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Abstract

Glioblastoma (GBM) is an aggressive form of brain cancer with a median survival time of only
one year. Since the turn of the 21st century, the only major advancement in the treatment of
GBM has been the discovery of the DNA damaging agent temozolomide (TMZ), but this only
offers a small increase in survival time. Attempts to target dysregulated signalling pathways in
GBM have offered very little clinical benefit. Cancers, including GBM, adapt their metabolism
by increasing their consumption of glucose and glutamine, and activating metabolic pathways
to promote cell growth, including nucleotide, amino acid and fatty acid biosynthesis. Can-
cer cells have also been shown to require rapid synthesis of nicotinamide adenine dinucleotide
(NAD) to support metabolic reactions, regulation of the cell cycle by sirtuins (SIRTSs), and
repair of DNA damage by poly (ADP-ribose) polymerase (PARP). This allows them to main-
tain high rates of proliferation. Inhibition of a key enzyme in NAD biosynthsis, nicotinamide
phosphoribosyltransferase (NAMPT), has demonstrated significant anti-neoplastic activity in
vitro. However, translation to the clinic has been poor. This is largely due to the lack of patient
stratification and understanding of resistance mechanisms. I hypothesised that there is a subset
of GBM tumours that lack alternative NAD biosynthetic pathways, rendering them sensitive to
NAMPT inhibitors and unable to survive even in the presence of NAD precursors. I show that
a proportion of GBM tumours lack key enzymes involved in salvage and de novo NAD biosyn-
thetic pathways, including nicotinate phosphoribosyltransferase (NAPRT), ecto-5’-nucleotidase
(NT5E) and quinolinate phosphoribosyltransferase (QPRT). This renders them sensitive to the
NAMPT inhibitor FK866, and prevents rescue from FK866-induced growth arrest by different
NAD precursors. Inhibition of NAMPT disrupts different aspects of cell cycle regulation in
FK866-sensitive and FK866-resistant GBM cells lines. Finally, the combination of FK866 and
TMZ limits the proliferation of GBM cells both in vitro, and in a murine orthotopic xenograft
model, by initiating a Go/M cell cycle arrest. Combining NAMPT inhibitors with standard

therapy may be an effective treatment for patients with GBM.
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Chapter 1

Introduction

1.1 Glioblastoma

1.1.1 Incidence, clinical presentation and diagnosis

There are more than 10,000 new cases of brain tumours diagnosed every year in the UK alone
(CRUK, 2016). Whilst cancers of the brain are comparatively rare, they tend to have a much
lower five year survival rate than other cancers, and are also far more common in young people
(CRUK, 2016). Gliomas account for approximately 81% of all malignant brain tumours (Ostrom
et al., 2014). High grade gliomas (grade IV) are the most aggressive form of brain cancer, and
most cases of high grade gliomas are glioblastoma (GBM). The majority (~90%) of GBM
tumours are primary or de novo GBM, but those that progress from low grade astrocytomas
(grade II/IIT) are known as secondary GBM (Louis et al., 2016). Primary GBM tumours are
generally considered to be spontaneous events, as there is little evidence to suggest a familial
component (Urbanska et al., 2014). Even with the current standard of care, primary GBM has
a poor median survival time of only 14.2 months with standard therapy (Johnson and O’Neill,
2012).

Patients with GBM tumours often present with classic signs of impaired brain function that
normally appear over the course of a few weeks or months (Demir et al., 1987), including, but

not limited to:

e Ataxia (lack of coordination of muscle movements)

1
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e Blurred vision

Headaches

Syncope (fainting)

Seizures

Nausea/vomiting

Diagnosis depends first and foremost on imaging, generally via high contrast magnetic
resonance imaging (MRI), followed by histopathology of tumour tissue either during surgical

debulking, or by fine needle biopsy (Urbanska et al., 2014).

1.1.2 Histological and molecular classification

GBM tumours normally exhibit diffuse behaviour with clear invasion of local brain tissue.
They are characterised by hypercellularity, nuclear atypia, a high degree of mitotic activity,
and microvascular proliferation (Wesseling et al., 2015). GBM tumours normally show exten-
sive vascularisation, but as the tumours grow, the blood supply to the centre is insufficient to
maintain cell viability, resulting in a large, necrotic core (Urbanska et al., 2014). GBM tumours
are highly heterogeneous; not only do tumours from individual patients show significant differ-
ences between them (inter-tumour heterogeneity), but there are also many distinct sub-clones
present in any given tumour (intra-tumour heterogeneity) (Patel et al., 2014).

The molecular characteristics of GBM are specific to the different sub-types. Primary
GBM tumours often possess mutations in phosphatase and tensin homolog (PTEN) and the
telomerase reverse transcriptase (TERT) promotor region, as well as epidermal growth factor
receptor (EGFR) amplification (Wesseling et al., 2015). On the other hand, secondary GBM
tumours normally have mutations in tumour protein P53 (TP53), ATRX, chromatin remodeler
(ATRX) and isocitrate dehydrogenase (IDH)1 (Ichimura et al., 2009; Wesseling et al., 2015).
Mutations in IDH1 have been incorporated into the 2016 World Health Organisation (WHO)
classification of tumours of the central nervous system (Louis et al., 2016), and it is generally
thought that IDH1 mutations are very early events in secondary GBM (Wesseling et al., 2015).
Secondary GBM is normally found in younger patients, and is associated with longer survival

times (Williams Parsons et al., 2008). Other molecular markers of GBM include amplifications
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of cyclin-dependent kinase (CDK)4, platelet-derived growth factor receptor alpha (PDGFRA)
and MDM2 proto-oncogene (MDM2), and homozygous deletions in cyclin-dependent kinase
inhibitor (CDKN)2, RB transcriptional corepressor (RB)1 and neurofibromin 1 (NF1), as well
as phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K) mutations (TCGA, 2008). These
specific mutations have resulted in GBM being further divided into four sub-categories (Verhaak

et al., 2010):

e Proneural - defined by frequent TP53 and IDH1 mutations, as well as PDGFRA copy
number alterations. Most secondary GBM belong to this group, which partially explains
the lower median age, and the link to increased survival time

e Neural - defined by expression of neurofilament light (NEFL), gamma-aminobutyric acid
type A receptor alpha 1 subunit (GABRA1), synaptotagmin 1 (SYT1), and the solute
carrier family (SLC) protein SLC 12 member 5 (SLC12A5) markers

e Classical - defined by high level EGFR amplifications without TP53 mutations, as well
as focal 9p21.3 homozygous deletion targeting CDKN2

e Mesenchymal - defined by NF1 deletions as well as expression of mesenchymal markers,
including chitinase 3 like 1 (CHI3L1) and MET proto-oncogene, receptor tyrosine kinase

(MET) and a clear display of markers indicating epithelial-mesenchymal transition (EMT)

Aggressive therapy in the classical and mesenchymal subtypes significantly improves survival
(Verhaak et al., 2010). Interestingly, single-cell RNA sequencing has indicated that individual
tumours can actually have populations representing multiple different GBM subtypes (Patel
et al., 2014). Patients whose tumours exhibit high levels of intra-tumour heterogeneity have
poorer survival times. Bioinformatic models have been used to show that GBM tumours may
have anything up to 16 distinct sub-populations at the time of initial surgical resection (Andor

et al., 2014).

1.1.3 Standard therapy

GBM is normally treated with surgical debulking followed by radiotherapy and chemotherapy

in the form of temozolomide (TMZ). This aggressive treatment regimen, known as the ”Stupp
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protocol”, has been proven to significantly increase survival in patients with GBM with minimal
side effects, compared to surgery and radiotherapy alone (Stupp et al., 2005). Prior to surgery,
patients are often given corticosteroids, often in the form of dexamethasone (Kostaras et al.,
2014), to suppress tumour-induced oedema and therefore reduce brain swelling, in an attempt
to control symptoms (Dietrich et al., 2011). Gadolinium contrast-enhanced MRI images are
used to determine the location and size of the tumour before and after surgery. The optimal
surgical outcome is gross total resection, defined as the absence of contrast-enhancing tissue on
post-operative T1-weighted MRI images (Sanai et al., 2008). Surgical resection is guided by
the use of intraoperative stimulation-induced speech tests. This allows surgeons to determine
critical areas for speech function, to ensure that normal neurological functions are not damaged
during resection (Sanai et al., 2008).

TMZ is the primary chemotherapeutic option for patients with GBM. It is a prodrug that
is stable in acidic conditions such as those found in the stomach, which allows it to be ad-
ministered orally (Zhang et al., 2012a). Most importantly, due to its small size and lipophilic
properties, TMZ is able to cross the blood-brain barrier (BBB) (Agarwala and Kirkwood, 2000).
A diagram showing the mechanisms of action of TMZ can be seen in Fig. 1.1. Pharmacokinetic
reactions in the body lead to the decomposition of TMZ to5-(3-methyltriazen-1-yl)-imidazole-
4-carboxamide (MTIC), followed by hydrolysis to generate 5-aminoimidazole-4-carboxamide
(AIC) and the active compound, a highly reactive methyldiazonium cation (Newlands et al.,
1997). In cells, this compound reacts with DNA to preferentially produce methylated groups
at N7 positions on guanine residues (N7-MeG), but also at O6 positions and N3 positions on
guanine (06-MeG) and adenine (N3-MeA) residues, respectively (Tisdale, 1987; Denny et al.,
1994). It is the O6-MeG damage that gives TMZ its primary anti-tumour properties. These
groups cause the guanine residues to mismatch with thymine instead of cytosine during DNA
replication. This damage is easily recognised by the DNA mismatch repair (MMR) machinery,
but instead of removing the O6-MeG group, it removes the thymine group on the opposite
strand, whilst the O6-MeG group remains on the template strand (Zhang et al., 2012a). This
happens repeatedly, causing single- and double-stranded DNA breaks to occur (Mojas et al.,
2007), which eventually leads to Go/M cell cycle arrest (Cejka et al., 2003) and TP53-mediated
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apoptosis (D’Atri et al., 1998).

The primary resistance mechanism for TMZ is through the action of O-6-methylguanine-
DNA methyltransferase (MGMT). As shown in Fig. 1.1, MGMT is a suicide protein that
is able to bind to the methyl groups of O6-MeG residues and remove them (Zhang et al.,
2012a). MGMT is then degraded by the ubiquitin proteolytic pathway (Srivenugopal et al.,
1996). MGMT promoter methylation is observed in ~34% of patients with glioma, and results
in a lack of MGMT protein (Esteller and Herman, 2004). Patients whose tumours exhibit
MGMT-promoter methylation treated with TMZ have far greater survival times (Hegi et al.,
2008). Furthermore, MGMT expression also affects the efficacy of other alkylating drugs (Paz
et al., 2004). However, MGMT expression can be induced in GBM cells upon exposure to
TMZ both in vitro and in vivo (Kitange et al., 2009; Zhang et al., 2010a). MGMT-promoter
methylation is also associated with a unique hypermutated phenotype, and both TP53 and
MMR dysfunction (TCGA, 2008). MGMT inhibitors such as lomeguatrib have shown promising
results in vitro (Taspinar et al., 2013), and have been proven to be relatively well tolerated
in vivo, with myelosuppression being the major dose-limiting toxicity (Ranson et al., 2006).
However, MGMT levels rapidly return to normal following lomeguatrib treatment (Ranson et
al., 2007; Watson et al., 2010), and it is yet to show clinical efficacy in any cancer (Tawbi
et al., 2011). As seen in Fig. 1.1, cancer cells with MGMT-promoter methylation may also
be resistant to TMZ through deficiencies in MMR. Cells lacking normal MMR machinery do
not recognise the O6-MeG DNA bases, therefore no attempt is made to correct them, and
they are tolerated without initiating apoptosis (Karran, 2001). Indeed, mutations in the MMR
machinery can be selected for during TMZ treatment, and directly lead to TMZ resistance (Yip
et al., 2009).

Whilst 06-MeG and the action of MGMT are generally considered to be the most important
aspects of TMZ therapy in GBM, the other types of DNA damage induced by TMZ can also have
an effect on the cells. As shown in Fig. 1.1, N7-MeG and N3-MeA bases are repaired through
the action of the base excision repair (BER) machinery. These damaged bases are removed and
replaced with normal bases either one at a time, or in batches of 2-10 (Zhang et al., 2012a).

Removal of the damaged base is carried out by DNA glycosylases, and apurinic/apyrimidinic
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endodeoxyribonuclease (APE1) prepares the single-strand break (SSB) for repair (Caldecott,
2008). The SSB is then bound by poly (ADP-ribose) polymerase (PARP), which catalyses the
cleavage of nicotinamide adenine dinucleotide (NAD) into nicotinamide (Nam) and ADP-ribose.
Multiple ADP-ribose groups are attached to both PARP itself, and to other targets such as
histones H1 and H2B, forming long poly (ADP-ribose) (PAR) chains (Ciccia and Elledge, 2010).
This process, known as poly-ADP-ribosylation (PARylation), allows relaxing of the DNA for
access by the DNA repair machinery (Jagtap and Szabo, 2005). The DNA repair machinery,
consisting of X-ray repair cross complementing (XRCC)1 and DNA ligase 3 (LIG3), is then
able to access the DNA and repair the damage (Malanga and Althaus, 2005). PARP inhibition
can sensitise cells to TMZ, including in situations where the MGMT promotor is unmethylated
(Cheng, 2005; Donawho et al., 2007; Barazzuol et al., 2013). In addition to MGMT- and BER-
related resistance to TMZ, there are a number of other mechanisms thought to lead to TMZ
resistance. These include drug efflux pumps, such as ATP-binding cassette (ABC)B1 (Schaich
et al., 2009; Munoz et al., 2015), and resistance mechanisms linked to oxidative stress caused

by TMZ, such as increased glutathione production (Rocha et al., 2016).
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Figure 1.1: Diagram showing the mechanism of action of TMZ in cancer cells. The
diagram shows the different damage caused by TMZ, as well as the effects of MGMT promoter
methylation and PARP activity. Chemicals/metabolites seen in black writing. Italicised writing
indicates a cellular process. The green ladder represents double stranded DNA. Blue molecules
are proteins. The small, coloured circles represent the different types of DNA damage caused
by TMZ. Unmethylated MGMT promoter leads to expression of MGMT. Proportions of DNA
damage caused by TMZ taken from Zhang et al., 2012a. Figure adapted from Ruiz, 2014.

1.1.4 Recurrence

Despite the availability of an aggressive treatment regimen of surgery, radiation and chemother-
apy, almost every patient diagnosed with GBM will eventually experience recurrence (Stupp
et al., 2005). Residual cancer cells that have already infiltrated local healthy tissue escape ini-
tial surgical resection, and develop resistance to both radiation and chemotherapy (Osuka and

Meir, 2017). Tumour recurrence usually appears on post-operative MRI scans ~8 months after
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initial treatment, and often presents as a local recurrence within 2cm of the original tumour
boundary (De Bonis et al., 2013). Local recurrence normally exhibits a relatively high degree of
genetic similarity to the original tumour. However, recurrent tumours contain sub-populations
that are enriched for from the original tumour after treatment (Andor et al., 2014). Further-
more, some sub-populations found in the recurrent tumour are completely unique, indicating
the presence of divergent evolution. This is especially true in distal recurrence, i.e. recurrence
found more than 2 cm away from the initial tumour boundary, which only shares ~30% of the
mutations found in the original tumour (Kim et al., 2015).

Recurrent tumours are thought to occur through the survival of GBM cells with stem cell-
like properties, known as glioblastoma stem cells (GSCs) (Jackson et al., 2014) or, more recently,
recurrence-initiating stem cells (RISCs) (Osuka and Meir, 2017). These cells are thought to
be resistant to chemotherapy and radiation because of their decreased rates of proliferation,
increased expression of DNA repair machinery and other drug resistance mechanisms (Jackson
et al., 2014). The existence of a hypoxic niche is also likely to promote the survival of these
cells (Li et al., 2009b). Currently, the only reliable marker for GSCs is CD133, a cell surface
molecule linked to increased chemoresistance, greater tumourigenic potential and patient sur-
vival (Campos et al., 2016). These cells are thought to continue divergent evolution, creating
a heterogeneous, therapy-resistant recurrent tumour for which there are few treatment options
(Osuka and Meir, 2017).

The invasive nature of the recurrence means that only a very small subset of patients are
eligible for further surgery and/or radiation. Most patients are given further chemotherapy in
the form of TMZ, nitrosoureas or bevacizumab, but these only offer very small benefits (Weller
et al., 2012). Much of the treatment for recurrent GBM is palliative, aimed at minimising
neurological deficits and preventing other complications. Novel, targeted therapies such as
EGFR inhibitors have proven to be ineffective in GBM (Artene et al., 2018). Other chemother-
apeutic drugs, particularly those focused on promoting the response of the immune system to
tumours, are still in clinical trials,. This includes the immune checkpoint inhibitors Nivolumab
and Ipilimumab, directed against programmed cell death protein 1 (PD1) and cytotoxic T-

lymphocyte-associated protein 4 (CTLA4), respectively (Osuka and Meir, 2017). Clearly, there
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is a desperate need for novel therapeutic options to either treat GBM at its recurrence, or

eliminate residual cancer cells to prevent recurrence in the first instance.

1.2 Cancer metabolism

1.2.1 Metabolic adaptations of cancer cells

Cancer cells are known to have a distinct metabolic profile. A summary of the major metabolic
changes in cancer cells and their relationship with NAD metabolism can be seen in Fig. 1.2.
Normal cells utilise oxygen to metabolise glucose, producing energy in the form of adenosine
triphosphate (ATP) and releasing CO and H2O in a process known as oxidative phosphoryla-
tion (OXPHOS) (Campbell et al., 2008). This process is critically dependent on the presence
of NAD. Multiple reactions during glycolysis and the trichloroacetic acid (TCA) cycle utilise
NAD to generate NADH. The NADH is used by the electron transport chain to generate ATP.
In normal cells, most ATP is generated by this way. In contrast, seminal work by Otto Warburg
in the 1920’s showed that cancer cells consume large amounts of glucose to produce lactate,
even in the presence of sufficient oxygen to fuel OXPHOS (Warburg et al., 1927). This phe-
nomenon, known as aerobic glycolysis or the “Warburg effect”, allows cancer cells to produce
biosynthetic intermediates such as nucleotides, amino acids and lipids required for cell growth
and proliferation (Heiden et al., 2009). The conversion of glyceraldehyde-3-phosphate to 1,3-
bisphosphoglycerate by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) utilises NAD to
generate NADH. As highly proliferative cells, cancer cells require large amounts of nucleotides
to repair DNA damage and synthesise DNA during mitosis. Precursors for nucleotides are ob-
tained primarily through glycolytic intermediates via the pentose phosphate pathway (PPP),
and from folate metabolism (Kohnken et al., 2015). Two key reactions in the oxidative branch of
the PPP depend on the presence of NADP to properly function. Entry of glucose-6-phosphate
into the PPP is catalysed by glucose-6-phosphate dehydrogenase (G6PD), which utilises NADP
to generate NADPH (Stincone et al., 2015). In addition, the conversion of 6-phosphogluconate
to ribulose 5-phosphate is catalysed by 6-phosphogluconate dehydrogenase (6PGD), and is also

NADP-dependent. Finally, the conversion of pyruvate in to acetyl coenzyme A (ACoA) and its
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entry in to the TCA cycle is catalysed by pyruvate dehydrogenase (PDH), which utilises NAD
to generate another molecule of NADH.

GBM cells show clear evidence of increased rates of glycolysis, which is correlated with to
increases in hexokinase (HK)2 expression (Warburg, 1956; Kirsch and Leitner, 1967; Oudard et
al., 1996; Wolf et al., 2011). Comprehensive analysis of genes involved in glycolysis showed that
multiple enzymes are important in GBM growth, including HK2 and pyruvate dehydrogenase
kinase (PDK)1 (Sanzey et al., 2015). Furthermore, a glycolytic signature for GBM has been
shown to predict a poor prognosis and poor response to chemotherapy, and is even associated
with IDH1 status in GBM (Chen et al., 2017). Glucose-6-phosphatase (G6PC) is an important
regulator of glycolysis in GBM, and also promotes proliferation, migration and invasion (Abbadi
et al., 2014). There is some evidence to suggest that GSCs display a very prominent Warburg
phenotype. GBM cells exhibiting very high rates of glycolysis with little OXPHOS show stem-
like properties, and have increased tumour initiating capacity, as well as a preference for hypoxic
conditions (Zhou et al., 2011). This likely reflects their slower growth, with glycolysis being
used to fuel ATP production instead. Inducing GBM cells to undergo differentiation in to
astroglia using cAMP derivatives has been shown to reverse the “Warburg effect” and promote
OXPHOS via PPARG coactivator 1 alpha (PGCla) (Xing et al., 2017).

Even though many cancers exhibit the “Warburg effect”, proper mitochondrial function is
also important in cancer pathophysiology. The TCA cycle takes place in the mitochondria,
which is important in the utilisation of glutamine, and the production of certain biosynthetic
intermediates to support cancer cell growth (Dang, 2012). A functional TCA cycle also allows
utilisation of fatty acids via B-oxidation (Carracedo et al., 2013). The major uses of NAD in
the mitochondria, and metabolic adaptations in cancer cells, can be seen in Fig. 1.2. Studies
have demonstrated that some GBM cell lines rely on OXPHOS to generate ATP (Kennedy
et al., 2013). This effect is mediated by insulin-like growth factor 2 mRNA-binding protein
2 (IGF2BP2), which upregulates the expression of numerous mitochondrial respiratory chain
complex subunits (Janiszewska et al., 2012). This suggests that both glycolysis and OXPHOS
coexist to support growth in GBM. To maintain OXPHOS, cells must maintain a large NAD

pool to generate the NADH required for the electron transport chain. Multiple reactions in the
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TCA cycle utilise NAD to generate NADH, including those catalysed by IDH, oxoglutarate de-
hydrogenase (OGDH) and malate dehydrogenase (MDH) (Campbell et al., 2008). In addition,
IDH can utilise NADP to generate NADPH,. This contributes to antioxidative mechanisms
that help to prevent the build-up of reactive oxygen species (ROS).

Cancer cells are known to produce large amounts of ROS, which can themselves regulate
cell metabolism, but also need to be eliminated if the cancer cells are to survive. ROS can
alter mitochondrial permeability and cause DNA damage, both of which can trigger apoptosis
(Solaini et al., 2011).ROS are also able to inhibit the major glycolytic enzyme pyruvate kinase
M2 (PKM2), which diverts glucose in to the PPP, generating reduced nicotinamide adenine
dinucleotide phosphate (NADPH) from nicotinamide adenine dinucleotide phosphate (NADP)
(Anastasiou et al., 2011). This allows reduced glutathione levels to be maintained to combat
ROS, as well as producing metabolic intermediates to synthesise nucleotides. In the brain,
astrocytes are known to produce large amount of ROS due to their high metabolic activity,
which predisposes them to ROS mediated DNA damage and therefore tumourigenesis (Salazar-
Ramiro et al., 2016). In GBM, tumour necrosis factor (TNF) induced production of ROS causes
phosphorylation and therefore activation of AKT serine/threonine kinase (Akt), leading to a
decrease in superoxide dismutase (SOD)1 levels and altered cytoskeletal organisation (Ghosh
et al., 2010). Furthermore, inhibition of TERT, a gene frequently mutated and overexpressed
in GBM, has been reported to decrease the expression of the key PPP enzymes G6PD and
transketolase (TKT), leading to increased apoptosis in a ROS dependent manner (Ahmad et
al., 2016). Interestingly, others have reported that glycloysis and the PPP have divergent roles
in GBM. Whilst rapidly proliferating GBM cells have high expression of genes involved in the
PPP, migrating cells preferentially express genes involved in glycolysis (Kathagen-Buhmann
et al., 2016).

Cancer cells also exhibit altered amino acid metabolism, in particular through elevated
consumption of glutamine. In cancer cells, glutamine is used as a nitrogen donor for amino
acid production to support protein synthesis, as well as fuelling the TCA cycle, and promoting
glutathione production to combat oxidative stress (Deberardinis and Cheng, 2010). However, in

GBM, very little circulating glutamine is taken up by the cells. Instead, GBM cells synthesise
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glutamine from glutamate through the action of glutamine synthetase (GS) to fuel de novo
purine synthesis (Tardito et al., 2015). However, recent metabolomic work has demonstrated
that there are two distinct populations of GBM cells; one that relies on glutamine (GLNigh),
and another that does not (GLN™") (Qizel et al., 2017). GLN#! cells appear to be normal
GBM cells, whereas GLN™Y cells are CD133% and thought to represent a subpopulation of
GSCs. This subpopulation is more dependent on glucose metabolism. Furthermore, studies
have reported that glucose deprivation can lead to a switch to increased glutamine consumption
in GBM. Low glucose levels lead to an increase in glutamate dehydrogenase (GDH) activity
to support glutamine utilisation by the TCA cycle (Chendong et al., 2009). In addition to
the role of glutamine in cancer metabolism, there is also evidence to suggest that some cancer
cells exhibit specific amino acid dependencies. Studies have demonstrated that certain cancers
rely on an exogenous supply of the non-essential amino acids asparagine or arginine. This
is because they lack the necessary enzymes to synthesise them de novo, namely asparagine
synthetase (ASNS) and argininosuccinate synthase 1 (ASS1), respectively (Lukey et al., 2017).

Lipid metabolism is now also regarded as an important part of the cancer metabolome.
Observations of increased de novo fatty acid synthesis in cancer were described as far back as
1951 (Olson, 1951; Zamecnik et al., 1951). To support their rapid growth, cancer cells need to
either consume or produce large amounts of fatty acids and cholesterol, particularly to support
membrane synthesis. As cancer cells consume large amounts of glucose and glutamine, both of
these molecules can be used to fuel the TCA cycle, which results in the generation of citrate
(Rohrig and Schulze, 2016). As the citrate moves from the mitochondria to the cytosol, it can
be converted into ACoA by ATP citrate lyase (ACLY). ACoA is then converted into malonyl-
CoA by acetyl-CoA carboxylase (ACC), followed by the conversion into palmitate by fatty acid
synthase (FASN). Palmitate contributes significantly to the overall fatty acid pool, which fuels
lipid and cholesterol synthesis. Cancer cells increase lipid and cholesterol synthesis specifically
through the upregulation of this pathway (Beloribi-Djefaflia et al., 2016). In addition, some
cancers have been demonstrated to increase fatty acid uptake in response to particular stressors,
further contributing to the fatty acid pool (Réhrig and Schulze, 2016).

Whilst it is generally accepted that fatty acid synthesis is the primary metabolic pathway
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in cancer, others have suggested that some cancer types utilise B-oxidation of fatty acids to
supplement energy production. Triglycerides are broken down in to fatty acids by hydrolases,
and the fatty acids are then transported in to the mitochondria (Carracedo et al., 2013).
B-oxidation produces reduced nicotinamide adenine dinucleotide (NADH) and reduced flavin
adenine dinucleotide (FADH,) to be used in OXPHOS, and ACoA, which can enter the TCA
cycle to generate further reducing agents. This phenotype has been observed in most clearly in
breast cancer (Carracedo et al., 2012). The composition of lipids in GBM have been reported
to be significantly altered compared to normal healthy tissue (Guo et al.,; 2013a). In addition,
studies have reported that EGFR signalling, which is frequently upregulated in GBM, leads
to the activation and nuclear translocation of sterol regulatory element-binding transcription
factor 1 (SREBF1), a master regulator of fatty acid synthesis (Guo et al., 2009b).

Clearly, cancer cells, including GBM, show a vast array of metabolic adaptations compared
to their normal, healthy counterparts. These changes allow them to maintain energy production

whilst consuming and synthesising the molecular intermediates required to grow and proliferate.
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Figure 1.2: Diagram showing major metabolic changes in cancer, and some of the
therapies that target them. NAD and NADH shown in green. Metabolites seen in black
writing. Italicised writing indicates a cellular process. Chemotherapeutics shown in red writing.
Blue molecules are proteins.

1.2.2 Targeting metabolic changes in cancer

The diverse range of alterations to cellular metabolism in cancer opens up hundreds of avenues
for therapeutic intervention. Targeting cancer metabolism with chemotherapy is not a new
concept. Indeed, some of the first chemotherapeutics used clinically were derivatives of normal
metabolic substrates, which were able to act as inhibitors of proliferation in cancer cells.

The first metabolic targeted chemotherapeutics were aimed at nucleotide metabolism. Sem-
inal work by Sydney Farber, often cited as the father of modern chemotherapy (Miller, 2006),
showed that antifolates such as aminopterin and methotrexate were effective in childhood
leukaemia (Farber et al., 1948; Djerassi et al., 1967). As shown in Fig. 1.2, methotrexate

inhibits the enzyme dihydrofolate reductase (DHFR), which catalyses the conversion of dihy-
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drofolate (DHF) to tetrahydrofolate (THF) (Khan et al., 2012). This leads to a depletion of
THF, which is required by thymidylate synthetase (TYMS) to synthesise thymidine monophos-
phate (dTMP). Loss of the dTMP pool prevents the cell from initiating both DNA repair and
synthesis, leading to senescence and cell death. Methotrexate is still used today to treat nu-
merous types of cancer, including lung, bladder, acute lymphoblastic leukaemia (ALL), chronic
myeloid leukaemia (CML), primary central nervous system (CNS) lymphoma and medulloblas-
toma (Abolmaali et al., 2013). Not long after the first use of methotrexate, another drug tar-
geting nucleotide metabolism in cancers was discovered; 5-fluorouracil (5FU). 5FU was proven
to have anti-proliferative effects that could be reversed by the addition of thymidine or its
metabolic derivatives (Rich et al., 1958). 5FU works in a very similar way to methotrexate, by
directly inhibiting TYMS, as shown in Fig. 1.2 (Longley et al., 2003). In addition, 5FU has a
secondary mode of action, whereby its direct incorporation into RNA during transcription leads
to disruptions in RNA processing. 5FU has been used to treat breast, stomach, pancreatic,
and head and neck cancers to some degree, but it is best known as a first line treatment option
for colorectal cancer (Longley et al., 2003). However, even for colorectal cancer, the response
rates are very low, at only 10-15%. This is because only a small subset of colorectal cancers
exhibit the necessary DNA MMR deficiency required for 5FU to work (Bracht et al., 2010).
Unfortunately, both methotrexate and 5FU have failed in GBM, primarily due to a lack of BBB
penetration (Decker et al., 1987; Shapiro et al., 1992; Stewart et al., 1995; Herrlinger et al.,
2005). Recent work using novel methods to permeabilise the BBB or deliver methotrexate using
lipid nanoparticles have shown promising results (Cooper et al., 2015; Battaglia et al., 2017).
However, this work is still in very early, pre-clinical development, and some concerns have been
raised about its immunosuppressive effects preventing the immune system from attacking GBM
cells (Figueiro et al., 2016).

Not long after the antimetabolites were tested in cancer, attempts were made to target the
“Warburg effect” itself using glycolytic inhibitors. The first of these was the glucose analogue
2-deoxy-D-glucose (2DG), which was quickly proven to have anti-tumour effects in vivo (Ely,
1954). As shown in Fig. 1.2, 2DG competitively inhibits glucose uptake by glucose transporter
(GLUT), and blocks the entry of glucose into glycolysis by inhibiting HK (Zhang et al., 2014a).
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Inhibition of glycolysis leads to changes in AMP-activated protein kinase (AMPK) and Akt
signalling, increased oxidative stress, disruption of post-translational modifications to proteins
and the induction of autophagy (Shutt et al., 2010; Xi et al., 2011; Ahadova et al., 2015).
Despite promising findings in vitro, the translation of 2DG to clinical use has been very slow.
This is in part due to the discovery that chronic, high-dose 2DG leads to cardiotoxicity and
shorter survival in rats (Minor et al., 2010). However, numerous attempts have been made to
combine short term, low dose 2DG with other therapies, particularly in GBM. Administration
of 2DG with radiation is safe in patients with glioma (Mohanti et al., 1996; Singh et al., 2005).
2DG combined with both 6-aminonicotinamide and irradiation leads to increased production of
ROS, and inhibition of growth in numerous cancer cell lines, including GBM (Bhardwaj et al.,
2012). The combination of 2DG and histone deacetylase inhibitors (HDIs) also induces apop-
tosis in GBM (Egler et al., 2008). Furthermore, 2DG with metformin decreases the viability
of GBM tumour spheres both in vitro and in vivo, whilst simultaneously downregulating the
expression of genes related to EMT and stemness (Kim et al., 2017).

Mitochondria are known to play a role in the activity of numerous anti-cancer compounds,
primarily through the activation of mitochondrial-mediated apoptosis, the production of DNA-
damaging ROS, and the induction of autophagy (Dickerson et al., 2017). Disruption of mito-
chondria in GBM cells using dichloroacetate reverses their hyperpolarised phenotype, leading
to depolarisation, increased production of ROS and activation of apoptosis (Michelakis et al.,
2010). This has also been demonstrated using other mitochondrial toxins (Shen et al., 2015a).
Furthermore, inhibition of TERT, a gene frequently mutated and overexpressed in GBM, de-
creases the expression of the key PPP enzymes G6PD and TKT, leading to increased apoptosis
in a ROS-dependent manner (Ahmad et al., 2016).

Given that cancer cells consume large amounts of glutamine to fuel their metabolism, inhi-
bition of glutamine metabolic pathways is a promising therapeutic strategy. To this end, drugs
targeting glutamine import, conversion to glutamate and subsequent metabolism to produce
a-ketoglutarate have shown promise in treating specific cancers in vivo, particularly neurob-
lastoma (Hensley et al., 2013). However, toxicity is often a major problem with compounds

targeting glutamine metabolism, and so efforts are required to generate novel compounds with
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better toxicity profiles. As previously described, GBM cells synthesise glutamine from gluta-
mate through the action of GS to fuel de novo purine synthesis (Tardito et al., 2015). This
renders them mostly insensitive to systemic depletion of glutamine and inhibitors of glutaminol-
ysis. However, it is possible to treat cancers showing arginine or asparagine auxotrophy by
systemically depleting these non-essential amino acids, as shown in Fig. 1.2. This is the case
for ALL, whereby asparagine auxotrophy means that systemic depletion of asparagine using
asparaginase starves the cells, eventually leading to cell death (Egler et al., 2016). In GBM,
asparagine depletion potentiates the effects of TMZ in vivo, although some GBM cell lines are
resistant due to upregulation of ASNS (Panosyan et al., 2014). Systemic depletion of arginine
can be achieved through the use of the enzyme arginine deiminase (ADI). ADI catalyses the
conversion of arginine to citrulline and ammonia (Takaku et al., 1992). Early work demon-
strated that a stabilised form of the enzyme, pegylated ADI (ADI-PEG20), could potently
inhibit hepatocellular carcinoma and melanoma growth both in vitro and in vivo (Ensor et al.,
2002). In GBM, methylation of ASS1 and arginosuccinate lyase (ASL) confers hypersensitivity
to arginine depletion through the use of ADI-PEG20 (Syed et al., 2013). Treatment of GBM
cells with ADI limits cell growth both in vitro and in vivo (Fiedler et al., 2015), as well as im-
pairing cell motility, invasion and adhesion through alterations in B-actin organisation (Pavlyk
et al., 2015). Clinical trials have indicated that ADI-PEG20 is well tolerated and effective
in treating melanoma (Ascierto et al., 2005; Ott et al., 2013), hepatocellular carcinoma (Izzo
et al., 2004; Glazer et al., 2010; Thongkum et al., 2017), and mesothelioma (Szlosarek et al.,
2017). Furthermore, a clinical trial combining ADI-PEG20 with docetaxel has shown promising
clinical efficacy in patients with advanced malignant solid tumours, including those of the lung,
prostate, gastrointenstinal tract, head and neck (Tomlinson et al., 2015). It remains to be seen
whether or not this could be of therapeutic benefit in GBM.

Attempts have also been made to target lipid metabolism in cancer. Inhibition of ACLY
blocks cancer cell proliferation both in witro and in vivo (Hatzivassiliou et al., 2005). This
effect is mediated by increases in ROS, leading to DNA damage and AMPK activation (Migita
et al., 2013). In GBM, inhibition of ACLY leads to decreases in clonogenicity, migration and

invasion, and potentiates the effects of Met kinase inhibitors (Beckner et al., 2010). Inhibition
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of ACC blocks proliferation and induces cell death in numerous types of cancer (Wang et al.,
2015a). Recent work has indicated that inhibition of ACC also leads to a block in fatty acid
synthesis and proliferation in EGFR mutant GBM cells (Jones et al., 2017). Early inhibitors
of FASN showed promising anti-neoplastic activity, but had potentially dangerous side effects,
including appetite suppression and concomitant weight loss (Flavin et al., 2010). However,
novel FASN inhibitors have shown more promising results, with better specificity and fewer
side effects (Menendez and Lupu, 2017). In GBM, overexpression of FASN is associated with
glioma tumour grades, and inhibition of FASN using orlistat initiates apoptosis in GBM cells
(Grube et al., 2014). Furthermore, FASN induced lipogenesis is greater in GSCs, and inhibition
of FASN using cerulenin suppresses proliferation and migration in these cells (Yasumoto et al.,
2016).

There is also evidence to suggest that targeting cholesterol metabolism could be of clinical
benefit in cancer, particularly through the liver X receptor (LXR)/low-density lipoprotein re-
ceptor (LDLR) pathway. Cholesterol is required for the maintenance of cell surface signalling
molecules in lipid rafts, as well as regulating endoplasmic reticulum stress (Beloribi-Djefaflia
et al., 2016). LXR agonists inhibit cancer cell growth by decreasing the expression of LDLR,
thereby suppressing cholesterol uptake (Lin and Gustafsson, 2015). In GBM, activation of
LXR leads to LDLR degradation and cell death in vivo (Guo et al., 2011; Villa et al., 2016). In
addition, TMZ sensitivity in GBM cells is associated with a reduction in intracellular choles-
terol levels, and soluble cholesterol can increase sensitivity to TMZ through a death receptor
5/caspase-8 dependent mechanism (Yamamoto et al., 2018). However, despite promising pre-
clinical results, psychiatric side effects stemming from LXR agonist treatment has prevented
their use in the clinic (Lin and Gustafsson, 2015). It appears that cholesterol metabolism is
another vital part of cancer biology, including in GBM. However, more work is required to fully
elucidate the mechanisms by which these pathways affect cancer initiation and growth before

effective therapies can be applied in the clinic.
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1.2.3 Pathways that regulate cancer metabolism

Clearly, cancer cells show a vast array of metabolic adaptations compared to their normal,
healthy counterparts. These changes allow cancer cells, including GBM, to consume large
amounts of metabolites, maintain the production of ATP and synthesise the biosynthetic in-
termediates required to survive and proliferate. Therapies targeting some of these metabolic
adaptations, particularly nucleotide metabolism, have had great success in treating cancer.
There are a few major metabolic pathways that control cancer cell metabolism. The first is the
PI3K/Akt pathway, and the second is the serine/threonine kinase 11 (LKB1)/AMPK pathway.
Both of these converge on mechanistic target of rapamycin (mTOR), which is a major regula-
tor of cell metabolism. In addition, other major cancer pathways are able to affect cancer cell
metabolism, including TP53, MYC proto-oncogene, BHLH transcription factor (MYC) and
hypoxia-inducible factor (HIF)1. A summary of the major signalling pathways that control

cancer cell metabolism can be seen in Fig. 1.3.

PI3K /Akt

In GBM, the PI3K/Akt pathway is activated in up to 90% of cases (Langhans et al., 2017). As
shown in Fig. 1.3, this is often due to EGFR amplications or activating mutations, but these
genetic alterations also occur in PI3K as well (TCGA, 2008). PI3K is amplified or mutated in
a variety of cancers, leading to an increase in PI3K/Akt signalling that promotes a cancerous
phenotype (Tu et al., 2009). PTEN, a major negative regulator of PI3K, is one of the most
frequently mutated tumour suppressor genes across all cancers. Indeed, in primary GBM,
PTEN is mutated in 30% of cases, and is associated with shorter survival times (TCGA, 2008;
Lino and Merlo, 2011). Loss of PTEN activity leads to a constitutively activated PI3K/Akt
signalling pathway and aberrant metabolism (Chalhoub and Baker, 2009).

Akt influences a range of different pathways involved in cancer survival and proliferation.
Akt activates HK2 to promote glycolysis in numerous cancer types (Zhuo et al., 2015; Li et al.,
2016). Upregulation of HK2 is critical in maintaining the “Warburg effect” in GBM, allowing
the cells to proliferate and even promoting resistance to radiation and chemotherapy (Wolf

et al., 2011). Akt also promotes glycolysis by increasing phosphofructokinase activity in cancer
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(Novellasdemunt et al., 2013; Simon-Molas et al., 2016). In addition, Akt stimulates de novo
fatty acid synthesis through its interaction with ACLY (Bauer et al., 2005; Hanai et al., 2012).
In GBM, constitutive activation of Akt leads to activation of MDM2, which suppresses TP53
activity (Daniele et al., 2015). Furthermore, Akt inhibits glycogen synthase kinase 3 (GSK3),
leading to block in apoptotic signalling and upregulation of B-catenin activity (Majewska and
Szeliga, 2017). Finally, activation of the PI3K/Akt pathway leads to translocation of GLUT1 to
the plasma membrane, to allow glucose uptake, thus promoting glycolysis (Hong et al., 2016).

PI3K/Akt inhibitors are in the relatively early stages of clinical development, but have
shown some promise. PI3K inhibitors are effective in treating chronic lymphocytic leukaemia
(CLL), as well as some solid tumours such as breast cancer (Khan et al., 2014; Mateo et al.,
2017; Morgillo et al., 2017). In GBM, pan PI3K inhibitors such as wortmannin suppress EGFR-~
mediated cell signalling and limit proliferation (Klingler-Hoffmann et al., 2003). Furthermore,
inhibition of PI3K can sensitise GBM cells to radiation and chemotherapy (Kao et al., 2007;
Opel et al., 2008; Shi et al., 2017). Development of PI3K inhibitors has led to the synthesis of
compounds that can more easily cross the BBB, such as GNE-317. GNE-317 inhibits tumour
growth in orthotopic models of GBM (Salphati et al., 2012). Despite this progress, translation
to a clinical setting has been slow. In a recent phase II clinical trial, the PI3K inhibitor PX-
866 was reported to be relatively well tolerated but demonstrated poor efficacy in recurrent
GBM (Pitz et al., 2015). Furthermore, in phase I/II clinical trials, the Akt inhibitor perifosine
showed a good toxicity profile, but poor efficacy as monotherapy in head, neck and prostate
cancer, as well as neuroblastoma (Argiris et al., 2006; Chee et al., 2007; Becher et al., 2017;
Kushner et al., 2017). Perifosine has not been tested in a clinical setting in GBM, but has been
reported to synergise with bevacizumab, yielding increases in apoptosis and longer survival in a
pre-clinical model (Ramezani et al., 2017). However, clinical trials using the pan-Akt inhibitor
MK-2206 have been more successful. MK-2206 was demonstrated to synergise with various anti-
cancer agents both in vitro and in vivo, leading to increased suppression of proliferation across
multiple cancer types (Hirai et al., 2010). Phase I clinical trials showed that MK-2206 was well
tolerated and yielded partial responses in patients with pancreatic cancer (Yap et al., 2011).

Phase II clinical trials took this further, demonstrating that MK-2206 has modest activity in
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patients with lymphoma and CLL (Larsen et al., 2017). In GBM, MK-2206 synergises with
the EGFR inhibitor gefitinib, leading to a significant increase in apoptosis both in vitro and
in vivo (Cheng et al., 2012). Furthermore, MK-2206 synergises with radiation and TMZ in
vitro (Narayan et al., 2017). Other Akt inhibitors, including GSK690693 and PBI-05204, have
shown anti-cancerous activity in vitro (Levy et al., 2009; Hong et al., 2014a; Pan et al., 2015;
Korkola et al., 2015); however, more work is required to fully assess their safety and efficacy,

and their potential application in GBM.

LKB1/AMPK

LKBI1 is a tumour suppressor gene that is frequently mutated in cancer (Momcilovic and Shack-
elford, 2015). LKB1 phosphorylates AMPK leading to its activation (Woods et al., 2003; Shaw
et al., 2004). As shown in Fig. 1.3, mutations in LKB1 result in a loss of function, leading to
a lack of AMPK activity (Momcilovic and Shackelford, 2015). AMPK is a critical regulator
of cell metabolism. It functions as an energy sensor, monitoring the AMP/ADP/ATP ratio,
and responding accordingly. Under conditions in which ATP is being used rapidly, such as in
response to low glucose levels or through the actions of specific signalling pathways, ADP and
AMP are released. These can bind to the y-subunit of AMPK, leading to a conformational
change that allows phosphorylation by LKB1, and inhibits dephosphorylation (Mihaylova and
Shaw, 2011). This activates AMPK, which is then able to stimulate energy production through
the upregulation of glycolysis, OXPHOS and B-oxidation of fatty acids, as well as illiciting
changes to pathways that control cell growth, proliferation, autophagy and even cell polarity
(Mihaylova and Shaw, 2011). Whilst LKB1 mutations are rare in GBM, studies have demon-
strated that high levels of microRNA (miRNA)-451 can inhibit LKB1 activity in glioma cells.
miRNA-451 suppresses the expression of the LKB1 binding protein, calcium-binding protein
39 (CAB39), which stabilises the interaction between LKB1 and STE20-related kinase adaptor
(STRAD) (Godlewski et al., 2010). This leads to a reduction in AMPK activity and activation
of mTOR.

Despite its diverse range of roles in cellular metabolism, AMPK is generally considered

to act as a tumour suppressor. It helps to counteract the “Warburg effect” by upregulating
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OXPHOS (Zadra et al., 2015). Furthermore, it suppresses lipid and protein synthesis through
its inhibition of ACC/FASN and mTOR, respectively (Zadra et al., 2015). Therefore, AMPK
activators present a unique therapeutic opportunity. The most widely studied AMPK activator
is metformin. Metformin activates AMPK indirectly by stimulating ATP consumption and
therefore increasing intracellular AMP (Kasznicki et al., 2014). It has been demonstrated to
have anti-neoplastic effects in numerous types of cancer, including lung, breast, colon, ovarian
and melanoma (Li et al., 2015b). There have been numerous phase I, IT and III clinical trials on
metformin in cancer. Whilst many are still in progress, some have indicated promising results,
with reductions in tumour markers such as Ki-67 protein (Ki-67), but few have reported any
clinical efficacy (Chae et al., 2016). In GBM, metformin is able to synergise with TMZ and
induce apoptosis both in vitro and in vivo (Yu et al., 2015b; Ho Yang et al., 2016; Valtorta
et al., 2017). The AMPK agonist, 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR),
has been demonstrated to have anti-neoplastic activity in numerous cancers both in vitro and
in vivo (Sun et al., 2007; Theodoropoulou et al., 2012; Montraveta et al., 2014; Wu et al.,
2016). In GBM, AICAR inhibits the growth of EGFR-mutated GBM cells in vitro by blocking
lipogenesis, and inhibits tumour growth in vivo (Guo et al., 2009a). This inhibition of de
novo fatty acid synthesis makes GBM cells dependent on extracellular lipids, and leads to an
increase in the expression of lipoprotein receptors (Rios et al., 2014). Studies have also reported
that TMZ induces AMPK expression leading to apoptosis, likely due to TP53 activation and
inhibition of mTOR signalling (Zhang et al., 2010b).

mTOR

Both the PI3K/Akt and LKB1/AMPK pathways converge on arguably the most important reg-
ulator of cell metabolism, mTOR. There are two mTOR complexes: mTORC1 and mTORC2.
mTORC1 is composed of mTOR, regulatory associated protein of mMTOR complex 1 (Raptor),
mTOR associated protein, LST8 homolog (MLST8) and AKT1 substrate 1 (AKTS1), and is
relatively well characterised (Porta et al., 2014). On the other hand, mTORC2 is composed
of mTOR, Raptor independent companion of mTOR complex 2 (Rictor), mitogen-activated

protein kinase associated protein 1 (MAPKAP1) and MLSTS, but its exact functions are still
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relatively poorly understood (Porta et al., 2014). Here, I will focus on the roles of mTORC1
in cancer.

The PI3K/Akt pathway regulates mTORCI1 primarily through TSC complex subunit (TSC)2.
Phosphorylation of TSC2 by Akt removes its inhibitory effect on mTORC1 (Porta et al., 2014).
On the other hand, AMPK inhibits mMTORCI1 function both by activating TSC2 and by phos-
phorylating raptor, a major component of the mTORC1 (Shaw, 2009). Somatic mutations in
TSC1 can lead to its inactivation, causing increased mTORCI1 activity and promoting a cancer-
ous phenotype. However, the role of TSC1/2 in cancer is normally attributed to mutations in
signalling molecules upstream, such as PTEN and LKB1, both of which lead to their inactiva-
tion and constitutive activation of mMTORC1 (Ben-Sahra and Manning, 2017). This is especially
true of GBM, where increases in EGFR signalling, coupled with PTEN mutations, lead to a
constitutively activated PI3K/Akt pathway and therefore high mTORCI activity (Akhavan
et al., 2010). mTORCI1 acts as a convergence point for many different pathways related to
cell survival and proliferation, including numerous growth factors, oxygen concentrations and
amino acid levels (Sami and Karsy, 2013). mTORCI1 primarily activates anabolic pathways
to encourage cell growth and proliferation. Activation of mTORC1 leads to increased protein
synthesis through the phosphorylation and activation of eukaryotic translation initiation factor
4E-binding protein (4E-BP) and ribosomal protein S6 kinase beta-1 (S6K1) (Ben-Sahra and
Manning, 2017). In addition, mTORC1 upregulates MYC to increase nucleotide biosynthe-
sis, glycolysis and glutaminolysis. mTORC1 also regulates lipid metabolism by suppressing
fatty acid oxidation (Ben-Sahra and Manning, 2017). Furthermore, mMTORCI1 forms part of a
positive feedback loop by activating Akt to maintain PI3K/Akt signalling (Yang et al., 2015a).

In GBM, mTORCI1 is upregulated in IDH1 wild type tumours, and is a marker of poor
prognosis (Machado et al., 2018). mTORCI controls glycolysis through its regulation of MYC.
mTORC1 phosphorylates and therefore inactivates the class Ila histone deacetylases histone
deacetylase (HDAC)4 and HDACSH. This results in acetylation and inactivation of forkhead
box (FOX)O1/3, removing the suppressive effects of these proteins on MYC, and promoting
a glycolytic phenotype (Masui et al., 2013). Because this pathway is PI3K/Akt-independent,

it confers resistance to PI3K and Akt inhibitors. mTORC1 also promotes OXPHOS and sup-
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presses HK2 activity under irradiation (Lu et al., 2015). Finally, whilst inhibition of mMTORC1
decreases GBM cell growth both in vitro and in vivo, resistance occurs through the upregulation
of glutamine metabolism (Tanaka et al., 2015).

Whilst drugs targeting PI3K or Akt have shown some promise in recent years, inhibitors
of mMTORC1 were proven to have anti-neoplastic activity decades ago. The drug for which
mTORC1 is named, rapamycin (also known as sirolimus), was demonstrated to inhibit the
growth of numerous cancer cell lines, but was not used clinically due to its poor pharmacokinetic
properties (Porta et al., 2014). However, derivatives of sirolumus, such as temsirolimus and
everolimus, are used to treat renal cell carcinoma (Zanardi et al., 2015; Buti et al., 2016) and
breast cancer (Royce and Osman, 2015), but have shown little clinical value in treating GBM
(Chang et al., 2005; Kreisl et al., 2009; Lassen et al., 2013; Ma et al., 2015; Chinnaiyan et al.,
2017; Schiff et al., 2018).

One area of clinical research that has received particular interest is that of dual PI3K/mTOR
inhibitors. This approach is facilitated by that fact that the catalytic subunits in PI3K and
mTOR have a high degree of sequence homology (Porta et al., 2014). Most data on the effects
of dual PI3K/mTOR inhibition has been collected on dactolisib (NVP-BEZ235). Initial ex-
periments showed that dactolisib was more effective at inhibiting proliferation than everolimus
in a range of different cancer cell lines (Maira et al., 2008; Serra et al., 2008). Furthermore,
high doses of dactolisib can suppress the reactivation of Akt often seen with standard mTOR
inhibitors, and attributed to resistance to this class of compounds. In GBM, dactolisib inhibits
double-strand break (DSB) repair in irradiated cells, leading to reduced tumour growth and
a significant increase in survival in wvivo (Gil Del Alcazar et al., 2014). Dactolisib can also
sensitise GBM cells to TMZ both in vitro and in vivo (Yu et al., 2015a), although its safety
and efficacy in preclinical models has been questioned (Netland et al., 2016). Multiple phase
IT clinical trials have indicated that dactolisib is poorly tolerated, and clinical benefits have
not been observed in advanced or everolimus-resistant cancers (Seront et al., 2016; Fazio et al.,
2016; Wise-Draper et al., 2017). Given the wide range of responses to different inhibitors of
the PIBK/Akt/mTORCI1 pathway, it is likely that the greatest benefits will be seen in patients

whose cancers display oncogene-addiction.
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TP53

TP53 is arguably the single most important gene in the history of cancer. It is well established
as a tumour suppressor gene, regulating proliferation through control of the cell cycle, DNA
repair, apoptosis and a vast array of other mechanisms (Bieging et al., 2014). TP53 mutations
are found in almost every single type of cancer, albeit at highly variable proportions (Rivlin
et al., 2011). In GBM, TP53 mutations are present in ~40% of cases (TCGA, 2008). In
addition, other components of the TP53 pathway are altered in GBM, including deletions in
pl4, CDKN2A alternate reading frame (p144RF) and amplifications of MDM2 and MDM4, p53
regulator (MDM4) (TCGA, 2008). These mutations are highlighted in Fig. 1.3; the TP53
pathway is dysregulated in 87% of GBM cases (TCGA, 2008). Most mutations in TP53 lead
to loss of its DNA-binding functions, which prevent it from activating its targets, thereby
allowing proliferation to continue unhindered, leading to cancer (Rivlin et al., 2011). This
occurs through the loss of proper cell cycle regulation to allow DNA repair at Gy, loss of vital
apoptotic signalling pathways and alterations to a myriad of other pathways related to cell
growth, proliferation and survival (Nozaki et al., 1999). However, some mutations in TP53
result in gain-of-function. These lead to inhibition of other TP53 family proteins such as
tumour protein P63 (TP63) and tumour protein P73 (TP73), as well as direct activation of
genes that promote cancer cell survival, such as those involved in chemoresistance, proliferation
and apoptosis (Weisz et al., 2007).

Early studies indicated that TP53 mutations were linked to chemoresistance in glioma
(Iwadate et al., 1996). Both mutant TP53 and high expression of TP53 are linked to poorer
survival in GBM, and knockdown of mutant TP53 in GBM cells increases their sensitivity
to TMZ (Wang et al., 2014). Mouse models have demonstrated that combined TP53 and
PTEN deletions are enough to initiate a GBM-like phenotype, as this combination leads to
MYC activation, thus enhancing tumourigenesis (Zheng et al., 2008). In addition, mutant
TP53 regulates PPARG coactivator 1 (PPARGC1)A, which is an important regulator of energy
metabolism, and FERM domain containing 5 (FRMD5), thought to play a role in cell motility
(Brazdova et al., 2009). Furthermore, whilst concurrent alterations in TP53 and EGFR are

rare, they are predictive of poorer survival in patients with GBM (Ruano et al., 2009). Finally,
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despite the clear role of mutant PTEN in initiating GBM, there is some evidence to suggest
that normal PTEN can actually support cancer growth. In GBM cases with gain-of-function
mutant TP53, PTEN acts as a pro-cancer molecule by inhibiting the degradation of mutant
TP53 by MDM2 (Li et al., 2008).

TP53 also has a diverse range of roles in cell metabolism. Expression of TP53 is able to
counteract the “Warburg effect” by downregulating the expression of the glucose transporters
GLUT1/4 (Schwartzenberg-Bar-Yoseph et al., 2004). This was further reinforced by the discov-
ery of TP53-induced glycolysis regulatory phosphatase (TIGAR). TIGAR is a TP53 responsive
gene that inhibits glycolysis through reduction of fructose-2,6-bisphosphate levels (Bensaad et
al., 2006). In addition to this, TP53 also promotes OXPHOS through the induction of synthe-
sis of cytochrome ¢ oxidase 2 (SCO2), which stabilises the cytochrome C oxidase complex in
mitochondria (Matoba et al., 2006). TP53 expression is modulated through a number of major
metabolic signalling pathways, including the PI3K/Akt pathway. TP53 can also be activated
by AMPK in response to low glucose levels, leading to cell senescence (Jones et al., 2005).
Furthermore, there is a positive feedback mechanism in place, whereby TP53 is able to activate
AMPK signalling (Feng et al., 2007).

In GBM, suppression of wild type TP53, or induction of mutant TP53 leads to increases
in glucose consumption and lactate production, as well as decreased oxygen consumption and
increased sensitivity to hypoxia-induced cell death; this is in part due to the downregulation of
SCO2 (Wanka et al., 2012a). TP53 also protects GBM cells from apoptosis under low glucose
and oxygen conditions by upregulation of TIGAR, leading to increased glutathione production
and therefore protection from oxidative stress (Wanka et al., 2012b). Furthermore, stabilisation
of normal TP53 allows the activation of apoptosis when combined with inhibition of EGFR-

driven glycolysis (Mai et al., 2017).

MYC

MYC is a transcription factor that is well established as an oncogene frequently dysregulated
in cancer (Stine et al., 2015). It is highly expressed in GBM tissue, and the expression levels

of MYC are correlated with cell cycle progression (Engelhard et al., 1989). MYC mediates
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apoptosis in TMZ-treated cells expressing MGMT through the Akt/GSK3 pathway (De Salvo
et al., 2011). In a mouse model of de novo GBM, deletion of both PTEN and TP53 leads to
MYC activation, promoting a cancerous phenotype in neural stem cells (Zheng et al., 2008).
MYC also negatively regulates PTEN through upregulation of miRNA-26a (Guo et al., 2013b).
MYC activity is regulated by mTORC1 through the action of S6K1 and autophagy and beclin
1 regulator 1 (AMBRA1) (Csibi et al., 2014; Cianfanelli et al., 2015). In addition, MYC is
regulated by the PI3K/Akt pathway through its interaction with FOXO proteins (Peck et al.,
2013), and hypoxia is known to downregulate MYC expression and protein stability (Okuyama
et al., 2010).

MYC promotes glycolysis through the upregulation of the glucose transporter GLUT1 and
other key glycolytic genes (Osthus et al., 2000). MYC also promotes glutaminolysis by upreg-
ulating the glutamine transporter SLC 1 member 5 (SLC1A5), and the enzyme glutaminase
(GLS), which catalyses the first step in glutamine metabolism, converting glutamine into glu-
tamte to be used in the TCA cycle (Wise et al., 2008). Recent work has indicated that MYC
can also induce the expression of glutamate-ammonia ligase (GLUL) under low glutamine con-
ditions to promote de novo glutamine synthesis (Bott et al., 2015). In addition, MYC promotes
glutathione synthesis, through glutamine and glycine metabolism, to combat oxidative stress
(Gao et al., 2009). Furthermore, MYC directly binds and initiates the transcription of a vast
array of genes involved in both purine and pyrimidine biosynthesis (Liu et al., 2008), leading to
an increase in the shunting of glucose into the PPP and increased TCA cycling (Morrish et al.,
2009).

Using '3C-labelled glucose, it has been demonstrated that MYC overexpression increases
glycolytic flux in GBM through the increased expression of genes involved in glycolysis (Tateishi
et al., 2016). GSK3 is a key regulator of metabolism dependent on MYC signalling. Down-
regulation of GSK3 results in the dissociation of HK2 from the mitochondrial membrane and
mitochondrial destabilisation, as well as increases in MYC expression, both of which lead to
apoptosis (Kotliarova et al., 2008). Inhibition of GSK3 sensitises GBM cells to TMZ by pro-
moting MY C-mediated methylation of the MGMT promoter (Pyko et al., 2013). Clearly, MYC

has a diverse range of functions in GBM, some of which are distinctly oncogenic, but others that
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indicate a role as a tumour suppressor. More work is required to fully elucidate the mechanisms

and situations in which MYC plays these different roles.

HIF1

The HIF1 pathway is activated in response to low oxygen conditions, which are often observed
in solid tumours, particularly in GBM (Bar, 2011). HIF1 activity is regulated by the prolyl
hydroxylase (PHD) family. HIF'1 is constitutively expressed, but in the presence of oxygen, PHD
proteins are able to hydroxylate proline residues on HIF1 (Bruick and McKnight, 2001). This
allows von Hippel-Lindau (VHL) to bind, tagging HIF1 for degradation by the E3-ubiquitin
ligase system (Koh et al., 2008). The interaction of HIF1 with PKM2 and PHD3 forms part
of a positive feedback loop to promote a hypoxic phenotype (Semenza, 2011). HIF1 acts
as a transcription factor that upregulates numerous genes involved in glycolysis, including
GLUT1, lactate dehydrogenase A (LDHA) and PDK1 (Semenza et al., 1996; Kim et al., 2006a;
Pore et al., 2006). HIF1 also promotes mitochondrial autophagy to prevent excessive ROS
production through the action of BCL2-interacting protein 3 (BNIP3) (Zhang et al., 2008).
These conditions allow cancer cells to maintain ATP levels and protect themselves from hypoxia-
associated production of ROS, thereby preventing the activation of apoptosis (Kim et al.,
2006a).

In GBM, loss of PTEN leads to increased Akt activity, which in turn stimulates HIF1
expression under hypoxic conditions (Zundel et al., 2000), thus leading to increased expression
of the HIF1 targets GLUT1 and vascular endothelial growth factor (VEGF) (Pore et al., 2006).
HIF1 degradation can be induced by MDM2, providing further evidence for the importance of
this molecule in GBM pathopysiology, independent of its effects on TP53 (Joshi et al., 2014).
Global metabolic profiling of GBM showed that hypoxia induces increases in glycolysis, the
PPP and production of R-2-hydroxyglutarate (2HG), as well as downregulation of the TCA
cycle, impaired cholesterol, glycerolipid and sphingolipid metabolism and enhanced catabolism
of proteins and amino acids (Kucharzewska et al., 2015). Hypoxia also induces fatty acid uptake
and lipid storage in a HIF1-dependent manner through the action of fatty acid-binding proteins
(FABP) (Bensaad et al., 2014). Inhibition of the HIF1 target gene PDK1 using dichloroacetate
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is able to force GBM cells into a more oxidative phenotype, leading to a Go/M cell cycle
block (Shen et al., 2015b). Dichloroacetate also synergises with radiation by blocking the
radiotherapy-induced glycolytic shift, and increasing oxidative stress and DNA damage. PDK1
may induce EGFR activation, and combined inhibition of both proteins is able to block the
“Warburg effect” and shift tumour metabolism to OXPHOS, inhibiting proliferation in GBM

(Velpula et al., 2013).

IDH1

It is now known that metabolic enzymes themselves can also act as oncogenes and tumour
suppressors. The best known example of this is that of IDH1. As shown in Fig. 1.3. muta-
tions in IDH1, which are common in secondary GBM, lead to a gain of function whereby the
enzyme produces 2HG from o-ketoglutarate (Dang et al., 2009). Accumulation of this “onco-
metabolite” leads to activation of mMTORC1 through the direct inhibition of lysine demethylase
4A (KDM4A) (Carbonneau et al., 2016). 2HG also increases the contribution of glutamine to
lipid synthesis, specifically palmitate, under hypoxic conditions (Reitman et al., 2014). 2HG can
also increase the sensitivity of cancer cells to alkylating chemotherapy through the inhibition
of the AlkB homolog (ALKBH) family (Wang et al., 2015b). In addition to this, IDH1 mu-
tations in GBM lead to the downregulation of numerous HIF1 target genes, including LDHA,
which affects their glycolytic capacity (Chesnelong et al., 2014). IDH1 mutations have also
been linked to increased expression of genes involved in the TCA cycle and increased levels of
OXPHOS, demonstrating an anti-Warburg phenotype (Khurshed et al., 2017).

Efforts have been made to utilise the production of 2HG in cancer for both imaging and
disease monitoring. Early studies indicated that whilst serum 2HG was a useful marker for
IDH-mutated leukaemias, it could not be used as a marker for disease monitoring in glioma
(Capper et al., 2012). However, further studies have indicated that 2HG levels in urine can be
indicative of IDH status (Lombardi et al., 2015; Fathi et al., 2016). There has also been great
success in the detection of 2HG using MRI in patients with glioma, highlighting its potential
clinical use (Elkhaled et al., 2012; Kalinina et al., 2012). Recent work has demonstrated that

2HG production can even be tracked from labelled glutamine in vivo (Salamanca-Cardona et
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Figure 1.3: Diagram showing major regulators of cancer cell metabolism. Ital-
icised writing indicates a cellular process. Molecular changes such as gain of function
(GOF)/inactivating mutations, amplifications and deletions shown in red writing. Blue
molecules are proteins.

1.3 NAD metabolism and biosynthesis in cancer

Drugs targeting major regulators of cancer metabolism have been proven to be effective, and are
currently in use for some cancers and in clinical trials for many others. However, much of this is
thought to be due to the disruption of cell signalling pathways that maintain proliferation and
inhibit apoptosis; few are attributed solely to their effects on cell metabolism alone. Targeting
NAD metabolism is a relatively novel concept in the field of cancer therapy. NAD acts as a
cofactor in numerous metabolic reactions, and plays a major role in the regulation of the cell
cycle and DNA repair. All of these are features that affect cancer survival, which makes it an
attractive therapeutic target. However, there are of course reservations about interfering with

such a critical metabolic pathway with regards to potential side effects. Here I will summarise
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the roles of NAD in both normal and cancer cell biology, and the therapeutic potential in

treating GBM.

1.3.1 NAD metabolism
NAD biosynthesis

There are a huge range of different cellular activities that are NAD-dependent. It can be used
as an electron carrier to generate energy, it helps to regulate proliferation, DNA repair and cell
death, and it can be adapted by phosphorylation to help combat oxidative stress. Therefore,
cells must actively maintain a sufficient pool of NAD at all times. They do this through a
number of different metabolic pathways. A summary of these pathways, as well as the major
uses of NAD discussed previously, can be seen in Fig. 1.4. The chemical structures of the
different NAD biosynthetic intermediates can be seen in Fig. 1.5.

It is generally accepted that the most important enzyme in NAD biosynthesis is NAMPT,
historically referred to as PBEF or visfatin (Wang et al., 2006b). Enzymes that consume NAD,
such as the aforementioned sirtuin (SIRT)s and PARPs, release Nam. As shown in Fig. 1.4,
NAMPT catalyses the conversion of Nam to nicotinamide mononucleotide (NMN), which is the
rate-limiting step in NAD biosynthesis (Garten et al., 2015). NAMPT is found in the cytoplasm,
the nucleus and extracellularly as eNAMPT (Garten et al., 2015). It is expressed in almost
every single tissue in the body, highlighting its importance in cellular homeostasis (Garten et
al., 2015). The NMN generated by NAMPT can in turn be used by the nicotinamide nucleotide
adenylyltransferase (NMNAT) family to synthesise NAD (Brazill et al., 2017). There are three
members of the NMNAT family; NMNATI1, NMNAT2 and NMNAT3, which are located in
the nucleus, the golgi apparatus and mitochondria, respectively (Ying, 2008). They facilitate
the rapid regeneration of NAD in compartments known to consume it at very high rates. The
constant recycling of Nam, to NMN, to NAD allows cells to maintain NAD pools to be used in
metabolism, proliferation and DNA repair. In addition, the NAD generated can be converted in
to NADP through the action of NAD kinase (NADK), which can the be used in other reactions,
such as the PPP and fatty acid metabolism.

Whilst NAMPT and the NMNAT family are the key components of the canonical NAD
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biosynthetic pathway, there are a number of other pathways that contribute to the overall
NAD pool. The first of these is the nicotinate phosphoribosyltransferase (NAPRT) pathway.
As shown in Fig. 1.4, NAPRT catalyses the conversion of nicotinic acid (NA) to nicotinic acid
mononucleotide (NaMN) (Hara et al., 2007). NA, also known as niacin or vitamin B3, is found
in numerous parts of a normal diet, including meat, fish, eggs, dairy products, certain vegetables
and whole wheat (Bogan and Brenner, 2008); therefore, it is considered an important dietary
source of NAD. Like NMN, NaMN can be converted to nicotinic acid adenine dinucleotide
(NaAD) by members of the NMNAT family (Zhang et al., 2003). The NaAD must then
undergo a final metabolic step to convert the NA group to Nam, which is catalysed by the
enzyme NAD synthetase 1 (NADSYN1) (Yamaguchi et al., 2007). The conversion of NaMN
to NAD via these series of reactions is known as the Preiss-Handler pathway (De Figueiredo
et al., 2011).

The next pathway that feeds into NAD biosynthesis is relatively novel. It is an extracellular
Nam salvage pathway that relies on the activity of the enzyme ecto-5-nucleotidase (NT5HE).
NT5E, also known as CD73, is a well characterised membrane-bound enzyme that catalyses
the breakdown of ATP, ADP and AMP to release adenosine, which plays a major role in
immunological signalling (Allard et al., 2016b). Recent work showed that NT5E could also
catalyse the breakdown of NAD to NMN, releasing AMP, and further catalyse the breakdown
of NMN to nicotinamide riboside (NR) (Garavaglia et al., 2012). It is thought that extracellular
NR can enter cells through equilibrative nucleoside transporter (ENT) channels (Ratajczak
et al., 2016). Once in the cytoplasm, NR can be converted into NMN by members of the
nicotinamide riboside kinase (NMRK) family (Sasiak and Saunders, 1996). This can be seen in
Fig. 1.4. The NMN then follows the same route as the canonical NAD biosynthetic pathway,
being used by the NMNAT family to synthesise NAD.

There is another NAD biosynthetic pathway that is able to feed into the Preiss-Handler
pathway. This is the de novo NAD biosynthesis pathway, which occurs through kynurenine
metabolism. This system is also reliant on a dietary precursor to NAD, the essential amino
acid tryptophan (Badawy, 2017). Through a series of reactions, tryptophan is converted into

quinolinic acid (QA) via kynurenine intermediates. As shown in Fig. 1.4, QA is then converted
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into NaMN by the enzyme quinolinate phosphoribosyltransferase (QPRT), which enters the
Preiss-Handler pathway to be used in NAD biosynthesis (De Figueiredo et al., 2011). The
existence of these different NAD biosynthetic pathways shows not only how important NAD is
in cellular homeostasis, but also how much redundancy there is in the system. NAD is a vital

component of numerous cellular activities.
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Figure 1.4: Diagram showing NAD biosynthetic pathways and its uses in cells. In-
cludes the major uses of NAD in oxidative metabolism, cell cycle and DNA repair, as well as all
of the unique biosynthetic pathways of NAD. Metabolites seen in black writing. Italicised green
writing highlights the different NAD biosynthetic pathways. Italicised black writing indicates
a cellular process. Chemotherapeutics shown in red writing. Blue molecules are proteins.
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NAD in glycolysis, OXPHOS and fatty acid metabolism

NAD and its phosphorylated counterpart NADP are important cofactors in a huge range of
different metabolic reactions, including glycolysis, the TCA cycle, the PPP and of course, OX-
PHOS. It is well established that the total conversion of one molecule of glucose into energy
yields 36 molecules of ATP (Campbell et al., 2008). NAD plays a key role in the transla-
tion of the series of reactions required to generate this energy. The breakdown of fructose-
1,6,bisphosphate generates two molecules of glyceraldehyde-3-phosphate, through the actions
of aldolase and triosephosphate isomerase (TPI) (Campbell et al., 2008). NAD acts as a

cofactor in the conversion of each of these molecules of glyceraldehyde-3-phosphate into 1,3-

34



CHAPTER 1 1.3

bisphosphoglycerate, producing two molecules of NADH (Campbell et al., 2008). Subsequent
metabolic reactions result in the production of four molecules of ATP, and the release of two
molecules of pyruvate (Campbell et al., 2008). In normal cells, the pyruvate is then converted
into ACoA by PDH and is transported into the mitochondrial matrix to be used in the TCA
cycle (Campbell et al., 2008). As each molecule of pyruvate passes through the TCA cycle, four
more molecules of NADH are generated, as well as one molecule of FADH, (Campbell et al.,
2008). Whilst the NADH generated by glycolysis can pass through the outer mitochondrial
membrane into the intermembrane space, it cannot cross the inner mitochondrial membrane
directly (Houtkooper et al., 2010). A series of reactions involving the malate/aspartate shut-
tle system allows the NADH in the mitochondrial intermembrane space to be converted into
NADH in the mitochondrial matrix, to be used in OXPHOS (Kane, 2014).

Whilst it is generally accepted that fatty acid synthesis is the primary metabolic pathway
in cancer, studies have indicated that some cancer types utilise 3-oxidation of fatty acids to
supplement energy production. Triglycerides are broken down into fatty acids by hydrolases,
and the fatty acids are then transported into the mitochondria (Carracedo et al., 2013). B-
oxidation produces NADH and FADH; to be used in OXPHOS, and ACoA, which can enter
the TCA cycle to generate further reducing agents. This phenotype has been observed most
clearly in breast cancer (Carracedo et al., 2012).

The accumulation of NADH in the mitochondrial matrix is used to fuel the primary energy-
producing system in normal cells, OXPHOS. NADH dehydrogenase (ubiquinone) (NDU), also
known as complex I, passes electrons from NADH to flavin mononucleotide (FMN), releas-
ing NAD (Campbell et al., 2008). Electrons are passed along the electron transport chain
(ETC) from both NDU and succinate dehydrogenase (SDH) (complex II) through coenzyme
Q-cytochrome ¢ reductase (CQ-CCR) (complex III) to cytochrome ¢ oxidase (CCO) (complex
IV) (Campbell et al., 2008). They use this energy to transport protons out of the mitochondrial
matrix and into the intermembrane space, and the resulting proton gradient drives ATP pro-
duction as protons move back through ATP synthase (Campbell et al., 2008). This system is
the basis of energy production in all eukaryotes, but it could not function without NAD acting

as a carrier molecule from one set of reactions to the next.

35



CHAPTER 1 1.3

NADP in redox balance and nucleotide synthesis

Whilst NAD is a vital part of aerobic respiration, it’s phosphorylated form, NADP, and its
corresponding reduced form NADPH, are required in different metabolic pathways. NADP is
generated from NAD by the action of NADK (Nikiforov et al., 2015). NADPH is generated
in the mitochondria through a few major metabolic reactions. The transhydrogenase reaction
allows the production of NADPH from NADH by nicotinamide nucleotide transhydrogenase
(NNT) (Rydstrom, 2006). Certain enzymes of the TCA cycle can utilise NADP to produce
NADPH, including IDH and malic enzyme (ME) (Smolkovéa and Jezek, 2012). These reactions
contribute to the accumulation of NADPH in the mitochondria, which is particularly impor-
tant in combating oxidative stress. The enzyme glutathione reductase (GR) uses NADPH to
synthesise glutathione from glutathione disulfide (Ying, 2008). The glutathione can then be
used by enzymes such as glutathione peroxidase (GP) and glutathione S-transferases (GST)
to combat oxidative stress. Furthermore, NADPH is used as an oxidising agent in the thiore-
doxin system, which detoxifies hydrogen peroxide into water, and it can even bind and activate
catalase (CAT) directly, another enzyme that detoxifies hydrogen peroxide (Ying, 2008). This
makes NADPH a major factor in combating oxidative stress, which is particularly important
in highly proliferative cells.

NADP also plays a major role in nucleotide synthesis through the PPP. The enzyme G6PD
catalyses the conversion of glucose-6-phosphate to 6-phosphogluconate, and simultaneously uses
NADP to generate NADPH (Wamelink et al., 2008). In a second reaction, phosphogluconate
dehydrogenase (PGD) catalyses the conversion of 6-phosphogluconate to ribulose-5-phosphate,
generating another molecule of NADPH (Wamelink et al., 2008). The ribulose-5-phosphate can
be converted into ribose-5-phosphate to be used in nucleotide synthesis, but the NADPH feeds
other major metabolic pathways in the cytosol, particularly fatty acid synthesis (Wamelink
et al., 2008). Numerous enzymes involved in the synthesis of different fatty acids require either
NADH or NADPH to function. Some enzymes, including the 3-ketoacyl and enoyl reductases,
show a high degree of specificity for NADPH, reinforcing the importance of this molecule in
fatty acid synthesis (Wakil et al., 1983).

As described previously, all of these metabolic pathways are able to support cancer growth
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in some way. Furthermore, NAD is required for proper mitochondrial function, which allows
cancer cells to utilise glutamine and fatty acids to fuel the TCA cycle, maintain glycolysis
through HK2 expression, and maintain proper redox balance to prevent DNA damage and

apoptosis (Solaini et al., 2011).

1.3.2 Sirtuins

In addition to its roles in metabolism, NAD also acts as a substrate for reactions that control
numerous cellular activities, particularly with regards to the cell cycle. It does this through
its interaction with the SIRT family of proteins. SIRTSs are thought to play a major role
in longevity, and are often dysregulated in cancer (Watroba et al., 2017). They are HDAC
enzymes that regulate gene transcription by removing acetyl groups from lysine amino acids
on histones bound to DNA (Yamamoto et al., 2007). There are seven SIRTSs, each of which
has been shown to have unique, distinct roles (Table 1.1). Generally speaking, the removal of
acetyl groups from histones results in them more tightly binding DNA, and prevent the access
of the DNA transcription machinery (Yamamoto et al., 2007). This effectively suppresses gene
expression at that specific point. However, whilst histones are generally considered to be the
primary targets of SIRTSs, there is also evidence to suggest that some act directly on other
proteins. These include major transcriptional regulators with known roles in cancer, such as
TP53, nuclear factor kappa B (NF-xB), PGCla and the FOXO family, as well as metabolic
enzymes such as PDH (Yamamoto et al., 2007). In addition to their well established deacetylase
activity, two SIRTs have ADP-ribosylation activity; these are SIRT4 and SIRT6 (Yamamoto et
al., 2007). Indeed, STRT4 exclusively exhibits ADP-ribosylation activity. These SIRTs catalyse
the attachment of ADP-ribose to proteins, which can either activate or inhibit them depending
on the target in question (Yamamoto et al., 2007). Both the deacetylase and ADP-ribosylation
activities of SIRTs depend on NAD. During the removal of acetyl groups from histones or other
proteins, NAD undergoes hydrolysis to produce O-acetyl-ADP-ribose (Yamamoto et al., 2007).
SIRT4/6 catalyse the removal of the ADP-ribose motif on NAD and facilitate its binding to
proteins, normally on to lysine residues (Dang, 2014). Both of these reactions release Nam,

which can be recycled to form NAD again. SIRTSs have a huge range of activities, and can
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function as either oncogenes or tumour suppressor genes.

SIRT1 deacetylates multiple histone residues (Table 1.1), many of which are related to ge-
nomic stability and cellular longevity (Watroba et al., 2017). SIRT1 also regulates TP53 activ-
ity through its interactions with HDAC1 (Vaziri et al., 2001; Yang et al., 2015b). Deacetylation
of the mitochondrial regulator PGCla by SIRT1 increases its activity and leads to increased
oxygen consumption (Nemoto et al., 2005). Activation of AMPK enhances SIRT1 activity
by increasing NAD availability, leading to deacetylation of PGCla and activation of genes in-
volved in energy production (Canté et al., 2013). The oncogenic roles of SIRT1 are linked to
its established inhibitory effects on the tumour suppressor genes TP53 and E2F transcription
factor (E2F)1 (Luo et al., 2001; Wang et al., 2006a). In glioma cells, knockdown of SIRT1
inhibits proliferation and induces apoptosis via the PI3K/Akt pathway, supporting its role as
an oncogene (Qu et al., 2012). SIRT2 has many similar targets to SIRT1, such as PGCla,
NF-xB and FOXO1 (Dang, 2014). Both SIRT1 and SIRT2 have been shown to deacetylate
S6K1, which promotes mTORC1-dependent phosphorylation of S6K1 and activation of down-
stream genes involved in protein synthesis and cell survival (Hong et al., 2014b). SIRT?2 is
important in the regulation of the cell cycle, with its activity peaking in Go/M (Dryden et al.,
2003; Vaquero et al., 2006). SIRT2 regulates the activity of the anaphase-promoting com-
plex/cyclosome (APC/C) through deacetylation of fizzy and cell division cycle 20 related 1
(FZR1) and cell division cycle (CDC)20, coordinating normal cell cycle progression (Kim et
al., 2011). SIRT2 is significantly upregulated in GBM compared to normal healthy brain tissue,
and nuclear staining of SIRT2 positively correlates with tumour grade (Imaoka et al., 2012).
In C6 glioma cells, inhibition or knockdown of SIRT?2 leads to caspase-mediated apoptosis and
necrosis (He et al., 2012). SIRT3 is particularly important in the regulation of cell metabolism,
as it regulates numerous enzymes involved in glycolysis, the TCA cycle, and redox balance (Ta~
ble 1.1). SIRT3 also regulates the urea cycle and fatty acid oxidation through its deacetylation
and activation of ornithine carbamoyltransferase (OTC) (Hallows et al., 2011). SIRT4 is the
only SIRT that solely displays ADP-ribosylation activity. SIRT4 suppresses PDH through its
lipoamidase activity, also reducing the flux of pyruvate into the TCA cycle (Mathias et al.,
2014). In addition, SIRT4 suppresses GDH, which blocks the entry of glutamine in to the TCA
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cycle (Haigis et al., 2006). SIRT5 is able to act not only as a deacetylase, but also as a de-
malonylase and desuccinylase (Mei et al., 2016). The first major target of SIRT5 was reported
to be carbamoyl-phosphate synthase 1 (CPS1), which is a major component of the urea cycle
relating to arginine metabolism (Nakagawa et al., 2009). The desuccinylation activity of SIRTS
has been implicated in a variety of metabolic pathways, including the TCA cycle, mitochon-
drial metabolism, and both amino acid and fatty acid metabolism (Park et al., 2013). Some
studies have also demonstrated that SIRT5 can regulate glycolysis through demalonylation and
suppression of of GAPDH activity (Nishida et al., 2015). SIRT6 is the only SIRT that displays
both deacetylase and ADP-ribosylation activities. Loss of SIRT6 promotes glycolysis, MYC ac-
tivation and a tumourigenic phenotype in cancer cells (Sebastidn et al., 2012). In GBM, SIRT6
suppresses proliferation and induces apoptosis via nuclear translocation of apoptosis-inducing
factor (AIF), whilst simultaneously inhibiting the janus kinase (JAK)2/signal transducer and
activator of transcription (STAT)3 signalling pathway and reducing oxidative stress (Feng et
al., 2016b). Finally, SIRT7 is poorly understood, but studies have indicated that its most

important activity lies in its positive regulation of RNA polymerase I (Ford et al., 2006).
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Sirtuin Activity Histone modifications | Other targets Functions affected
(location)
SIRT1 Deacetylase | H4K16dac, H3K9dac, HDACT1, TP53, PGCla, MYC, NF-xB, RB, | Cell cycle, proliferation,
(Nucleus) H1K26dac, H3K14dac, FOXO1, FOX03, FOX04, PI3K, AKT, apoptosis, mitochondrial
HK16dac, H3K56dac, HIF1a, E2F1, PPARa, PPARYy, SREBF1, regulation, metabolism
H3K79me3a, H3K27me3 | SREBF2, LXR, S6K1, PARP1
SIRT?2 Deacetylase | H3K56dac, H4K16dac, PGCla, NF-xB, FOXO1, FOXO3, Mitosis, OXPHOS, DNA
(Cytoplasm) H4K20mel a-tubulin, G6PD, ACLY, HIF1a, S6K1, repair
FZR1, CDC20, CDK9
SIRT3 Deacetylase | H4K16dac ACSS2, IDH2, SOD2, PDH, FOXO03, OTC, | TCA cycle, OXPHOS,
(Mitochondria) ACADL oxidative stress, fatty
acid oxidation
SIRT4 ADP- N/A PDH, GDH, SLC25A5, MCD TCA cycle, fatty acid
(Mitochondria) | ribosylation oxidation
SIRT5 Deacetylase, | N/A CPS1, PDH, SDH, PKM2, GAPDH, SOD1 Urea cycle, glycolysis,
(Mitochondria) | deacylase gluconeogenesis
SIRT6 Deacetylase, | H3K9dac, H3K56dac NF-xB, TNF, MYC, FOXO3, SREBP2, Proliferation, DNA
(Nucleus) deacylase, PARP1 repair
ADP-
ribosylation
SIRT7 Deacetylase | H3K18dac RNApoll, TP53, MYC, HIF1a, HIF2q, rDNA transcription
(Nucleolus)

I H4LdVHD

Table 1.1: Table summarising the different sirtuins and their roles in cellular function. Table adapted from (Yamamoto et al.,
2007; Dang, 2014; Chalkiadaki and Guarente, 2015; Watroba et al., 2017; Blank and Grummt, 2017)
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1.3.3 PARPs

Last, but by no means least, are the roles of NAD in DNA repair. Over the course of a
lifetime, DNA damage can occur in any cells in the human body, from either endogenous or
exogenous sources (Ciccia and Elledge, 2010). Without sufficient DNA repair, this damage
would either lead to cell death and consequent organ failure, or mutations and the beginning
of tumourigenesis. However, cells have a vast array of different mechanisms to deal with DNA
damage. The area I want to focus on is PARP-mediated DNA repair. The PARP family
consists of 18 members, but only three of them are involved in DNA repair; PARP1, PARP2
and PARP3 (Morales et al., 2014). Many of the other members of the PARP family are poorly
characterised (< 20 articles, (NCBI, 2018), and will not be discussed here. PARP1 and PARP2
show a high degree of similarity, and both are activated by SSB and DSB in DNA. However,

most of the work carried out regarding the roles of PARPs in DNA repair concern PARP1.

PARP1

As previously described, upon recognition of DNA damage, PARP1 catalyses PARylation of
itself and other targets such as histones H1 and H2B, resulting in chromatin remodelling to
allow access for the DNA repair machinery (Ciccia and Elledge, 2010). For SSB, this leads to
the recruitment of the DNA repair protein XRCC1, a critical component of the BER repair
machinery (Morales et al., 2014). XRCC1 recruits APE1, polynucleotide kinase 3’-phosphatase
(PNKP), aprataxin (APTX) and LIG3, and the coordinated response of these enzymes results
in the repair of the SSB (Caldecott, 2008). When XRCC]1 binds to the SSB, PARP1 is released,
and PAR chains are rapidly removed by poly (ADP-ribose) glycohydrolase (PARG) (Caldecott,
2008). This reactivates PARP1, and allows it to recognise further DNA damage. PARP1 is also
able to recognise DSBs in DNA. Whilst these are rare in comparison to SSBs, they are far more
damaging, and mammalian cells have a highly complex network of repair mechanisms in place
to ensure their rapid and efficient repair (Ciccia and Elledge, 2010). One of these mechanisms
is non-homologous end joining (NHEJ). This is initiated by XRCC5, which recruits DNA-
dependent protein kinase, catalytic subunit (DNA-PKcs), and in turn recruits other proteins

that catalyse the ligation of DSBs (Ciccia and Elledge, 2010). Whilst PARP1 is not directly
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involved in this mechanism, it can initiate an alternative version of NHEJ. PARP1 can bind
to DSBs and recruit the MRE11-RAD50-NBM (MRN) complex, a vital component of many
DSB repair pathways (Ciccia and Elledge, 2010). This leads to the recruitment of XRCCI,
which initiates something akin to SSB repair (Beck et al., 2014b). PARP1 is also important
in the initiation of another form of DSB repair, homologous recombination (HR). This occurs
during the S/Gy phase of the cell cycle, where the sister chromatids can be used to mediate
DNA repair (Ciccia and Elledge, 2010). HR is also initiated by the recruitment of the MRN
complex, but results in a different cascade of DNA repair events. MRN recruits and activates
ATM serine/threonine kinase (ATM), which coordinates the interaction of BRCA, DNA repair
associated (BRCA)1 and RB-binding protein 8, endonuclease (RBBPS8) with one of the many
different available repair pathways (Beck et al., 2014b). HR is particularly important in in-
stances where unrepaired SSBs lead to stalled or collapsed replication forks and result in DSBs
(Beck et al., 2014b). PARP1 is known to interact with other NAD-consuming enzymes, includ-
ing members of the SIRT family. PARP1 and SIRT1 share many targets, including histones,
components of the DNA damage response network, cell death proteins, and key transcription
factors, such as TP53, MYC and NF-xB (Luna et al., 2013). In addition, c-Jun N-terminal
kinase (JNK) phosphorylates SIRT6, which in turn activates PARP1 to stimulate the repair of
DNA damage (Mao et al., 2011; Van Meter et al., 2016). This highlights the interplay between

different molecules and systems that require NAD to function.

PARP2

In addition to the well-established roles of PARP1 in DNA repair, there is clear evidence for
the role of PARP2. PARP2 is also able to bind damaged DNA and initiate BER (Kutuzov
et al., 2015). In addition, recent work has demonstrated that, like PARP1, PARP2 is able to
initiate the recruitment of XRCC1 in the repair of SSBs (Hanzlikova et al., 2017). PARP2 is
also important in recognition of gaps and flap structures in DNA, which require more advanced
repair intermediates (Kutuzov et al., 2013). Early work indicated that PARP2 interacts with
kinetochore proteins, including centromere protein (CENP)A /B to maintain proper kinetochore

function and chromatid separation during mitosis (Saxena et al., 2002). In addition, PARP2
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has been shown to interact with telomeric repeat-binding factor 2 (TRF2), a key regulator of
telomere integrity (Dantzer et al., 2004). The DNA binding and enzymatic activity of PARP2
is suppressed by the histone acetyltransferases lysine acetyltransferase 2 (KAT2)A /B (Haenni
et al., 2008). Furthermore, PARP2 has been shown to suppress SIRT1 expression through
interaction with the SIRT1 gene promoter (Bai et al., 2011), reinforcing the roles of these two
classes of NAD-consuming enzymes in the regulation of cellular activity. Interestingly, PARP2
has been implicated in the regulation of genes involved in the cell cycle, independent of its
PARylation activity (Liang et al., 2013). It does this by recruitment of HDAC5, HDAC7 and
euchromatic histone lysine methyltransferase 2 (EHMT2) to the promoters of genes such as

MYC, RB and E2F1.

PARP3

The last PARP with a clear role in DNA repair is PARP3. Early work demonstrated that
PARP3 localised preferentially to the daughter centriole during mitosis, and it was shown
to interfere with the progression from G; to S phase during the cell cycle (Augustin, 2003).
PARP3 associates with polycomb group bodies, as well as many other proteins involved in
the DNA damage response, including PARP1 (Rouleau et al., 2007). In addition, PARP3 is
able to activate PARP1 in the absence of DNA damage (Loseva et al., 2010). PARP3 is also
activated by DSBs, and facilitates the accumulation of aprataxin and PNKP like factor (APLF)
to promote the recruitment of the XRCC4/DNA ligase IV complex and initiate NHEJ (Rulten
et al., 2011). Furthermore, activation of APLF by ATM is dependent on PARP3 (Fenton et al.,
2013). PARP3 may play a role in regulating the balance between different mechanisms of DSB
repair, including NHEJ and HR (Beck et al., 2014a).

PARPs and DNA repair in cancer

Proper DNA repair is required not only to maintain cancer cell viability, but also to repair
DNA damage caused by treatments meant to kill them, including chemotherapy and radiation.
Multiple studies have indicated that genetic polymorphisms in PARP1 can increase suscepti-

bility to GBM (Liu et al., 2009a; McKean-Cowdin et al., 2009; Yosunkaya et al., 2010; Wang
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et al., 2016b; Liu and Jiang, 2017). The expression of PARP1 is higher in GBM compared
to control samples (Galia et al., 2012). Further studies have shown that PARP1 expression
is associated with the classical subtype of GBM, and in this group high expression of PARP1
is associated with shorter survival times (Murnyak et al., 2017). Whilst there has been little
work on the role of PARP2 in GBM, it has been demonstrated that PARP3 promotes prolifer-
ation and radioresistance through activation of FOXM1 (Quan et al., 2015). PARP inhibitors
are approved for use in BRCA-deficient cancers, which show unique hypersensitivity to this
class of chemotherapy, particularly ovarian cancer (Ohmoto and Yachida, 2017). Inhibition
of PARP using NU1025 has been reported to sensitise GBM cells with high levels of EGFR
activity to radiation (Nitta et al., 2010). The combination of the PARP inhibitor PJ34 and
the EGFR inhibitor erlotinib more effectively block tumour growth in vivo when compared to
either treatment alone (Majuelos-Melguizo et al., 2015). Furthermore, in PTEN-mutated GBM
cells, PARP inhibition leads to severe genomic instability, mitotic collapse and cell death. In
GSCs, DNA damage response genes such as PARP1 are upregulated, and the combined inhi-
bition of PARP and ATR serine/threonine kinase (ATR) sensitises cells to radiation (Ahmed
et al., 2015). Alkylating agents such as TMZ cause DNA damage that must be repaired for
a cell to survive, otherwise they will enter apoptosis and die. The addition of the pan-PARP
inhibitor 3-aminobenzamide to TMZ further increases its growth inhibitory effects in GBM cells
in a TP53-independent manner, but with a greater effect in MMR-deficient cells (Tentori et al.,
2002). These results were replicated in vivo using the PARP inhibitor INO-1001 (Cheng, 2005).
The PARP inhibitor ABT-888 (also known as veliparib) sensitises GBM cells to combined TMZ
and radiation in both MGMT- and MGMT™ cell lines (Barazzuol et al., 2013). However, the
results with combined TMZ/PARP inhibitor therapy could not be replicated in TMZ-resistant
GBM cell lines in vivo (Gupta et al., 2014). More recently, it was reported that IDH1 mutant
GBM cells are highly sensitive to PARP inhibitors. Due to their low levels of NAD, likely as
a consequence of NAPRT suppression by 2HG, treatment of IDH1-mutated cells with olaparib

sensitises them to TMZ (Lu et al., 2017).
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1.3.4 Targeting NAD biosynthesis in cancer

NAMPT

To target NAD metabolism therapeutically, the most logical place to start is at the rate-limiting
step in NAD biosynthesis, the enzyme NAMPT. NAMPT was relatively poorly studied in can-
cer, but came to light at the turn of the 21st century, with the discovery of the highly specific
NAMPT inhibitor FK866 (also known as APO866 and daporinad) (Hasmann and Schemainda,
2003). FKS866 is a highly specific, non-competitive inhibitor of NAMPT. It binds across the
NA/NMN binding site, but also interacts with other parts of NAMPT, resulting in the inhi-
bition of its enzymatic activities (Kim et al., 2006b). The structure of FK866 can be seen
in Fig. 1.5. Inhibition of NAMPT using FK866 leads to a gradual reduction in NAD levels
and eventually apoptosis in cancer cells. Whilst it does not affect mitochondrial respiration,
it specifically affects cancer cells because of their high rate of NAD consumption by enzymes
such as the SIRTs and PARPs. After the initial discovery of FK866, other papers began to
emerge on the effects of NAMPT inhibitors in cancer. FK866 was demonstrated to limit tumour
growth and increase radiosensitivity in a mouse model of breast cancer (Muruganandham et al.,
2005). FK866 was also reported to synergise with antimetabolites and intercalating agents in
leukaemia cells (Pogrebniak et al., 2006), as well as inducing autophagy in neuroblastoma cells
(Billington et al., 2008). FK866 was reported to be highly effective in a panel of hematolog-
ical cancer cell lines, but showed little to no effect on normal hematopoietic progenitor cells
(Nahimana et al., 2009). It was shown to cause NAD depletion leading to a loss of ATP levels
linked to mitochondrial dysfunction, caspase-mediated apoptosis, autophagy and eventually
cell death. Furthermore, FK866 was able to limit tumour growth in vivo. FK866 was shown to
synergise with TNF-related apoptosis-inducing ligand (TRAIL) targeted therapy by triggering
autophagy-mediated cell death in leukaemia (Zoppoli et al., 2010). It has been demonstrated
that FK866 specifically depletes cytosolic NAD, but not mitochondrial NAD, indicating that
its effects are not dependent on changes in OXPHOS (Pittelli et al., 2010). Furthermore, de-
pletion of NAD following treatment with FK866 was shown to be dependent on the activity of
PARP2 rather than SIRTs. In parallel to the work on NAMPT inhibitors in cancer, more work

on NAMPT itself began to emerge. Hypoxia was shown to induce the expression of NAMPT
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in breast cancer cells through the action of HIF1 (Bae et al., 2006). Furthermore, knockdown
of either NAMPT or NMNAT1 alters the HDAC activity of SIRT1 at specific promoter regions
(Zhang et al., 2009).

Another NAMPT inhibitor, GMX1778 (also known as CHS828), was first shown to have
anti-tumour activity both in vitro and in vivo in 1999 (Hjarnaa et al., 1999). Further studies
went on to demonstrate its effectiveness as a chemotherapeutic agent (Martinsson et al., 2001b;
Martinsson et al., 2001a; Martinsson et al., 2002; Hovstadius et al., 2002; Svensson et al.,
2002), and even went so far as phase I clinical trials (Hovstadius et al., 2002; Ravaud et al.,
2005). It has been reported that GMX1778 achieves this through suppression of NF-xB activity
(Olsen et al., 2004; Hassan et al., 2006). However, its function as a NAMPT inhibitor was not
revealed until 2008. GMX1778 has been demonstrated to deplete both NAD and NADH levels
by inhibiting NAMPT, which may be reversed with the addition of Nam, in small cell lung
cancer cells (Olesen et al., 2008). Further development of GMX1778 led to the discovery of
a soluble prodrug version with better pharmacokinetic properties, GMX1777 (Binderup et al.,
2005). Administration of GMX1777 showed that whilst individual injections of the drug did
not suppress tumour growth, continuous infusion effectively reduced tumour burden in mouse
models of lymphoma, lung and colon cancer (Beauparlant et al., 2009). Combination therapy
using GMX1777 and radiation in head and neck cancer showed considerable synergism, linked
to a loss of PARP activity (Kato et al., 2010).

By 2010, a huge amount of interest was developing in NAD metabolism, NAMPT and
its inhibitors in cancer. It is now known that NAMPT is overexpressed in numerous cancers,
including GBM, ovarian, prostate, gastric, breast, leukaemia, colorectal, thyroid, pancreatic and
melanoma (Reddy et al., 2008; Shackelford et al., 2010; Patel et al., 2010; Wang et al., 2011; Bi
et al., 2011; Lee et al., 2011; Dan et al., 2012; Zhang et al., 2013; Shackelford et al., 2013; Maldi
et al., 2013; Sawicka-Gutaj et al., 2015; Ju et al., 2016). Elevated NAMPT is associated with
poor prognosis in GBM, melanoma, breast and lung cancer (Reddy et al., 2008; Lee et al., 2011;
Zhou et al., 2014; Hung et al., 2016; Zhu et al., 2016; Zhao et al., 2017b). In addition, studies
have reported that genetic variants in NAMPT are associated with increased risk of bladder and

oesophageal cancer, although the exact mechanism is unknown (Zhang et al., 2014b; Zhang et
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al., 2015). Mutations in NAMPT also lead to resistance to inhibitors of the enzyme, although
there is little evidence to suggest that this is a common occurence in cancer (Olesen et al.,
2010a). NAMPT has even been proposed to be used as a circulating biomarker for prognosis in
cancer. Serum NAMPT is linked to higher grades in brain tumours, with the greatest amounts
seen in patients with GBM (Reddy et al., 2008). In patients with endometrial cancer, NAMPT
in serum is much higher compared to healthy controls, and is significantly correlated with
tissue levels (Tian et al., 2013). Furthermore, NAMPT-negative patients have significantly
longer survival times. NAMPT is also higher in the serum of patients with CLL compared to
healthy controls, and its release from CLL cells is triggered by stimulation of B cell receptor
(BCR), toll-like receptor (TLR)9, CD38 and CD40 (Audrito et al., 2015). Furthermore, serum
NAMPT is associated with poor prognosis, including shorter survival times, in patients with
hepatocellular carcinoma (Sun et al., 2017; Tsai et al., 2017). However, despite clear evidence
of upregulation of NAMPT in colorectal cancer tissue and a possible link to tumour stage (Lv
et al., 2015; Yang et al., 2016), serum levels have been reported to either be the same or even
lower than healthy controls, suggesting that serum NAMPT can only be used as a biomarker
in some types of cancer (Neubauer et al., 2015; Fazeli et al., 2016). Testing the tumour tissue
itself is the only way to be sure of an accurate measurement of NAMPT status.

NAMPT affects a huge range of activities in different types of cancer, most of which are di-
rectly related to NAD biosynthesis. In prostate cancer, NAMPT increases proliferation through
activation of mitogen-activated protein kinase (MAPK) pathways, such as MAPK14 (Patel et
al., 2010). FK866 inhibits migration and invasion in prostate cancer cells, as well as blocking
tumour growth in vivo (Wang et al., 2011). Furthermore, FK866 sensitises cells to oxidative
stress by suppressing the expression of FOXO3, leading to a reduction in the expression of
antioxidative genes CAT and SOD2 (Wang et al., 2011). In addition to the suppression of
CAT expression, FK866 suppresses the expression of another antioxidant enzyme, glutaredoxin
(GLRX), as well as the DNA damage-associated proteins proliferating cell nuclear antigen
(PCNA) and PARP1 (Xu et al., 2017). FK866 also reduces fatty acid synthesis by activat-
ing AMPK leading to phosphorylation and therefore inhibition of ACC (Bowlby et al., 2012).

This is specifically linked to the loss of SIRT1 and SIRT3 activity. In addition, NAMPT is
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coexpressed with SIRT2, and inhibition of either limits proliferation and induces apoptosis,
potentially through a block in Akt/B-catenin signalling (Dan et al., 2012). In pancreatic can-
cer, both FK866 and small interfering RNA (siRNA)-mediated inhibition of NAMPT block cell
growth and survival by limiting the “Warburg effect” and disrupting mitochondrial function,
leading to a loss of ATP production (Chini et al., 2014). This effect was also linked to increased
AMPK activation, but completely independent of SIRT1 or PARP1 activity. The combination
of FK866 and irradiation is more effective than either alone when applied to prostate cancer
cells both in vitro and in vivo (Zerp et al., 2014).

Combined treatment with FK866 and the PARP inhibitor olaparib more effectively inhibits
the growth of breast cancer and Ewing sarcoma cells compared to either agent alone (Bajrami
et al., 2012; Heske et al., 2017). NAMPT stimulates the expression of notch 1 (NOTCH1) in
breast cancer cells, leading to activation of NF-xB signalling, and inhibition of either NAMPT
or NOTCHI1 causes a decrease in cell growth both in vitro and in vivo (Park et al., 2014).
Knockdown of NAMPT in breast cancer cells leads to increases in integrin expression and
interactions with extracellular matrix proteins, indicating an increase in metastatic capabilities
(Santidrian et al., 2014). Exposure of breast and colorectal cancer cells to eNAMPT leads to
EMT, independent of its enzymatic activity, but dependent on transforming growth factor beta
(TGFB) signalling and PI3K/Akt-mediated nuclear translocation of snail family transcriptional
repressor (SNAI)1 (Soncini et al., 2014; Yang et al., 2016). Introduction of eNAMPT to breast
cancer cells has also been shown to increase cell viability and metastatic capabilities both in
vitro and in vivo (Hung et al., 2016). Further to this, eNAMPT can promote proliferation in
breast cancer cells by increasing intracellular SIRT'1 activity, leading to the deacetylation and
inactivation of TP53 (Behrouzfar et al., 2017). NAD levels are much higher in BRCA-mutated
breast cancers, and NAMPT expression increases NAD levels and can promote PARP1 activity
(Li et al., 2014a). This link between BRCA activity and NAD metabolism has also been
established in ovarian cancer (Li et al., 2014b). The expression of NAMPT in breast cancer cells
promotes resistance to glucose deprivation by increasing the production of NADPH, maintaining
glutathione-mediated detoxification of mitochondrial ROS (Hong et al., 2015b). Increases in

the activity of both the PI3K/Akt and MAPK pathways determine this response (Gholinejad
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et al., 2017). This has also been demonstrated in endometrial cancer cells, where it leads to
the upregulation of MYC and cyclin D1 (CCND1) (Wang et al., 2016d). In multiple myeloma,
FK866 induces autophagy-mediated cell death via both PI3K/Akt/mTORCI-dependent and
-independent mechanisms (Cea et al., 2012). NAMPT is part of a unique postitive feedback
loop, whereby MYC activation leads to increased NAMPT and SIRT1 expression, significantly
increasing SIRT1 activity, which in turn increases MYC activation (Menssen et al., 2012).
Inhibition of NAMPT may induce autophagy and cell death via TP73, and a combination of
high NAMPT expression and low TP73 expression are prognostic in breast cancer (Sharif et
al., 2016). It was recently demonstrated that both NAMPT and NMNAT1 play a role in the
interaction of PARP1 with CCCTC-binding factor (CTCF) in breast cancer cells (Henderson
et al., 2017). Loss of PAR on CTCF results in the inhibition of tumour suppressor genes, such
as TPH3.

In leukaemia, FK866 acts synergistically with HDAC inhibitors through the upregulation
of BCL2-associated X, apoptosis regulator (BAX), dependent on a loss of SIRT activity (Cea
et al., 2011). Some studies have indicated that functional TP53 is required for the activity of
FK866 in cancer cells. FK866 leads to increased acetylation of TP53, likely due to reduced NAD
availability for SIRTs, leading to increased expression of the pro-apoptotic proteins CDKN1A
and BAX (Thakur et al., 2012a; Thakur et al., 2012b; Alaee et al., 2017). Treatment of CLL
cells with FK866 results in a drop in ATP levels followed by apoptosis (Gehrke et al., 2014).
FK866 can induce AMPK expression, leading to a block in the mTORC1/4E-BP pathway and
suppression of protein synthesis in both leukaemia and hepatocellular carcinoma cells (Zucal et
al., 2015; Schuster et al., 2015). FK866 also acts synergisitcally with cyclosporin-A in leukaemia
cells, disrupting mitochondrial membrane potential, depleting ATP levels and increasing endo-
plasmic reticulum stress (Cagnetta et al., 2015). Furthermore, exposure of normal monocytes
to eNAMPT produced by CLL cells leads to their differentiation into tumour-supporting M2
macrophages independent of enzymatic NAMPT activity (Audrito et al., 2015).

In EGFR-mutated lung cancer cells, either FK866 or suppression of NAMPT expression
using siRNA limits their growth by reducing the phosphorylation of EGFR targets, such as

Akt and the MAPK family (Okumura et al., 2012). In both lung and ovarian cancer cells,
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FK866 causes a block in glycolysis at GAPDH, because of its dependence on NAD as a cofactor,
reducing the flow of glucose into the TCA cycle and serine biosynthesis, shunting glucose into
the PPP, and significantly disrupting carbohydrate metabolism (Tan et al., 2013; Tan et al.,
2015). These results were confirmed in another study, where they also showed that FK866
significantly disrupts amino acid and nucleotide metabolism (Tolstikov et al., 2014). Despite
this, the metabolic response to NAD depletion varies even in different cancer cell lines of the
same type. In one study, four different lung cancer cell lines treated with the NAMPT inhibitor
GNE-617 showed significant differences in their utilisation of the PPP, as well as the ability to
cope with oxidative stress, and divergent responses based on AMPK activity (Xiao et al., 2016).
The combination of GMX1777 and pemetrexed in non-small cell lung cancer (NSCLC) showed
a significant synergistic effect both in vitro and in vivo (Chan et al., 2014). This effect could
be further enhanced by the addition of the BER inhibitor methoxyamine, and was dependent
on the rapid depletion of NAD by PARPs. Furthermore, NAMPT promotes resistance of
non-small lung cancer cells to the topoisomerase inhibitor doxorubicin through upregulation of
ABCCI1 in an Akt-dependent manner (Cao et al., 2017b). This effect is also seen in colorectal
cancer cells, but is dependent on the RELA proto-Oncogene, NF-xB subunit (RELA )-mediated
upregulation of ABCB1 (Yan et al., 2017). In both lung and pancreatic cancer, the combination
of FK866 and (-lapachone induced PARP-mediated cell death through activation of NADPH:
quinone oxidoreductase 1 (NQO1), resulting in a glycolytic block and rapid decrease in ATP
levels (Moore et al., 2015; Liu et al., 2016).

In GBM, FK866 blocked proliferation in C6 (rat) glioma cells by inhibiting MAPK sig-
nalling, leading to Go/M cell cycle arrest (Zhang et al., 2012b). The combination of FK866
and methoxyamine was able to sensitise GBM cells to TMZ, even in those with elevated ex-
pression of MGMT or impaired MMR machinery (Goellner et al., 2011). This was later shown
to be dependent on the activation of autophagy (Yang et al., 2015¢). FK866 also induces
autophagy in neuroblastoma cells, and potentiates the effects of the DNA-damaging agent,
cisplatin, and the topoisomerase inhibitor, etoposide (Travelli et al., 2011). Both FK866 and
GMX1778 enhanced the activity of TMZ in GBM cells by increasing caspase activity, induc-

ing the production of ROS and inhibiting antioxidative mechanisms such as SOD, possibly

50



CHAPTER 1 1.3

through phosphorylation and therefore activation of JNK, triggering cell death (Feng et al.,
2016a). FK866- or short hairpin RNA (shRNA)-mediated knockdown of NAMPT limited the
motility and invasive properties of GBM cells, linked to the need of NAD for the conversion of
pyruvate to lactate by LDHA (Van Horssen et al., 2013). It has been reported that hypoxia,
often seen at the core of GBM tumours, can significantly alter NAD metabolism in GBM cells.
Hypoxia induces increases in NAD, NADH and NaAD levels, but lowers NADP levels, which
is linked to a decrease in NADK activity (Kucharzewska et al., 2015). This indicates that hy-
poxia induces increases in de novo biosynthesis of NAD. MYC/MYCN proto-Oncogene, BHLH
transcription factor (MYCN)-driven GBM tumourspheres were shown to be uniquely sensitive
to FK866, rapidly undergoing apoptosis in vitro, and significantly increasing survival time in
mouse orthotopic xenograft models of GBM (Tateishi et al., 2016).

Recent work on GSCs has indicated a role for NAMPT. FK866- or shRNA-mediated knock-
down of NAMPT decreased self-renewal capacity of GSCs and limited their growth in wvivo,
whilst increasing radioresistance (Gujar et al., 2016). Expression of NAMPT is consistent
with the classical /mesenchymal sub-types, but also correlates with well-established stem cell
markers, such as nanog homeobox (NANOG) and prominin 1 (PROM1) (Lucena-Cacace et al.,
2017). Overexpression of NAMPT in GBM cells promotes stem cell pathways and increases
tumour-initiating capacity. In addition, the combination of FK866 and TMZ is slightly more
effective than either drug alone in cell monolayers and tumourspheres.

In initial clinical trials, FK866 was shown to be very well tolerated in humans, with the
only dose-limiting toxicity being thrombocytopenia (Holen et al., 2008); this was also confirmed
for GMX1778 (Von Heideman et al., 2010). In one phase II clinical trial, FK866 was given as
a monotherapy to patients with refractory or relapsed cutaneous T-cell lymphoma, with 7
of the 12 patients having either a partial response or stable disease (Goldinger et al., 2016).
However, the vast majority of the patients did not complete the full three cycles of treatment,
and FK866 not only induced thrombocytopenia, but some patients also presented with severe
lymphocytopenia. Two other clinical trials for FK866 as a monotherapy, one for melanoma
and one for B-cell lymphoma, were completed in 2009, but results for these trials have not been

published, indicating a lack of responses in these patients (ClinicalTrials.gov, 2018). Three
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clinical trials for GMX1777, in metastatic melanoma, solid tumours and lymphomas, were
either terminated or withdrawn before completion (ClinicalTrials.gov, 2018).

It seems that NAMPT inhibitors have not yet been given the opportunity to prove their
efficacy in a clinical setting. It has been proposed that the failure of NAMPT inhibitors could
be due to the use of low concentrations, which are necessary due to dose-limiting thrombo-
cytopenia. In rats, toxicity could be partially limited by supplementation with NA (Tarrant
et al., 2015). Despite this, concerns were raised regarding the prolonged use of FK866 leading
to retinal toxicity, which could not be limited by the addition of NA (Zabka et al., 2015). How-
ever, recent efforts have produced novel NAMPT inhibitors such as LSN3154567, which has
demonstrated potent anti-neoplastic activity in vivo, and does not lead to thrombocytopoenia
or retinal damage when administered with NA (Zhao et al., 2017a). Another novel NAMPT
inhibitor, STF-118804, has been demonstrated to limit proliferation in pancreatic cancer cells,
triggering the upregulation of AMPK and corresponding suppression of mTORC1 signalling
(Espindola-Netto et al., 2017). STF-118804 was also effective in vivo, and showed an additive
effect when combined with chemotherapy, including paclitaxel, gemcitabine, and etoposide.

There have also been efforts to develop dual-targeting agents that block NAMPT and other
molecules, such as P21 (RAC1)-activated kinase 4 (PAK4). KPT-9274 is a dual NAMPT /PAK4
inhibitor, which has been demonstrated to limit proliferation and induce apoptosis in renal
cancer cells by blocking the Wnt/B-catenin and MYC pathways, as well as effectively limiting
tumour growth in vivo (Abu Aboud et al., 2016). In pancreatic cancer, KPT-9274 inhibits
proliferation through downregulation of BCL2-associated agonist of cell death (BAD) and up-
regulation of tumour suppressive miRNAs, and also showed efficacy in vivo (Mohammad et
al., 2017; Aboukameel et al., 2017). KPT-9274 is also effective in B-cell acute lymphoblastic
leukemia cells, primarily due to its inhibitory effects on NAMPT (Takao et al., 2017). Con-
versely, KPT-9274 was able to limit the growth of triple-negative breast cancers both in vitro
and in vivo by reducing the levels of PAK4 and triggering apoptosis (Rane et al., 2017). In ad-
dition, KPT-9274 effectively limits proliferation through the induction of apoptosis in multiple
myeloma cells, both in vitro and in vivo (Fulciniti et al., 2017). A phase I clinical trial testing

KPT-9274 as a single agent in solid tumours of lymphoma is currently recruiting, and is due to
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complete in November 2019 (ClinicalTrials.gov, 2018). Finally, there have even been efforts to
create dual NAMPT /HDAC inhibitors, although these are currently still in development, and
are yet to show significant benefits versus the use of individual inhibitors (Dong et al., 2017;
Chen et al., 2017).

Whilst NAMPT inhibitors have demonstrated great success both in vitro and in vivo, their
translation into clinical practice has been poor. This could be due to the presence of other
NAD biosynthetic pathways, which can compensate for a lack of NAMPT activity. Nam, NA,
NMN, NR and tryptophan can all enter the cell to be used to fuel NAD biosynthesis through
different pathways (Nikiforov et al., 2011). But questions still remain as to how these pathways

are regulated, and how they might affect the sensitivity of cancer cells to NAMPT inhibitors.

NAPRT

As previously described, NAPRT catalyses the conversion of NA to NaMN, which fuels NAD
biosynthesis through the actions of the NMNAT family, and NADSYN1 (Fig. 1.4). The effects
of NAMPT inhibitors can be reversed by the addition of NA, but only in cells expressing
NAPRT (Watson et al., 2009). In mouse models of different types of cancer, supplementing
FK866 with NA limited thrombocytopenia, whilst maintaining anti-tumour activity in tumours
that lacked NAPRT (Olesen et al., 2010b), thus allowing for safe administration of FK866
at concentrations four times the standard maximum tolerated dose. In lymphoma, whilst
NAMPT expression appeared to be higher in more aggressive cancers, NAPRT expression was
expressed at low levels in up to 50% of samples, indicating that these patients could respond to
coadministration of NAMPT inhibitors and NA (Olesen et al., 2011). This effect has also been
reported for other cancer cell lines, including GBM, neuroblastoma and sarcoma (Cerna et al.,
2012). This mechanism was expanded to a panel of 400 cancer cell lines, which demonstrated
that NAPRT promoter methylation correlated with gene expression, and could be used to
predict the response of cancer cell lines to rescue with NA (Shames et al., 2013). Furthermore,
genetic variants in NAPRT are far more common than those found in NAMPT, and modelling of
the protein indicated that it may affect its enzymatic function and therefore alter NA-mediated

rescue from NAMPT inhibitors (Duarte-Pereira et al., 2014). NAPRT deficiency is necessary for
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the effects of the novel NAMPT inhibitor LSN3154567 (Zhao et al., 2017a). However, despite a
clear link between NAMPT inhibition, NAPRT expression and rescue with NA in vitro, there
has been some evidence to suggest that this may not always be the case in vivo. In mouse
models of gastric cancer and sarcoma, the addition of NA protected NAPRT-deficient cells
from the effects of NAMPT inhibitors, without triggering upregulation of NAPRT (O’Brien
et al., 2013).

A link between IDH mutations and NAD metabolism has been identified, which is particu-
larly important in secondary GBM. Early work demonstrated that IDH mutations reduce the
ability of the enzyme to utilise NADP without affecting NAD-dependent activity in GBM cells
(Bleeker et al., 2010). IDH1-mutated cancers are particularly sensitive to NAMPT inhibition
(Tateishi et al., 2015). The mutant IDH1 leads to the production of 2HG, which inhibits the
activity of NAPRT. This renders the cells highly sensitive to NAMPT inhibitors, leading to the
induction of AMPK, autophagy and cell death. Building on this, treatment of IDH1-mutated
cells with TMZ resulted in rapid consumption of NAD by PARP, and increased sensitivity of the
cells to FK866 and GMX1778 regardless of MGMT or MMR status (Tateishi et al., 2017). The
combination of TMZ and FK866 also limited subcutaneous tumour growth in vivo. In chon-
drosarcoma, another cancer where IDH mutations are common, FK866 and GMX1778 reduced
cell viability, colony formation and invasive properties, dependent on NAPRT status (Peterse
et al., 2017). Alterations to the expression of NAMPT and NAPRT have been well established
across multiple cancer types (Duarte-Pereira et al., 2016). Furthermore, a highly specific mon-
oclonal antibody developed against NAPRT has shown that ~70% of GBM tumours do not
express the protein, and would likely benefit from combined NAMPT inhibitor/NA treatment
(Cole et al., 2017). In addition, NAPRT is overexpressed in some subsets of ovarian cancer,
where it promotes DNA repair, and regulates mitochondrial metabolism (Piacente et al., 2017).
Finally, work with the dual NAMPT /PAK4 inhibitor KPT-9274 has demonstrated that a loss
of NAPRT expression sensitises renal cancer cells to this compound, and NA supplementation
can rescue cancer cells from the effects of KPT-9274 in the same manner as standard NAMPT

inhibitors (Abu Aboud et al., 2016; Takao et al., 2017).
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NT5E

The next pathway of NAD biosynthesis is relatively novel. It is an extracellular salvage pathway
that is dependent on the expression of NT5E; also known as CD73. NTHE is well established
as an important molecule in cancer pathophysiology. It is best characterised as a regulator
of extracellular adenosine metabolism. NT5E catalyses the conversion of AMP to adenosine,
which can either enter the cell through adenosine transporters, or act directly on extracellular
adenosine receptors (Gao et al., 2014). In cancer, this adenosine has a profound immunosup-
pressive effect, preventing the cells of the immune system from killing tumour cells (Allard
et al., 2016a). However, the adenosine can also affect the tumour directly. Adenosine receptors
are G-protein coupled, and the binding of adenosine can either activate or inhibit the activity
of adenylyl cyclase, increasing or decreasing the production of cAMP respectively (Antonioli
et al., 2013). This can alter the activity of numerous cellular pathways, but particularly those
involving JNK and the MAPK family. These pathways control cancer cell proliferation, apopto-
sis, angiogenesis and migration, so play a major role in regulating cancer cell homeostasis. The
entry of adenosine into cells through nucleotide transporters promotes its conversion to AMP,
which activates AMPK and can alter numerous pathways involved in metabolism, proliferation
and apoptosis (Antonioli et al., 2013). Finally, rapid conversion of AMP to adenosine by NT5E
promotes the activity of CD39, which degrades ATP and ADP to AMP. The removal of ATP in
the extracellular environment prevents activation of of the P2 family receptors, further altering
pathways involved in proliferation and apoptosis (Burnstock and Di Virgilio, 2013).

In U138MG cells, the production of adenosine by NT5E increases their proliferation and
adhesion, both of which can be blocked by inhibition of NT5E or the adenosine transport
inhibitor dipyridamole (Bavaresco et al., 2008; Cappellari and Vasques, 2012). NT5E also
promotes the resistance of GBM cells to chemotherapeutics, such as vincristine, by increasing
the expression of the multi-drug resistance protein ABCC1 (Quezada et al., 2013). Expression
of both CD39 and NT5E has been linked to immune tolerance in GBM, through their sequential
metabolism of ATP/ADP to adenosine (Kmiecik et al., 2013; Xu et al., 2013). Expression of
CD39 on CD4" T, cells provides AMP for tumour-bound NT5E to generate adenosine, which

suppresses the activity of cytotoxic CD4" cells, and prevents tumour killing. These results
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were confirmed with the immunosuppressive chemotherapeutic compound methotrexate, which
suppressed the invasion of GBM tumours by all T cell populations in vivo (Figueiro et al.,
2016). Further to this, NT5E is used as a marker of glioma-resident mesenchymal stem cells,
which are thought to support glioma growth through multiple paracrine signals (Shahar et al.,
2017). The presence of these cells at greater proportions is linked to shorter survival times in
patients with GBM. Inhibition of NT5E with the monastrol-derived compound, LaSOM 63, in
GBM cell lines induces apoptosis (Figueiré et al., 2014). Interestingly, NT5E is expressed at
lower levels on blood vessels surrounding glioma cells compared to normal healthy tissue, and
low levels of expression reduce the integrity of the BBB (Wang et al., 2016a).

Multiple studies have demonstrated that NMN can rescue cancer cells from the effects of
NAMPT inhibitors (Billington et al., 2008; Watson et al., 2009; Nikiforov et al., 2011; Zhang
et al.,, 2012b; Xiao et al., 2013; Van Horssen et al., 2013; Tateishi et al., 2015). Analy-
sis of the structure of Haemophilus influenzae (H. influenzae) NAD nucleotidase revealed a
high degree of similarity to human NTSHE (Garavaglia et al., 2012). Further work demon-
strated that NT5HE could support NAD biosynthesis in FK866-treated U87 cells, but only
when the correct NAD precursor was available (Grozio et al., 2013). As described previously,
NT5E catalyses the breakdown of NAD/NMN to NR, which is able to enter the cells and fuel
NAD biosynthesis (Fig. 1.4). Knockdown of NT5E, or blocking its activity using adenosine
5-(a,B-methylene)diphosphate (APCP), inhibits NAD- or NMN-mediated rescue from FK866
treatment, but has no effect on rescue by NR (Grozio et al., 2013). The structure of the NT5E
inhibitor APCP can be seen in Fig. 1.5. In ovarian cancer cells, combined inhibition of NAMPT
and NT5E decreases NAD and ATP levels, and prevents rescue with exogenous NMN, result-
ing in decreased cell viability (Sociali et al., 2015). In vivo, combination therapy reduces the
proportion of Ki-67-positive cells, increases tumour necrosis and extends the survival of tumour

bearing mice.

QPRT

The final pathway for NAD biosynthesis is the kynurenine pathway, which uses tryptophan as
its substrate and ends with the conversion of QA to NaMN by QPRT (Fig. 1.4). QPRT is
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expressed in both glial cells and astrocytes in the brain (Du et al., 1991). Both astrocytes and
neurons utilise the kynurenine pathway to produce NAD (Braidy et al., 2011). Kynurenine itself
can rescue HeLa cells from NAD depletion induced by FK866 (Pittelli et al., 2010). However,
deficiency in some enzymes of the kynurenine pathway in different cancer cells prevents rescue
from FK866 treatment with tryptophan or QA (Xiao et al., 2013). Specifically, cancer cells
deficient in indoleamine 2,3-dioxygenase (IDO)1 or kynureninase (KYNU) could not be rescued
with tryptophan, and cells deficient in QPRT could not be rescued with either. However,
long term exposure of fibrosarcoma cells to GMX1778 leads to specific upregulation of QPRT,
allowing NAD biosynthesis through the kynurenine pathway (Guo et al., 2017). Inhibition
of IDO1 using 1-methyl-L-tryptophan (1MT) limits the activity of the kynurenine pathway,
and synergistically inhibits the growth of LN229 cells treated with the DNA-damaging agents
carmustine and cisplatin, but not TMZ or etoposide (Miyazaki et al., 2009). Kynurenic acid is
able to suppress both migration and invasion of T98G cells, and shows a moderate additive effect
when combined with TMZ (Walczak et al., 2014). Dexamethasone downregulates the expression
and activity of tryptophan 2,3-dioxygenase (TDO), an enzyme with similar functions to IDO,
both in vitro and in vivo (Ott et al., 2015). This indicates that GBM tumours may already
be sensitised to NAMPT inhibitors through other pharmacological intervention. Furthermore,
tryptophan metabolism has been utilised to improve positron emission tomography (PET)
imaging of GBM tumours, demonstrating a non-invasive method to determine the activity of
the kynurenine pathway (Guastella et al., 2016).

Downregulation of the expression of IDO1 was linked to increased sensitivity not only to
FK866, but also to other chemotherapeutic agents, including pemetrexed, gemcitabine, and
methoxyamine, all of which cause DNA damage in some way (Vareki et al., 2015). Further
work showed that in glioma, QPRT levels were correlated with brain tumour grade, and were
highest in GBM (Sahm et al., 2013). QA, but not NA, was able to rescue glioma cells from
FK866 treatment under conditions of oxidative stress, whereas the opposite was true for normal
astrocytes. Interestingly, whilst glioma cells themselves were unable to synthesise QA, they
could utilise the QA produced by proximal microglia to support their growth. Elevated QPRT

in glioma has further been established, as well as alterations to the expression of numerous
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other enzymes involved in the kynurenine pathway (Adams et al., 2014). Furthermore, the
concentrations of some of the metabolites in the kynurenine pathway were demonstrated to
be lower in patients with GBM compared to controls, indicating a possible role for them as

biomarkers of kynurenine pathway activity.

Summary

It is clear that NAD metabolism plays a significant role in the proliferation and survival of cancer
cells, including GBM. However, whilst the last decade has seen an increase in our understanding
of GBM biology, this has yet to be translated into a significant therapeutic advancement. A
recent paper studying the introduction of novel cancer drugs in Europe demonstrated that very
few actually improved survival or even quality of life (Davis et al., 2017). Targeted therapies
have not been the “magic bullets” that they were originally promised to be. Many novel thera-
pies are only effective in a small subset of patients with cancers that exhibit specific molecular
features, for example PARP inhibitors in BRCA-mutated cancers. More work is required to
develop novel therapeutic options across cancer, but particularly in devastating forms of the
disease such as GBM. Targeting NAD metabolism, specifically using NAMPT inhibitors, has
been proven to be effective both in vitro and in preclinical studies. However, in the few phase
I and II clinical trials that have been completed, responses have been poor. This is likely
due to two main reasons. First of all, NAMPT inhibitors have been tested on patients with
multi-drug resistant forms of the disease for which most other treatment options have failed.
These cancers are inherently difficult to treat because they will likely have multiple adaptations
that promote resistance to chemotherapy, such as drug efflux pumps or detoxification systems.
Secondly, these studies have failed to stratify patients based on known redundant NAD biosyn-
thetic pathways, which promote resistance to NAMPT inhibitors. This thesis aims to elucidate
the mechanisms by which GBM cells resist treatment with NAMPT inhibitors, in an attempt to
identify a subpopulation of patients that are likely to derive significant benefits from treatment
with this class of compounds. Furthermore, I aim to determine the efficacy of combined TMZ

and NAMPT inhibitor treatment both in vitro and in wvivo.
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1.4 Hypothesis and aims

1.4.1 Hypothesis

Multiple NAD biosynthetic pathways contribute to the resistance of GBM cells to inhibitors of
NAMPT, but a subpopulation of GBM patients are highly sensitive to NAMPT targeted therapy,

both alone and in combination with TMZ

1.4.2 Aims

1. Characterise GBM cells for their expression of genes involved in NAD biosynthesis
2. Determine the sensitivity of multiple GBM cell lines to NAMPT inhibition in vitro

3. Identify the pathways by which GBM cells are able to synthesise NAD in the presence of
NAMPT inhibitors

4. Determine whether or not treatment of GBM with NAMPT inhibitors can improve re-

sponses to TMZ both in vitro and n vivo
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Chapter 2

Materials and Methods

2.1 Cell lines and culture conditions

Details of all the cell lines used in this work, including their source and growth media, can be
seen in Table 2.1. Established cell lines were obtained from either the American Type Culture
Collection (ATCC) or The Leibniz Institute DSMZ - German Collection of Microorganisms
and Cell Cultures (DSMZ), and maintained in Dulbecco’s Modified Eagle’s medium (DMEM)
supplemented with 10% foetal bovine serum (FBS). Primary cell lines were derived from pa-
tient tumour tissue received from Charing Cross Hospital (CHX) and maintained in DMEM
supplemented with F-12 nutrient mixture and 10% FBS. All cells were maintained in incubators
at 37°C with 5% CO4 and 95% relative humidity. Cells were passaged once every 3-4 days and

plated to achieve a maximum of 90% confluence.
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Cell Line | Type Origin | Culture Condition
LN229 Established GBM ATCC | DMEM + 10% FBS
SNB19 Established GBM DSMZ | DMEM + 10% FBS

TI8G Established GBM ATCC | DMEM + 10% FBS

us7 Established GBM ATCC | DMEM + 10% FBS

U118 Established GBM ATCC | DMEM + 10% FBS
DBTRG Established GBM DSMZ | DMEM + 10% FBS

SMG Established GBM DSMZ | DMEM + 10% FBS

42MG Established GBM DSMZ | DMEM + 10% FBS
GBM31 Primary GBM CHX DMEM + F12 + 10% FBS
GBM59 Primary GBM CHX DMEM + F12 + 10% FBS
GBMO96 Primary GBM CHX DMEM + F12 + 10% FBS
TB26 Primary GBM CHX DMEM + F12 + 10% FBS
TB43 Primary GBM CHX DMEM + F12 + 10% FBS
TB48 Primary GBM CHX DMEM + F12 + 10% FBS
TB70 Primary GBM CHX DMEM + F12 + 10% FBS
TB77 Primary GBM CHX DMEM + F12 + 10% FBS

Table 2.1: Established and primary GBM cell lines used for this project. Both
established and primary GBM cell lines were used from different sources. FBS and growth
media were all purchased from Thermo Fisher Scientific, Inc., USA. American Type Culture
Collection (ATCC), The Leibniz Institute DSMZ - German Collection of Microorganisms and
Cell Cultures (DSMZ), Charing Cross Hospital (CHX), Dulbecco’s Modified Eagle’s medium
(DMEM), foetal bovine serum (FBS).

2.2 Proliferation assays

Proliferation assays were carried out using the sulforhodamine B (SRB) method. GBM cells
were plated at 500-10,000 cells/well in 96 well plates in 100 pl growth medium. The cells were
left for 24 h to adhere, at which point the medium was supplemented with a further 100 pl
growth medium containing various concentrations of chemotherapeutics, such as TMZ and
FK866, as well as other compounds of interest. Cells were allowed to proliferate for the desired

amount of time, at which point they were fixed using cold (4°C) 10% TCA for 1 h. The plates
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were washed gently with running water and left to dry overnight, then stained with 50 pl 0.4%
SRB in 1% acetic acid at room temperature for 1 h. Unbound SRB stain was washed away
using 1% acetic acid and the plates were left to dry overnight. Finally, 150 ul 10 mM Tris
(pH 10.5) was added to each well to solubilise the bound SRB dye, and the absorbance was
measured at 490nm on a BioTek EL800 microplate reader. Data were normalised to vehicle
control for each experiment. For individual timepoints, proliferation was plotted against the
dose and S-shaped dose response curves were fitted to allow calculation of relative half maximal

inhibitory concentration (ICsy) values.

2.3 Cell cycle, apoptosis and cell death

Cell death, apoptosis and the cell cycle were measured using trypan blue staining, the Muse
Annexin V and Dead Cell reagent and propidium iodide (PI) staining, respectively. Cells were
plated into 6 well plates at 50,000-1,000,000 cells/well in 1ml of growth medium. The cells
were left to adhere and start growing for 24 h, then the medium was replaced with 2 ml media
containing chemotherapeutics and other compounds of interest. After the desired amount of
time, the medium was collected to ensure retention of dead cells, and the remaining cells were
trypsinised and washed off with fresh media, at which point the samples were combined. Some
of the sample was stained with trypan blue, and both the live and dead cell populations were
recorded to assess cell death. The samples were then resuspended to 500,000 cells/ml, and
100 pl of cell solution was added to 100 pl of Annexin V staining solution and mixed. The cells
were incubated at room temperature for 20 min in the dark, then run on a Muse Cell Analyzer.
Healthy, early apoptotic, late apoptotic/dead and necrotic populations were recorded using
the gating strategy shown in Fig. 2.1A/B. The remaining cells were resuspended in 200 pl
phosphate-buffered saline (PBS) and then fixed by adding 1ml of cold (4°C) 90% methanol
to yield a 70% methanol solution. Samples were stored at 4°C for > 1 h, then washed with
PBS twice to remove the methanol. Samples were then resuspended in 200-500pl of PI staining
solution containing 50 ng/ml of PI and 100 pg/ml of RNase A, transferred to a flow cytometry
tube and incubated at 4°C for 1 h in the dark. The cells were then analysed on a BD Biosciences

FACScalibur flow cytometer using BD CellQuest Pro software (ver. 4.0.2). Cells in different
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stages of the cell cycle were recorded using the gating strategy shown in Fig. 2.1C.
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Figure 2.1: Scatter graphs and histograms showing the gating strategies for Annexin
V and PI staining in GBM cells treated with TMZ. Gating for live cells and the four
different quadrants representing live cells, early apoptotic cells, late apoptotic cells and dead
cells in (A) healthy LN229 cells and (B) LN229 cells treated with TMZ (20 pM). (C) Gating

for the different stages of the cell cycle in LN229 cells treated with TMZ (20 uM).
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2.4 NAD/NADH quantification

Total NAD and NADH were quantified using the Promega NAD/NADH-Glo Assay. Cells
were plated into 96 well plates at 1,000-10,000 cells/well in 100l of growth medium. The
cells were left to adhere and start growing for 24 h, after which 100 pl medium containing
chemotherapeutics and other compounds of interest was added. Parallel SRB plates were set
up to allow normalisation of the data to proliferation. After the desired amount of time (0,
12, 24, 48 or 72 h) both the NAD/NADH assay plates and the SRB assay plates were removed
from the incubator. Whilst the NAD/NADH plate equilibrated to room temperature, the SRB
plate was fixed as described previously. The medium was removed from the NAD/NADH plate
and 50l of PBS at room temperature was added to each well. Subsequently, 50 ul of 0.2 N
NaOH solution containing 1% dodecyltrimethylammonium bromide (DTAB) was added to each
well and the plate was transferred to a plate shaker to lyse the cells whilst preserving NAD
and NADH. A total of 501l of the solution was then transferred to the adjacent well to allow
measurement of both NAD and NADH individually. 25pul of 0.4 N HCI was then added to
the second well (NAD measurements), and the plate was incubated at 60°C for 15 min. The
plate was then equilibrated to room temperature for 10 min, and 25l of 0.5 M Trizma base
was added to the second well to neutralise the acid. 50ul of 0.4 N HC1/0.5 M Trizma 1:1
solution was added to the first well only (NADH measurements). Then, 25l of each was then
transferred to a white-walled 96 well plate, and 25pl of NAD/NADH-Glo Detection Reagent
was added to each well and mixed gently. The plate was incubated at room temperature for
30 min, then the bioluminescence was measured at 10 min intervals on a Promega GloMax

luminometer with 0.3 second integration time up to a total of 60 min incubation.

2.5 Bacterial transformation and plasmid purification

Plasmids were transformed into competent DH5a TOP10 Escherichia coli (E. coli). To start,
1l of each plasmid was added to 15pl of bacteria in individual 1.5 ml eppendorf tubes and
incubated at 4°C for 30 min. Heat shock transformation was carried out by placing the bacteria

in a water bath at 42°C for 30 seconds, followed by a further 2 min at 4°C. Subsequently, 300 pul
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of Super Optimal broth with Catabolite repression (SOC) medium was added to each tube and
they were incubated at 37°C for 45 min on a shaking incubator. Afterwards, 150l of each
was then spread on to individual Luria broth (LB)-agar plates containing 100 pg/ml of ampi-
cillin. Plates were inverted and incubated at 37°C overnight. Individual colonies were picked
and added to centrifuge tubes containing 5ml of LB also containing 100 pg/ml of ampicillin.
The tubes were incubated at 37°C overnight on a shaking incubator. Plasmid purification
was achieved using the QIAprep Spin Miniprep Kit from Qiagen as per the manufacturer’s

mstructions.

2.6 Genetic knockdowns

Genetic knockdowns were achieved using Metafectene PRO reagent. Cells were plated into 6
well plates at 250,000 cells/well in 2 ml of growth medium and left to adhere and start growing
for 24 h. Subsequently, 2pg of each plasmid was resuspended in 100 ul of PBS, which was
then added to 6 pl of metafectene diluted in 94l of PBS and mixed once. The solution was
incubated at room temperature for 20 min, then each was added to individual wells of 6 well
plates containing GBM cells. After 24 h, the medium was replaced with 2ml growth medium
containing puromycin at 0.5 pg/ml. Cells were passaged in medium containing puromycin for at
least 2 weeks to generate stable cells lines, at which point the protein and RNA were extracted

to allow measurement of gene knockdown levels.

2.7 RNA extraction, cDNA synthesis and qPCR

2.7.1 RNA extraction using TRI reagent

RNA extractions were carried out using TRI reagent. Cells were plated into 12 well plates in
1 ml of growth medium to achieve ~90% confluence on the day of extraction. The medium was
removed from each well and 300l of TRI reagent was added per well. The plate was incubated
at room temperature for 5 min on a plate shaker to lyse the cells, then the solutions were trans-

ferred to individual 1.5ml eppendorf tubes. Subsequently, 30 ul of 1-bromo-3-chloropropane
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(BCP) was added to each tube and the samples were mixed using a vortex for 10 seconds
to create an emulsion, which was incubated at room temperature for 3 min. Samples were
centrifuged at 12,000 g for 15 min at 4°C to separate the phases; 751l of the clear, aqueous,
upper phase was then added to 150 nl of 2-propanol, mixed thoroughly using a pipette and then
incubated at room temperature for 10 min. Samples were centrifuged at 12,000 g for 30 min
at 4°C to sediment the precipitated RNA, and the excess solution was poured off. RNA pellets
were washed twice with cold (4°C) 75% ethanol, then resuspended in 15l of preheated (65°C)

sterile RNase-free water. RNA concentration and purity were measured on a NanoVue Plus.

2.7.2 cDNA synthesis using M-MLV

cDNA synthesis was carried out using M-MLV reverse transcriptase. To start, 1-2 pg of RNA
was diluted in water containing 0.5-1 pg of random primers to a total volume of 15 pul. Samples
were heated to 70°C for 5 min to melt the secondary structure within the RNA and allow the
random primers to bind, and were then placed on ice to cool. Subsequently, 101l of master
mix containing M-MLV reverse transcriptase enzyme (20 U/pl), RNaseOUT Recombinant Ri-
bonuclease Inhibitor (2 U/ul) and 2mM dNTP mix was added to each tube, and they were

incubated at 37°C for 60 min to allow synthesis of cDNA.

2.7.3 Quantitative PCR

Quantitative polymerase chain reaction ((qPCR) was carried out using SYBR Select reagent,
as directed by the manufacturer. Briefly, 50 ng of cDNA in 5yl of water was added to 5 pul of
water containing 0.5 1M of the forward and reverse primers for a specific gene as well as 10 ul
of SYBR Select reagent in a Bio-Rad qPCR plate. Gene names and their forward and reverse
primer sequences can be seen in the appendices (Table A.1). Plates were sealed using adhesive
films and run on a Bio-Rad C1000 Thermal Cycler with CFX96 Real Time System running
CFX Manager software (ver. 3.1). The qPCR thermocycling conditions can be seen in Table
2.2.
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Step Sub-step | Temperature (°C) | Time (sec)
1 N/A 50 120
2 N/A 95 120
a 95 15
3 (45 cycles)
b 60 60
a 65 5
4 (melt curve)
b 95 120

Table 2.2: qPCR reaction conditions. Temperatures and times run on the Bio-Rad C1000
Thermal Cycler.

2.8 Protein extraction and western blotting

2.8.1 Protein extraction

Protein extraction was carried out using radioimmunoprecipitation assay (RIPA) buffer. Cells
were plated into 6 well plates in 2ml of growth medium to achieve ~90% confluence on the
day of extraction. The medium was removed from each well and the cells were washed twice
with cold (4°C) PBS. 150 pl of RIPA buffer was added to each well and the cells were scraped
immediately and transferred to 1.5ml eppendorf tubes. The samples were kept on ice for 30
min and were then centrifuged at 14,000 g for 30 min at 4°C to sediment the cell debris. The
supernatant containing the protein was then transferred to fresh 1.5ml eppendorf tubes, and

protein concentration was quantified using the Bradford assay.

2.8.2 Protein quantification using the Bradford assay and dilution

in loading buffer

Fresh protein samples were diluted 1:10 in a 96 well plate also containing eight bovine serum
albumin (BSA) standards at 0, 0.025, 0.05, 0.1, 0.25, 0.5, 0.75 and 1 mg/ml, all to a total
volume of 10 ul. Bio-Rad protein assay reagent was diluted 1:5 and 200l was added to each
well. The plate was incubated at room temperature for 5 min, then absorbance was measured

at 595nm on a BioTek EL800 microplate reader. A standard curve was generated from the
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BSA standards in Microsoft Excel, then protein concentrations in the samples were calculated.
Protein was diluted in 6X western blot loading buffer containing dithiothreitol (DTT), the

composition of which can be seen in appendix A.3.1.

2.8.3 Western blotting using the Invitrogen mini gel tank system

Western blotting was carried out using sodium dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE) in an Invitrogen Mini Gel Tank system. Briefly, 10% acrylamide/bis-
acrylamide gels were made in Invitrogen gel cassettes and allowed to set (see appendix A.3.1).
Protein samples in DTT loading buffer were boiled for 5 min at 100°C, and were then placed on
ice prior to gel loading. Gels were placed into the western blot tank filled with running buffer
(see appendix A.3.1), then the samples were loaded into individual wells in the gel alongside
a New England Biolabs (NEB) broad range protein ladder. Samples were separated by SDS-
PAGE at 100V for 90 min, or until they had run to the end of the gel. The gels were removed
from the cassettes and placed into transfer modules with nitrocellulose blotting membrane. The
modules were then placed into the western blot tank filled with transfer buffer (see appendix
A.3.1). Protein was transferred to the membrane at 10V for 1 h. The blotting paper was
removed and stained with Ponceau S solution to confirm the presence of protein and to aid in
cutting of the membrane. Individual segments were cut with a scalpel and then washed with
PBS with with 0.1% TWEEN 20 (PBS-T). Blots were blocked by incubating in 20 ml blocking
buffer (5% skimmed milk powder in PBS-T) at room temperature for 1 h on a plate shaker.
Blots were washed with PBS-T, then placed into 50 ml centrifuge tubes containing 10 ml of
PBS-T with the appropriate primary antibody (Table A.4). The blots were incubated at 4°C
overnight on a tube roller, then removed and washed with PBS-T. They were then placed into
fresh 50 ml centrifuge tubes containing 10 ml of PBS-T with the appropriate secondary antibody
(Table A.4) conjugated to horseradish peroxidase (HRP), and incubated at room temperature
for 1 h on a tube roller, then removed and washed with PBS-T. Blots were exposed to LI-COR
chemiluminescent substrate for 5 min, then scanned on a LI-COR C-Digit blot scanner. Where
necessary, blots were then stripped using stripping buffer (see appendix A.3.1). The blots were

washed with PBS-T, then incubated in warm (37°C) stripping buffer for 10 min. They were
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then washed in PBS-T, then blocked again in blocking buffer at room temperature for 1 h
on a plate shaker. The blots were washed again with PBS-T, then probed using a different
primary antibody following the same procedures as described previously. Images were analysed

semi-quantitatively using the built in gel analysis function in ImageJ (ver. 1.48).

2.9 RNA sequencing

2.9.1 RNA extraction using the Qiagen kit

Either 42MG or DBTRG GBM cells were plated into 6 well plates in triplicate in 2 ml of growth
medium to achieve ~90% confluence on the day of extraction. The cells were left to adhere and
start growing for 24 h, then the medium was replaced with fresh growth medium containing
either FK866 at 20 nM or vehicle control (PBS). After 24 h, the medium was removed and RNA
was extracted using the Qiagen RNeasy Mini Kit with optional on column DNase treatment,
as directed by the manufacturer. RNA concentration and purity were measured on an 2100

Bioanalyzer system (Agilent Technologies, USA).

2.9.2 RNA sequencing

The mRNA library preparation and sequencing was performed on an Ilumina HiSeq 4000
system with 75 base paired-end reads, by the Imperial Biomedical Research Centre (BRC)
Genomics Facility. FASTQ sequencing data were mapped to a reference genome using TopHat2
(Kim and He, 2013) to generate aligned BAM files, which were further processed using HTseq
(Anders et al., 2015) to generate count matrices. Finally, data analysis was carried out using
DESeq2 (Love et al., 2014) to generate quality control plots and lists of differentially expressed

genes between the following groups:

e 42MG control versus 42MG FK866-treated

e DBTRG control versus DBTRG FK866-treated

e 42MG control versus DBTRG control

o 42MG FK866-treated versus DBTRG FK866-treated
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2.9.3 Data analysis

Differentically expressed genes (P < 0.1, appendix B.1) from the RNA sequencing (RNAseq)
data were subject to gene set enrichment analysis (GSEA) using EnrichR (Chen et al., 2013;
Kuleshov et al., 2016). Datasets used included those predicting transcription factor (TF)
regulation, protein-protein interactions (PPI), gene ontology (GO) terms and cell signalling

pathways. A list of the datasets interrogated can be seen below:

e BioPlex 2017

e ChEA 2016

e ENCODE TF Chip-Seq 2015

e GO Biological Process 2017b

e GO Cellular Component 2017b
e GO Molecular Function 2017b
e HMDB Metabolites

e KEA 2015

e KEGG 2016

e NCI-Nature 2016

e PANTHER 2016

e PPI Hub Proteins

e Reactome 2016

e Transcription Factor PPI’s

e TRANSFAC and JASPAR PWM’s
e WikiPathways 2016

Full details of each database can be seen in the appendices (Table A.2).

2.10 In vivo modelling of intracranial tumours

2.10.1 Surgical implantation of human GBM cells into nude mice

In vivo modelling of GBM tumours was achieved using U887 GBM cells labelled with a green

fluorescent protein (GFP)/luciferase reporter and nude CD1-Fox1™/™ mice. Mice were anaes-
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thetised with a mixture of ketamine (100 mg/kg) and xylazine (8 mg/kg) administered intraperi-
toneally, with the analgesic buprenorphine (20 pg/kg) administered subcutaneously. The head
of each mouse was fixed into a stereotactic frame and the scalp was cut along the cranial

midline. The coordinates for injection were determined from the bregma as follows:

e Anteroposterior: +0.1cm
e Mediolateral: -0.2 cm

e Dorsoventral: -0.3 cm

Once the anteroposterior and mediolateral coordinates were located, a small hole was drilled
into the skull and underlying bone fragments were removed to expose the meninges. A glass
needle was then inserted through the meninges to the correct dorsoventral coordinates, and 2 pl
of cell solution containing 2 x 10° U87-GFP/luciferase cells were injected into the right cerebral
cortex of the mouse. The needle was carefully removed and the scalp was sutured. Sedation was
then reversed using atipamezole (0.5 mg/kg). The mice were left to allow tumours to establish

for at least one week before being imaged using the In Vivo Imaging System (IVIS).

2.10.2 In vivo imaging using the IVIS

To monitor tumour growth, the mice were imaged using the IVIS once or twice a week. Ani-
mals were anaesthetised using 2% isoflurane, then given luciferin (15 mg/ml) via subcutaneous
injection. After 3 min, the animals were placed three at a time into an IVIS Lumina III In

Vivo Imaging System, then imaged at 3 min intervals for 1 min exposure times.

2.10.3 Treatment of tumour-bearing mice with TMZ and/or FK866

Once the presence of tumours was confirmed, the mice were randomised to one of four different

treatment groups. After a total of 2 weeks post-injection, the mice were treated with either:

e 1% dimethyl sulfoxide (DMSO) in saline
e TMZ (30mg/kg) in 1% DMSO in saline once a day for 5 days
e FK866 (20mg/kg) in 1% DMSO in saline once a day for 5 days, followed by 2 days

without, then once again for 5 days

71



CHAPTER 2 2.12

e Combined TMZ and FK866 in 1% DMSO in saline given as above

After a total of 4 weeks post-injection, all of the mice were euthanised using 20 mg pento-
barbitone sodium and perfused through the heart with PBS followed by 4% paraformaldehyde
(PFA) in PBS. The brains were removed and fixed in 4% PFA for up to 1 week, at which
point they were either placed into 30% sucrose solution in PBS, or into PBS only to be used
for Free-of-Acrylamide SDS-based Tissue Clearing (FASTClear). After the brains had been
submerged in 30% sucrose for 2 days, they were snap frozen in 2-methylbutane (-80°C) to be

preserved.

2.10.4 FASTClear

Tissue clearing and staining was carried out by Tsz Wing Chau on mouse brain sections FAST-
Clear as described previously (Perbellini et al., 2017), followed by imaging using confocal mi-
croscopy. Images were processed and analysed using ImageJ (ver. 1.48) and ZEN (blue edition,

ver. 2.3 lite).

2.11 In silico analysis of TCGA data

Normalised, gene-level data from The Cancer Genome Atlas (TCGA) were obtained from the

University of California, Santa Cruz (UCSC) Cancer Browser. Data types used include:

e Clinical

e Microarray expression

RNAseq expression

Mutation call

Methylation

Data was analysed in RStudio (ver. 1.0.153), running R (ver. 3.4.3) using scripts generated

in house.
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2.12 Statistics and data analysis

Biological replicates are defined as individual, isolated wells in tissue culture plates. All ex-
periments carried out as a minimum of three biological replicates across three independent
experiments. Unless otherwise specified, data analysis, statistical tests and the plotting of
graphs were carried out using Microsoft Excel 2013 and GraphPad Prism 7 (ver. 7.02). The
thesis was written and built using KTEX in TEX Maker (ver. 5.0.2).
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Characterisation of GBM tumours and
cell lines and the effects of NAMPT
inhibition

The last major breakthrough in chemotherapy for GBM was that of TMZ. The addition of TMZ
to radiotherapy following surgical debulking yielded a significant increase in overall survival in
patients with GBM (Stupp et al., 2005). However, the increase in survival was still only very
small at 2.5 months. Even this breakthrough was muted by the discovery of a highly specific
defence mechanism in the form of MGMT, which renders TMZ largely useless. Clearly, more
therapeutic options are required for patients with GBM. Targeting NAD biosynthesis may be
one such option. Cancer cells require a large pool of NAD to be able to drive cellular metabolism,
proliferation through the regulation of the cell cycle, and DNA repair through the action of the
PARP family. The main pathway by which cancer cells generate NAD is through the recycling
of Nam by the enzyme NAMPT. Therefore, inhibiting NAMPT may block NAD production and
target multiple cellular pathways that GBM cells rely on for survival. In order to determine
whether NAMPT inhibition in GBM could be a useful treatment, it was first important to
identify the molecular phenotype of GBM cells, and their response to NAMPT inhibition. In
silico analyses were carried out using the publicly available TCGA data to determine whether

GBM tumours exhibit aberrant expression of genes involved in NAD biosynthesis. Furthermore,
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the NAMPT inhibitor FK866 was tested on both established and primary GBM cells in vitro.

3.1 Variability in the expression of genes involved in

NAD biosynthesis in GBM samples from TCGA

I first wanted to determine whether there were any significant changes in the expression of
genes involved in NAD biosynthesis between healthy tissue and tumour tissue. TCGA database
contains RNAseq data for patients with GBM (n = 172), which includes data on healthy tissue,
primary tumour tissue and recurrent tumour tissue. Box and whisker plots were generated for
each of four key genes involved in the regulation of NAD biosynthesis: NAMPT, NAPRT,
NT5E and QPRT. There was a significant increase in the expression of NAMPT and NT5E
in primary tumour tissue compared to healthy control tissue (P < 0.05, Fig. 3.1). There also
appeared to be further increases in the expression of these genes in recurrent tumour tissue
when compared to primary tissue, although these differences were not significant. However,
there were no clear differences in the expression of NAPRT or QPRT in these samples. These
results indicate that increased expression of the key enzymes involved in NAD biosynthesis,

NAMPT and NT5E, occurs during oncongenic transformation.
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Figure 3.1: Key genes involved in NAD biosynthesis are upregulated in GBM tu-
mours compared to healthy tissue. Box and whisker plots showing the distribution of
expression of NAMPT, NAPRT, NT5E and QPRT between healthy, primary tumour and re-
current tumour tissue. = P < 0.05, two-way ANOVA with Tukey’s HSD post-hoc test. TCGA
RNAseq data (n = 172). Lines represent the median, interquartile range (IQR) and upper and
lower extremes calculated using 1.5[IQR].

I next wanted to identify whether any of these key genes were related to overall survival in

patients with GBM tumours. Microarray expression data (n = 539) or RNAseq data (n = 172)

from TCGA were used to separate patients into high, intermediate or low expression groups

based on tertiles, and Kaplan-Meir plots (KM plots) were generated for each gene individually.
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Elevated expression of either NAMPT or NTHE was associated with significantly poorer overall
survival (P < 0.05, Fig. 3.2). Notably, patients with very low expression of NAMPT have a far
better prognosis, with four times as many patients surviving beyond two years. Furthermore,
patients whose tumours had elevated expression of NAPRT seemed to have much poorer survival
in the very short term (< 500 days), although this is not statistically significant (P = 0.0548,
Fig. 3.2). These results further reinforce the importance of NAMPT, NT5E and perhaps

NAPRT in the progression/recurrence of GBM tumours.
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Figure 3.2: Elevated expression of key genes involved in NAD biosynthesis leads to
poorer overall survival in patients with GBM. Kaplan-Meir plots showing the survival
of patients with GBM tumours, separated according to tertile expression of NAMPT, NAPRT,
NT5E and QPRT. P values calculated using the log-rank test (Mantel-Cox). TCGA microarray
data (n = 539) for NAMPT, NT5E and QPRT. TCGA RNAseq data (n = 172) for NAPRT.

Given that genes involved in NAD biosynthesis appeared to have a strong link with the
development and progression/recurence of GBM, I then wanted to identify whether there were
any patterns in the NAD biosynthetic profiles of patient tumours that matched well known

clinical characteristics or specific mutations. There were a total of 149 samples with match-
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ing clinical, gene expression (RNAseq) and mutation data available in TCGA database, the
majority of which were primary tumour samples. A heatmap was generated for the expres-
sion of all of the genes involved in NAD biosynthesis, with both genes and patients clustered
based on a standard distance matrix. Key clinical information, including well-established GBM
subtypes (Verhaak et al., 2010), as well as the sample type (primary or recurrent GBM) were
included. The mutation status for common mutated genes in GBM were also included, as well
as a classifier column showing which pathway each gene belongs to within NAD biosynthesis.
Whilst TP53, PTEN, EGFR and RB1 mutations were evenly distributed between all of the
patients, ATRX and IDH1 were often found in patients with the proneural subtype, and they
appear to cluster together based on their expression of genes involved in NAD biosynthesis. In
addition, most of the genes involved in the kynurenine pathway formed a single cluster, sug-
gesting that these genes tend to be co-expressed/repressed. The two key genes that regulate
the nicotinic acid pathway, NAPRT and NADSYNI1, were also tightly clustered, whilst those
regulating the NAD salvage pathway (NT5E, NMRK1 and NMRK?2) showed no distinct group-
ing. The heatmap clearly indicates that the expression of genes involved in NAD biosynthesis
is highly variable across patient tumour tissues, and may be associated with mutation status

for commonly mutated genes in GBM, particularly those found in the proneural subtype.
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Figure 3.3: GBM tumours cluster on mutation status for their expression of genes
involved in NAD biosynthesis. Heatmap showing scaled gene expression data (TCGA
RNAseq) for genes involved in NAD biosynthesis, with indicators showing mutation status for
specific genes, sample type and GBM subtype, as well as the NAD biosynthetic pathways that
each gene belongs to (n = 149).

3.2 The expression of key genes involved in NAD biosyn-

thesis varies between GBM cell lines

I next wanted to determine whether the variability in the expression of genes involved in NAD
biosynthesis was also seen in GBM cell lines. Established and primary GBM cell lines were
profiled for their expression of the same key genes that regulate NAD biosynthesis by both
qPCR and western blot analysis. qPCR results show that both established (Fig. 3.4A) and
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primary (Fig. 3.4B) GBM cell lines had a high degree of variability in their expression of genes
involved in NAD biosynthesis. These results were also confirmed by western blot in established
(Fig. 3.5A) and primary (Fig. 3.5B) GBM cell lines. All of the GBM cell lines expressed
NAMPT to varying degrees, but staining for NAPRT indicated that cell lines either have very
high levels of protein, or none at all. The expression of NTH5E and QPRT was highly variable
across cell lines, with some showing very high levels of protein, others only moderate levels,
and some lacking any detectable protein. This further reinforces the inherent variability in the

expression of genes involved in NAD biosynthesis between different GBM tumours.
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Figure 3.4: Expression of genes involved in NAD biosynthesis is highly variable
across GBM cell lines. Bar charts showing qPCR data for key genes involved in NAD
biosynthesis in (A) established and (B) primary GBM cell lines. Gene expression normalised to

HPRT control. Data representative of three biological replicates. Error bars represent standard
error of the mean (SEM).
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Figure 3.5: Protein levels of genes involved in NAD biosynthesis are highly variable

between GBM cell lines. Western blot images showing protein bands for key enzymes
involved in NAD biosynthesis in (A) established and (B) primary GBM cell lines.

3.3 Proliferation assays show variability in the sensitiv-
ity of GBM cell lines to NAMPT inhibition

To determine whether NAMPT inhibition could be an effective therapy in patients with GBM,
established and primary GBM cell lines were treated with increasing concentrations of FK866
between 1 and 256 nM. Samples were analysed by SRB assay at 3, 6 and 9 days post-treatment.
FK866 showed a time and dose dependent effect on all cell lines (Fig. 3.6, 3.7). FK866 appeared
to have a relatively small therapeutic window in GBM cell lines (Fig. 3.8). Most of the GBM
cell lines were highly sensitive to FK866, with ICsy values ranging from 5 to 35nM (Table
3.1). However, 42MG cells showed hypersensitivity to FK866, with the ICsy below 1 nM. The
established cell line DBTRG showed marked resistance to FK866, as did the primary cell line
TB48. Another of the primary cell lines, GBM59, showed moderate sensitivity to FK866.
These results suggest that whilst there is some variability in the sensitivity of GBM cell lines

to FK866, most cell lines respond at very low concentrations.
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Figure 3.6: FK866 has time and dose dependent effects on established GBM cell
lines. Dot and line plots showing proliferation measured by SRB assay (optical density (OD)
490 nm) over time in established GBM cell lines treated with increasing concentrations of
FK866. Data representative of three independent experiments (n = 9 biological replicates).
Error bars represent SEM.
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Figure 3.7: FK866 has time and dose dependent effects on primary GBM cell lines.
Dot and line plots showing proliferation measured by SRB assay (OD 490 nm) over time in
primary GBM cell lines treated with increasing concentrations of FK866. Data representative
of three independent experiments (n = 9 biological replicates). Error bars represent SEM.
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Figure 3.8: NAMPT inhibition reduces proliferation in GBM cell lines. Dot and line
plots generated from SRB assay data showing changes in proliferation with increasing doses
of FK866 in GBM cell lines in both (A) established and (B) primary GBM cell lines. Data
from day 9 only. Lines of best fit represent a sigmoidal dose response curve. Proliferation
normalised to vehicle control. Data representative of three independent experiments (n = 9
biological replicates). Error bars represent SEM.
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Cell line | FK866 IC50 (nM)
LN229 16.06
SNB19 12.06
TI8G 24.47
U87 26.26
DBTRG 180.30
U118 7.46
SMG 8.28
42MG <1.00
GBM31 33.22
GBM59 67.59
GBM96 27.79
TB48 120.40

Table 3.1: Table showing the ICs5q values for FK866 in different GBM cell lines.
ICsy values calculated using a sigmoidal dose response curve. Data representative of three
independent experiments (n = 9 biological replicates).

3.4 NAMPT inhibition does not affect apoptosis or cell

death in GBM cell lines

Given that FK866 was able to inhibit proliferation in a number of GBM cell lines, I next
wanted to determine the exact method by which FK866 elicited this response. The GBM cell
lines LN229 and U87 were treated with FK866 (20nM) or vehicle control, and analysed at 3,
6 and 9 days post-treatment. At each timepoint, samples were stained with either Annexin V
or trypan blue to assess apoptosis and cell viability/cell death, respectively. There was a very
small but significant decrease in the population of live cells in LN229 cells treated with FK866
at day 6, but this was not seen at any other timepoint (P < 0.05, Fig. 3.9A, C). Neither cell
line showed any significant change in the early/late apoptotic or dead cell populations at any

timepoint (Fig. 3.9B).
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Figure 3.9: FK866 does not activate apoptosis or initiate cell death in GBM cell
lines. (A) Stacked bar graphs showing the proportion of cells in different phases of apoptosis
when treated with FK866 (20 nM) at different timepoints. (B) Line graphs showing the change
in viability in GBM cells treated with FK866 (20nM) over time. = P < 0.05, two-way ANOVA
with Tukey’s HSD post-hoc test. Data representative of three independent experiments (n = 3
biological replicates). Error bars represent SEM.
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3.5 NAMPT inhibition causes a Gy/M cell cycle block

in GBM cell lines

Given that FK866 did not appear to initiate apoptosis or cell death, I next looked to another
major aspect of cell growth; the cell cycle. LN229 and US87 cell lines were treated with FK866
(20nM) or vehicle control. At 3, 6 and 9 days post-treatment, the cells were fixed in methanol
and stained with PI, then analysed on a flow cytometer. In LN229 cells, treatment with
FKB866 led to a shift in the cell cycle, with a significant decrease in the G;/Gq population,
and a significant increase in the Go/M population (P < 0.05, Fig. 3.10). This suggests that
FK866 causes a Go/M phase block, preventing the cells from completing mitosis and therefore
inhibiting proliferation. Somewhat surprisingly, the same pattern was not established in the

US87 cell line.
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Figure 3.10: FK866 causes a G3/M cell cycle arrest in GBM cells. Stacked bar graphs
showing the proportion of cells in each stage of the cell cycle when treated with FK866 (20 nM)
at different timepoints. = P < 0.05, two-way ANOVA with Tukey’s HSD post-hoc test. Data

representative of three independent experiments (n = 3 biological replicates). Error bars rep-
resent SEM.

3.6 Discussion

The data presented here highlight the variability both in the expression of enzymes involved in

NAD biosynthesis within GBM tumours, and their relationship with survival in patients with
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GBM. Consistent with previous results, both NAMPT and NT5HE are upregulated in GBM
tissue compared to normal healthy control tissue, and high expression of either of them is linked
to lower overall survival times (Reddy et al., 2008; Xu et al., 2013). Furthermore, the expression
of NAMPT is slightly higher in recurrent GBM tissue, suggesting that it may contribute to
chemo- or radio-resistance during treatment of the primary tumour. The relationship between
IDH1 and ATRX mutations is consistent with patterns seen in low grade gliomas. These two
mutations are often seen together, along with TP53 mutations (The Cancer Genome Atlas
Research Network, 2015). Therefore, these samples are highly likely to be secondary GBMs
that have developed over a much longer period of time from low grade gliomas. The clustering of
IDH1 mutations by their expression of genes involved in NAD biosynthesis is consistent with its
recently reported effects on NAPRT activity Tateishi et al., 2015. Inhibition of NAPRT activity
by IDH1-derived 2HG prevents the cells from utilising NA to produce NAD, and cancer cells
may upregulate other NAD biosyntheitc pathways to compensate. Whilst NAPRT expression
is not specifically increased in either primary or recurrent GBM tumours compared to healthy
control tissue, its levels do appear to correlate with survival. Whilst NAPRT has previously
been demonstrated to be mutated or amplified in numerous cancers, it has not previously
been associated with survival (Piacente et al., 2017). The data here also show that QPRT is
neither upregulated in GBM tissue, nor associated with survival in patients with GBM. This
is somewhat at odds with another study, which demonstrated that QPRT was upregulated
in GBM compared to low grade gliomas, and its expression is associated with survival in the
Rembrandt dataset (Sahm et al., 2013). This suggests that changes in QPRT expression may
be unique to secondary GBMs, which progress from a low grade glioma, but do not occur in
primary GBMs.

There are clearly differences in the expression of key NAD biosynthetic genes within both
established and primary GBM cell lines. In addition, the protein levels of each of these en-
zymes correlate well with their expression levels, indicating that there is little post-translational
regulation of these genes. This further highlights the variability in the activities of different
NAD biosynthetic pathways between GBM tumours. In particular, NAPRT is only expressed

in ~46% of the cell lines screened. This is consistent with previous results, which have demon-
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strated that 50-70% of GBM cell lines lack detectable NAPRT protein, and would likely benefit
from treatment with NAMPT inhibitors (Shames et al., 2013; Cole et al., 2017). It is partic-
ularly interesting that the expression levels of NAPRT are much higher in primary GBM cell
lines compared to established cell lines. This suggests that NAPRT expression is lost in most
GBM cell lines when grown in lab culture conditions. Normal culture media contains 32.8 pM
Nam, but no NA (Thermo Fisher Scientific, 2018). These conditions create an environment
where NAPRT expression is not advantageous, but high levels of NAMPT may promote pro-
liferation in some of the cells. This could lead to selection of these cells in culture, resulting in
the eventual elimination of the NAPRT expressing cells.

Treatment of both established and primary GBM cell lines with FK866 showed that it
has both time- and dose- dependent effects. FK866 is known to be a highly specific inhibitor
of NAMPT, and therefore the effects on proliferation are directly attributable to this inter-
action (Hasmann and Schemainda, 2003). In some of the cell lines, there appeared to be a
slight recovery in proliferation between 6 and 9 days, which could indicate either detoxifica-
tion/elimination of FK866, or the development of a resistant sub-population. The minimal
effect of FK866 on apoptosis and cell death is consistent with published data (Zhang et al.,
2012b). Much higher concentrations are required to initiate apoptosis than to inhibit prolif-
eration (Yang et al., 2015c). The Gy/M cell cycle block seen in LN229 cells is also consistent
with previous results in C6 glioma cells (Zhang et al., 2012b). The lack of any response in U87
cells likely represents a failure to achieve sufficient NAD depletion to cause a significant shift in
the cell cycle. Whilst time- and dose-dependent studies should that FK866 concentrations as
low as 16 uM could limit proliferation, the ICsq for U87 cells is actually 26.26 uM (Table 3.1).

Higher concentrations would likely yield similar results to those seen with LN229.
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The role of alternative NAD
biosynthetic pathways in resistance to

NAMPT inhibition

In silico and in wvitro data indicated that whilst there was variability in the expression of
genes involved in NAD biosynthesis in GBM tumours, GBM cells were highly sensitive to
NAMPT inhibitors. I next aimed to determine what mechanisms could affect sensitivity to
NAMPT inhibitors in GBM cells by investigating different resistance pathways. Identifying
which pathways contribute to resistance to NAMPT inhibitors could allow us to select a sub-
set of GBM patients most likely to benefit from treatment with this class of compounds. To
determine the roles of different NAD biosynthetic pathways in resistance to NAMPT inhibition,
it was necessary to interrogate each pathway individually. This allowed me to identify the
contribution of each pathway to NAD biosynthesis independent of other factors. To do this, I
selected four different GBM cell lines that expressed some of the key genes involved in NAD

biosynthesis, but lacked at least one. These are summarised in Table 4.1.
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4.1 GBM cells expressing NAPRT utilise NA as an al-
ternative source of NAD during treatment with a

NAMPT inhibitor

NAPRT is part of the Preiss-Handler pathway, which allows the generation of NAD from dietary
NA through the action of NAPRT, the NMNAT family, and NADSYN1. To determine whether
this pathway could affect the efficacy of NAMPT inhibitors in GBM, four different GBM cell
lines were treated with FK866 (20nM), both alone and in combination with the NAD precursor
NA (10 pM). Proliferation was measured by SRB assay at 3, 6 and 9 days. FK866 treatment
led to a significant decrease in proliferation in all cell lines (P < 0.05, Fig. 4.1). The addition
of NA to FK866-treated cells completely restored proliferation to that of the untreated controls
in LN229 and US87 cell lines (P < 0.05, Fig. 4.1). However, there was no rescue in proliferation
in either SNB19 or T98G cells. These results were consistent with the expression of NAPRT

in these four cell lines (Figs. 3.4, 3.5).
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Figure 4.1: NA rescues proliferation in GBM cells treated with FK866. Dot and line
plots showing proliferation measured by SRB assay [OD 490 nm]| for different combinations of
FK866 (20nM) and the NAD precursor NA (10 uM). * P < 0.05 Control vs FK866, ™ P < 0.05
FK866 vs FK866+NA, two-way ANOVA with Tukey’s HSD post-hoc test. Data representative
of three independent experiments (n = 9 biological replicates). Error bars represent SEM.

Given that NA was able to completely restore proliferation in some GBM cell lines, I wanted
to determine whether this was directly linked to the recovery or maintenance of NAD and/or
NADH levels. LN229 was chosen for these experiments, as it is sensitive to FK866, and expresses
all of the key genes involved in the different metabolic pathways, namely NAMPT, NAPRT,
NT5E and QPRT. LN229 cells were treated with FK866 (20 nM) with or without NA (10 pM).
The Promega NAD/NADH-Glo Assay was then used to quantify NAD and NADH levels at 0,
12, 24, 48 and 72 hours. These early timepoints were chosen because whilst FK866 treatment
tends to have a delayed effect on proliferation, studies have shown that it rapidly depletes
NAD levels (Hasmann and Schemainda, 2003; Goellner et al., 2011; Grozio et al., 2013; Sociali
et al., 2015). FK866 caused a rapid decline in both NAD and NADH levels between 0 and

24 hours, after which NAD levels were maintained at significantly lower levels compared to
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vehicle control for the duration of the experiment (P < 0.05, Fig. 4.2). However, there was
still a small pool of NADH present in the cells even at 72 h. Alone, NA boosted NAD levels in
LN229 cells compared to vehicle control, resulting in a significant increase in the NAD/NADH
ratio at 12 and 24 h (P < 0.05, Fig. 4.2). In the presence of FK866, NA was able to maintain
both NAD and NADH levels at much higher levels compared to FK866 alone, very close to
those seen in the vehicle control (P < 0.05, Fig. 4.2). Furthermore, the NAD/NADH ratio was
maintained at almost exactly the same level as the vehicle control when FK866-treated cells
were supplemented with NA. These results show that the changes seen in proliferation with
NAMPT inhibition are directly linked to NAD levels, and NAD levels can be maintained with

an exogenous supply of NA.

NAD
4.00x 10,

-~ Control
3.00x 108+ = NA

+ FK866

2.00x 10°- o -+ FK866+NA

1.00x 1084

0 12 24 36 48 60 72
Time (hours)

0

Luminescence/OD (490 nm)

€ NADH NAD/NADH

o 8.0x10° 5% 107

2 << 8 oo+

o 6.0x10% =2 °

o o 3 6

= *k c c

8 4.0x10° 8o -

5 28 4

@ 2.0x10° £ £ o]

2 « ETFE

= 355 *

£ 0 T T T T T s <30 ' ' . T T )

3 0 12 24 36 48 60 72 0 12 24 36 48 60 72
Time (hours) Time (hours)

Figure 4.2: NA maintains NAD and NADH levels in LN229 cells treated with FK866.
NAD and NADH levels were measured using the Promega NAD/NADH-Glo Assay in LN229
cells treated with FK866 (20 nM) with or without NA (10 pM). * P < 0.05 Control vs FK866,
" P < 0.05 FK866 vs FK866+NA, ¥ P < 0.05 Control vs NA, two-way ANOVA with Tukey’s
HSD post-hoc test. Data representative of three independent experiments (n = 9 biological
replicates). Error bars represent SEM.
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Despite seeing little to no change in apoptosis or cell viability with FK866 treatment, I
wanted to investigate whether or not NAD precursors, or inhibitors of other NAD biosynthetic
pathways, could have an effect, either independently, or in an FK866-treated setting. LN229
cells were treated with FK866 (20 nM) with or without NA (10 pM), then apoptosis and cell
viability were measured using Annexin V and trypan blue staining respectively at 3, 6 and 9
days. Consistent with previous results, the addition of FK866 did not significantly alter the
apoptotic profile of LN229 cells at any timepoint (Fig. 4.3A). There was a very small drop in
cell viability in LN229 cells treated with FK866 which could be reversed by the addition of NA,
but this was not statistically significant (Fig. 4.3B). This indicates that the primary rescue

mechanism using NA does not relate to the activation of apoptosis or cell death.

A Day 3 Day 6

Dead cells
I Late apoptotic cells

Y § = ;\:;
0o — [«
g & S 2 80 .
B 9 B g &0 Early apoptotic cells
8o 8o M Live cells
°w o5 401
o B o B 201
O-
FK866 - - + + FK866 - - + +
NA - + - + NA - + - +
Treatment Treatment
B
Day 9 -
X
A120- ‘_(;,’100u<§*\;4 - Control
w5 1001 B = P e § 80- = NA
(2]
g2 8 2 50l + FK866
55 60 5 -+ FK866+NA
Qo 40
o —= 40 c
a s o
S 20 £ 201
0- g- 0 T T T T T T T T 1
FK866 - - + + a 01234567829
NA - + - + Time (days)
Treatment

Figure 4.3: NA does not affect apoptosis or cell viability when added to FK866 in
LIN229 cells. LN229 cells were treated with FK866 (20 nM) with or without NA (10 uM). (A)
bar charts showing Annexin V staining at 3, 6 and 9 days (B) dot and line graph showing the
proportion of viable cells over time. Data representative of three independent experiments (n
= 3 biological replicates). Error bars represent SEM.
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I previously demonstrated that FK866 caused a block in the cell cycle at Go/M phase (Fig.
3.10). To determine whether the addition of NA could reverse this phenotype, LN229 cells
were treated with FK866 (20 nM) with or without NA (10 pM), stained with PI and analysed
by flow cytometry. Alone, FK866 caused a significant drop in the number of cells in G1/Gq
and a significant increase in the number of cells in Go/M at days 6 and 9 (P < 0.05, Fig. 4.4).
The addition of NA to FK866-treated LN229 cells resulted in maintenance of a normal cell
cycle compared to cells treated with FK866 alone, also at days 6 and 9 (P < 0.05, Fig. 4.4).

This shows that NA is able to completely restore a normal cell cycle in GBM cells treated with

FKS866.
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Figure 4.4: NA restores a normal cell cycle in LN229 cells treated with FK866. LN229
cells were treated with FK866 (20nM) with or without NA (10 pM), and cells were fixed at 3,
6 and 9 days. Cell cycle status was determined by PI staining and flow cytometry. © P < 0.05,
two-way ANOVA with Tukey’s HSD post-hoc test. Data representative of three independent
experiments (n = 3 biological replicates). Error bars represent SEM.
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4.2 NT5E activity is required in GBM to fuel NAD
biosynthesis from NMN in the presence of NAMPT
inhibitors

NT5E has only recently been identified as a major source of NAD production (Grozio et al.,
2013). NT5E is able to metabolise the conversion of NAD or NMN to NR, which can then pass
through nucleotide transporters in the cell membrane and fuel NAD biosynthesis through the
action of NMRK1/2. To determine whether this pathway could affect the efficacy of NAMPT
inhibitors in GBM, four different GBM cell lines were treated with FK866 (20nM), NMN
(10 pM) and the NT5E inhibitor APCP (100 nM) alone and various combinations. Proliferation
was measured by SRB assay at 3, 6 and 9 days. The data showed also that the addition of
NMN to FK866 significantly increased proliferation in all cell lines (P < 0.05, Fig. 4.5A, B).
Furthermore, in the LN229 and SNB19 cell lines, the addition of the NT5E inhibitor APCP
significantly limited the rescue induced by NMN (P < 0.05, Fig. 4.5A, B). These results suggest
that NTHE activity is required to allow exogenous NMN to support proliferation in some GBM

cell lines.
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Figure 4.5: NMN rescues proliferation in GBM cells treated with FK866. Dot and line
plots showing proliferation measured by SRB assay (OD 490 nm) for different combinations of
FK866 (20nM), the NAD precursor NMN (10 pM) and the NT5E inhibitor APCP (100 pM). *
P < 0.05 Control vs FK866, ™ P < 0.05 FK866 vs FK866+NMN, ™ P < 0.05 FK866+NMN vs
FK866+NMN+APCP, two-way ANOVA with Tukey’s HSD post-hoc test. Data representative
of three independent experiments (n = 9 biological replicates). Error bars represent SEM.
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Considering that NMN was able to partially restore proliferation in all GBM cell lines, I
wanted to determine whether this was directly linked to the recovery or maintenance of NAD
and/or NADH levels. LN229 cells were treated with FK866 (20nM), NMN (10 pM) and APCP
(100 pM) alone and in various combinations. The Promega NAD/NADH-Glo Assay was then
used to quantify NAD and NADH levels at 0, 12, 24, 48 and 72 hours. Alone, NMN had no
effect on NAD or NADH levels, or the NAD/NADH ratio. Furthermore, in the presence of
FK866, NMN was only able to maintain NAD and NADH levels slightly higher than FK866
alone, but this was not statistically significant. These results show that whilst NMN may be
able to support proliferation in the presence of FK866, it only has a very small affect on NAD
and NADH levels.
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Figure 4.6: NMN partially maintains NAD and NADH levels in LN229 cells treated
with FK866. NAD and NADH levels were measured using the Promega NAD/NADH-Glo
Assay in LN229 cells treated with FK866 (20nM), NMN (10uM) and APCP (100 uM) alone
and in various combinations. ~ P < 0.05 Control vs FK866, two-way ANOVA with Tukey’s
HSD post-hoc test. Data representative of three independent experiments (n = 9 biological
replicates). Error bars represent SEM.
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I next wanted to determine whether the restoration of proliferation by NMN or inhibition
of NT5E using APCP could affect apoptosis or cell viability in GBM cells treated with FK866.
LN229 cells were treated with FK866 (20nM), NMN (10 pM) and APCP (100 pM) alone and
in various combinations, then apoptosis and cell viability were measured using Annexin V and
trypan blue staining respectively at 3, 6 and 9 days. There was no effect on apoptosis (Fig.
4.7A), and whilst there was a very small drop in cell viability in LN229 cells treated with
FK866 which could be reversed by the addition of NMN, this was not statistically significant
(Fig. 4.7B). Furthermore, the addition of APCP did not alter this effect. This indicates that
the primary rescue mechanism using NMN does not relate to the activation of apoptosis and
cell death, and combined inhibition of NAMPT and NT5E has no effect on apoptosis or cell
viability in GBM cells.
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Figure 4.7: NMN does not affect apoptosis or cell viability when added to FK866
in LIN229 cells. LN229 cells were treated with FK866 (20nM), NMN (10 pM) and APCP
(100 pM) alone and in various combinations. (A) bar charts showing Annexin V staining at
3, 6 and 9 days (B) dot and line graph showing the proportion of viable cells over time.
Data representative of three independent experiments (n = 3 biological replicates). Error bars
represent SEM.

To determine whether the addition of NMN could reverse the changes seen in the cell cycle
with FK866 treatment, LN229 cells were treated with FK866 (20 nM), NMN (10 pM) and APCP
(100 pM) alone and in various combinations, stained with PI and analysed by flow cytometry.
The addition of NMN to FK866-treated cells resulted in the maintenance of a normal cell cycle
compared to cells treated with FK866 alone at days 6 and 9 (P < 0.05, Fig. 4.8). In addition,
the NT5E inhibitor APCP was able to completely block this recovery, also at 6 and 9 days
(P < 0.05, Fig. 4.8). This further proves the link between NT5E activity and the ability of
GBM cells to utilise extracellular NMN as a source of NAD.
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Figure 4.8: NMN restores a normal cell cycle in LN229 cells treated with FK866.
LN229 cells were treated with FK866 (20 nM), NMN (10 pM) and APCP (100 tM) alone and in
various combinations, and cells were fixed at 3, 6 and 9 days. Cell cycle status was determined
by PI staining and flow cytometry. © P < 0.05, two-way ANOVA with Tukey’s HSD post-hoc
test. Data representative of three independent experiments (n = 3 biological replicates). Error

bars represent SEM.

4.3 QA promotes proliferation in GBM cells treated with

a NAMPT inhibitor

QPRT metabolises the final step in the kynurenine pathway, catalysing the conversion of QA

to the NAD precursor NaMN. This joins into the NAPRT pathway, with NAD being generated

through the action of the NMNAT family and NADSYNI1. To determine whether this pathway

could affect the efficacy of NAMPT inhibitors in GBM, four different GBM cell lines were
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treated with FK866 (20nM), QA (100 pM) and the QPRT inhibitor phthalic acid (PA) (10 pM)
alone and in various combinations. Proliferation was measured by SRB assay at 3, 6 and 9
days. The data showed that the addition of QA to FK866 significantly increased proliferation
in LN229, T98G and US8T7 cells (P < 0.05, Fig. 4.9A, B). However, the addition of the QPRT
inhibitor PA only suppressed this recovery in U87 cells. It had no effect on LN229 or T98G cells.
Further validation of these experiments showed that increasing the concentration of PA from

10 pM to 100 pM led to no significant difference in any of the responsive cell lines, indicating

that PA is not able to block this effect (Fig. 4.10).
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Figure 4.9: QA rescues proliferation in GBM cells treated with FK866. Dot and line
plots showing proliferation measured by SRB assay (OD 490nm) for different combinations
of FK866 (20nM), the NAD precursor QA (100 uM) and the QPRT inhibitor PA (10 pM). *
P < 0.05 Control vs FK866, ~ P < 0.05 FK866 vs FK866+QA, ™" P < 0.05 FK866+QA vs
FK866+QA+PA, two-way ANOVA with Tukey’s HSD post-hoc test. Data representative of
three independent experiments (n = 9 biological replicates). Error bars represent SEM.
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Figure 4.10: Increased concentrations of PA does not lead to inhibition of QA medi-
ated recovery in FK866 treated cells. Dot and line plots showing proliferation measured
by SRB assay (OD 490nm) in cells treated with combinations of FK866 (20nM), QA (100 uM)
and PA (100puM). Data representative of three independent experiments (n = 9 biological
replicates). Error bars represent SEM.

Whilst QA was able to partially restore proliferation in some GBM cell lines, PA appeared
to have no real effect. I next wanted to determine whether QA was directly affecting NAD or
NADH levels. LN229 cells were treated with FK866 (20nM), QA (100 pM) and PA (10 M)
alone and in various combinations. The Promega NAD/NADH-Glo Assay was then used to
quantify NAD and NADH levels at 0, 12, 24, 48 and 72 hours. Neither QA nor PA had any
effect on NAD or NADH levels either alone or in combination with FK866. This suggests that

QA rescues proliferation in GBM cells through different mechanisms to the other two pathways.
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Figure 4.11: QA does not maintain NAD and NADH levels in LN229 cells treated
with FK866. NAD and NADH levels were measured using the Promega NAD/NADH-Glo
Assay in LN229 cells treated with FK866 (20nM), QA (10 pM) and PA (10 pM) alone and in
various combinations. © P < 0.05 Control vs FK866, two-way ANOVA with Tukey’s HSD post-
hoc test. Data representative of three independent experiments (n = 9 biological replicates).
Error bars represent SEM.

I next wanted to determine whether QA or PA could have any effect on apoptosis or cell
viability in cells treated with FK866. LN229 cells were treated with FK866 (20nM), QA
(100 pM) and PA (10puM) alone and in various combinations, then apoptosis and cell viability
were measured using Annexin V and trypan blue staining respectively at 3, 6 and 9 days.
Consistent with previous results, the addition of FK866 did not significantly alter the apoptotic
profile (Fig. 4.12A) or cell viability (Fig. 4.12B) in LN229 cells at any timepoint, and neither
QA nor PA had any effect. This further reinforces the trend that FK866 does not initiate cell
death, but rather blocks proliferation, and interference with other NAD biosynthetic pathways

cannot alter this phenotype.
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Figure 4.12: QA does not affect apoptosis or cell viability when added to FK866 in
LN229 cells. LN229 cells were treated with FK866 (20nM), QA (10uM) and PA (10 uM)
alone and in various combinations. (A) bar charts showing Annexin V staining at 3, 6 and 9 days
(B) dot and line graph showing the proportion of viable cells over time. Data representative of
three independent experiments (n = 3 biological replicates). Error bars represent SEM.

To determine whether the addition of QA could reverse the Go/M cell cycle block caused
by FK866, LN229 cells were treated with FK866 (20 nM), QA (100 pM) and PA (10 pM) alone
and in various combinations, stained with PI and analysed by flow cytometry. The addition
of QA to FK866-treated LN229 cells partially restored a normal cell cycle compared to FK866
treatment alone, but this was only significant at day 9 (P < 0.05, Fig. 4.13). The QPRT
inhibitor PA did not have any effect on the cell cycle in any combination. This supports the
idea that QA is able to rescue GBM cells from the effects of FK866, but suggests that this is

through other mechanisms.
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Figure 4.13: QA restores a normal cell cycle in LN229 cells treated with FK866.
LN229 cells were treated with FK866 (20nM), QA (10pM) and PA (10 M) alone and in
various combinations, and cells were fixed at 3, 6 and 9 days. Cell cycle status was determined
by PI staining and flow cytometry. © P < 0.05, two-way ANOVA with Tukey’s HSD post-hoc
test. Data representative of three independent experiments (n = 3 biological replicates). Error
bars represent SEM.

4.4 shRNA mediated knockdown of genes involved in
NAD biosynthesis in LN229 cells is insufficient to

replicate results seen with molecular inhibitors

To validate the results seen with the molecular inhibitors for each pathway, I next wanted
to block the expression of specific genes involved in NAD biosynthesis and test the rescue

with specific NAD precursors. NAMPT, NAPRT, NT5E and QPRT genes were knocked down
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individually in LN229 cells with shRNA-based plasmids using Metafectene. Cell lines with
stable integration of the shRNA plasmid were selected for using puromycin. Cell lines with
stable knockdown of each gene were confirmed using qPCR (Fig. 4.14A) and western blot
(Fig. 4.14B). The cell lines with the greatest knockdown of each gene were selected for further
experiments (NAMPT KD ALL, NAPRT KD 2, NT5E KD 1, QPRT KD 2).

Each knockdown line was used in proliferation assays corresponding to their specific path-
way. Cell lines were treated with FK866 (20nM) and either NA (10 uM), NMN (10 uM) with
APCP (100 pM), or QA (100 pM) with PA (10uM). Proliferation was measured by SRB as-
say at 3, 6 and 9 days. Knockdown of each gene resulted in changes to the proliferation of
each cell line compared to the original parent line (Fig. 4.15A). FK866 significantly inhibited
proliferation in all cell lines (P < 0.05, Fig. 4.15B). Consistent with previous experiments,
supplementation with NA restored normal levels of proliferation in all cell lines (P < 0.05,
Fig. 4.15B). In addition, supplementation with NMN could also restore proliferation to levels
matching the controls, and this rescue could be significantly reduced by the addition of the
NT5E inhibitors APCP (P < 0.05, Fig. 4.15B). However, none of the knockdown lines were
able to properly replicate the effects seen with the molecular inhibitors. Knockdown of NTHE
led to a slight decrease in the rescue seen when NMN is added to FK866-treated cells, but this

was not significant.
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Figure 4.14: shRINA-mediated knockdown of genes involved in NAD biosythesis in
LIN229 cells. LN229 cells were transfected with shRNA-based plasmids carrying transcripts
targeting genes involved in NAD biosynthesis, including NAMPT, NAPRT, NT5E and QPRT.
Four different shRNA plasmids targeted against a specific gene were transfected in to LN229
cells both individually (KD1-4), and all at the same time (KD ALL). In addition, LN229 cells
were transfected with two individual control plasmids (Scramble 1, Scramble 2). Expression
of the genes was measured by (A) qPCR and (B) western blot. Data representative of three
biological replicates. Error bars represent SEM.
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Figure 4.15: shRNA mediated knockdowns of genes involved in NAD biosynthesis
in LIN229 cells do not replicate results seen with molecular inhibitors. (A) Dot and
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(B) Bar charts showing the changes in proliferation measured by SRB assay in the

LN229 knockdown lines with different combinations of FK866 (20nM) and the various NAD
precursors/inhibitors, including NA (10 pM), NMN (10 pM), QA (10 uM), APCP (100 pM) and
PA (10pM). * P < 0.05, two-way ANOVA with Tukey’s HSD post-hoc test. Data representative
of three independent experiments (n = 9 biological replicates). Error bars represent SEM.
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4.5 Discussion

These results show that multiple pathways can contribute to the resistance of GBM cells to
NAMPT inhibitors, but only in the presence of specific NAD precursors, and where key en-
zymes are expressed. A summary of the different GBM cell lines, their expression and protein
levels of some of these key enzymes, and their responses to FK866, can be seen in Table 4.1.
Administration of FK866 to LN229 cells reduces both NAD and NADH levels, and whilst it
has no effect on apoptosis or cell death, it does inhibit proliferation by inducing a Go/M cell
cycle block. Supplementation with NA completely restores a normal cell cycle, proliferation and
NAD/NADH levels in FK866-treated LN229 cells, which express NAPRT. On the other hand,
NA is unable to rescue proliferation in FK866-treated SNB19 and T98G cells, both of which
lack NAPRT. This is consistent with previous data, which also showed that this phenotype
can be completely reversed by supplementation with NA as demonstrated here (Cerna et al.,
2012; Zhang et al., 2012b). Surprisingly, U87 cells are also rescued from FK866 treatment by
the addition of NA, even though they lack expression of NAPRT. It is possible that NAPRT
expression is epigenetically regulated in this cell line, and is induced upon NAD depletion.
Studies have shown that NAPRT is regulated in tumours by promoter-methylation (Shames
et al., 2013). The stress induced by rapid NAD depletion could lead to changes in epigenetic
regulation and increase expression of NAPRT. Alternatively, FK866 treatment and supplemen-
tation with NA could select for a small sub-population that express NAPRT. Further studies
are required to confirm this.

In addition to the role of NAPRT in the response of cancer cells to NAMPT inhibitors, this
study also provides evidence for the role of NT5HE in this system. It was previously accepted
the primary role of NT5HE in cancer was related to its effects on the immune system, degrading
extracellular AMP to immunosuppressive adenosine to inhibit tumour killing by the immune
system (Allard et al., 2016a). In addition, increases in extracellular adenosine alter purinergic
signalling to promote cancer cell survival (Antonioli et al., 2013). However, it was recently
been demonstrated that NT5E is a major regulator of cancer cell metabolism, and is linked to
resistance of ovarian cancer cells to platinum therapy (Nevedomskaya et al., 2016). The role of

NT5E in NAD metabolism was also only recently established, based on its structural similarities
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to NAD nucleotidase from H. influenzae (Garavaglia et al., 2012). Further work indicated that
this activity could promote resistance to NAMPT inhibitors, and simultaneous inhibition of
NAMPT and NT5E could be a promising therapeutic strategy (Grozio et al., 2013; Sociali
et al., 2015). The data presented here shows that NT5E activity is required for NMN-mediated
rescue of GBM cells treated with FK866. LN229 and SNB19 both appear to express NTHE,
and both can be rescued from FK866 treatment with the addition of NMN. Furthermore, the
addition of the NT5E inhibitor APCP partially reverses this effect, consistent with its role as
a competitive inhibitor (Synnestvedt, 2002). However, there are also some inconsistent results
with the NMN and APCP data. Despite lacking expression of NTHE, T98G cells are still
partially rescued from FK866 treatment with the addition of NMN, although the effect size
is very small, and APCP has no effect. Furthermore, whilst U87 cells do express NT5E, and
NMN is able to rescue them from FK866 treatment, APCP also has no effect. It is possible that
some of the NMN in the media is broken down in to other NAD precursors through different
mechanisms, which could allow T98G cells to produce NAD. As described previously, APCP
functions as a competitive inhibitor, and due to the small effect size of FK866 on US7 cells,
it could be that the inhibition of NT5E at this concentration of APCP is not sufficient to
significantly limit the rescue with NMN. Surprisingly, despite clear increases in proliferation
in FK866-treated cells supplemented with NMN, there were no significant changes in NAD or
NADH levels. This gives more evidence to the possibility that FK866 treatment selects for a
resistant subpopulation that is either less dependent on NAD-mediated activities, or is able to
maintain NAD levels above the threshold required to inhibit cell growth.

Finally, the data presented here shows that whilst the NAD precursor QA is able to rescue
GBM cells from the effects of FK866, this pathway may be less efficient at promoting NAD
biosynthesis. Like NT5E, the kynurenine pathway also plays a role in modulating the immune
system in response to cancer cells (Adams et al., 2014). However, this is generally attributed to
IDO and TDO activity. Studies have shown that astrocytoma cells exhibit deficiencies in other
enzymes of the kynurenine pathway, including KYNU, kynurenine 3-monooxygenase (KMO)
and 3-hydroxyanthranilate 3,4-dioxygenase (HAAO) (Heyes et al., 1997). More recently, it

was demonstrated that primary astrocytes and neurons depend on NAD generated through the
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kynurenine pathway (Braidy et al., 2011). This suggests that whilst brain cancers cannot utilise
the de novo pathway to generate NAD, normal healthy brain tissue can, which would allow
NAMPT inhibitors to selectively kill cancer cells only. Whilst the expression of QPRT showed
some inconsistencies with protein levels, it correlates very well with the ability of QA to restore
proliferation in FK866-treated cells. QPRT is expressed in LN229, T98G and US87, all of which
demonstrate partial restoration of proliferation when supplemented with FK866. SNB19, the
only cell line lacking any detectable form of QPRT, could not be rescued from FK866-induced
growth inhibition by the addition of QA. However, the restoration of a normal cell cycle was
minimal in LN229 cells treated with FK866, indicating that this molecule is a poor source of
NAD. Furthermore, the QPRT inhibitor, PA, was only able to block this rescue in U87 cells. It
had no effect on LN229 or SNB19 cells. This suggests that PA is questionable as an inhibitor
of QPRT. In addition to this, neither QA, nor PA had any effect on NAD or NADH levels in
FK866 treated GBM cells. Similar to NMN, this could be because FK866 selects for a small
subpopulation of resistant cells that can tolerate low levels of NAD for extended periods of

time.
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Parameter LIN229 SNB19 TI8G Us7
NAMPT expression + + ++ 4
NAMPT protein + + ++ 4
NAPRT expression 4+ - - -
NAPRT protein ++ - - i,
NTHE expression + - - +
NT5E protein + +/- - 44
QPRT expression + - + +
QPRT protein - - + +/-
FK866 IC5, (nM) 16.06 12.06 24.47 26.26
NA rescue + - , +
NMN rescue + + + +
APCP inhibition of NMN rescue | + + - -
QA rescue + - + +
PA inhibition of QA rescue - - - +

Table 4.1: Table summarising GBM cell lines, their responses to FK866, and their
rescue with different NAD precursors. Includes data from SRB assays (both FK866
titrations and rescue proliferation experiments) and both qPCR and western blot.

To try to confirm the dependencies of these rescue mechanisms on specific enzymes, shRNA-
mediated knockdowns were generated against NAMPT, NAPRT, NT5E and QPRT. The best
knockdown lines available were chosen for further experiments. Consistent with previous results,
FK866 significantly limited proliferation, and both NA and NMN rescued the cells. However,
none of the knockdowns for genes involved in NAD biosynthesis were able to replicate the results
seen with specific inhibitors. This is most likely because the shRNA-mediated knockdowns for
each of the genes involved in NAD biosynthesis did not achieve sufficient suppression of gene
expression. As NAMPT is clearly essential for NAD biosynthesis, it could be that knockdown
of this gene is only possible in cells where appropriate NAD precursors are already available.
Only cells with partial knockdown of NAMPT can survive in this environment. As for the other
knockdown lines, there were no sufficient knockdowns in for NAPRT and QPRT, as well as clear

discrepancies between the expression and protein levels in in QPRT. All of the transfected cell
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lines, including the scramble, had lower proliferation rates than the parental control, indicting
that the transfection process selects for a population with slightly lower growth rates. None of
the cell lines showed significant alterations in proliferation, compared to the scramble control
line, that is consistent with the role of that specific gene in cancer. It may be possible to
achieve efficient knockdowns through more targeted means, such as the CRISPR-Cas9 system
(Qi et al., 2013).
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RNA sequencing of FK866-resistant

and FK866-sensitive GBM cell lines

It is clear that specific GBM cell lines are able to resist treatment with NAMPT inhibitors,
but this relies on the appropriate NAD precursors and cellular machinery being in place to
function. Given that some GBM cell lines show inherent resistance and hypersensitivity to
FK866 (Fig. 3.8), it would be useful to identify how these different cell lines respond to FK866
treatment in vitro. This could also provide insight into how NAMPT inhibitors cause a cell
cycle block, leading to an arrest of proliferation. The FK866-sensitive line 42MG and the
FK866-resistant line DBTRG were treated with FK866 (20 nM) for 24 h. RNA was extracted
and the samples subject to RNAseq, with analysis and data processing to generate datasets

with lists of differentially expressed genes.

5.1 NAMPT inhibition significantly alters gene expres-
sion profiles in both FK866-sensitive and FK866-

resistant GBM cell lines

After data quality control, lists of differentially expressed genes were generated for control versus
FK866-treated samples in each cell line. Figure 5.1 shows the log|[fold change (FC)] versus the

mean of normalised counts for each gene, with significantly altered transcripts highlighted in
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red (P < 0.1). There were a total of 115 significantly altered transcripts matched to ENSEMBL
IDs in 42MG cells, 113 of which were mapped to a specific gene. In the DBTRG cells, there were
195 significantly altered transcripts matched to ENSEMBL IDs, of which 194 were mapped to

a specific gene.

1e-01  1e+01  1e+03  1e+05
Mean[normalised counts]

DBTRG

1e-01  1e+01  1e+03  1e+05
Mean[normalised counts]

Figure 5.1: FK866 treatment in 42MG and DBTRG cells causes significant changes
in gene expression. Scattergraphs showing the fold change in gene expression against the
mean of normalised counts across replicates. Data representative of three biological replicates.
Points in red are significantly differentially expressed (P < 0.1).
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5.2 NAMPT inhibition disrupts the cell cycle and the
unfolded protein response in FK866-sensitive 42MG
cells

Given that we had lists of significantly differentially expressed genes with FK866 treatment,
the next step was to determine what pathways these mapped to in the cells. The list of differ-
entially expressed genes in 42MG cells (n = 113, Fig. B.1) was subjected to GSEA in Enrichr.
GO analysis revealed that the most commonly altered biological processes related to mitosis,
apoptosis and pathways involved in the unfolded protein response (Fig. 5.2). The molecular
functions and cellular compartments reflected these processes, with microtubule activity, RNA
binding and CDK activity, as well as the mitotic spindle and endoplasmic reticulum all being
enriched (Fig. 5.2). Exhaustive functional pathway analysis from five different databases in-
dicated that there were clear changes in the cell cycle and apoptosis, as well as other, more
specific pathways such as FOXM1, E2F and RB signalling (Fig. 5.2). The most common tran-
scription factors appearing in the top 10 hits across five different databases for TF regulation
were FOXM1, the E2F family members E2F1 and E2F4, TP53, MYC and nuclear transcrip-
tion factor Y subunit alpha (NFYA) (Fig. 5.3). The most common PPI were those involving
TP53, CDK1, CDK2 and polo-like kinase 1 (PLK1) (Fig. 5.3). There were also changes in the
expression of enzymes known to regulate specific metabolite levels, particularly those involved
in ACoA production and NADPH. The top 10 differentially expressed genes for 42MG cells
treated with FK866 can be seen in Table 5.1. Out of the top ten hits, two were also predictive
of survival in patients with GBM, both of which belong to the heat shock protein (HSP) family.
Furthermore, an additional six genes were both differentially expressed with FK866 treatment

and demonstrated a link to survival in patients with GBM (Fig. B.1).
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Figure 5.2: Bar charts showing the top hits from gene set enrichment analysis for
GO and cellular pathways in 42MG cells treated with FK866. The list of differentially
expressed genes for 42MG cells treated with FK866 (n = 113) was subject to GSEA in Enrichr.
The combined score represents a combination of the Z-score and the P-value. Bars are coloured

according to their significance (-logl0[P]).
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ENSEMBL ID Gene Gene name Fold Adjusted | Poor survival group
change P value
ENSG00000044574 | HSPAbS Heat shock protein family -1.297 1.94E-06 High expression
A (Hsp70) member 5 (P =0.008)
ENSG00000123485 | HJURP Holliday junction -1.235 0.001 None
recognition protein
ENSG00000166598 | HSP90B1 | Heat shock protein 90 beta | -1.249 0.001 High expression
family member 1 (P =0.020)
ENSG00000168010 | ATG16L2 | Autophagy related 16 like 2 | 1.346 0.004 None
ENSG00000163659 | TIPARP TCDD inducible -1.311 0.004 None
poly(ADP-ribose)
polymerase
ENSG00000128965 | CHAC1 ChaC glutathione specific 1.478 0.006 None
gamma-
glutamylcyclotransferase
1
ENSG00000145050 | MANF Mesencephalic astrocyte -1.234 0.006 None
derived neurotrophic factor
ENSG00000178913 | TAF7 TATA-box binding protein | -1.239 0.006 None
associated factor 7
ENSGO00000100321 | SYNGR1 | Synaptogyrin 1 1.237 0.007 None
ENSG00000136541 | ERMN Ermin -1.375 0.011 None

¢ HHLdVHD

Table 5.1: Table showing the top 10 differentially expressed genes in 42MG cells treated with FK866. Effects on survival were
determined by analysis of either microarray (n = 539) or RNAseq (n = 172) data from TCGA, separated into tertiles of gene expression,
by two-way ANOVA with Tukey’s HSD post-hoc test.
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5.3 NAMPT inhibition specifically alters the G;/S phase
of the cell cycle and HIF signalling in FK866-resistant
DBTRG cells

The same data analysis was applied to the list of differentially expressed genes in the DBTRG
cell line (n = 193). GO analysis revealed that the most common biological processes related
to differentially expressed genes were associated with gene transcription, specifically by RNA
polymerase II, as well as regulation of transcription related to the G;/S phase transition in
the cell cycle (Fig. 5.4). Consistent with altered transcription, the most common GO cellular
compartment was the endoplasmic reticulum, although the methylosome was also highly ranked.
The top hits for GO molecular functions were also related to biological functions, with RNA
polymerase II transcription appearing multiple times, but ATPase activity was also highly
ranked. Functional pathway analysis indicated that that were clear alterations in HIF signalling,
the cell cycle including G;/S phase transition and cell cycle checkpoints, as well as TP53 and
integrin signalling (Fig. 5.2). The most common transcription factors appearing in the top
10 hits across five different databases of TF regulation were HIF1, HDAC1, HDAC2, E2F4,
E2F7, CDKN1A and CDKNI1B (Fig. 5.5). The most common PPI were those involving CDK1
and CDK2 (Fig. 5.3). There were also changes in the expression of enzymes known to regulate
specific metabolite levels, particularly those involved in proline and hydroxyproline metabolism.
The top 10 differentially expressed genes for DBTRG cells treated with FK866 can be seen
in table 5.2. Out of the top 10 hits, two were also predictive of survival in patients with
GBM, including VEGF, a well known GBM associated gene, and ADAM metallopeptidase
with thrombospondin type 1 motif (ADAMTS)14. Finally, there were 32 other genes that were
not only differentially expressed with FK866 treatment, but also linked to altered survival in

patients with GBM (Table B.1).
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Figure 5.4: Bar charts showing the top hits from gene set enrichment analysis for GO
and cellular pathways in DBTRG cells treated with FK866. The list of differentially
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—_

23



CHAPTER 5 2.3

BioPlex TF ChEATF

-log10[P]

10.0
7.5
5.0
25
0.0

5
=

5
-

0 10 20 30 40 0 10 20 30 40
Combined score Combined score
ENCODE TF TRANSFAC and JASPAR TF

Term

N ‘

o

Term

(%))
o

o
-
(%))
N
o
o

1 4
Combined score Combined score

TF PPI PPl Hub

Term

-
o

o
-
(%)

Term

o
o

10 15 20
Combined score Combined score

KEA PPI HMDB Metabolites

o
©
=

Term

Term

| |
-
o

o

w

2
Combined score Combined score

Figure 5.5: Bar charts showing the top hits from gene set enrichment analysis for TF,
PPI and metabolites in DBTRG cells treated with FK866. The list of differentially
expressed genes for DBTRG cells treated with FK866 (n = 113) was subject to TF network
and PPI analysis in Enrichr. The combined score represents a combination of the Z-score and
the P value. Bars are coloured according to their significance (-logl10[P]).

—_

24



Gcl

ENSEMBL ID Gene Gene name Fold Adjusted | Poor survival group
change P value
ENSG00000162496 | DHRS3 Dehydrogenase/reductase 3 | 2.005 4.32E-14 None
ENSG00000107731 | UNC5B Unc-5 netrin receptor B 1.378 2.29E-09 None
ENSG00000159399 | HK2 Hexokinase 2 1.392 2.43E-08 None
ENSG00000104081 | BMF Bcl2 modifying factor 1.361 8.08E-08 None
ENSG00000175727 | MLXIP MLX interacting protein 1.263 1.42E-07 None
ENSG00000095752 | IL11 Interleukin 11 -1.514 1.69E-06 None
ENSG00000138316 | ADAMTS14 | ADAM metallopeptidase 1.665 1.78E-06 High expression
with thrombospondin type (P =0.031)
1 motif 14
ENSG00000179981 | TSHZ1 Teashirt zinc finger 1.274 1.78E-06 None
homeobox 1
ENSG00000120093 | HOXB3 Homeobox B3 1.332 1.67E-05 None
ENSG00000112715 | VEGFA Vascular endothelial 1.215 2.00E-05 High expression
growth factor A (P = 0.00027)

¢ HHLdVHD

Table 5.2: Table showing the top 10 differentially expressed genes in DBTRG cells treated with FK866. Effects on survival
were determined by analysis of either microarray (n = 539) or RNAseq (n = 172) data from TCGA, separated into tertiles of gene
expression, by two-way ANOVA with Tukey’s HSD post-hoc test.
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CHAPTER 5 5.4

5.4 Changes to E2F/RB, CDK and HSP cell signalling
events occur in both FK866-sensitive and FK866-
resistant GBM cells

GSEA indicated that FK866 treatment in both cell lines lead to alterations in numerous path-
ways involved in control of the cell cycle, including E2F/RB and CDK signalling. In addition,
across the two cell lines, there were 13 differentially expressed genes found in both, which indi-
cate common responses to FK866 (Table 5.3). This included two members of the HSP family,
namely HSPAS and HSPAS, which are involved in the unfolded protein response, as well as
VEGFA, a well established GBM-associated gene that was also predictive of survival in TCGA

data.
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ENSEMBL ID Gene Gene name 42MG 412MG DBTRG | DBTRG | Poor survival
FC Adj[P] FC Adj[P] group
ENSG00000044574 | HSPAS5 Heat shock protein -1.297 1.94E-06 | -1.177 0.015 High expression
family A (Hsp70) (P =0.0081)
member 5
ENSG00000112715 | VEGFA | Vascular endothelial 1.161 0.011 1.215 2.00E-05 High expression
growth factor A (P = 0.00027)
ENSG00000120075 | HOXB5 | Homeobox B5 1.447 0.057 1.365 1.85E-04 None
ENSG00000094804 | CDC6 Cell division cycle 6 -1.208 0.014 -1.209 0.004 None
ENSG00000120437 | ACAT2 | Acetyl-CoA -1.151 0.071 -1.195 0.003 None
acetyltransferase 2
ENSGO00000137868 | STRAG Stimulated by 1.184 0.025 1.213 0.016 None
retinoic acid 6
ENSG00000171848 | RRM2 Ribonucleotide -1.148 0.070 -1.174 0.006 None
reductase regulatory
subunit M2
ENSG00000213676 | ATF6B Activating 1.145 0.065 1.162 0.008 None
transcription factor 6
beta
ENSG00000109971 | HSPAS Heat shock protein -1.161 0.068 -1.186 0.009 None
family A (Hsp70)
member 8
ENSG00000181938 | GINS3 GINS complex -1.284 0.014 -1.182 0.090 None
subunit 3

¢ HHLdVHD
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ENSG00000170860

LSM3

LSM3 homolog, U6
small nuclear RNA
and mRNA
degradation
associated

-1.172

0.057

-1.162

0.029

None

ENSG00000198830

HMGN2

High mobility group
nucleosomal binding
domain 2

-1.146

0.041

-1.132

0.044

None

ENSG00000164032

H2AFZ

H2A histone family
member Z

-1.131

0.071

-1.113

0.099

None

¢ HHLdVHD

8¢l

Table 5.3: Table showing differentially expressed genes with FK866 treatment in 42MG and DBTRG cell lines. Genes are
sorted based on adjusted P values for both cell lines. Effects on survival were determined by analysis of either microarray (n = 539) or
RNAseq (n = 172) data from TCGA, separated into tertiles of gene expression, by two-way ANOVA with Tukey’s HSD post-hoc test.
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CHAPTER 5 2.5

5.5 Discussion

5.5.1 FK&866-sensitive 42MG cells

42MG, the FK866-sensitive cell line, showed marked changes in genes involved in mitosis and
apoptosis. This is consistent with a Go/M cell cycle arrest, and the alterations to apoptotic
signalling may represent known changes induced by treatment with NAMPT inhibitors, includ-
ing caspase activation and phosphatidylserine (PS) presentation (Feng et al., 2016a; Tateishi
et al., 2016).

Analysis of gene expression networks altered by FK866 treatment revealed FOXMI1 as a
major transcriptional regulator of the response. FOXMI1 is involved in GBM pathogenesis and
the stemness of cancer cells. It is an important factor in the Wnt/B-catenin signalling pathway
in glioma, and acts by binding to 3-catenin directly and upregulating its transcriptional activity
(Zhang et al., 2011b). FOXM1 is also essential for the translocation of GLI family zinc finger
1 (GLI1) to the nucleus, which promotes a cancerous phenotype, and the two have been shown
to be co-expressed in GBM samples (Xue et al., 2015). In addition, FOXM1 has been shown to
contribute to radioresistance in GBM cells, and inhibitors of FOXM1 are able to sensitise cells
to radiation in vivo (Lee et al., 2015b). These results indicate that FK866 treatment leads to
a growth suppressive phenotype in GBM cells regulated by FOXM1 expression.

Another set of transcription factors that were highlighted by gene expression network anal-
ysis was the E2F family. The E2F proteins are linked to control of the cell cycle in cancer (Sala
et al., 1994). E2F1 and E2F4 are key regulators of genes that promote GBM proliferation and
survival (Donaires et al., 2017). Both are predicted to play a role in the regulation of genes
involved in the response to FK866 treatment. They have previously been implicated in the
regulation of the RB signalling pathway (Dirks et al., 1998; Jiang et al., 2010). RB is mutated
in a small proportion of GBM (TCGA, 2008). GSEA indicated that RB signalling was also
altered upon FK866 treatment in 42MG cells. Like the E2F family, RB also plays a role in
control of the cell cycle (Nozaki et al., 1999); indeed, E2F and RB directly interact to promote
and inhibit progression through the cell cycle, acting as oncogenes and tumours suppressors

respectively (Takahashi et al., 2000). They may be key regulators of the Go/M cell cycle block
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seen with FK866 treatment. It has also been reported that RB directly inhibits E2F1 to induce
autophagy (Jiang et al., 2010). This is consistent with the induction of autophagy by FK866 in
GBM cells (Yang et al., 2015¢). However, others have demonstrated that E2F1 is also involved
in the suppression of growth and activation of apoptosis in glioma through upregulation of
BCL2, apoptosis regulator (BCL2) (Fueyo et al., 1998; Shu et al., 2000; Gomez-Manzano et al.,
2001). Whilst E2F1 acts primarily as an oncogene, it also has tmour suppressor properties
under certain circumstances.

In addition to the changes in gene transcription networks, FK866 also yielded alterations to
protein-protein interactions in 42MG cells. In particular, CDK1 was ranked the highest in two
different databases. CDK1 is a major regulator of the Gy /M checkpoint, and helps coordinate
organisation of the mitotic machinery (Asghar et al., 2015). In GBM, CDK1 is upregulated
compared to normal neural cell lines, and was recently implicated in the response of GBM
cells to TMZ (Bo et al., 2017; Song et al., 2017). However, whilst CDK inhibitors have been
trialled for GBM, most target other CDKs (Lubanska and Porter, 2017). The full role of CDK1
in GBM is still not fully understood, and more work is required to determine its role in the
response of GBM cells to FK866.

Both GSEA and PPI databases indicated that PLK1 signalling was altered in 42MG cells
treated with FK866. PLK1 stabilises the NAD-consuming tankyrase (TNKS) enzyme, which
is involved in regulation of telomere lengthening and spindle-pole assembly during mitosis (Ha
et al., 2012). PLK1 was identified as a potential therapeutic target in GBM by a small molecule
screen (Danovi et al., 2013). Inhibition of PLK1 has been shown to cause cell cycle arrest and
apoptosis in GBM cells (Pezuk et al., 2013a), as well as sensitising cells to radiation (Tandle
et al., 2013; Pezuk et al., 2013b). Others have shown that the effects of PLK1 inhibition are the
result of a corresponding decrease in the expression of SRY-box 2 (SOX2), and that inhibition
of PLK1 can even reduce tumour growth in vivo (Lee et al., 2012). In addition, inhibition of
PLK1 sensitises EGFR-mutated GBM cells to TMZ (Shen et al., 2015¢). Furthermore, it has
been demonstrated that inhibition of VEGF leads to a loss of PLK1, and the combination of
VEGF and EGFR inhibitors acts synergistically (Momeny et al., 2017). Alterations to PLK1

signalling upon FK866 treatment are potentially mediated by reductions in TNKS activity due
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to a reduction in the NAD pool.

RNAseq also revealed that aurora kinase (AURK) signalling was altered upon FK866 treat-
ment in 42MG cells. AURK signalling is closely related to PLK1 signalling, and the two have
been implicated in the spindle assembly during mitosis (Asteriti et al., 2015). Expression of
AURKA or AURKB is associated with poor prognosis in GBM (Zeng et al., 2007; Barton et al.,
2010; Lehman et al., 2012). AURKA activates Wnt/B-catenin signalling and self renewal in
GSCs (Xia et al., 2013). Furthermore, inhibitors of AURKA or AURKB have demonstrated
significant anti-neoplastic effects both in vitro and in vivo, including sensitisation to both TMZ
and radiation (Li et al., 2009a; Borges et al., 2012; Diaz et al., 2012; Lee et al., 2013; Hong
et al., 2014c; Van Brocklyn et al., 2014). The combination of NAMPT and AURK inhibitors
is yet to be tested in any cancer, and could offer a novel therapeutic strategy by disrupting the
cell cycle and initiating apoptosis.

In addition to general changes to signalling pathways in 42MG cells treated with FK866,
there were significant changes in the expression of specific genes. Out of the top 10 differentially
expressed genes, two are HSPs which are also predicted to have an effect on survival in GBM,
namely HSPAS5 and HSP90B1. Both genes are downregulated upon FK866 treatment. HSPAS,
also known as GRP78, is a key regulator of the unfolded protein response, which is one of the
pathways highlighted by GSEA. Expression of HSPAS5 is upregulated in glioma cell lines, where
it inhibits apoptosis and promotes resistance to radiation, TMZ, other DNA-damaging drugs
and endoplasmic reticulum stress (Pyrko et al., 2007; Lee et al., 2008; Suyama et al., 2011;
Huynh et al., 2015). HSPAS5 also promotes Akt and MAPK signalling in glioma (Zhang et al.,
2011a). Studies have demonstrated that inhibition of cell surface-bound HSPA5 suppresses
proliferation in glioma cells (Kang et al., 2016). In addition, HSP90B1, also known as GRP94,
has been implicated in the unfolded protein response, and was reported to promote glioma
growth through activation of the Wnt/B-catenin pathway (Epple et al., 2013; Hu et al., 2015).
This suggests that downregulation of HSPs plays a role in the effects of FK866 on GBM cells,
possibly through regulation of the unfolded protein response.

FK866 also significantly downregulated the expression of one of the members of the PARP
family, TCDD inducible PARP (TIPARP). TIPARP has been linked to metabolic activi-
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ties in the liver, including drug detoxification through cytochrome P450 family 1 subfamily
A (CYP1A)1 and regulation of LXR receptors (MacPherson et al., 2013; Bindesboll et al.,
2016). TIPARP also suppresses gluconeogenesis by inhibiting phosphoenolpyruvate carboxyki-
nase (PEPCK) upon stimulation by aryl hydrocarbon receptor (AHR) signalling (Diani-Moore
et al., 2013). More recently, it was demonstrated that AHR signalling pathway is upregulated
in meningioma (Talari et al., 2018). However, whilst it is clear that NAD depletion though
inhibition of NAMPT could limit TIPARP activity, the exact role of this protein in GBM
pathology is yet to be understood.

Another gene with significantly altered gene expression in FK866-treated 42MG cells is
holliday junction recognition protein (HJURP). HJURP interacts with CENPA to facilitate its
deposition at centromeres during mitosis (Foltz et al., 2009; Dunleavy et al., 2009). HJURP
is thought to maintain chromosomal stability in cancer cells to allow them to survive and
proliferate (Kato et al., 2007). Whilst HJURP expression was not predictive of survival in the
GBM database of TCGA, previous studies have demonstrated that it is linked to prognosis in
GBM, breast and liver cancer (Hu et al., 2010; De Tayrac et al., 2011; Valente et al., 2013;
Montes de Oca et al., 2015; Hu et al., 2017). Furthermore, a non-synonymous single nucleotide
polymorphism (SNP) in Chinese populations predisposes them to hepatocellular carcinoma
(Huang et al., 2016). More recently, it was demonstrated that knockdown of HJURP in bladder
cancer cells decreased SIRT1 phosphorylation and therefore activity (Cao et al., 2017a). This
illustrates a direct link between HJURP activity and NAD metabolism through its consumption
by SIRT1. There may be a close association between these systems, which is interrupted when
cells are treated with NAMPT inhibitors such as FK866.

Finally, GSEA on 42MG cells treated with FK866 suggested that changes in the expression
of enzymes involved in metabolism were likely to alter the levels of metabolites recorded in the
Human Metabolome Database (HMDB). These included ACoA and its derivatives, suggesting
that there are likely to be alterations to glycolysis and the entry of pyruvate into the TCA cycle.
This is consistent with the reported effects of NAMPT inhibitors on cellular metabolism (Tan
et al., 2013; Tan et al., 2015). These results could be confirmed using labelled glucose studies

to prove changes in the rates of glycolysis and therefore labelling of TCA cycle intermediates.
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5.5.2 FK&866-resistant DBTRG cells

DBTRG, the FK866-resistant cell line, was also treated with FK866 and subject to analysis
using the same methods. GSEA indicated that there were also changes in genes involved in the
cell cycle in this cell line, but these were specifically related to G;/S phase, RNA polymerase
IT activity and DNA synthesis, as opposed to Go/M phase as it was in 42MG. Interestingly,
HIF signalling was also implicated in the response of these cells to FK866, as was PI3K/Akt
signalling.

Transcription factor network analysis indicated that FK866 triggered changes in genes regu-
lated by HIF'1, which is consistent with the changes to HIF signalling seen with GSEA. Whilst
HIF signalling is known to promote glycolysis through upregulation of GLUT1, LDHA and
PDK1, its roles in NAD metabolism are poorly understood (Semenza et al., 1996; Kim et al.,
2006a; Pore et al., 2006). Studies have demonstrated that NAMPT is a target of HIF2 in chon-
drocytes, and is required for the activation of SIRT2/4 and multiple matrix metallopeptidase
(MMP) enzymes (Yang et al., 2015d; Oh et al., 2015). Inhibition of HIF1 leads to a reduction in
NAD/NADP levels, but has not specifically been linked to NAMPT activity (Ban et al., 2017).
However, multiple studies have shown direct links between hypoxia and the NAD-consuming
SIRT family, which clearly demonstrates that NAD metabolism plays an important role in the
adaptation of cells to a hypoxic environment (Lim et al., 2010; Finley et al., 2011; Laemmle
et al., 2012; Seo et al., 2015).

Like 42MG, treatment of DBTRG cells with FK866 yielded changes in the expression of
genes regulated by the E2F family, specifically E2F4 and E2F7. As described previously, the
E2F family is linked to control of the cell cycle and proliferation in cancer. Whilst E2F4 was
also highlighted in 42MG cells, changes in the expression of genes regulated by E2F7 are unique
to DBTRG. In contrast to E2F4, which acts primarily as an oncogene, E2F7 is thought to act
as a tumour suppressor by suppressing E2F1 activity and therefore inhibiting proliferation
(De Bruin et al., 2003; Endo-Munoz et al., 2009). It promotes cellular senescence through its
interactions with the RB and TP53 pathways (Aksoy et al., 2012; Di Tasio and Zauli, 2013).
E2F7 has also been implicated in the DNA damage response (Panagiotis Zalmas et al., 2008;

Zalmas et al., 2013). E2F7 also promotes miRNA-129-mediated autophagy and limits glioma
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growth in vivo (Chen et al., 2016). In addition, E2F7 inhibits the expression of numerous other
miRNAs known to promote proliferation (Mitxelena et al., 2016). Despite this there is evidence
to suggest that E2F7 it may have oncogenic properties in some cancers. Knockdown of E2F7 in
endometrial cancer cells suppresses proliferation (Li et al., 2015a). E2F7 promotes resistance
to tamoxifen, and is associated with relapse and poor prognosis in breast cancer (Chu et al.,
2015). Furthermore, elevated expression of E2F7 is correlated with CDK1 in glioma, and is
indicative of poor prognosis (Yin et al., 2016). Clearly, E2F7 has a diverse range of activities
in different cancers. Changes in the expression of genes regulated by E2F7 induced by FK866
treatment in DBTRG cells may represent a protective phenotype that limits proliferation but
maintains cell viability.

Again, as with 42MG cells, FK866 induces changes in gene expression networks and PPIs
linked to the CDK family. This includes CDK1, CDK2, CDKN1A and CDKN1B. Both CDK1
and CDK2 are significantly enriched in GSCs (Bo et al., 2017). As described previously, CDK1
plays a major role in regulation of the Go/M cell cycle checkpoint through regulation of the
mitotic machinery. In GBM, CDK1 is upregulated and is implicated in their response to TMZ
(Song et al., 2017). On the other hand, CDK2 regulates DNA replication during S phase of
the cell cycle through its interactions with cyclin A and cyclin E; and is directly inhibited by
CDKN1A and CDKN1B, (Asghar et al., 2015). Clearly, FK866 treatment in DBTRG cells leads
to changes in the expression of numerous genes in this signalling pathway. In GBM, mutant
EGFR downregulates CDKN1B, leading to increased cyclin A and CDK2 activity (Narita et
al., 2002). Low expression of CDKN1B, but not CDKN1A, has also been associated with poor
prognosis in glioma (Kirla et al., 2003). CDK2 has recently been implicated in the resistance
of GBM cells to radiation (Wang et al., 2016¢). Changes in CDK signalling affecting regulation
of the cell cycle could represent the FK866-resistant phenotype seen in DBTRG cells.

In addition to the clear changes in cell cycle signalling induced by FK866, there were also
specifically altered genes involved in other pathways. DBTRG cells exhibited a two-fold upregu-
lation of dehydrogenase/reductase 3 (DHRS3), a gene involved in retinal metabolism (Lundova
et al., 2015); however, its role in cancer is largely unknown. One study demonstrated that

DHRS3 is frequently deleted in neuroblastoma (Cerignoli et al., 2002), and it is a known target
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of TP53 (Kirschner et al., 2010; Deisenroth et al., 2011). It is unclear what role DHRS3 could
play in the response of GBM cells to NAMPT inhibition.

FK866 also caused an upregulation of HK2, a gene with well-established roles in GBM
(Sanzey et al., 2015). The Warburg effect is promoted by high levels of HK2 in GBM (Wolf
et al., 2011). Knockdown or inhibition of HK2 sensitises GBM cells to radiation-induced DNA
damage (Vartanian et al., 2016). Furthermore, mTOR promotes OXPHOS and suppresses HK2
activity under irradiation (Lu et al., 2015). Upregulation of HK2 in FK866-treated cells could
represent a compensatory mechanism in response to loss of NAD-dependent GAPDH activity,
promoting glycolysis and therefore ATP production.

BCL2-modifying factor (BMF) was also upregulated by FK866 treatment in DBTRG cells.
BMF binds pro-survival BCL2 proteins to trigger apoptosis in response to events such as TGF(3
activation, MAPK inhibition or increased AMPK activity (Ramjaun et al., 2007; VanBrocklin et
al., 2009; Kilbride et al., 2010). BMF is also involved in tumour development in MY C-mutated
mice (Frenzel et al., 2009). In glioma, the proteasome inhibitor Bortezomib induces BMF
activation in a JNK-dependent manner, triggering apoptosis (Tianhu et al., 2010). Studies have
demonstrated that BMF mediates cytotoxicity of HDAC inhibitors, as well as the glycolytic
inhibitor 2DG (Zhang et al., 2006; Zagorodna et al., 2012). NAMPT inhibitors have not
previously been associated with BCL2-mediated apoptosis, but given the upregulation of BMF
seen in FK866-resistant cells here, it could be an interesting avenue to pursue.

FK866 treatment also led to a decrease in the expression of ADAMTS14 in DBTRG cells.
Very little is known about ADAMTS14 in normal cellular biology, let alone cancer. Analysis
of TCGA data indicated that it is predictive of survival in patients with GBM. The ADAMTS
family is involved in modification of extracellular-matrix proteins (Bolz et al., 2001). Early work
indicated that genetic polymorphisms in ADAMTS14 may play a role in multiple sclerosis
and osteoarthritis (Goertsches et al., 2005; Rodriguez-Lopez et al., 2009). More recently,
it was demonstrated that genetic polymorphisms in ADAMTS14 predispose smokers to oral
cancer (Su et al., 2016). Furthermore, the same polymorphisms predispose to liver cancer,
and interestingly, hypermethylation of both ADAMTS14 and MGMT is seen in patients with

colorectal cancer (Sheu et al., 2017; Alonso et al., 2015). This is especially important in GBM,
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as MGMT methylation is a well-established marker of TMZ sensitivity. It remains to be seen
exactly what role ADAMTS14 plays in GBM, and how it might affect the response of cells to
NAMPT inhibition or TMZ.

Finally, GSEA on DBTRG cells treated with FK866 suggested that changes in the expression
of enzymes involved in metabolism were likely to alter the levels of certain metabolites. These
included proline and hydroxyproline, which could indicate altered proline metabolism induced

by FK866. However, these effects can only be confirmed by measuring them directly.

5.5.3 Consistent effects on both cell lines

Given that RB, E2F and CDK signalling are altered in both cell lines, this indicates a consistent
response to NAMPT inhibition across samples related to regulation of the cell cycle. In both
cell lines, there were also changes in the expression of specific genes involved in the cell cycle,
including CDC6, GINS complex subunit 3 (GINS3) and ribonucleotide reductase regulatory
subunit M2 (RRM2). There were also changes in the expression of genes involved in DNA
synthesis, which is consistent with alterations in the cell cycle, specifically S phase. These
include H2A histone family member Z (H2AFZ), high mobility group nucleosomal-binding
domain 2 (HMGN2), homeobox B5 (HOXB5) and LSM3 homolog, U6 small nuclear RNA and
mRNA degradation-associated (LSM3). This data suggested that FK866 significantly disrupts
the cell cycle in GBM cells, which is consistent with pathway and transcription factor analysis
in both cell lines.

In particular, HOXB5 was upregulated ~1.4 fold in both cell lines. HOXB5 is a DNA-
binding protein; however, its exact role in cellular biology is poorly understood (Galang and
Hauser, 1993). HOXBS5 is hypermethylated in some ovarian cancer samples, but highly ex-
pressed in others, as well as in oral cancers (Wu et al., 2007; Morgan et al., 2010; Tucci et al.,
2011). In breast cancer, HOXB5 increases both proliferation and invasion by significantly in-
creasing EGFR levels and inducing an EMT phenotype (Lee et al., 2015a). HOXB5 promotes
an aggressive, invasive phenotype in gastric cancer by upregulating 3-catenin signalling (Hong
et al., 2015a). Recent work showed that knockdown of HOXB5 in NSCLC cells could block

proliferation, migration and invasion through a loss of Wnt/Bcatenin signalling, further rein-
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forcing this phenotype (Zhang et al., 2018). The EGFR and Wnt/(3-catenin signalling pathways
are known to share numerous targets that promote cell survival and proliferation (Paul et al.,
2013). The upregulation of HOXB5 in GBM cells in response to FK866 may represent an
attempt to overcome the block in cell growth, by increasing the activity of these pathways to
promote proliferation.

Changes in the expression of multiple HSPs and the gene activating transcription factor 6
(ATF6)B indicated alterations in the unfolded protein response of the endoplasmic reticulum.
HSPA5 and HSPAS were significantly downregulated in both cell lines, albeit only by a small
magnitude. In contrast, ATF6B expression was significantly increased in both cell lines. GBM
cells are known to exhibit aberrant expression of the unfolded protein response machinery
(Graner, 2015). This is thought to allow them to produce proteins quickly, resulting in rapid
proliferation and alterations to the extracellular matrix that promote invasion. ATF6 responds
to endoplasmic reticulum stress by promoting the expression of genes that aid the refolding of
proteins and therefore cell survival (Hetz and Papa, 2018). In GBM, ATF6 promotes resistance
to chemotherapy and radiation (Dadey et al., 2015). ATF6B negatively regulates ATF6 activity
by blocking its induction of HSPA5 (Thuerauf et al., 2004). In addition, knockdown of ATF6B
leads to increased cell viabilty (Thuerauf et al., 2007). These data suggested that FK866
treatment in GBM cells inhibits the unfolded protein response, which may contribute to its
anti-proliferative activities.

Finally, FK866 treatment induced a small increase in the expression of VEGFA in both
cell lines. Previous studies have demonstrated that FK866 may trigger decreases in VEGF
expression in gastric cancer cells (Bi et al., 2011). The combination of NAMPT, VEGF and
Erb-B2 receptor tyrosine kinase 2 (HER2) expression has been suggested to be used as a
diagnostic criterion in breast cancer (Zhu et al., 2016). Aberrant VEGF activity is a well-
established phenotype in GBM. Increases in VEGF signalling are strongly associated with GBM
progression, promoting angiogenesis to facilitate the delivery of blood, and therefore oxygen
and nutrients, to the tumour (Robles Irizarry et al., 2012). VEGF signalling is mediated by
the PI3K/Akt and MAPK pathways, and anti-VEGF therapies have resulted in increases in

progression-free survival (PFS) in patients with GBM. Increased production of VEGFA induced
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by FK866 treatment could potentially be a double-edged sword. Whilst it would promote
angiogenesis and potentially tumour growth, it could also improve the delivery of cytotoxic
drugs. More work is required to fully elucidate the role of VEGF signalling in the response of
GBM cells to NAMPT inhibition.
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The effects of combined TMZ and
FK866 treatment on GBM cell lines

It is clear that NAMPT inhibition has significant inhibitory effects on the cell cycle and prolif-
eration in GBM cells, and is therefore a promising therapeutic option. However, patients with
GBM will almost always be given the gold standard of care, consisting of surgical debulking
followed by radiotherapy and chemotherapy in the form of TMZ. I hypothesised that inhibition
of NAMPT, thus leading to a drop in NAD levels, could sensitise cells to TMZ by preventing
PARP-mediated DNA repair. Therefore, I next aimed to determine whether FK866 could act

synergistically with TMZ in wvitro.

6.1 Proliferation assays show variability in the sensi-
tivity of GBM cell lines to TMZ, correlated with
MGMT expression

To assess the effects of combined treatment with TMZ and FK866, I first had to determine
the sensitivity of GBM cells to TMZ independently. A panel of established and primary GBM
cell lines were treated with increasing concentrations of TMZ, between 2 and 512nM. Samples
were analysed by SRB assay at 3, 6 and 9 days post treatment. TMZ demonstrated a time- and

dose-dependent effect on all cell lines (Fig. 6.1, 6.2). The therapeutic window was relatively
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wide across the different GBM cells lines (Fig. 6.3). ICs5y data shows that there were subsets
of sensitive and resistant cell lines (Fig. 6.3), which were consistent with their expression of
MGMT (Fig. 6.4, Table 6.1). These results highlight the variability in the sensitivity of GBM

cells to TMZ, and the importance of MGMT in TMZ resistance.

LN229 SNB19
0.8 1.6 -~ Control
1.4 =+ TMZ 2uM
£06 £1.2 - TMZ 4uM
S S 1.0 ~ TMZ 8uM
2 04 208 ~+ TMZ 16uM
3 80-6 -+ TMZ 32uM
0.2 04 - TMZ 64uM
00) 8- = TMZ 128uM
012345867839 01234567389 = TMZ 256uM
- TMZ 512uM
Time (days) Time (days)
T98G us7 DBTRG
2.59 2.51 1.51
E2.0- E2.0- £
c c c 1.04
S 1.51 S 1.5 <)
e e e
a 1.04 a 1.01 Q
(6] o ., 005
0.5 0.5 —
0. 0f—"————— 0. 0¥47m—m . r———
0123 4546789 0123 456 7 89 0123 456 7 89
Time (days) Time (days) Time (days)
U118 8MG 42MG
1.0 2.0 0.8
£ 0.81 £ 1.5 £ 0.6
= = =
S 0.6 / S S
2 210 204
8 %4 e e
0.2 0.51 0.2
L
0.0+——m————— - 2.0+—m——r————+
0123 456789 0123 456 7 829 0123 456 7 829
Time (days) Time (days) Time (days)

Figure 6.1: TMZ has time and doses dependent effects on established GBM cell lines.
Dot and line plots showing proliferation measured by SRB assay (OD 490 nm) over time in
established GBM cell lines treated with increasing concentrations of TMZ. Data representative
of three independent experiments (n = 9 biological replicates). Error bars represent SEM.
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Figure 6.2: TMZ has time and doses dependent effects on primary GBM cell lines.
Dot and line plots showing proliferation measured by SRB assay (OD 490 nm) over time in

primary GBM cell lines treated with increasing concentrations of TMZ. Data representative of
three independent experiments (n = 9 biological replicates). Error bars represent SEM.
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Figure 6.3: Sensitivity to TMZ is highly variable across GBM cell lines. Dot and line
plots generated from SRB assay data showing changes in proliferation with increasing doses of
TMZ in both (A) established and (B) primary GBM cell lines. Data from day 9 only. Lines of
best fit represent a sigmoidal dose response curve. Proliferation normalised to vehicle control.

Data representative of three independent experiments (n = 9 biological replicates). Error bars
represent SEM.
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Figure 6.4: The expression of MGMT is highly variable across established and pri-
mary GBM cell lines. qPCR data for baseline expression of MGMT in GBM cell lines.
Data representative of three independent experiments (n = 3 biological replicates). Error bars
represent SEM.

Cell line | TMZ IC50 (uM) | MGMT status
LN229 2.07 -
SNB19 14.75 -
TISG 433.40 +
Us7 9.27 -
DBTRG 144.20 -
U118 249.80 +
SMG 11.93 -+
42MG 16.67 -
GBM31 361.70 +
GBM59 > 512.00 +
GBM96 8.43 -
TB48 64.00 -+

Table 6.1: Table showing the ICsy values for TMZ and MGMT status in differ-

ent GBM cell lines.
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CHAPTER 6 6.2

6.2 The combination of TMZ and FK866 significantly
limits the proliferation of GBM cells compared to
either alone

The next step was to look at the combined effect of TMZ and FK866 on proliferation. The
LN229 and US87 cell lines were selected, because of their sensitivity to both TMZ and FK866,
and their lack of MGMT expression. Short range TMZ titrations were tested with or without
FK866 on LN229 and U87 cell lines. Independent FK866 and TMZ proliferation assay data
were used to select a range of concentrations of each. Samples were analysed by SRB assay
at 3, 6 and 9 days post-treatment. Independently, TMZ and FK866 exhibited time and dose
dependent effects consistent with previous experiments (Fig. 6.5). Increasing concentrations
of both FK866 and TMZ demonstrated additive effects in both GBM cell lines (Fig. 6.6A).
The combination of TMZ and FK866 was significantly more effective at inhibiting proliferation

than either drug used alone in both cell lines (P < 0.05, Fig. 6.6B).
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Figure 6.5: TMZ and FK866 have time and dose dependent effects on LN229 and
UB8T cell lines. Dot and line plots showing proliferation measured by SRB assay (OD 490 nm)
over time in LN229 and US87 cell lines treated with increasing concentrations of TMZ or FK866.
Data representative of three independent experiments (n = 9 biological replicates). Error bars
represent SEM.

144



CHAPTER 6 6.3

>

LN229 us?

120- 120-
< 100 < 100 - Control
2 o < o = FK866 (5uM)
2 7 g ~ FK866 (10uM)
5 60 g 601 ~+ FK866 (20uM)
£ 40 £ 40
& 20{ T T & 201

0 T T 1 O T T 1
6.0 5.5 5.0 4.5 -6.0 5.5 5.0 4.5
log[TMZ] log[TMZ]

B

2.0

: Il Control

£ 151 TMZ (16uM)
g .0 B FK866 (20nM)
= — = TMZ + FK866
Cos{M 5 i—| -

0.0 :

g2 K3

(1/
>

Cell line

Figure 6.6: FK866 yields additive effects when combined with TMZ in GBM cells.
(A) Data from SRB assays at day 9 for increasing concentrations of TMZ, with or without
different concentrations of FK866. (B) Data from day 9 for the highest concentrations of each
drug only. © P < 0.05, two-way ANOVA with Tukey’s HSD post-hoc test. Data representative
of three independent experiments (n = 9 biological replicates). Error bars represent SEM.

6.3 FKB866 increases the G3/M cell cycle block caused

by TMZ treatment in GBM cells

Given that I saw additive effects when combining TMZ and FK866, the next step was to
determine the mechanism by which these agents inhibit proliferation. LN229 and US87 cells
were treated with TMZ (20 M) and FK866 (20 nM) either alone or in combination. Samples
were stained with annexin V or PI to measure apoptosis and cell death respectively at 3, 6 and
9 days post-treatment. In both LN229 and U87 cells, TMZ caused a significant decrease in the
proportion of live cells (P < 0.05, Fig. 6.7). TMZ treatment also increased the proportion of

early apoptotic cells in U87, and both early and late apoptotic cells in LN229 (P < 0.05, 6.8).
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However, FK866 had no effect on apoptosis, neither independently, nor in combination with
TMZ. PI staining for the cell cycle showed that TMZ causes a large shift in the cell cycle in
LN229 and US87 cells. The proportion of cells in G1/Gq decreased and the proportion in Go/M
increased after 3 days and was maintained at 6 and 9 days (P < 0.05, Fig. 6.9). FK866 showed
no effect on the cell cycle in U87 cells, but it decreased the proportion of cells in G;/Ggy and
increased the proportion in Go/M phase in LN229 cells. Furthermore, the addition of FK866
to TMZ yielded a further shift in the cell cycle in LN229 cells, although this was not significant

(P = 0.088, Fig. 6.9).
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Figure 6.7: TMZ decreases the proportions of live GBM cells. (A) Annexin V and
(B) trypan blue staining showing changes in apoptosis and cell death in GBM cells treated
with TMZ (20 pM) and FK866 (20nM). * P < 0.05, Control vs TMZ, two-way ANOVA with
Tukey’s HSD post-hoc test. Data representative of three independent experiments (n = 3
biological replicates). Error bars represent SEM.
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6.4 The combination of TMZ and FK866 significantly al-
ters the expression of genes involved in NAD biosyn-
thesis, energy production and regulation of the cell
cycle

I next wanted to determine whether treatment with TMZ with and without FK866 could
significantly alter the expression of genes involved in NAD biosynthesis, proliferation, DNA
repair and bioenergetics. LN229 cells were treated with TMZ (20uM) and FK866 (20nM)
alone and in combination, and RNA was extracted at 24, 48 and 72 h. cDNA was synthesised
and qPCR’s were carried out for numerous genes involved in NAD biosynthesis, as well as
PARP 1 and 2, SIRTs 1-7 and PPARGC1 A and B. Treatment of LN229 cells with FK866 in
the presence or absence of TMZ resulted in a significant increase in the expression of NAMPT
at 48 and 72 h (P < 0.05, Fig. 6.10). There were no clear changes in the expression of
NAPRT, but there was a steady decrease in the expression of NT5E in all groups. Somewhat
surprisingly, QPRT, IDO1 and NMNAT1 expression was significantly increased only in the
groups that were not treated with FK866, whereas KYNU expression significantly increased
in cells treated with both TMZ and FK866 only (P < 0.05, Fig. 6.10). In addition, in cells
treated with FK866 either alone or in combination with TMZ, the expression of SIRT1 and
PPARGCIA significantly increased rapidly between 24 h and 48 h (P < 0.05, Fig. 6.11), but
then quickly dropped again. On the other hand, high levels of PPARGC1B were maintained
in cells treated with both TMZ and FK866 (P < 0.05, Fig. 6.11). Finally, the expression of
SIRT7 increased slightly in FK866 treated groups, although this was only significant in the
FK866 only group (P < 0.05, Fig. 6.11). There were no clear changes in the expression of
other genes involved in NAD metabolism or NAD consuming proteins such as the PARPs or
other SIRTs (Fig. 6.12). Surprisingly, these results could not be recapitulated in U87 cells,
suggesting that there may be very different mechanisms involved in the response of these two

cells lines to combined TMZ and FK866 treatment (Fig. 6.13).

150



CHAPTER 6 6.4

NAMPT NAPRT
5- 2.5
5 s -~ Control
5 @ 4 * ‘5 © 2.04 = TMZ
g2 . E-
Eg 3 o o gg 1.5 -+ FK866
<0 X0 -+ TMZ+FK866
O 5 24 g o 1.01
28] 28 5]
(O) o '
O T T T 00 T T T
0 24 48 72 0 24 48 72
Time (hours) Time (hours)
NT5E QPRT

N
Q
[}

Gene expression
(fold change)
o —_
AR
Gene expression
(fold change)
N H

0.0 0 : . T
0 24 48 72 0 24 48 72
Time (hours) Time (hours)
IDO1 KYNU
c 3 c 5
o —~ o —~
.a % a w 4- *%
8 52 82,
£5 g5
g E 1' * *k ot E 2-
5 . B&.
o (]
0 T y T 0 . . .
0 24 48 72 0 24 48 72
Time (hours) Time (hours)
NMNAT1
3_

o

Gene expression
(fold change)
- N

o

24 48 72
Time (hours)

Figure 6.10: The expression of genes involved in NAD biosynthesis are altered upon
treatment of LN229 cells with TMZ and FK866. qPCR data from LN229 cells treated
with TMZ (20 pM) and FK866 (20nM) at 24, 48 and 72 h. * P < 0.05 Control vs FK866,
" P < 0.05 Control vs TMZ+FKS866, two-way ANOVA with Tukey’s HSD post-hoc test.
Data representative of three independent experiments (n = 3 biological replicates). Error bars
represent SEM.
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Figure 6.11: The expression of genes related to cell cycle control and bioenergetics
are altered upon treatment of LIN229 cells with TMZ and FK866. PCR data from
LN229 cells treated with TMZ (201M) and FK866 (20nM) at 24, 48 and 72 h. * P < 0.05
Control vs FK866, ©~ P < 0.05 Control vs TMZ+FK866, two-way ANOVA with Tukey’s
HSD post-hoc test. Data representative of three independent experiments (n = 3 biological
replicates). Error bars represent SEM.
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Figure 6.12: Changes in the expression of other genes involved in NAD biosynthe-
sis/consumption and bioenergetics in LN229 cells treated with TMZ and FK&866.
Dot and line plots showing the changes in gene expression over time (qPCR data) in LN229
cells treated with TMZ (20 pM) and FK866 (20nM), either alone or in combination. Data rep-
resentative of three independent experiments (n = 3 biological replicates). Error bars represent

SEM.
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Figure 6.13: Changes in the expression of genes involved in NAD biosynthe-
sis/consumption and bioenergetics in U87 cells treated with TMZ and FK&866.
Dot and line plots showing the changes in gene expression over time (qPCR data) in U87 cells
treated with TMZ (20 pM) and FK866 (20nM), either alone or in combination. Data repre-
sentative of three independent experiments (n = 3 biological replicates). Error bars represent
SEM.
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6.5 Discussion

The results presented here demonstrated that both established and primary GBM cell lines
are ~1,000 times more sensitive to FK866 than they are to TMZ, which is consistent with
other studies (Goellner et al., 2011). Proliferation assay data suggest that the combination of
FK866 (20nM) and TMZ (16 uM) is additive as opposed to synergistic. It is necessary to use
both at growth inhibitory concentrations to achieve any sort of combined effect. This could
be confirmed using the method proposed by Chou-Talalay combination index (Chou, 2007).
The combination of TMZ and FK866 limits proliferation by initiating a Ga/M cell cycle block
better than either drug alone in LN229 cells. The shift in the cell cycle to a Go/M block is often
observed in GBM cells treated with TMZ (Hirose et al., 2001; Kanzawa et al., 2004), and has
also been linked to the action of FK866 in GBM cells (Zhang et al., 2012b). Surprisingly, U87
does not show a clear change in the cell cycle with FK866 treatment, despite a small decrease
in proliferation. Given the previous discrepancies seen with the FK866 rescue experiments in
US87, it is possible that this cell line is highly unique, and its responses to FK866 could be
mechanistically different from the other cell lines. A recent study showed that the combination
of TMZ and NAMPT inhibition could also induce apoptosis and necrosis in GBM cells, through
the activation of caspase-1, 3 and 9 and increased production of ROS, dependent on ¢-Jun/JNK
signaling (Feng et al., 2016a). More work is required to determine if this occurs in the cell lines
used here, and how the different NAD biosynthetic pathways might affect the responses of these
cells to NAMPT inhibitors.

Treatment of LN229 cells with TMZ and FK866 led to significant changes in the expression of
genes involved in NAD biosynthesis, as well as some SIRTs and the PPARGC1 genes. Increases
in the expression of NAMPT in response to FK866 treatment suggest an attempt to compensate
for the loss of its activity. It is clear that a reduction in NAD levels in LN229 cells alters
epigenetic regulation of NAMPT to promote its expression. Whilst the induction of KYNU
expression in LN229 cells treated with FK866 would promote NAD biosynthesis through the
kynurenine pathway, the suppression of QPRT, IDO1 and NMNAT1 expression is somewhat
surprising. QA is able to restore proliferation in FK866 treated LN229 cells, so one would

assume that these genes would also be upregulated in response to NAMPT inhibition, but
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the exact opposite is observed. Studies have shown that in GBM, both QPRT and IDO2
are expressed at higher levels compared to normal cells (Adams et al., 2014). Changes in
the expression of these genes may be more directly related to the effects of TMZ as opposed
to FK866 treatment. The rapid but transient induction of SIRT1 could represent the shift
in the cell cycle seen with FK866 treatment. SIRT1 is known to regulate the expression of
transcription factors that control the cell cycle, including RB and members of the E2F family,
such as E2F1 (Wang et al., 2006a; Wong and Weber, 2007). Changes in the expression of
SIRT1 are also consistent with alterations to FOXM1 signalling seen in the FK866-sensitive
42MG cells, as SIRT1 expression is directly regulated by FOXM1 (Zhu et al., 2014). The parallel
increases in PPARGC1A /B and SIRT1 also indicated a link between the two proteins. PGCla
is well established as a key regulator of cell metabolism. It promotes mitochondrial biogenesis
and OXPHOS to increase ATP production, as well as having roles in lipid and carbohydrate
metabolism (Liang and Ward, 2006). All of these activities rely on NAD to properly function.
Studies have demonstrated that SIRT1 directly deacetylates and therefore activates PGCla to
promote an oxidative phenotype (Nemoto et al., 2005). Treatment of GBM cells with FK866
reduced NAD levels and would therefore decrease the activity of SIRT1, leading to a loss of
PGCla activity. The transient increase in the expression of these two genes may represent
another compensatory mechanism to maintain a normal cell cycle and energy production under
the stress of NAD depletion. Their corresponding decline at 72 h could represent the point
at which the cells enter senescence. The decrease seen in the expression of NT5HE across all
groups suggest that this is not related to TMZ or FK866 treatment, but rather reflects some
changes that occur to cells grown in culture conditions. NTHE has previously been associated
with extracellular matrix interactions in glioma cells (Cappellari and Vasques, 2012). Changes
to the extracellular matrix are likely to occur as cells adhere to a culture plate, proliferate and
migrate in to open space, which could lead to decreases in NTHE expression. Furthermore,
NT5E expression is epigenetically regulated through CpG island methylation (Wang et al.,
2012; Lo Nigro et al., 2012). Epigenetic regulation could explain the lack of these responses
in U87 cells. There may be other factors, including gene silencing by promoter methylation,

miRNA interference or protein degradation that lead to inconsistencies between gene expression
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and protein levels. In addition, divergent responses to FK866 treatment have previously been
reported in lung cancer (Xiao et al., 2016). This reinforces the importance of identifying

subpopulations of patients whose tumours are most likely to respond to NAMPT inhibitors.
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The effects of combined TMZ and

FK866 therapy in vivo

7.1 NAMPT inhibition synergises with TMZ to reduce
tumour burden in mice

In order to determine whether NAMPT inhibition would be a viable option for the treatment of
GBM clinically, we used a well established in vivo model of GBM tumours using U87-GFP /Luc
cells. A total of 2 x 10° U87-GFP/Luc cells were injected into the right cerebral hemisphere
of nude (CD1-Forn1™/™) mice, and tumours were allowed to establish for 10 days, at which
point they were imaged using the IVIS. After 2 weeks, mice were randomised to four different

treatment groups:

e 1% DMSO in saline once a day for 5 days a week for 2 weeks

e TMZ (30mg/kg) in 1% DMSO in saline once a day for 5 days a week for 1 week

e FK866 (20 mg/kg) in 1% DMSO in saline once a day for 5 days a week for 2 weeks
e Combined TMZ and FK866 in 1% DMSO in saline administered as described above

The mice were imaged using the IVIS every 3-4 days. When the animals in the control
group started to become symptomatic (~4 weeks), all of the animals were culled, perfused with

4% PFA and the brains were removed and fixed in 4% PFA. Images showing the radiance from
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the tumours seen in each animal from the final round of imaging can be seen in Fig. 7.1. None
of the drug combinations had any significant effect on mouse weight over the course of the

experiment (Fig. 7.2).
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Figure 7.1: Images of the tumours in all mice taken from the final round of imaging
on the IVIS. All images normalised to a standard scale of radiance (p/sec/cm?/sr). Data
unavailable for two of the mice in the control group.
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Figure 7.2: Dot and line plot showing the average weight of animals in each treatment
group over the course of the study. Day 0 marks the day at which U87-GFP/Luc cells
were implanted into the right cerebral hemisphere of the mice. Drug treatment periods are
labelled with dotted lines (once a day for 5 days in a week). Data representative of four mice.

As expected, the saline-treated group had very large tumours, and two of the mice became
symptomatic and had to be sacrificed before the final round of imaging could take place. Whilst
FK866 alone did not appear to have much of an effect on tumour growth, the mice in this group
were completely asymptomatic, and showed little to no weight loss (Fig. 7.3A). TMZ clearly
reduced tumour burden in the mice, but the addition of FK866 reduced tumour size even
further, to approximately half that of the TMZ only treated group (Fig. 7.3A, B). Whilst
this difference was not significant in the raw radiance values, when the data was normalised
to the initial tumour size from the first IVIS scan at day 10, the addition of FK866 to TMZ

significantly reduced tumour burden at the last two timepoints (P < 0.05, Fig. 7.3C, D).
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Figure 7.3: Dot and line graphs showing the change in tumour size over time in
the four treatment groups. (A) Tumour radiance plotted over time for all four treatment
groups. (B) Fold change in tumour size plotted against time for all four treatment groups. (C)
Tumour radiance plotted over time for TMZ treated groups only. (D) Fold change in tumour
size plotted over time for TMZ treated groups only. ©~ P < 0.05, TMZ vs TMZ+ FK866, two-
way ANOVA with Tukey’s HSD post-hoc test. Data representative of four mice. Error bars
represent SEM.

7.2 FKB866 inhibits proliferation and stabilises GBM tu-
mours n vivo

In order to get a more detailed view of the microstructure of the tumours, we carried out
imaging using a modified version of the tissue clearing CLARITY procedure (Chung et al.,
2013) known as FASTClear (Perbellini et al., 2017) on mouse brain sections. Images of the

mouse brains used for FASTClear can be seen in the appendix (Fig. B.1). Samples were
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subject to the FASTClear protocol and stained with an antibody targeting Ki-67, as well as
tomato lectin to stain blood vessels. Representative images from each treatment group can
be seen in Fig. 7.4. The tumour in the control mouse filled almost the entirety of the right
hemisphere, significantly disrupting the normal brain structure, and also had large numbers
of proliferative (Ki-67%) cells, and showed vast central necrotic areas with no staining. TMZ
treatment clearly reduced tumour size, as well as reducing the number of proliferative cells, and
reducing the tumours impact on overall brain structure. Whilst the tumour was still quite large
in the FK866 treated mouse, there appeared to be fewer proliferative cells, no core necrosis,
well defined tumour boundaries, and only partial disruption of normal brain structure. Finally,
in the TMZ+FKS866 treated mouse, the tumour was too small to detect by this method, and

there was no Ki-67 staining and no disruption to normal brain structure.

Control TMZ

1000 pm

S //,'

y 1000 pm

Figure 7.4: Confocal microscope images of mouse brain sections stained with Ki-
67 and tomato lectin. Representative images for the mice in each treatment group. Green
staining is tomato lectin, which indicates blood vessels. Red staining is Ki-67, which shows pro-
liferative cells. Yellow dashed lines enclose tumour tissue. Scale bars show 1000 pm. FASTClear
carried out and images obtained by Tsz Wing Chau.
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7.3 Discussion

The results presented here indicate that, when combined with TMZ, FK866 significantly inhibits
the growth of intracranial GBM tumours, and initiates tumour regression at an earlier stage.
This leads to a reduction in tumour burden by ~50%. Whilst FK866 is unable to inhibit
tumour growth when used independently, it may prevent the development of large, necrotic
regions often seen in GBM tumours, and decrease the proportion of proliferative (Ki-67) cells
at the tumour periphery. It is possible that the concentration of FK866 in the brain in wvivo
is lower than the doses used in wvitro, which would explain the relatively poor response. This
could be due to any number of factors, including metabolism of the drug by the liver, or failure
of the drug to localise to the brain and penetrate the BBB. It is important to note that whilst
there was a significant difference in the growth of tumours in the TMZ versus the TMZ+FK866
group, some of the tumours between the groups were still remarkably similar in size. Further
repeat experiments are required to ensure that this effect is robust and reproducible. However,
the results presented here are generally consistent with published data. Previous studies have
shown that treatment of mice bearing intracranial primary GBM tumours with GMX1778
leads to a reduction in the number of Ki-671 cells in the tumour, as well as an increase in
their survival time (Tateishi et al., 2015). However, when the same group used U87 cells, they
did not observe the same increase in survival (Tateishi et al., 2016). Furthermore, when they
attempted to combine this with TMZ they used a subcutaneous model of U87 cells. Whilst
they used very similar doses of both TMZ and FK866, and the pattern of change appeared
to be very similar to the data presented here, they did not observe a significant decrease in
tumour growth with the addition of FK866 to TMZ (Tateishi et al., 2017). This suggests that
the effects of combined FK866 and TMZ are dependent on the unique biology of the brain and

its interactions with GBM cells.
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(General discussion

GBM is a devastating form of cancer, with a median survival time of only 14.2 months (Johnson
and O’Neill, 2012). The last major breakthrough in the treatment of GBM was over 10 years
ago, with the addition of TMZ to surgery and radiation (Stupp et al., 2005). Since then,
attempts have been made to target specific signalling pathways in GBM, such as the EGFR,
PI3K/Akt, AMPK and mTOR pathways, but these are yet to show significant clinical benefits
(Pitz et al., 2015; Chinnaiyan et al., 2017; Ma et al., 2015; Artene et al., 2018; Schiff et al., 2018;
ClinicalTrials.gov, 2018). Furthermore, targeted therapies are often only effective in cancers
that display specific genetic alterations, such as PARP inhibitors in BRCA-mutated cancers,
which do not occur in GBM (Wesseling et al., 2015; Ohmoto and Yachida, 2017). In addition,
metabolic therapies including classic antimetabolites like methotrexate, glycolytic inhibitors
such as 2DG and depletion of amino acids such as arginine, have all either failed or are yet
to be tested in GBM (Singh et al., 2005; Herrlinger et al., 2005; Ott et al., 2013; Thongkum
et al., 2017; Szlosarek et al., 2017). Inhibitors of NAMPT have demonstrated significant anti-
neoplastic activity in numerous cancers, including GBM (Hasmann and Schemainda, 2003;
Muruganandham et al., 2005; Pogrebniak et al., 2006; Billington et al., 2008; Nahimana et
al., 2009; Patel et al., 2010; Okumura et al., 2012; Zhang et al., 2012b). Some studies have
indicated that NAMPT inhibitors can enhance the effects of TMZ in GBM through multiple
mechanisms (Goellner et al., 2011; Yang et al., 2015¢; Feng et al., 2016a). Whilst initial
clinical trials for NAMPT inhibitors have been unsuccessful, this is likely because they have

been tested on highly refractory cancers, with no stratification of patients based on known
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resistance mechanisms (Holen et al., 2008; Von Heideman et al., 2010; Goldinger et al., 2016;
ClinicalTrials.gov, 2018).

In this study, I have demonstrated that there is a subset of patients with GBM whose tu-
mours lack key enzymes involved in NAD biosynthetic pathways, which prevents them from
using alternative sources of NAD during NAMPT inhibition. These enzymes are NAPRT,
NT5HE and QPRT. Whilst previous studies have analysed the effects of individual NAD biosyn-
thetic pathways, very little work has been done showing how these pathways behave in the
same cells, and how they might interact. I have shown that the expression of these genes is
highly variable between GBM tumours, and both established and primary GBM cell lines. The
expression of NAMPT and NT5E are both elevated in GBM tissue, and both these genes, as
well as NAPRT, are associated with survival in patients with GBM. Whilst this has previously
been reported for NAMPT and NT5E in GBM (Reddy et al., 2008; Xu et al., 2013), this obser-
vation has not previously been shown for NAPRT. In vitro data demonstrates that the NAMPT
inhibitor FK866 potently limits proliferation in both established and primary GBM cell lines.
Consistent with previous results, the data suggests that this is not through the activation of
apoptosis or cell death, but rather the inhibition of proliferation, possibly through a Go/M
cell cycle block (Zhang, 2012). The presence of specific genes involved in NAD biosynthesis,
including NAPRT, NT5E and QPRT, dictate the ability of specific NAD precursors to rescue
proliferation in GBM cells treated with FK866. Furthermore, the combination of TMZ and
FK866 was more effective at inhibiting the growth of GBM cells both in vitro, and in a murine
orthotopic xenograft model of GBM using US87 cells. Whilst this is mostly consistent with
preivous studies, this is the first time, to my knowledge, that a NAMPT inhibitor has been
shown to be effective when combined with TMZ in an intracranial model (Zhang et al., 2012b;
Yang et al., 2015¢; Tateishi et al., 2015).

It has been proposed that the toxicity of NAMPT inhibitors could be mitigated by coad-
ministration of NA, allowing increased doses to be used to achieve maximal on-target effects
(Tarrant et al., 2015). Studies have demonstrated that this approach allows specific depletion
of NAD levels in NAPRT-deficient tumours (Olesen et al., 2010b). This theory could be ex-

panded to tumours that express mutant and therefore catalytically inactive forms of NAPRT
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(Duarte-Pereira et al., 2014). This may be the case for glioma, where it has been demon-
strated that a small percentage of tumours have deletions in the NAPRT gene (Piacente et al.,
2017). Somewhat surprisingly, one study demonstrated that NAPRT-deficient tumours could
be rescued by either NA or Nam in vivo (O’Brien et al., 2013). The authors suggested that
this could be due to differences between the timing or dose of either the NAMPT inhibitor or
NA, which prevents the drop in NAD levels from reaching the threshold required to inhibit
tumour growth. They also suggest that these results could be due to the production of NAD
precursors such as Nam by the liver to promote its competitive use as a substrate for NAMPT
over the inhibitors themselves. There may be some effect from oral administration of NA or
Nam and its metabolism in the gastrointestinal tract by bacteria of the human microbiome,
leading to interconversion of NAD metabolites and rescue via completely different pathways.
Furthermore, it has previously been demonstrated that secondary GBM tumours harbouring
IDH1 mutations are highly sensitive to NAMPT inhibitors (Tateishi et al., 2015). The mutant
IDH1 produces 2HG, which inhibits the activity of NAPRT and prevents synthesis of NAD
from NA upon NAMPT inhibition. This suggests that NAMPT inhibitors may be effective in
both primary and secondary GBM.

Whilst there have been concerns about the translation of patient stratification for NAMPT
inhibitors using markers such as NAPRT, there may be other ways to go about this. Recently, it
was demonstrated that the compound 2-hydroxinicotinic acid (2-HNA) can specifically inhibit
the activity of NAPRT, sensitising ovarian cancer cells to FK866 (Piacente et al., 2017). This
shows that it might be possible to block NAD rescue in NAPRT™ tumours, allowing us to target
a larger proportion of patients. Previous studies have shown that NAPRT activity is inhibited
by a number of different metabolic compounds, including certain glycolytic intermediates, and
derivatives of CoA (Galassi et al., 2012). In addition, it has been demonstrated that inhibition
of NAMPT causes a glycolytic block at GAPDH, because of the dependence of this enzyme
on NAD as a cofactor (Tan et al., 2013; Tan et al., 2015). This suggests that the rates of
glycolysis may affect rescue from NAMPT inhibition through NAPRT, with highly glycolytic
tumours being more sensitive. A better understanding of the metabolic effects of NAMPT

inhibitors may allow us to select targeted therapies to interrupt other signalling pathways that
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will trigger cell death in cancer cells. MAPK activation is involved in the response of GBM
cells to NAMPT inhibitors, and the combination of FK866 and the MAPK1/3 inhibitor U0126
limits proliferation more effectively than either drug alone (Zhang et al., 2012b). Furthermore,
NAMPT inhibitors have been demonstrated to affect EGFR/PI3K/Akt/mTOR signalling, and
inhibitors of different aspects of these pathways could act synergistically (Okumura et al., 2012;
Schuster et al., 2015; Zucal et al., 2015; Espindola-Netto et al., 2017).

It is also important to consider other therapies that patients with GBM may receive during
a normal course of treatment. One study showed that treatment of C6 glioma cells with
dexamethasone decreases proliferation but increases their expression of NT5E (Bavaresco et
al., 2007). As dexamethasone is often given to patients with GBM to control oedema, this
could present a problem when considering the use of NAMPT inhibitors; the upregulation of
NT5E may provide an alternative path of NAD biosynthesis. Recent work has also indicated
that the product of the reaction catalysed by NT5E, NR, is present in the diet (Trammell et al.,
2016). Furthermore, NR increases hepatocellular NAD levels more efficiently compared to Nam
and NA. This could further confound the role of NT5E in resistance to NAMPT inhibitors in
viwo. It will be very important to stratify patients based on NTHE expression in the tumour
to maximise the therapeutic benefit from NAMPT inhibitors. It is also important to note
that there is another enzyme that may affect NT5E-mediated rescue from NAMPT inhibitors,
CD38. CD38 has been linked to ageing and related disorders, as well as haematological cancers
(Chini et al., 2018). CD38 can degrade NAD or NMN to release Nam, which is unable to fuel
NAD biosynthesis if NAMPT activity is impaired (Grozio et al., 2013). High levels of CD38
have been linked to increased sensitivity to NAMPT inhibitors (Chini et al., 2014). It could be
that determining the NT5E/CD38 ratio will offer a better measure of the ability of cells to be
rescued from NAMPT inhibition by exogenous NAD/NMN. The rescue seen by introduction
of NMN to T98G cells treated with FK866 could be due to a combination of very low levels of
NT5E coupled with endogenous CD38 silencing.

Like NT5E, studies have demonstrated that dexamethasone can also increase the expression
of IDO1 induced by vy-interferon, thereby increasing the activity of the kynurenine pathway,

which could promote resistance to NAMPT inhibitors (Badawy, 2017). In glioma cells, TMZ
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induces the expression of QPRT and promotes resistance to NAMPT inhibitors (Sahm et al.,
2013). Interestingly, the authors showed that whilst glioma cells themselves lack HAAQO, ex-
pression of this enzyme in local microglia may allow GBM cells to exploit their production of
QA from tryptophan to support NAD biosynthesis. Given the importance of the kynurenine
pathway not only in NAD biosynthesis, but in immune regulation as well, NAMPT inhibitors
may be effective when combined with immune therapies. In particular, immune checkpoint
inhibitors in the form of anti-PD1 and anti-CTLA4 antibodies have shown some promise in
other forms of cancer, but are yet to show significant clinical benefit in GBM (Lim et al., 2018).

The results presented here demonstrate that FK866-sensitive and -resistant GBM cell lines
have both shared and divergent responses to NAMPT inhibition. The FK866-sensitive 42MG
cell line shows changes in FOXM1 signalling and pathways involved in the regulation of the
cell cycle. On the other hand, the FK866-resistant DBTRG cell line shows changes in HIF
signalling and specific changes in the regulation of the Gy/S phase of the cell cycle. Both
cell lines demonstrate alterations to E2F/RB and CDK signalling in control of the cell cycle,
suggesting that this is a general effect of NAMPT inhibition in GBM cells. However, many of
the differences in gene expression were only very small. These targets need to be verified by
qPCR to confirm the effects of FK866 on resistant and sensitive cell lines, and to identify other
potential mechanisms by which GBM cells might tolerate NAD depletion.

These results also show that GBM cell lines are highly sensitive to the NAMPT inhibitor
FK866, with effective doses more than 1000 times lower than TMZ. Whilst it is well established
that multiple DNA repair mechanisms are involved in resistance to TMZ, their roles in the
response to NAMPT inhibitors are poorly understood. Early work demonstrated that the
combination of TMZ, NAMPT inhibition and an inhibitor of BER was more effective than
TMZ and NAMPT inhibition alone (Goellner et al., 2011). This approach was even effective
in TMZ-resistant cells with very high levels of MGMT. This suggests that FK866 could be
combined with TMZ either during initial treatment to improve its efficacy in patients, or applied
to patients with TMZ-resistant primary/recurrent tumours to sensitise them to TMZ. Others
have reported that mutations in genes such as mutS homolog 6 (MSHG6) inhibit DNA repair

by MMR, and promote resistance to TMZ (Yip et al., 2009). Loss of ERCC excision repair,

168



CHAPTER 8 8.1

endonuclease non-catalytic subunit (ERCC)1, a major component of nucleotide excision repair
(NER), has previously been linked to the sensitivity of cancer cells to PARP inhibitors (Cheng et
al., 2013). More recently, it was shown that lung cancer cells lacking ERCC1 are hypersensitive
to NAMPT inhibitors (Touat et al., 2018). Genetic variation in genes involved in DNA repair,
including the ERCC and XRCC families, have been linked to glioma risk in numerous studies
(Qian et al., 2017; Liu and Jiang, 2017). In addition, the expression of ERCC proteins have
been associated with sensitivity to DNA damaging agents (Chen et al., 2007; Chen et al.,
2010). Knockdown of ERCCI sensitises cells to TMZ both in vitro and in vivo (Boccard et al.,
2015). Furthermore, hypermethylation of the ERCC1 promoter is associated with sensitivity
to radiation in glioma cell lines (Liu et al., 2009b). This suggests the combination of TMZ and
a NAMPT inhibitor could be uniquely toxic to ERCC-deficient GBM tumours. More work is
required to fully explore how deficiencies or alterations in DNA repair mechanisms contribute
to sensitivity to NAMPT inhibitors.

The results presented here highlight the complexity within NAD biosynthesis, which reflects
cancer metabolism as a whole. Unlike classic oncogenic pathways known to drive GBM growth,
such as EGFR and PI3K/Akt mutations, there are numerous different metabolic pathways that
can compensate for the loss of another. These changes can be rapid and either transient or
permanent, depending on the specific needs of the cell. In the context of NAD biosynthesis,
these pathways only have to maintain a very small NAD pool to support cell viability. We
require a more comprehensive understanding of NAD metabolism to be able to maximise the

benefit of drugs that target these pathways.

8.1 Conclusion and future work

In conclusion, the data presented here indicate that NAMPT inhibitors could be an effective
therapy in GBM by selecting patients whose tumours lack key enzymes required for alternative
NAD biosynthetic pathways. Both in vitro and RNAseq data indicate that NAMPT inhibition
significantly alters regulation of the cell cycle. The combination of a NAMPT inhibitor and
TMZ are effective both in vitro and in vivo, and could offer significant clinical benefit to patients

with GBM.

169



CHAPTER 8 8.1

Whilst these results are promising, more work is required to fully validate them. First of
all, whilst I have looked at the combination of FK866 with TMZ, most patients with a GBM
tumour will also receive radiation. Testing the combination of TMZ, FK866 and radiation will
give a more accurate representation of what a tumour would be exposed to in vive. This could
be achieved both in vitro and in vivo using the same intracranial mouse model for which I have
presented data here. In addition, poor knockdown of genes involved in NAD biosynthesis meant
that replication of results using targeted inhibitors could not be achieved. Efficient knockdowns
could be obtained by employing the CRISPR-Cas9 system. It has been shown that this system
can achieve efficient knockdown by highly specific targeting of endogenous genes (Qi et al.,
2013). Building on this system, it was demonstrated that fusion of enzymatically inactive dCas9
to either VP16 tetramer activation domain (VP64) or Kruppel-associated box repressor domain
(KRAB) could more efficiently upregulate or inhibit gene expression respectively (Kearns et
al., 2014). This system is currently available in GBM cell lines in my lab, and could be used
to validate the results presented here. In addition, it would be useful to look at autophagy,
PARylation, caspase activation and YH2AX formation to gain a better understanding of how
these are affected by FK866 treatment and the different rescue pathways in GBM cell lines. The
NAPRT inhibitor 2-HNA could be used to further validate the role of this pathway in resistance
to NAMPT inhibitors. Furthermore, it would be useful to look at the role that CD38 may play
in NAD metabolism in GBM and the efficacy of NAMPT inhibitors in cells that lack this
enzyme. Finally, a recent article identified Vacor as a NAMPT/NMNAT2 substrate, which
produces the novel compound Vacor adenine dinucleotide (VAD) (Buonvicino et al., 2018).
VAD inhibits both NAMPT and NMNAT?2, triggering necrotic cell death through a total loss
of energy production, and inhibits the growth of tumours in vivo. However, this is completely
dependent on NMNAT?2 expression, which further complicates the role of different enzymes in
the effects of NAD depletion on cancer cells.

Whilst my work has mainly utilised established GBM cell lines, some of my results suggest
that they do not fully represent the phenotype of GBM tumours. Therefore, it would be
beneficial to expand some of my experiments to include primary cell lines, and to expand this

to more physiological conditions, including 3D spheroid culture and hypoxic conditions. There
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has also been significant interest generated in the heterogeneity of GBMs, particularly with
regards to GSCs and tumour recurrence. GSCs tend to be resistant to therapy, show a highly
glycolytic phenotype, and have a preference for hypoxic environments. Studies have shown that
NAMPT inhibition in GSCs limits their growth in vivo (Gujar et al., 2016). In addition, the
combination of FK866 and TMZ has been shown to be effective in GSCs (Lucena-Cacace et al.,
2017). It would be interesting to see how GSCs specifically respond to FK866, and whether or
not the have a variable NAD biosynthetic profile compared to normal GBM cells. It may be
possible to select for GSCs from our primary tumours by culturing them in hypoxia, and then
test these cells using clonogenic assays to assess their ability to establish tumours.

There is also the potential to apply the knowledge I have generated here to other cancers,
particularly other brain tumours. Whilst GBM may be the most common, aggressive form of
brain cancer, other brain tumours such as meningiomas, oligodendrogliomas and ependymomas
may show similarities to GBM with regards to their dependence on high levels of NAD, par-
ticularly if they are also high-grade, aggressive forms. However, it would have to be confirmed
that NAMPT inhibitors such as FK866 can in fact cross the BBB and have their appropriate
effects. Furthermore, it may have to be combined with standard therapy for other brain tumour
types to maximise its effects, which will likely differ from standard therapy used in GBM.

In order to better understand the metabolic changes resulting from NAD depletion, and the
effects of different rescue pathways, one could carry out extensive metabolomic characterisation
of GBM cells treated with FK866 and different NAD sources. This could include extraction of
metabolites and measuring their levels directly using nuclear magnetic resonance spectroscopy
or gas/liquid chromatography mass spectrometry. It would even be possible to measure cell
glycolysis and oxygen consumption directly using an extracellular-flux analyser. It would also
be useful to identify how different oncogenic pathways affect the response of GBM cells to NAD
depletion, including TP53 and AMPK/mTOR signalling, but most importantly alterations in
the EGFR/PTEN/PI3K/Akt axis. All of this work could allow us to precisely identify which
GBM patients are most likely to benefit from treatment with NAMPT inhibitors, truly achieving

the goal of precision medicine.
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Appendix A

Supplementary methods

A.1 gPCR primers

Gene Primer | Sequence (5'-3') Product Size
(bp)

Forward | CTCCGTTATGGCGACCC
HPRT1 112

Reverse | CACCCTTTCCAAATCCTCAG

Forward | TCACGGCATTCAAAGTAGGA
NAMPT 101

Reverse | GAGTTCAACATCCTCCTGGC

Forward | TCCCTGGGTGGCGTCTATAA
NAPRT 256

Reverse | GCAGTAGTGGCTCCACCTG

Forward | TTGGAAATTTGGCCTCTTTG
NTHE 108

Reverse | ACTTCATGAACGCCCTGC

Forward | GTAGTTGAGCCCTGGGCAGT
QPRT 102

Reverse | GTCACCATGGACGCTGAAG

Forward | CAGGCAGATGTTTAGCAATGA
1DO1 91

Reverse | GATGAAGAAGTGGGCTTTGC

Forward | TTCTAGAAGCCAAAGCCTTCCC
KYNU 117

Reverse | TTTCTTCCCCCTCTCTTGGCT

Forward | GGAAAACTGTGACACCTCCC
NMNAT1 103

Reverse | GAGATGTTCCACTCGCTGG

Forward | ACCACCACAATCCCAAAGTC
NMNAT?2 108

Reverse | GATCCTGCTGCTGTGTGGTA
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Forward | GAGTGTCTTGCGCTTTCCAT
NMRK1 92

Reverse AATGGATTTTTGCAGTACGATG

Forward | TCCGAGGCAGAAAGTACTCC
NADSYN1 110

Reverse | GCTCATCAGACCCAAGATGG

Forward | TCTGCCTTGCTACCAATTCC
PARP1 107

Reverse GATGGGTTCTCTGAGCTTCG

Forward | TGTTGTTGTTGAACTGGAGATTG
PARP2 107

Reverse | GGACCCAGAGTGTACAGCCA

Forward | AGAGATGGCTGGAATTGTCC
SIRT1 104

Reverse CCAGATCCTCAAGCGATGTT

Forward | ATGTCTGCTTCTCCACCAGC
SIRT?2 103

Reverse | GGTCGGTGACAGCCTCAAG

Forward | AACACAATGTCGGGCTTCAC
SIRT3 109

Reverse | CAGTCTGCCAAAGACCCTTC

Forward | AGTCTGTTCCCCACAATCCA
SIRT4 99

Reverse | AATGTGGATGCTTTGCACAC

Forward | ATCGACTTGGGACAATCTGG
SIRTS 107

Reverse CGTGGAGACAACCATCTTCA

Forward | CTTGGCACATTCTTCCACAA
SIRT6 107

Reverse GCTTCCTGGTCAGCCAGA

Forward | GCTTCTCCCTTTCTGAAGCA
SIRT7 109

Reverse CGCCAAATACTTGGTCGTCT

Forward | CTGCTAGCAAGTTTGCCTCA
PPARGCI1A 105

Reverse | AGTGGTGCAGTGACCAATCA

Forward | GAGTCAAAGTCGCTGGCATC
PPARGCI1B 104

Reverse | AACTATCTCGCTGACACGCA

Forward | CACATCAAGGCTCCGAATCT
PRKAA1 96

Reverse | ACCTTCGGCAAAGTGAAGG

Forward | AACTGCCACTTTATGGCCTG
PRKAA2 105

Reverse CGGGTGAAGATCGGACACTA

Forward | CTCCGGACCTCCGAGAAC
MGMT 94
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| | Reverse | GGGTCTGCACGAAATAAAGC |

Table A.1: Primer sequences used for qPCR. Forward and reverse primer sequences and
their corresponding product sizes used to target genes for qPCR. Primer sequences were ob-
tained from gPrimerDepot.

A.2 ENRICHR databases

Database Data type | Description Year
name
BioPlex PPI The BioPlex (biophysical interactions of 2017
ORFeome-based complexes) network contains the
results from immunopurification and mass
spectrometry applied to cell lines expressing
tagged versions of specific proteins from the
ORFeome collection.
ChEA TF The Chip Enrichment Analysis (ChEA) database | 2016
contains results from transcription factor
ChIP-seq studies from publications, with
associated genes showing a peak at their
promoter
ENCODE TF The Encyclopedia of DNA Elements (ENCODE) 2015
TF Chip-Seq database contains ChlIP-seq data, with associated
genes showing a peak near the gene
GO Ontologies Gene Ontology (GO) Biological Processes from 2017
Biological ontology trees cut at level 4 to generate gene sets
Process
GO Cellular Ontologies GO Cellular Components from ontology trees cut | 2017
Component at level 4 to generate gene sets
GO Ontologies GO Molecular Functions from ontology trees cut 2017
Molecular at level 4 to generate gene sets
Function
HMDB Metabolites | The Human Metabolome Database (HMDB) 2012
Metabolites containing information on the relationship
between genes and metabolites
KEA PPI The Kinase Enrichment Pathways (KEA) 2015
database contains information on kinase-substrate
interactions extracted from literature
KEGG Pathways The Kyoto Encyclopedia of Genes and Genomes 2016
(KEGG) database contains information on genes
and their roles in different cellular pathways
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NCI-Nature Pathways The National Cancer Institute-Nature Pathway 2016
Interaction Database contains information on
genes and their roles in different cellular pathways

PANTHER Pathways The Protein ANalysis THrough Evolutionary 2016
Relationships (PANTHER) database contains
information on genes and their roles in different
metabolic and cell signalling pathways

PPI Hub PPI The PPI hub proteins database contains 2017
Proteins information on proteins with more than 50 known
partners extracted from several literature-based
sources
Reactome Pathways The Reactome database contains information on 2016
genes and their roles in different cell signalling
pathways
Transcription | TF/PPI The Trasncription Factor PPI database contains 2017
Factor PPI’s information on the protein-protein interactions of
major transcription factors
TRANSFAC TF The TRANScription FACtor (TRANSFAC) and 2017
and JASPAR JASPAR databases contain position weight
PWM’s matrix (PWM) data for transcription factors

detected at the promoters of genes

WikiPathways | Pathways The WikiPathways database contains information | 2016
on genes and their roles in different cell signalling
pathways

Table A.2: Summary of the datasets used from the Enrichr analysis. Datasets in-
clude those on cell signalling, gene ontologies, transcription factor networks, protein-protein
interactions and metabolism. Version (year) taken from Enrichr.

A.3 Reagents

A.3.1 Composition of buffers and gels used in western blotting
6X protein loading buffer
To make 10ml of loading buffer:

1.2ml 0.5 M Tris pH 6.8
1.2¢g SDS

4.7ml glycerol

6 mg bromophenol blue
0.93g DTT

219



10% gel composition

To make 10ml of gel:

3.8 ml dH,O

3.4ml 30% acrylamide/bis-acrylamide
2.6ml 1.5M Tris (pH 8.8)

100 ul SDS

100 pl ammonium persulfate (APS)

10l tetramethylethylenediamine (TEMED)

10X running buffer

30.3 g Tris (250 mM)

144 g glycine (1.92 M)

10g SDS (35 mM)

11dH,0O

Dilute 1:10 in dH50O to get 1X buffer of 25 mM Tris, 192 mM glycine and 3.5 mM SDS

10X transfer buffer

30.3 g Tris (250 mM)

144 g glycine (1.92M)

11 dH,O

Dilute 1:8 in dH,O and add 200 ml methanol to get 1X buffer of 25 mM Tris and 192 mM
glycine

Stripping buffer

1.25ml 1M Tris pH 6.8
2ml 20% SDS

140 pl B-mercaptoethanol
16.61 ml dH5O
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A.4 Antibodies used in western blotting

A.4.1 Primary antibodies

Target Antibody | Description Company Catalogue
class number
NAMPT | Rabbit, Polyclonal rabbit Proteintech 11776-1-AP
pAb, IgG immunoglobulin G
targeting nicotinamide
phosphoribosyltransferase
NAPRT | Rabbit, Monoclonal rabbit Abcam CL0665
mAb, IgG | immunoglobulin G (ab211529)
targeting nicotinate
phosphoribosyltransferase
NT5E Rabbit, Monoclonal rabbit Abcam EPR6114
mAb, IgG | antibody targeting amino (ab133582)
acids 50-100 of
ecto-5’-nucleotidase
QPRT Rabbit, Monoclonal rabbit Proteintech 25174-1-AP
mAb, IgG antibody targeting
quinolinate
phosphoribosyltransferase
B-actin Mouse, Monoclonal mouse Sigma Aldrich | A2228
mAb, IgG antibody targeting [>-actin

Table A.3: Primary antibodies used in western blotting. Primary antibodies targeting

genes in the nicotinamide pathway, including their class, source and catalogue number.
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A.4.2 Secondary antibodies

Target | Antibody | Description Company | Catalogue
class number
Rabbit | pAb, IgG, Polyclonal goat Dako P0448
HRP immunoglobulin linked to
horseradish peroxidase,
targeting rabbit antigens
Mouse pAb, IgG, Polyclonal goat Dako P0447
HRP immunoglobulin linked to
horseradish peroxidase,
targeting mouse antigens

Table A.4: Secondary antibodies used in western blotting. Secondary antibodies against

rabbit and mouse antigens, raised in goat, conjugated to HRP.

A.5 Staining reagents used in histology

Target Molecule | Description Company Catalogue
type number
Ki-67 Rabbit Polyclonal rabbit Abcam ab15580
pAb, IgG immunoglobulin targeting
Ki-67
Rabbit Goat pAb, | Alex Fluor 568 labelled Thermo A-11011
IgG polyclonal goat Fisher
immunoglobulin targeting Scientific
rabbit antigens
Blood Lectin DyLight 649 labelled Vector DL-1178
vessels Lycopersicon Esculentum Laboratories
(Tomato) Lectin

Table A.5: Table showing staining reagents used in FASTClear.
subject to FASTClear with the staining compounds listed, followed by imaging on a confocal

microscope.
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Appendix B

Supplementary results

B.1 RNAseq

Differentially expressed genes between 42MG vehicle control and 42MG FK866
treated samples:

HSPA5, HJURP, HSP90B1, ATG16L2, TIPARP, CHAC1, MANF, TAF7, SYNGR1, ERMN,
VEGFA, SPOCD1, ADAMTS10, CDC6, GINS3, KPNA2, TMSB4XPS, RPL22L1, PDIAG,
LOC101928188, AURKA, STRA6, F2R, SYNM, PARPBP, HMGN2, KIF23, TNFRSF10B,
USP21, BUB1, CCDC102B, CETN2, RDH10, ACSS1, BUB1B, CALR, DNAJB11, NDCS0,
NRBP2, SEC11C, HMGCS1, DHRS2, HOXB5, TMPO-AS1, LSM3, DNAH100S, SMARCAL,
ATF6B, ATP1B1, DNAJC3, ERCC6L, MOV10, NICN1, PTMA, HSPAS, CCNA2, HOMERS3,
NPM1, SCG5, RRM2, ANLN, H2AFZ, SAMDI14, ACAT2, RNF20, SEC61B, SLC35E2B,
CENPE, SUMO2, COX6C, MAFB, CEP128, CNIH3, DHRS3, PARP3, ROR1, KNSTRN,
RBM3, ELN, RAD51AP1, RNF44, MTMR4, PLEKHAG6, CCDC18, SPRY1, COL11A1, NUSAPI,
RASGRP3, STMN1, CENPF, CACNA1A, AKAP6, DBI, GGCT, GPR68, HMGB2, NUCB2,
PDIA3, RGS4, TPX2, BCL6, DYNCILI1, RHBDF1, RSRC2, CBX1, IRS2, LAMB2, SH2BI,
KIF4A, EGLN2, HERC2P3, MEF2A, HMGB1P6.

Differentially expressed genes between DBTRG vehicle control and DBTRG FK866
treated samples:

DHRS3, UNC5B, HK2, BMF, MLXIP, IL11, ADAMTS14, TSHZ1, HOXB3, VEGFA, DKKI,
DDIT4, CTGF, BAGALNT3, HOXB9, HOXB5, OAF, HOXA-AS2, PTPRB, HOXBS, TGM2,
TNFSF10, DOCK4, NARF, AK4, COL14A1, RERE, SALL1, HOXB4, GFRA1, MXRAS5,
XBP1, TCEB1, ACAT2, COL4A1, MTHFD2, CDC6, PSMG1, VLDLR, EGLN3, RBPI,
C120rf75, RRM2, LZTS1, HNRNPAB, IFT140, ITTH5, MRPS18C, SLC6A6, MRPL39, ATF6B,
HSPAS, TPP1, NDP, PFKFB3, HOXB6, BOC, BUD13, HSPA5, NRIP1, STRA6, RARA,
ZMYMS3, NFIX, SEMA5B, HSP90OAAL, MMP14, ETV6, HSPB11, PDK1, HOXA3, SLC2A1,
THBS3, DCUN1D5, FAXDC2, RPF1, GTF3C6, HIPK2, MCM6, GLI3, HOXAS5, LSM3, BCLY,
NRP2, SNX30, SRGAP3, PSMC6, SRGAP1, COCND1, FAM214B, SH3PXD2A, CCNB1, FIGNLI,
KDM3A, ANOS1, GBP5, SOCS2, UBA7, CSF1, CNTNAP1, HMGN2, NTRK?2, HSPHI,
PTCH1, ALPK2, ELMSAN1, FGF12, MAGOHB, NAV2, PCK1, SLC2A12, ST5, COPS3,
CCT4, PHF12, ALDH1L2, CYR61, MRPL3, PUS3, SNRPG, YWHAH, LAMA4, TMEMO97,
SIAH3, ARHGAP18, AFAP1L2, TRIP13, CLNS, SNRPD1, PBXIP1, BNIP3, ACTR3B, GINS2,
CHST15, INTS7, MCTS1, MSH6, SCG2, BAMBI, CBFA2T2, CCTS, MYO18A, SFRP2,
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SLC35B1, ZNF608, SULF2, ZNF395, MPI, ASNS, C1RL, RFC4, BST2, MCM4, EPHA4,
ERH, CCNE2, CDKN3, STK32A, LINC00963, ATAD2, MCM10, CKS1B, EIF2S2, SLC1A4,
GBP4, VPS29, SOX4, RNF150, FARSB, HNRNPD, P4HA1, GINS3, IARS, SHF, UNG, FLNB,
TNFRSF12A, BHLHE40, JARID2, EGLN1, GLRX3, MMADHC, NAGLU, WDR76, KDM6B,
FGFR2, MT-RNR1, MT-RNR2, SHROOM3, ENO3, H2AFZ, COL4A5, PDCD5
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ENSEMBL ID Gene Gene name Fold Adjusted | Poor survival
change P value group
ENSGO00000112715 | VEGFA Vascular endothelial growth 1.161 0.011 High expression
factor A (P =270FE —04)
ENSG00000102580 | DNAJC3 | DnaJ heat shock protein family -1.218 0.065 High expression
(Hsp40) member C3 (P =0.022)
ENSG00000143786 | CNIH3 Cornichon family AMPA 1.269 0.086 High expression
receptor auxiliary protein 3 (P =0.016)
ENSGO00000151320 | AKAP6 A-kinase anchoring protein 6 -1.244 0.098 Low expression
(P =0.053)
ENSG00000167004 | PDIA3 Protein disulfide isomerase -1.155 0.098 High expression
family A member 3 (P =0.044)
ENSG00000068305 | MEF2A Myocyte enhancer factor 2A -1.173 0.100 High expression
(P =0.058)

Table B.1: Table showing other differentially expressed genes in 42MG cells treated with FK866 that also have an effect
on survival in GBM. Survival analysis was carried out as described previously, with tertile expression groups analysed by two-way
ANOVA with Tukey’s HSD post-hoc test on TCGA data.
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ENSEMBL ID Gene Gene name Fold Adjusted | Poor survival
change P value group
ENSG00000127329 | PTPRB Protein tyrosine phosphatase, 1.252 2.03E-04 Low expression
receptor type B (P =0.05)
ENSG00000121858 | TNFSF10 Tumor necrosis factor 1.316 2.79E-04 High expression
superfamily member 10 (P =0.082)
ENSG00000162433 | AK4 Adenylate kinase 4 1.438 4.35E-04 High expression
(P =0.002)
ENSG00000182742 | HOXB4 Homeobox B4 1.276 7.75E-04 High expression
(P =0.095)
ENSG00000151892 | GFRA1 GDNF family receptor alpha 1 1.326 1.70E-03 Low expression
(P =0.015)
ENSG00000101825 | MXRA5 Matrix remodeling associated 5 1.213 1.70E-03 High expression
(P = 0.0097)
ENSG00000061337 | LZTS1 Leucine zipper tumor suppressor | 1.191 6.33E-03 High expression
1 (P =0.034)
ENSG00000166340 | TPP1 Tripeptidyl peptidase 1 1.140 9.16E-03 High expression
(P =0.014)
ENSG00000044574 | HSPA5 Heat shock protein family A -1.177 0.015 High expression
(Hsp70) member 5 (P =0.0081)
ENSG00000008441 | NFIX Nuclear factor I X 1.183 0.018 Low expression
(P =0.004)
ENSGO00000080824 | HSP90AA1 Heat shock protein 90 alpha -1.192 0.019 High expression

family class A member 1

(P = 0.091)
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ENSG00000105997 | HOXAS3 Homeobox A3 1.293 0.021 Low expression
(P =0.012)
ENSG00000106004 | HOXAb5 Homeobox Ab 1.382 0.029 High expression
(P = 0.049)
ENSG00000182179 | UBA7 Ubiquitin like modifier activating | 1.207 0.043 High expression
enzyme 7 (P =0.032)
ENSGO00000108797 | CNTNAP1 Contactin associated protein 1 1.173 0.044 High expression
(P =0.026)
ENSG00000182372 | CLNS8 Ceroid-lipofuscinosis, neuronal 8 1.146 0.062 High expression
(P =0.055)
ENSG00000171951 | SCG2 Secretogranin 11 -1.203 0.069 High expression
(P =0.064)
ENSG00000139178 | C1RL Complement Clr subcomponent 1.185 0.073 High expression
like (P = 0.0001)
ENSG00000130303 | BST2 Bone marrow stromal cell 1.194 0.073 High expression
antigen 2 (P =0.012)
ENSG00000124766 | SOX4 SRY-box 4 1.143 0.086 Low expression
(P =0.021)
ENSG00000006327 | TNFRSF12A | TNF receptor superfamily -1.159 0.094 High expression
member 12A (P =0.027)
ENSG00000134107 | BHLHEA40 Basic helix-loop-helix family 1.166 0.095 High expression
member e40 (P =0.091)

Table B.2: Table showing other differentially expressed genes in DBTRG cells treated with FK866 that also have an effect
on survival in GBM. Survival analysis was carried out as described previously, with tertile expression groups analysed by two-way
ANOVA with Tukey’s HSD post-hoc test on TCGA data.
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Figure B.1: Images of the mouse brains used for FASTClear. Dorsal and ventral images

of whole mouse brains, one from each group, as well as posterior images of sections used both
before and after the application of FASTClear.
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