW -UHFFFAOYSA-N

212

Pro-Phe

213

Guanosine
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214

Propionic acid

215

9,10-alpha-Epoxy-eremanthin

216

Physcion

217

Pyrrolidine

218

Octanoyl-L-Carnitine

219

Pyruvic acid

220

OPHTHALMATE

221

Resveratrol 3-O-D-glucuronide

222

(S)-3-amino-4-(((S)-1-methoxy-1-oxo-3-phenylpropan-2-yl)Jamino)-4-
oxobutanoic acid

223

FMN

224

NCGC00263645-02_C11H15N503S_5'-Methylthioadenosine

225

S-adenosyl-L-homocysteine

226

2,2'-(Tetradecylimino)diethanol

227

Benzalkonium chloride (C12)

228

(4S,4aR,8aS)-4-[(3R)-3-hydroxy-3-methylpent-4-enyl]-3,4a,8,8-
tetramethyl-5,6,7,8a-tetrahydro-4H-naphthalen-1-one

229

"CYTIDINE 2',3'-CYCLIC PHOSPHATE"

230

Epigallocatechin

231

Succinic acid

232

Glutathione

233

Taurine

234

gamma-Glutamyltyrosine

235

Taurochenodeoxycholic acid

236

Malaoxon

237

h_55_metenolone-m

238

Niclosamide

239

Taurodeoxycholic acid

240

progesterone

241

Theophyline

242

Resmethrin

243

Adenosine Monophosphate

244

Thymidine

245

Tryptophan

246

INOSINE 5'-PHOSPHATE

247

7-hydroxy-1,4a-dimethyl-9-oxo-7-propan-2-yl-2,3,4,4b,5,6,10,10a-
octahydrophenanthrene-1-carboxylic acid

248

Urea

249

5-[2-(furan-3-yl)ethyl]-8-hydroxy-5,6,8a-trimethyl-3,4,4a,6,7,8-
hexahydronaphthalene-1-carboxylic acid

250

Uric acid

251

5-[5-hydroxy-3-(hydroxymethyl)pentyl]-8a-(hydroxymethyl)-5,6 -
dimethyl-3,4,4a,6,7,8-hexahydronaphthalene-1-carboxylic acid
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252 | Uridine

253 | Uridine 5'-diphospho-N-acetylglucosamine

254 5-hydroxy-7-[2-(2-hydroxy-5-oxo-2H-furan-3-yl)ethyl]-7,8-dimethyl-
5,6,6a,8,9,10-hexahydro-1H-benzo[d][2]benzofuran-3-one

255 | Uridine monophosphate
(8S,9S,10R,11S,135,145,17R)-11,17-dihydroxy-17-(2-hydroxyacetyl)-

256 | 10,13-dimethyl-2,6,7,8,9,11,12,14,15,16-decahydro-1H-
cyclopentala]phenanthren-3-one

257 | Uridine triphosphate

258 | Finasteride

259 | Riboflavin

260 | Val-Gly

261 | BIS(2-ETHYLHEXYL)PHTHALATE

262 (E)-3-(4-acetyloxy-2,3-dihydroxy-2,5,5,8a-tetramethyl-3,4,4a,6,7,8-
hexahydro-1H-naphthalen-1-yl)prop-2-enoic acid

263 | Xanthine

264 | Palmitoylcarnitine

265 | Uridine 5_-(trihydrogen diphosphate)

266 [4,5-dihydroxy-3,4-bis(hydroxymethyl)-4a,8,8-trimethyl-5,6,7,8a-
tetrahydro-1H-naphthalen-1-yl] hexanoate

267 | CHOLIC ACID

268 | forskolin

269 | N6-Threonylcarbamoyladenosine
NCGC00347704-02_C24H3207_2H-0Oxireno[1,10a]phenanthro[3,2 -

270 | b]furan-10(11bH)-one, 5,7-bis(acetyloxy)-3,3a,4,5,6,7,7a,7b,8,8a-
decahydro-4,4,7a,11-tetramethyl-, (1aS,3aR,5S,7S,7aR,7bS,8aR,11bR)-

271 | Fludrocortisone acetate

272 | Linoleyl Carnitine

273 | Oleoyl-L-Carnitine
NCGC00384593-01![3-hydroxy-3-methyl-1-(7-oxofuro[3,2-g]chromen-

274 | 9-yl)oxybutan-2-yl] 3-methylbutanoate [IIN-based on:
CCMSLIBO0000848938]

275 | Gardenoside

276 | Adenosine_Diphosphate

277 | Stearoyl-L-Carnitine

278 | Lancerin

279 | Shanzhiside methylester

280 | alpha-Tocopherol
(1R,3R,6R,8S,10R,13S5,16S,17R)-8-tert-butyl-6,17-dihydroxy-16-methyl-

281 | 2,4,14,19-tetraoxahexacyclo[8.7.2.0?,2?.0?,2.0?,7?.07? ??lnonadecane-
5,15,18-trione

282 NCGC00380753-01_C16H28012_6-0-Isobutyryl-alpha-D-glucopyranosyl

alpha-D-glucopyranoside
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283

narcotine

284 | Chrysophanol-8-0-beta-D-glucopyranoside
NCGC00380314-01_C22H27NO7_3,5,7,9-Undecatetraenoic acid, 2-

285 ethylidene-11-[4-hydroxy-4-(2-hydroxyethyl)-2-oxo-6-oxa-3-
azabicyclo[3.1.0]hex-1-yl]-4,10-dimethyl-11-0oxo-, methyl ester,
(2Z,3E,5E,7E,9E)-

286 | Ginkgolide C

287 | Folic acid
NCGC00385345-01_C17H26012_Cyclopentalc]pyran-4-carboxylic acid,

288 | 1-(beta-D-glucopyranosyloxy)-1,4a,5,6,7,7a-hexahydro-5,6-dihydroxy-7-
(hydroxymethyl)-, methyl ester, (1S,4aS,6R,7S,7aS)-
NCGC00385998-01_C17H26012_Cyclopentalc]pyran-4-carboxylic acid,

289 | 1-(beta-D-glucopyranosyloxy)-1,4a,5,6,7,7a-hexahydro-5,6,7-trihydroxy -
7-methyl-, methyl ester, (1S5,4aS,5S,6S,7R,7aS)-

290 | Lovastatin hydroxy acid observed in lovastatin standard
methyl (2E,8E)-9-[3a-hydroxy-6,7-dimethyl-1-(2-methylpropyl)-3-oxo-

291 | 2,4,7,7a-tetrahydro-1H-isoindol-4-yl]-4,5-dihydroxy-8-methylnona-2,8-
dienoate

592 [(7R,8R,10R,13S)-17-(furan-3-yl)-4,4,8,10,13-pentamethyl-3,16-dioxo-
6,7,9,11,12,17-hexahydro-5H-cyclopentala]phenanthren-7-yl] acetate

203 2-amino-3-[[(6E,9E)-5-hydroxy-8-methoxy-5,9,13,14-tetramethyl-2-
oxo-1-oxacyclotetradeca-6,9-dien-4-yl]sulfanyl]propanoic acid

294 [(2E,6Z,102)-7,11-bis(acetyloxymethyl)-3,15-dimethylhexadeca-2,6,10,14 -
tetraenyl] acetate

295 | Homoorientin

206 4-(3,4-dihydroxyphenyl)-7-hydroxy-5-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-
6-(hydroxymethyl)oxan-2-ylJoxychromen-2-one
"(3R,5R,7R,8R,95,10S,12S,13R,14S,17R)-17-((2R)-6,7-dihydroxy-6-

297 | methylheptan-2-yl)-10,13-dimethylhexadecahydro-1H-
cyclopentala]phenanthrene-3,7,12-triol"

298 | Soyasapogenol A
4-[7-acetyloxy-5-chloro-3-[(1E,3E)-3,5-dimethylhepta-1,3-dienyl]-7-

299 S o .
methyl-6,8-dioxoisoquinolin-2-yl]butanoic acid
4-((95)-3,5,14-trihydroxy-10-((E)-((1-hydroxybutan-2-yl)imino)methyl)-

300 | 13-methylhexadecahydro-1H-cyclopentala]phenanthren-17-yl)furan-
2(5H)-one

301 | Pralatrexate(Folotyn)

302 | Speciosine

303 | Vindoline

304 NCGC00380662-01_C20H27NO11_[(6-O-

Hexopyranosylhexopyranosyl)oxy](phenyl)acetonitrile
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NCGC00163699-03_C26H3407_2,4,6,8-Decatetraenedioic acid, mono[5-
305 | methoxy-4-[2-methyl-3-(3-methyl-2-buten-1-yl)oxiranyl]-1-
oxaspiro[2.5]oct-6-yl] ester, (2E,4E,6E,8E)-

3-((3a'S,6a'R)-5,7-dimethyl-2,4',6'-trioxo-5"-phenethyl-3',3a",4',5',6',6a"-
306 | hexahydro-2'H-spiro[indoline-3,1'-pyrrolo[3,4-c]pyrrol]-3'-
yhpropanamide

methyl 3-hydroxy-5-(((1R,4aS)-7-isopropyl-1,4a-dimethyl-
307 | 1,2,3,4,4a,9,10,10a-octahydrophenanthren-1-yl)methyl)-5H-pyrazolo[4,3 -
c]pyridine-7-carboxylate

NCGC00384770-01_C19H28013_5-Hydroxy-2,3-dimethoxyphenyl 4-O-
308 | [(2S,3R,4R)-3,4-dihydroxy-4-(hydroxymethyl)tetrahydro-2-furanyl]-beta-
D-glucopyranoside

309 | Cytidine 5'-diphosphocholine

NCGC00180796-02_C28H3806_(4beta,5beta,6beta,22R)-4,27-Dihydroxy -

310
5,6:22,26-diepoxyergosta-2,24-diene-1,26-dione

(2)-9-(4-hydroxyphenyl)-2-(2,3,4-trimethoxybenzylidene)-8,9-dihydro-

311
2H-furo[2,3-flchromene-3,7-dione

312 | Lucidenic acid B

313 | PharmaGSID_48519

314 | Scutellarin methyl ester

315 | Aconine

316 | Taurodeoxycholate

317 | Rhodamine B

318 | Fexofenadine

319 | 25R-Inokosterone

"methyl (6R)-2-(hydroxymethyl)-6-((3R,5S,7R,9S,10S,12S,13R,145,17R) -
320 | 3,7,12-trihydroxy-10,13-dimethylhexadecahydro-1H-
cyclopentala]phenanthren-17-yl)heptanoate”

3-(2-fluorophenyl)-10-(2-hydroxy-6-methoxyquinolin-3-yl)-9,10-

321
dihydropyrano[2,3-flchromene-4,8-dione

NCGC00380619-01_C27H37NO7_Spiro[2H-furo[2,3-elisoindole-2,1'(2'H)-
322 | naphthalene]-7(3H)-butanoic acid, 3',4'4'a,5',6,6',7',8,8',8'a-decahydro-
4,6'7'-trihydroxy-2'5"5",8'a-tetramethyl-6-oxo-, (2R,2'R,6'S,7'R,8'aS) -

NCGC00168968-03_C24H28011_[(1aS,1bS,2S,5aR,6S,6aS)-2-(beta-D-
Glucopyranosyloxy)-6-hydroxy-1b,5a,6,6a-
tetrahydrooxireno[4,5]cyclopenta[1,2-c]pyran-1a(2H)-yl]methyl (2E)-3-
phenylacrylate

323

NCGC00380484-01_C22H36012_beta-D-Glucopyranose, 6-O-beta-D-

324
glucopyranosyl-1-0-[(2,6,6-trimethyl-1-cyclohexen-1-yl)carbonyl]-

325 | Telmisartan

326 | Taurocholate

327 | Tsugaric acid A

328 | Lyso-PC 18:0
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329

10'-(3-methoxy-4-((1-methyl-1H-imidazol-2-yl)methoxy)phenyl)-9',10'-
dihydro-3'H-spiro[cyclohexane-1,2'-pyrano[2,3-flchromene]-4'8'-dione

330

AVE3247

331

maltotriose

332

NCGC00380271-01_C24H40011_2-Cyclohexen-1-one, 3,5,5-trimethyl-4-
[3-[(6-O-beta-D-xylopyranosyl-beta-D-glucopyranosyl)oxy]butyl] -

333

NCGC00386012-01_C24H42011_beta-D-Glucopyranoside, (1S,4R,5R)-4-
[(1E,3R)-3-hydroxy-1-buten-1-yl]-3,3,5-trimethylcyclohexyl 6-O-
[(2R,3R,4R)-tetrahydro-3,4-dihydroxy-4-(hydroxymethyl)-2-furanyl]-

334

"((4R)-4-((3R,5R,9S,10S5,125,13R,14S,17R)-3,12-dihydroxy-10,13-
dimethylhexadecahydro-1H-cyclopenta[a]phenanthren-17-
yhpentanoyl)glycylglycine"

335

NCGC00169336-02_C24H28012_2-Propenoic acid, 3-(4-
hydroxyphenyl)-, [(1aS,1bS,2S,5aR,6S,6aS)-2-(beta-D-
glucopyranosyloxy)-1b,5a,6,6a-tetrahydro-6-
hydroxyoxireno[4,5]cyclopenta[l,2-c]pyran-1a(2H)-yl]methyl ester, (2E)-

336

(3R)-N-((2S,3R)-1-((benzo[d][1,3]dioxol-5-yImethyl)amino)-3-methyl-1-
oxopentan-2-yl)-2,2-dimethyl-5-ox0-2,3,5,9b-tetrahydrothiazolo[2,3-
alisoindole-3-carboxamide

337

(35,4S,4aS,6R,6aS,6bS,7S,8R,8aR,9S,9aS,12S,15aS,15bS,16aR,16bS) -
9,12,16b-trimethyldocosahydro-1H-4,16a-epoxybenzo[4,5]indeno[1,2 -
h]pyrido[1,2-blisoquinoline-3,4,6,6b,7,8,9-heptaol

338

NCGC00381416-01![3-methyl-1-[3-methyl-1-0ox0-1-(2,3,4,5,6-
pentahydroxyhexoxy)pentan-2-ylJoxy-1-oxobutan-2-yl] 2-hydroxy-3-
methylpentanoate [IIN-based on: CCMSLIBO0000847843]

339

Ganoderic Acid G

340

Phytolaccagenin

341

"2-((4R)-4-((3R,5R,6S,7R,9S,10R,13R,14S,17R)-3,6,7 -trihydroxy-10,13-
dimethylhexadecahydro-1H-cyclopenta[a]phenanthren-17-
yl)pentanamido)ethane-1-sulfonic acid”

342

Ceramide (d18:1/16:0)

343

ADENOSINE 58#39;-DIPHOSPHORIBOSE

344

Biliverdin

345

methyl 3-(2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4-oxo-4H-chromen-
8-yl)-3-(2-hydroxy-6-methoxyquinolin-3-yl)propanoate

346

(1R,3aR,3bS,4aR,6S,7S,7aR,8R,8aR,9aR)-1,4a,8-tris(acetyloxy)-2,2,3b,6,8a-
pentamethyl-4,9-dioxo-tetradecahydro-1H-cyclopentala]s-indacen-7-yl
butanoate

347

lappaconitine

348

(4S,5Z,6S)-5-[2-[(E)-3-(4-hydroxyphenyl)prop-2-enoyl]oxyethylidene]-4-
(2-methoxy-2-oxoethyl)-6-[(2S,3R,4S,5S,6R)-3,4,5-trihydroxy-6-
(hydroxymethyl)oxan-2-ylJoxy-4H-pyran-3-carboxylic acid
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349

NCGC00380937-01_C31H40010_(1S,2R,4S,9R,10R,14S,155,17S)-9-(3-
Furyl)-1-hydroxy-15-(2-methoxy-2-oxoethyl)-10,14,16,16-tetramethyl-
7,18-diox0-3,8-
dioxapentacyclo[12.3.1.0~2,4~.0~4,13~.0~5,10~]octadec-17-yl 2-
methylpropanoate

350

Glutathione (oxidized form)

351

Crassostreaxanthin A

352

NAD

353

Subsessiline

354

FLAVIN ADENINE DINUCLEOTIDE

355

Typhaneoside

356

Picfeltarraenin IB

357

NCGC00347377-02_C41H66014_1-0-[(2beta,3beta,5xi,Ixi,18xi)-2,23-
Dihydroxy-28-oxo-3-(beta-D-xylopyranosyloxy)olean-12-en-28-yl]-
beta-D-glucopyranose

358

Solasonine

359

(9S,18R,21R)-15-benzyl-6-(4-((tert-butoxycarbonyl)oxy)benzyl)-21-(3-
guanidinopropyl)-18-isobutyl-2,2,9-trimethyl-4,7,10,13,16,19-hexaoxo-
3-oxa-5,8,11,14,17,20-hexaazadocosan-22-oic acid

Appendix Table 3.2 List of metabolites that were annotated by MS Dial with both MS1 and
MS2 matching to the public library (version 17).
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No Metabolite name

1 Lactate

2 Linolenic acid

3 1-Methyladenosine

4 PC 16:0

5 Lyso PC 15:0

6 2-Methylbutyryl-L-carnitine

7 2-Methylpyrrolidine

8 2-Phenylacetamide

9 3-(4-Hydroxyphenyl)lactic acid
10 3',5'-Cyclic AMP

11 3-Dehydrocholic acid

12 3-Hydroxy-3-methylglutaric acid
13 3-Hydroxybutyric acid

14 5-Hydroxyindole-3-acetic acid
15 5-Hydroxyindoleacetic

16 9-Hydroxyoctadecadienoic acid
17 Acetylcarnitine

18 Adenine

19 Adenosine

20 Adenosine 3',5'-cyclic monophosphate
21 Adenosine 5'-diphosphoribose
22 Adenosine diphosphate

23 Adenosine monophosphate

24 Adenosine triphosphate

25 ADMA

26 Alpha-Hydroxydeoxycholic Acid
27 alpha-Methylhistidine

28 Arachidonic acid

29 Arginine

30 Ascorbic acid

31 Asparagine

32 Aspartic acid

33 Glycerophosphate

34 Betaine

35 Bilirubin

36 Biliverdin

37 b-Orcinolcarboxylic acid

38 Butyryl carnitine

39 Carnitine

40 Choline

41 Chrysophanol-8-0-beta-D-glucopyranoside
42 Citric acid
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43 Citrulline

44 Cortisol

45 Creatine

46 Creatine phosphate

47 Cytidine

48 Cytidine 2',3'-cyclic phosphate
49 Cytidine 5'-diphosphocholine
50 Cytidine Monophosphate

51 Glyceric acid

52 Deoxyadenosine

53 Deoxycytidine

54 D-erythro-Sphingosine-1-phosphate
55 Fructose-6-phosphate

56 Dopamine

57 Flavin adenine dinucleotide
58 Folic acid

59 Fumaric acid

60 gamma-Glutamylleucine

61 gamma-Glutamyltyrosine

62 Gamma-Glytamyl-L-glutamic acid
63 Glu-lle

64 Glutamic acid

65 Glutamyltyrosine

66 Glutathione

67 Oxidised glutathione

68 Glycerophosphocholine

69 Glycine

70 Guanidinoacetic acid

71 Guanine

72 Guanosine

73 Guanosine 5'-diphospho-beta-L-fucose
74 GMP

75 Hexanoyl-Carnitine

76 Histidine

77 Hypoxanthine

78 Indole-carboxaldehyde

79 Indolelactic acid

80 Indoxyl sulfate

81 Inosine

82 IMP

83 Isoleucine

84 L-alanine

85 L-Aspartyl-L-phenylalanine
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86 Leucine

87 Leucine methyl ester
88 L-glutamic acid

89 Linoleyl Carnitine
90 LPC 16:0

91 LPC 18:1

92 LPE 16:0

93 L-Pyroglutamic acid
94 L-Tryptophan

95 Lyso-PC 18:0

96 Malate

97 Malonyltryptophan
98 Maltotriose

99 Methionine

100 Trimethyllysine

101 N6-Acetyl-L-lysine
102 N-Acetylalanine
103 N-Acetylarginine
104 N-Acetylglutamic
105 N-Acetylmethionine
106 N-Acetylphenylalanine
107 N-Alpha-Acetyllysine
108 N-Methylproline
109 O-Acetyl-L-serine
110 Oleoyl ethylamide
111 Oleoyl-Carnitine
112 Ophthalmic acid
113 Palmitoylcarnitine
114 Pantothenic acid
115 Prostaglandin D2
116 Phe-Glu_2

117 Phenylacetyl-L-glutamine
118 Phenylalanine

119 Phe-Phe

120 Phosphocholine

121 Phosphoric acid

122 Pl 341

123 Pl 34:2

124 Pl 36:2

125 Pl 36:4

126 Pl 38:3

127 Pl 38:5

128 Proline
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129 Pro-Phe

130 Propionic acid

131 Pyrrole-2-carboxylic acid
132 Pyrrolidine

133 Pyruvic acid

134 Resveratrol 3-O-D-glucuronide
135 Riboflavin

136 FMN

137 S-adenosyl-L-homocysteine
138 Serine

139 Spermidine

140 Spermine

141 Stearoyl-L-Carnitine

142 Succinic acid

143 Taurine

144 Taurochenodeoxycholic acid
145 Taurocholate

146 Taurodeoxycholate

147 Taurodeoxycholic acid

148 Theophyline

149 Threonine

150 Thymidine

151 Thymine

152 Tryptophan

153 Uracil

154 Urea

155 Uric acid

156 Uridine

157 Uridine 5'-diphospho-N-acetylglucosamine
158 Uridine monophosphate
159 Uridine triphosphate

160 Urocanic acid

161 Val-Gly

162 Valine

163 Xanthine

164 Nicotinamide

165 NAD

Appendix Table 3.3 List of metabolites that were cross-validated with MS1 and MS2

matching to the in-house built library.
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Appendix Figure 3. 1 PCA analysis showed that there was no separation between the 1D8
Trp53” and Trp537; Pten” tumours.

Untargeted metabolic profiling was performed using mouse tumour tissue and the PCA plot
was generated by Metaboanalyst (v.5.0.). Samples cluster closely regardless of Pten status.
Coloured circles represent 95% confidence intervals.
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Appendix Figure 3.2 Validation of the panel of ID8 cell lines.

(A) Images of WB blots. ID8 Trp53”, ID8 Trp53” Nf1”, ID8 Trp53” Pten” cells were cultured
in DMEM media with 10% FBS and 5.6mM glucose. Proteins were extracted and expression of
NF1 and PTEN was examined by WB. Activity in the Erk1/2 and Akt pathways were also
investigated by measuring phosphorylation levels using WB. (B-E) Densitometry analysis. The
relative levels of PTEN (B) and NF1 (C) expression were normalized to -actin (i.e., the internal
control). The levels of phospho-Akt (D) and phospho-ERK1/2 (E) were normalized to
respective total protein levels. Data are represented as mean from one biological repeat.
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Appendix Figure 3.3 Extremely low levels of pyruvate carboxylase activity were observed in
ID8 cells.

(A-B) Schematics showing pyruvate carboxylase (PC) flux using “Cs-glucose as a tracer. PC
catalyses the carboxylation of pyruvate to generate oxaloacetate. Given “Cs-glucose
produces M+3 pyruvate via glycolysis, oxaloacetate is labelled M+3. When oxaloacetate
condenses with unlabelled or M+2 acetyl-CoA (i.e., from PDH flux), M+3 (A) and M+5 (B)
citrate is generated, respectively. PC and PDH fluxes are indicated in red. (C) MID of citrate.
ID8 Trp53” and ID8 Trp53” Pten” cells were incubated with 5.6mM “Cs-glucose for 24h.
Intracellular metabolites were extracted and analysed by GC-MS. Data represent mean + SD
from three independent biological repeats. One-way ANOVA and post-hoc Tukey tests were
performed to determine statistical significance. ns, not significant.
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Appendix Figure 3.4 Exogenous acetate might not be a carbon source of the TCA cycle.

(A) Schematics of the labelling patterns using “°C.-acetate as a tracer. The conversion of
acetate to acetyl-CoA is catalysed by acetyl-CoA synthetase (ACSS) and generates M+2
acetyl-CoA. After condensing with unlabelled oxaloacetate, the TCA cycle intermediates (e.g.,
citrate) are labelled M+2. (B) MID of citrate and a-KG. ID8 Trp53” cells were incubated with

500uM “Cz-acetate for 24h. Intracellular metabolites were extracted and analysed by GC-MS.
Data represent mean from one repeat.
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Appendix Figure 3.5 Net consumption of BCAA was observed in ID8 Trp53” cells.

CORE rates of total BCAA (i.e., valine, leucine and isoleucine) in ID8 Trp53” cells incubated
without drug treatment. Media were collected at the start and end of the 24h incubation
period and total BCAA levels were measured by NMR spectroscopy. Cells were also counted

to calculate CORE rates. Negative CORE values indicate net consumption. Data represent
mean + SD from three biological repeats.
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Appendix Figure 3.6 Extremely low levels of °C enrichment of citrate could be detected after
short incubation with *C tracers.

(A) Fraction of M+3 pyruvate and M+2 TCA cycle intermediates. ID8 Trp53” cells were
incubated with 5.6mM *“Cs-glucose. (B) Fraction of M+1 pyruvate and M+1 TCA cycle
intermediates. ID8 Trp53” cells were incubated with 10mM 3-"C-lactate. (C) Fraction of M+4
and M+5 TCA cycle intermediates. ID8 Trp53” cells were incubated with 2mM “*Cs-glutamine.
After 4h incubation, intracellular metabolites were extracted and analysed by GC-MS. Data
represent mean + SD from three independent biological repeats (A-B) and mean from one
repeat (C).
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Appendix Figure 4.1 EOC cell lines with mutations in Ras/PI3K pathways are more sensitive
to FK866.

(A) 1Cs values of FK866 in a panel of EOC cells. These are preliminary data obtained by Dr Michael
Gruet. Briefly, the EOC cells were treated with FK866 for 6 days before cell density measurement
by SRB. ICs values were calculated by least square fitting using Graph Pad (10.0.0). Data represent
mean + 95% confidence interval from three biological repeats. The figure was replotted. EOC cell
lines with mutations in Ras/PI13K signalling and wild type are indicated in red and blue, respectively.
(B) Spearman’s correlation analysis of FK866 ICs values with NAD" levels in cells treated with 0.5nM
FK866 for 24h. These are preliminary data obtained by Dr Michael Gruet. Spearman’s correlation
was performed again and re-plotted by R studios (function cor.test() from package stats version
4.3.2). Pink areas indicate 95% confidence area, and the red line is the trend line.
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Appendix Figure 4.2 Gating strategy of the flow analysis as described in Figure 4.1.
Representative images of the flow analysis in A2780 cells treated with 0.2% (v/v) DMSO (A),
10uM Olaparib (B), 5nM FK866 (C) or the combination (D) are displayed. The same gating

strategy was applied.
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Appendix Figure 4.3 OVCARS (Ras mutant) cells had a smaller pool of NAD* and were more
sensitive to NAD" depletion by FK866.

These are preliminary data obtained by Dr Michael Gruet. Briefly, OVCAR8 and COV318 cells
were treated with 0.2% (v/v) DMSO, or 1nM FK866, or 1uM Olaparib or the combination for
24h and NAD™ content was measured by LC-MS/MS. The figure was re-plotted. Data
represent mean + standard deviation of three biological repeats. One way ANOVA and post-
hoc Tukey tests were performed to calculate statistical significance. * p<0.5, ** p<0.01, ****
p<0.0001, ns: not significant.
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Appendix Figure 4.4 No association between Ras/PI3K pathway mutations and NAMPT or
NAPRT expression in a panel of ovarian cancer cells.

(A) Images of WB blots. Basal protein levels of NAMPT and NAPRT were measured by WB in
ovarian cancer cells in media with 10% FBS. (B) Densitometry analysis. The relative levels of
NAMPT and NAPRT were normalized against the internal control B-actin. Data represent
mean from one biological repeat. WB was performed by the Master’s student Chris An under
my supervision and densitometry analysis was re-performed by me.
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(to be continued on the next page)
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Appendix Figure 4.5 Inconsistent activation of the Ras/PI3K pathway across ovarian cancer
cell line with or without Ras/PI3K mutations.

(A and C) Images of WB blots. Activity of Ras/Erk pathway and PI3K/Akt pathway was
examined by WB against phosphorylated Erk and Akt, respectively. Proteins were extracted
from a panel of ovarian cancer cells cultured in media with 10% FBS. (B and D) Densitometry
analysis. The levels of phospho-Akt and phospho-Erk1l/2 were normalized against the
respective total protein levels. Because phospho-Akt and phospho-Erk1/2 could only be
detected after long exposure for some cell lines, the normalization was performed using long
exposure images. Data represent mean from one biological repeat. WB was performed by the
Master's student Chris An under my supervision and densitometry analysis was re-performed
by me.
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Appendix Figure 4.6 The combination of FK866 and Olaparib upregulated yH2AX intensity
in Ras/PI3K mutant ovarian cancer cells.

(A) The second biological repeat was shown here. In brief, TOV21G and COV318 cells were
treated with 0.2% (v/v) DMSO, or 5nM FK866, or 10uM Olaparib or the combination for 24h
before immunostaining for yH2AX. Scatter plots showing yH2AX foci per cell. Because the
data are not normally distributed (i.e., skewed), Kruskal-Wallis test and Dunn’s multiple
comparisons tests were performed to calculate p values. * p<0.05, »* p<0.01, **** p< 0.0001,
ns: not significant. (B) Representative IF images of yH2AX staining in TOV21G and COV318
cells (left) and scatter plots (right) show yH2AX foci per nuclei. The TOV21G and COV318 cells
were treated with 10uM cisplatin for 24h. Scale bar = 30um. The experiments were performed
by the Master’s student Chris An under my supervision and data were re-analysed and re-
plotted.
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Appendix Figure 4.7 The combination of FK866 and Olaparib did not induce further

activation of DDR signalling in ovarian cancer cells.
The second biological repeat was shown here. In brief, A2780 and COV318 cells were treated
with 0.2% (v/v) DMSO, or 5nM FK866, or 10uM Olaparib or the combination for 24h. DDR
signalling activity was then measured by WB against phosphor-ATM, phosphor-ATR,
phosphor-Chkl1 and phosphor-Chk2. Arrows indicate target proteins. Data were obtained by
the Master’s student Chris An under my supervision.
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Appendix Figure 4.8 The combination of FK866 and Olaparib did not induce further
activation of DDR signalling in ovarian cancer cells.

The third biological repeat was shown here. In brief, A2780 and COV318 cells were treated
with 0.2% (v/v) DMSO, or 5nM FK866, or 10uM Olaparib or the combination. DDR signalling
activity was then measured by WB against phosphor-ATM, phosphor-ATR, phosphor-Chk1
and phosphor-Chk2. Arrows indicate target proteins. Data were obtained by the Master’s
student Chris An under my supervision.
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Appendix Figure 4.9 Gating strategy of the flow analysis as described in Figure 4.6.
Representative images of the flow analysis in A2780 cells treated with 0.2% (v/v) DMSO (A),
10uM Olaparib (B), 5nM FK866 (C) or the combination (D) are displayed. The same gating

strategy was applied.
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Appendix Figure 4.10 Gating strategy of the flow analysis as described in Figure 4.10.
Representative images of the flow analysis in A2780 cells treated with 0.2% (v/v) DMSO (A),
10uM Olaparib (B), 5nM FK866 (C) or the combination (D) in the presence of 5mM NAC are
displayed. The same gating strategy was applied.
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Appendix Figure 5.1 Gating strategy of the flow analysis as described in Figure 5.1.
Representative images of the flow analysis in ID8 7rp53” Pten” cells treated with 0.2% (v/v)

DMSO (A), 10uM Olaparib (B), 5nM FK866 (C) or the combination (D) are displayed. The same
gating strategy was applied.
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Appendix Figure 5.2 FK866 reduces NAD pool size and interferes with NAD*/NADH ratio in
D8 cells.

(A) NAD total pool size, (B) NAD" levels, (C) NADH levels and (D) NAD/NADH ratio in a panel of ID8
cells (i.e., ID8 Trp53”, ID8 Trp53 'Nf1™”, ID8 Trp53” Pen” cells). ID8 cells were treated with various
doses of FK866 (0.5, 1, 5, 10 or 25nM) for 24h. NAD™ and NADH levels were measure using the
Promega NAD/NADH Glo Assay. Data represent mean of the second biological replicate.
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Appendix Figure 5.3 No correlation between NAMPT/NAPRT expression and Pten mutational
status in ID8 cells.

(A) Images of WB blots. NAMPT and NAPRT protein expression was analysed by WB. The
protein was extracted from ID8 Trp53” and ID8 7rp53” Pten” cells cultured with 10% FBS in
media. (B) Densitometry analysis. The relative protein levels of NAMPT and NAPRT were
normalized against the internal control B-actin, Data represent mean from one biological
repeat. WB was performed by the Master’s student Chris An under my supervision and

densitometry analysis was re-performed by me.
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Appendix Figure 5.4 Gating strategy of the flow analysis as described in Figure 5.1.
Representative images of the flow analysis in ID8 7rp53” Pten” cells treated with 0.2% (v/v)
DMSO (A), 10uM Olaparib (B), 5nM FK866 (C) or the combination (D) in the presence of 5mM
NAC are displayed. The same gating strategy was applied.
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Appendix Figure 5.5 Pyruvate withdrawal enhanced sensitivity of FK866 in ID8 Trp53”; Pten
” cells but not ID8 Trp53” cells.

Dose-response curves of FK866. ID8 Trp53” and ID8 Trp53”Pten” cells were treated with
various doses of FK866 (0.05, 0.1, 0.5, 1, 5, 10, 25nM) in media with or without 1mM sodium
pyruvate for 72h. Cell density was measured by SRB assay. Data represent mean + SD of one
replicate. The experiments were performed by the Master's student Chris An under my
supervision and data were re-analysed and re-plotted.
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Appendix Figure 5.6 Relative changes of mouse weight during the toxicology study.

The mice were weighed daily starting from the first injection of drugs. Changes of mouse
weight were expressed as % of the initial weight (i.e., on the day of the first drug injection).
Two of the mice treated with 30mg/kg FK866 experienced signs of discomfort (e.g.,
constipation, narrowed eyes and piloerection) and 10% weight loss. They were culled before
the study completed. Days of drug injection are indicated in grey areas and 10% and 20%

weight loss are highlighted by dotted lines. The /n vivo study was performed in collaboration
with Dr Michael Gruet in our group.
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Appendix Figure 5.7 Adenine Supplementation rescued apoptosis in A2780 cells treated with
FK866 and Olaparib combination.

A2780 cells were treated with 0.2% DMSO (v/v), 5nM FK866, 10uM Olaparib or the
combination of 5nM FK866 and 10uM Olaparib in the presence or absence of 25uM adenine.
After 48h treatment, the activity of caspase-3/7 was measured using the Promega Caspase-
Glo® 3/7 assay. Cell density was also measured by the SRB assay. The caspase-3/7 readout
was normalised against cell density and the data were expressed as fold changes. Data
represent the mean of one biological replicate. The experiments were performed by the
Master's student Chris An under my supervision and data were re-analysed and re-plotted.
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Appendix Figure 6.1 Initial high fluxes of exogenous lactate fuelling the TCA cycle were
observed and there was a time-dependent increase in glucose contribution.

MIDs of intracellular succinate, fumarate and malate. The data were obtained from the same
experiment described in Figure 6.2. Briefly, HCT116 cells were incubated with 5.6mM “°Cs-
glucose and 10mM 3-"*C-lactate simultaneously for various periods of time (e.g., 0.5, 1, 2, 4,
8 and 24h). At the end of incubation, intracellular metabolites were extracted and analysed
by GC-MS. Data represent mean + SD from three independent biological repeats.
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Appendix Figure 6.2 Dual MCT1 and MCT4 inhibition altered the relative contribution of
glucose and exogenous lactate to the TCA cycle.

The fraction of M+1 and M+2 succinate, fumarate and malate. The data were obtained from
the same experiment described in Figure 6.6. In brief, HCT116 cells were treated with 0.1uM
AZD3965 and/or 0.1uM AZD0095 in media Supplemented with both 5.6mM **Cs-glucose and
10mM 3-"C-lactate. At the end of the 2h incubation, media were collected, and cells were
harvested. Metabolites were then extracted and analysed by GC-MS. Peak areas in drug
treated groups were normalised to vehicle group. Data represent mean + SD from three
independent biological repeats. Statistical significance was calculated by one way ANOVA
with post-hoc Tukey tests. * p<0.05, ** p<0.01, *** p<0.001, »*** p<0.0001, ns: not significant.
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Appendix Report 1. STR profiling of KURAMOCHI, OVSAHO, COV318, COV504 and COV644 cell

lines (highlighted by red rectangles).
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Appendix Report 2. STR profiling of 59M, A2780 and HEY-A8 cell lines (highlighted by red rectangles).
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Appendix Report 3. STR profiling of TOV21G cell lines (highlighted by red rectangles).
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Results:

Marker / Sample | 22 _ZE_000702 22 _ZE_000703 22 _ZE_000704
18-3 17117 1717 17117
4-2 19.3/19.3 19.3/19.3 19.3/19.3
6-7 15/15 15/15 15/15
9-2 18/18 18/18 18/19
15-3 22.3/22.3 21.3/22.3/23.3 21.3/22.3/23.3
6-4 18/18 18/18 18/18
121 17/17 17117 17117
5-5 17117 17/18 17/18
X1 27127 27127 27127

Marker / Sample | 22 _ZE_000705 22_7E_000706 22_ZE_000707
18-3 1717 17117 17117
4-2 19.3/19.3 19.3/19.3 19.3/19.3
6-7 15/15 15/15 15/15
9-2 18/18 18/18 18/18
15-3 21.3/22.3/23.3 21.3/22.3/23.3 21.3/22.3/23.3
6-4 18/18 18/18 18/18
121 17117 1717 17117
5-5 17/18 16/17/18 17/18
X1 27127 27127 27127

Profile Comparison to References:

Not possible due to missing reference database for murine cell lines.

This report was created automatically and is therefore valid without a signature.
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Appendix Report 4. STR profiling of the panel of ID8 cell lines.
The deletion of Nfl and Pten was validated by WB (refer to Appendix Figure 3.2).
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